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THE POTATO VARIETY KING EDWARD VII
AND PARACRINKLE VIRUS

F. C. BAWDEN and B. KASSANIS

The story ofpotato paracrinkle virus is worth telling for several reasons in
addition to its intrinsic interest. It illustrates, as well as any other, both the
9xt9nt to which knowledge about the behaviour of viruses has grown
during the past 30 or so years and the unsuspected complexity of this
behaviour. Perhaps better than most, it shows how practicai problems can
produce subjects for academic research and how in tum this research can
benefit practic€. It also provides a valuable cautionary tale, showing that
science is not free from its mlths, and that, although these mainly arise
when speculation outstrips facts, what is factual is often far from sure.
Most of the features ofparacrinkle virus generally accepted in the 1930s as
established have since been proved to be untrue.

The discovery ofpancrinkle virus. Paracrinlle virus was discovered at the
Potato Virus Research Station, Cambridge, where in the late 1920s Dr.
R. N. Salaman was engaged in the practical task of increasing the yield of
the commonly grown potato varieties. His aim was to replace the diseased
stocks- then- in use with healthy ones and, as a first step, he was seeking
virus-free plants, whose progeny could then be bulked ind put into com-
merce. His method was to select vigorous plants growing in the best potato
'teed-growing" districts, take tubers from them to plant in glasshouses at
Cambridge, where the foliage was critically examined for tmptoms and
the plants were further tested by grafting scions from them on to indi"ator
potato varieties and inoculating their sap to potato and to other species,
such as tobacco (Nicotiana tabacum) and Datura stramonium.

The common virus diseases then recognised were leaf roll, crinkle,
severe m-osaic ald mild mosaic, of which crinkle is caused by the joint
action of two viruses later identified and named potato A aod X, sever"
mosaic by virus Y and mild mosaic by virus X. It proved easier to get
plants ofthe variety King Edward VII free from these viruses than of most
other varieties, because these viruses all produce evident symptoms in
King.Edward, and virus X, which was t[en atmost univerial 

-in 
many

varieties, kills King Edward plants. Nevertheless, it proved impossible to
find a virus-free King Edward plant, for scions from every one tested,
however vigorous, when grafted to the variety Arran Victory caused a
crippling disease, which Salaman and Le pelley (1930) called iaracrinkle.
The slmptoms, €specially of plants in their second and later years of in-
fection,_. difrered from any previously described. Although individual
plants differed somewhat in the severity of their reaction, a iact that Sala-
man ( I 932) *rongly attrituted to a variable association between paracrinkle
virus and virus Y, characteristicauy the young shoots of grafted Arran
282
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Victory plants first developed bright yellow blotches on their upper leaves,
which also became severely waved and crinkled. Plants grown from the
tubers of infected plants were mostly miserable, reaching only a few inches
high, with shortened intemodes and grossly deformed leaves, a condition
aptly described as curly dwarf. Some varieties other than Arran Yictory
also developed severe symptoms when infected by grafting, but some were
little affected, and the variety President looked normal.

Salaman and Le Pelley failed to infect other potato varieties or other
plant species by inoculating them with sap from King Edward and also
failed to transmit paracrinkle virus with the aphid Mlzus persicae. Other
features also seemed to suggest that the virus had no vector. For example,
although King Edward was the second most widely glown potato variety
in England, and so each year there were vast numbers of plants providing
potential sources of infection, paracrinkle was never reported occurring
naturally in plants of varieties that show the disease when infected by
grafting; also, with King Edward and Arran victory planted alternately in
rows at Cambridge, tubers saved from the Arran Victory plants, although
often infected with leafroll or virus Y, were never infected with paracrinkle
virus,

Yarious other workers conflrmed that grafting Arran Victory with
scions from King Edward plants always produced paracrinkle, and it
became increasingly likely that the virus was present in the whole clone,
although this was obviously impossible to prove. These other workers
discovered nothing to conflict with the conclusion of Salaman and k
Pelley that King Edward was the "perfect carrier" and unharmed by the
virus, which seemed distinct from any other and to be only of academic
interest because it had no natual method of spread into plants it could
harm.

Pgrrcdn[le yirus !trd plasmagenes. Little research was done on para-
crinkle virus for some years, and perhaps little more would have been done
had the virus not become a prime subject for sPeculation in discussions on
the origin of viruses. The isolation in the 1930s of several viruses as
nucleoproteins suggested that their nearest analogues might be normal
nucleoproteins rather than the pathogenic micro.organisms to which most
workers had previously related them. In turn this suggested a possible
origin of viruses either in faulty synthesis during normal nucleoprotein
metabolism or by the accident that a nucleoprotein of one type of organism
might get introduced into another where it could multiply and be patho-
genic.

Bawden (1939) pointed out that there seemed two equally plausible
explanations of what was then accepted knowledge about paracrinkle
virus: (l) that the original King Edward seedling became infected with a
virus that had since lost its natural method of spread and been perpetuated
only by the vegetative propagation of its host; (2) that it was a normal
component of King Edward transmissible by grafting to other potatoes, in
some of which it was pathogenic. He stressed the uncertainties of any
interpretation and that nothing was known about the early history of the
variety, but the idea that the virus was intrinsic to King Edward was
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accepted by some writers as though it were established (Darlington, 19,14;
1949; Plank, 1948). Paracrinkle virus was advanced as evidence both that
viruses derive from plasmagenes, the postulated entities responsible for
characters inherited through the cytoplasm, and that a cell protein bene-
ficial in one genotype could be destructive in another. Da ington (1949)
separated it off from other viruses in a group he called "provirus", dis-
tinguished by being transmissible only by grafting and becoming a virus
when introduced by grafting into another genotype.

As the parents of the King Edward variety are unknown, the same cross
could not be repeated to see whether it would re-create the virus. (Accord-
ing to Salaman (1926) the original seedling was bred by a gardener in
Northumbedand, who called it Fellside Hero, and after passing from him
to a farmer in Snaith, Yorkshire, it reached J. Butler, who multiplied the
stock and marketed it in 1902 under the name King Edward VII.) Also,
King Edward plants rarely flower, so the inheritance ofthe virus is difficult
to study, but differences from the expected behaviour of a plasmagene
were evident in the fact that none of 22 seedlings from seed set by King
Edward pollinated from the variety Flourball contained paracrinkle virus
(Carson, Howard, Markham and Smith, 19214).

The postulate that paracrinkle virus arises as a consequence of grafting
was invalidated when paracrinkle was produced by inoculating Aman
Victory plants with sap from King Edward. Salaman and Le Pelley (1930)
failed to do this because their method ofinoculation (scratching leaves with
a needle through a drop of sap) was inadequate. When leaves of Arran
Victory plants were dusted with a diatomaceous earth or carborundum
powder and then rubbed with sap from King Edward some developed
paracrinkle, and the proportion that did increased when the Aran Victory
plants were kept in darkness for a few days before they were inoculated
(Bawden, Kassanis and Nixon, 1950). These methods of inoculation and
treatment of plants also increase the ease with which many other viruses
are transmitted by inoculation. Had Salaman and Le Pelley inoculated sap
to tomato (Lycopersicum esculentum) instead of to tobacco and Datura
strumonium,lhey might well have discovered its transmissibility, for where-
as the two plants they used are immune to the virus, tomato is much more
susceptible to infection than potato, and their method is adequate to infect
this host. However, they might still have failed to do so, for infected tomato
plants show no evident effects on their foliage or growth, and the infection
would have remained undetected unless they had gmfted scions from the
tomato plants to Arran Victory plants.

The transmission by inoculation to tomato gave the first information
about the particles ofparacrinkle virus and allorved some of its properties
to be studied. Infected tomato plants contained specifc particles about
l0 mp wide and of various lenghs, resembling some other viruses both
morphologically and in their susceptibility to destruction by heating. Sap
from King Edward plants and plants of Arran Victory with paracrinkle,
whether infected by grafting or inoculation, also contained elongated
particles, but the identity of these was uncertain, because supposedly
virus-free plants of Arran Victory and of some other potato varieties,
including some recently bred seedlings, also contained some\yhat similar
284
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elongated particles. Some of these were cellulose flbres, but later work
makes it probable that others were potato virus S, then unknown but soon
to be discovered and, ironically, to prove to be related to paracrinkle virus.

Yirus-free Ning trdward. The transmission of paracrinkle virus by sap
inoculation and the knowledge about its morphology and properties
brought it into line with other viruses and, by abolishing its seeming
uniqueness, also abolished the need to assume any different relationship
between it and the King Edward potato than between any other yirus and a
tolerant vegetatively propagated host. The idea that paracrinkle virus
derives from a plasmagene or other endogenous component of King
Edward was finally disproved by the demonstration that not every cell
contains it and that, as with some other yiruses, the stem apical meristems
are not infected. Applying this knowledge and culturing apical meristems
on nutrient medium produced a virus-free clone of King Edward (Kassanis,
1957), something heat therapy had failed to do (Bawden, Kassanis and
Nixon, 1950). Most apical meristems did not differentiate and yielded
only callus tissue, but one grew into a plantlet, which was virus-free.
When large enough to handle, it was grafted on to a tomato plant, and
after it was well established as a scion, cuttings were taken from it and
established on their own roots. The resulting plants grew vigorously,
producing enormous haulms, but when harvested in October none had
any tubers, presumably because light and temperature conditions in the
glasshouse were unsuitable for tuber formation. Further cuttings were
taken, which were rooted and grown in controlled daylengths and tem-
peratures, as were similar cuttings from the parent infected clone (Kassanis
and Schwabe, 1961). Both clones then produc€d tubers, but comparisons
of the plants showed that King Edward is not the perfect carrier of para-
crinkle virus it had been assumed to be. Plants from the virus-free clone
were more vigorous than the others, had more leaves and a larger leaf
area, and produced more total dry weight and weight of tub€rs. Eflects of
the virus were also obvious when the two clones were grown side by side
in the open, for plants from yirus-free tubers were not only more uniform
but their darker green, flatter and larger leaves covered the ground more
completely than the foliage of plants from infected tubers.

The virus-free clone was multiplied under glass at Rothamsted from 1955
to 1957, when several hundred small tubers were given to the National
Institute of Agricultural Botany to propagate in the field and conduct
yield trials. The results of these trials, summarised in the table kindty
provided by Mr. J. C. Cullen, show ttrat the more vigorous haulm of the
virus-free clone is reflected in an increased weight of tubers. The average
of about 10f more yield than from the best obtainable commercial stocks
comes from an increased number of tubers and not increase in size of
tubers. A commercially desirable feature of the virus-free clone is that its
tubers are more uniform in size, which is shown in the table by the fact
that, although the weight of tubers passing over a 2-in. riddle is not much
more than with the commercial stocks, the weight passing over a l|in.
riddle is.

The virus-free clone has now been extensively propagated and is likely
285
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soon to supplant other stocks, which means that, with no extra effort by
growers, King Edward potato crops are likely to yield around 10f more
in the future than in the past. The virus-free clone has produced variants
with wholly red tubers, and so a virus-free line of Red King will also be
able to take the place of the current infected ones.

Yields of tubers from the firus-free clone and seven commercial
stocks of King Edward in tials by the National Institute of

Agricultural Botany
Yield ia To tlacre

K: Paracrinkle Free Stocks A-G: 7 Comm€rcial Stocks

Total Yield:
1959 (4 centres)
1960 (9 centres)
1961 (9 cenhes)
1962 (9 cenhes) '
195942

Yield Over 2 in.:
1959 (4 centes)
1960 (9 centres)
1961 (7 ceDtres)
1962 (9 centres) *
1959--62

K

lt.9
13.8
16.8
16.7
15.3

B

12.4
12.7
15.7
15.6
l4'l

D

12.5
12.3
15.7
15.6
l4.o

G

t2-6
13.0
15.6
15.2
14.1

c
12.9
12.l
15.1
15.5
13'9

5,7
7.1

11.6
10.7
8.8

13.4
14.3
13.9

5.6
7.5

12.l
t0.8
9.0

14.2
14.3
14.3

12.8
l2'0
15.6
15.2
13.9

5.5
7.4

11.9
10.8
8.9

13.7
14.1
13.9

5.0
7.4

12.3
10.9
8.9

14.9
15.0
15.0

12.2 12.9
12.6 12.4
15.4 16.0
15.6 15.7
14.0 14'3

5.3 5.4
7.5 7.1
11,4 tz.O
10.8 10.6
8.8 8.8

11.7 14.4
14.2 14.4
14.0 t4.4

5,6
8.1

tt.4
10.3
8.9

14.0
13.7
13.9

5.4
7.1

I1.6
10.0
8.5

13.9
14.1
14.0

Yield Over l* in.:
1961 (E centres)
1962 (9 c.ntres) I
1961 42

+ Stock C, D, E and F omitted at I cetrtre.

Removing paracrinkle virus seems to have had no eflect on the qualities
of King Edward potatoes, except itr vigour of its haulm and yield of tubers.
Nor has it affected reaction to or susceptibility to infection by other viruses ;
in particular, the virus-free clone still retains its hypersensitivity to infection
by virus X, and so it is unlikely that field crops will become infected with
this virus.

Relatiorship with other viruses Evidence relevant to the evolution of
paracrinkle virus and suggesting that King Edward contracted it by in-
fection with a virus carried by aphids came from an unexpected source,
work onviruses infecting camation (Kassanis, 1954, 1955). One of these,
the aphid-transmitted latent virus, had particles indistinguishable from
paracrinkle virus, and antiserum prepared against it precipitated specifi-
cally with sap from infected King Edward plants. This suggested a re-
lationship between paracrinkle and an aphid-transmitted virus, but was
not conclusive, because the antiserum also precipitated specifically with
sap from seemingly healthy plants of other potato varieties, including
Arran Victory. This fact became explicable when it was shown that these
other yarieties were infected by potato virus S, which was discovered by
Ouboter (1951) while making serological tests during attempts to prepare
an antiserum against potato virus A, and which she later found was pre-
valent in symptomless plants of many potato varieties grown in Holland.
It has since been found to be widespread and shown to be serologically
286
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related to paracrinkle virus, which it accompanies in many King Edward
plants (Kassanis, 1956, 1961 ; Rozendaal and van Slogteren, 1958; Bagnall,
Wetter and Lanon, 1959).

As all known stocks of Arran Victory were infected with virus S, the
question arose as to whether the symptoms of plants infected from King
Edward are caused by paracrinkle virus or by it acting jointly with virus
S. To answer this, apical meristem culture was used to produce a clone
of Arran Victory free from virus S (Kassanis, 1957), and this was infected
with paracrinkle virus alone and together with virus S. The presence of
virus S did not affect symptoms, and variability in their severity seems to
depend solely on the virulence of the strain of paracrinkle virus. Indeed,
the concrpt of the perfect carrier for long wrongly applied to King Edward
and paracrinkle virus can perhaps be more appropriately applied to Arran
Victory and virus S, for the virus-free clone is not noticeably more vigorous
than its idected parent and has yielded little better in field trials. Also, it
may b€ that King Edward is the perfect carrier of virus S rather than para-
crintle, for stocks infected with both viruses are not notic€ably diferent
from those infected with paracrinkle virus alone. However, the effect of
infection on yield by virus S alone has not been tested.

Most pairs of serologically related viruses interfere with each olher's
muttiplication, and plants fully infected with one resist invasion by the
other, but this is not so with yirus S and paracrinkle, each of which mul-
tiplies to much the same extent when together in plants as when alone.
The lack of interference probably reflects the remoteness of the relationship
between the two, shown by the fact that antiserum made against one may
have a precipitation end-point exceeding 116 6i when titrated against that
one, but fail when diluted beyond * to precipitate the other. Kassanis
(1961) suggested that viruses so slightly related serologically should be
distinguished from one another by being called sero-types rather than
strains, which should be restricted to those with closely similar antigenic
behaviour. Ac.epting this suggestion, paracrinkle Yirus, potato Yirus S

and carnation latent virus become sero-types of one virus, as also does
chrysanthemum virus B, the latest to be shown to be remotely related to
paracrinkle virus (Hakkaart, van Slogteren and Neeltje, 1962). However,
in addition to virus S, paracrinkle is related to potato virus M, which
causes leaf rolling mosaic and is so antigenically similar to paracrinkle
that these two must be regarded as strains (Bagnall, Wetter and Larson,
1959). Leaf rolling mosaic is a common disease in North America, where
it was described in detail before paracrinkle was discovered (Schultz and
Folsom, 1923), so it takes precedence in nomenclature. Hence, paracrinkle
not only ceases to be a name for an individual virus, but even of a distinc-
tive serc.type, and remains only to identify a minor variant of the sero-
type leaf rolling mosaic virus.

Trenmission by Myus pericu. The discovery that paracrinlle and the
aphid-Eansmitted camation latent virus are related raised doubts about
the validity of the conclusion that paracrinkle virus is not transmitted by
M. persicae, but first tests seemed to confirm the conclusion, for M.
persicae failed to transmit the Rothamsted strain of paracrinkle virus in
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conditions in which it consistently transmitted the camation virus (Kas-
sanis, 195Q. However, with the discovery that aphids also uansmit the
closely related leaf rolling mosaic virus (Rozendaal and van Slogteren,
1958; Wetter and Vitlk, 1960), further tests were made using King Edward
plants from diflerent commercial stocks as virus sources, and these showed
that paracrinkle virus exists in strains that differ in their transmissibility
by M. persicae,with some being transmitted readily and others only rarely,
if ever. Thus, in conditions in which the Rothamsted strain was not trans-
mitted to any of the test plants, three other strains were transmitted to
more than half, to athird and to a tenth, respectively. (Kassanis, 1961)

After this knowledge it was not surprising to flnd that in some of the
fleld trials conducted by the National Institute of Agricultural Botany,
where plots of the virus-free clone were surrounded by plots of infected
King Edward, a proportion of the initially virus-free plants became in-
fected. The proportion differed greatly in diflerent places and was most in
districts where the aphid-transmitted leaf roll and Y viruses also spread
most extensiyely. There have been very few infections in the crops growfl
in the recognised seed-growing areas, so the clone is unlikely to become
reinfected, but it will clearly be flec€ssary to test nuclear stocks regularly
to ensure that they are still free from infection.

As no vector for potato virus S has yet been identifed, it is of some
interest that in the yield trials where the virus-free clone of King Edward
became infected with paracrinkle virus it also became infected with virus S.
Again there is the obvious possibility that virus S also exists in strains only
some of which are aphid-transmitted and that glasshouse tests yet made
have been only with strains not so transmitted. However, another possi-
bitity is that yirus S is transmitted by aphids only when it occurs together
in a plant also infected with an aphid-transmitted strain of paracrinkle
virus, for several othq viruses are known that are not aphid-transmitted
when alone but become so in the presence of another virus that is. The early
failures to transmit paracrinkle virus probably reflect the fact they were all
made from a stock of King Edward infected with a strain not aphid-
transmitted, which could also explain the lack of transmission when King
Edward and Arran Victory plants were grown adjacent in the open, but an
additional factor may be that Arran Victory plants, although they react
so severely when infected, are much more resistant to infection by aphids
than King Edward.

The surveys of commercial stocks of King Edward recently made show
that most do contain aphid-transmitted strains of paracrinkle virus.
There are various reasons for paracrinkle not being a prevalent disease in
the United Kingdom despite the many sources of infection. First, varieties
like Arran Victory that show severe symptoms when infected are rarely
grown near to King Edward in districts where aphid-transmitted viruses
spread readily, and it is even rarer for seed of such yarieties to be saved in
such districts. Secondly, aphids can become infective by feeding only
briefly on King Edward, but they also soon lose their infectivity; this
behayiour favours spread between plants within a crop rather than between
separated crops, for few aphids witl carry the vhus over long distances.
Thirdly, except for King Edward, the varieties commonly grown in the
288
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United Kingdom may be resistant to infection- The occurrence in North
America of leaf rolling mosaic shows that in other conditions paracrinkle-
like viruses can spread in field crops and cause damaging diseases. Aphids
are more numerous there than in most parts of the United Kingdom, and
there is some evidence that their virus strains are also more readily trans-
mitted by aphids; also, their varieties may be more susceptible to infection.
Whatever the explanation for spread in North America, the knowledge
that paracrinkle and leaf rolling mosaic are related viruses emphasises the
hazards to other varieties from growing infected stocks of King Edward,
and provides an additional reason to the extra yield for replacing these
stocks by the virus-free clone.

Surveying commercial stocks produced several other results. It showed
that paracrinkle virus exists in strains of diflerent virulence towards Aman
Victory and that some King Edward plants contain strains causing a
disease closely resembling leaf rolling mosaic; that most plants of King
Edrvard are infected with potato virus S in addition to paracrinkle, and
that not all plants have paracrinkle virus, for one was found infected with
S alone. (Kassanis, 1961)

The origin of paracrinkle virus. From long being thought to be unique,
the stntus of paracrintle virus has steadily diminished, to become only one
of many strains and sero-types in a group whose members differ in their
host ranges, their virulence towards different species or varieties ofplants,
their transmissibility by aphids and, no doubt, in many other ways still to
be discovered. What evolutionary significance to place on present know-
Iedge can only be guessed at. Tracing evolutionary courses is difficult with
organisms that leave fossil records, mutate rarely and have long generation
times, and is impossible with viruses. However, it is plausible to assume
that this goup of viruses rvith now very dissimilar host ranges had a
common origin in an aphid-transmitted virus that had a much wider host
range than any of the existing members of the group yet studied. From
what is known about the behaviour of other viruses, it is to be expected
that, having entered plants as diflerent as potato, camation and chrysan-
themum, the virus might change in different ways, for each host would
preferentially favour any chance variant tlat multiplies more rapidly in it
than the one that initiated the infection. Vegetatively propagated plants
once infected remain so for as many generations as their progeny remains
in being, and so provide ample time not only for mutants to be produced
but also for them to be selected and become dominant. Not that any great
length of time may be needed, for changing host plants is sometimes all
that is needed to select forms differing by enough to justily distinguishing
as sero-types, as when tobacco mosaic virus infects leguminous plants
systemically (Bawden, 1958). Loss of transmissibility by aphids is not
surprising, for the survival of a virus in a vegetatively propagated plant
is independent of this property, which several other viruses have been
found to lose when selection for it was not operating. The main thing that
will be detrimental to the survival ofa virus in clonal varieties ofcultivated
plants is virulence towards those varieties, for when selecting plants for
propagation growers will reject those that are obviously diseased; no
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other explanation is needed for the fact that paracrinkle and the other
viruses to which it is related are now prevalent mainly in varieties that are

only little harmed by infection.
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ELECTRICAL CHARGES ON CLAY
G. H. CASHEN

A review by R. K. Schofield in lhe Rothansted Repo fot 1947 gave a
concise acaount of several new ideas that he had put into the subject.
Since then the ideas have been tested at Rothamsted and elsewhere on a
scale too big to summarise in a short article: the present review is restricted
to work done here, or at least recognisably started here.

Clay lattices ha\,e a permanent negative charge because cations of the
ideal structure are replaccd by others of lower valenry, and electrical
neutrality is maintained by cations held outside the lattice. These are the
exchangeable cations, important in many aspects of soil fertility and soil
management. The edges of the clay crystals are not inert, and study of
reactions at the edge faces is a necessary part of the study ofthe clays, but
it is the nature and behaviour of the exchangeable cations that determine
the suitability of soils for successful plant growth.

When clays are immersed in water or dilute salt solutions the exchange-
able cations can dissociate from the particle surfaces to form diffuse
double layers. This leaves the surface negatively charged and sets up a
potential differenc€ between the surface and the bulk solution, the con-
c€ntration of the cations decreasing with distanc€ from the surface. The
efrective thickness of the diffuse double layer is smaller the greater the
concentration ofthe salt solution, and a quantitative study by Gouy (1910)
was revived and greatly extended by Schofield (1948).

Ratio Law
When the salt solution contains ions of different kinds the distribution of
cations away from the face depends upon their valencies: Schofield's ratio
law (1947a) states the condition for equilibrium between the cations in
the exchange complex and a smaller number in solution: equilibrium will
be maintained if the conc€ntrations of monovalent ions are changed in
one ratio, those of divalent ions in the square of that ratio and those of
trivalent ions in the cube of that ratio. As an example, if the concentration
of a monovalent ion is halved the concentrations of divalent and trivalent
ions must be decreased to one-quarter, and one-eighth of their former
values. (One practical aspect of this is the possible efects ofpercolating rain
or irrigation water on the nutrient balance of tle soil, and on its permea-
bility-see below.) For a calcium clay in equilibrium with a solution of
calcium chloride the ratio of the square root of the calcium concentration
to that of hydrogen ion should not alter. To test the law over a wide range
of concentrations it is better to use "activities"-a-rather than concen-
trations, and as a ratio is not altered by multiplying both terms by the
same quantity, the equilibrium condition can be written

pH--*p Ca : p(HCl) - *p(Cacl) : I log axalre.o, j 14'2
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where p denotes the negative of a common logarithm and 14'2 is the
negative logarithm of the ionisation product of water. This is the form of
the relationship expressed in activities of neutral substances and gives an
estimate of the activity of Ca(OH), in the system. Schofi.eld and Taylor
(1955a) conflrmed the accuracy of the equation for calcium clays over a
wide range of concentrations ofcaclr, and made similar measurements on
aluminium, potassium and sodium clays. They (1955b) also extended the
general reasoning to normal non-saline soils where the chief exchangeable
cations are calcium and magnesium, recognising that pH as ordinadly
determined will depend on the activities of other ions in the system. They
found that constant yalues of the quantity pH - lp(Ca + MgFthe so-
called "lime potential"-were obtained in solutions of calcium chloride
up to 3 x l0-'zM. From this they suggested that for routine measure-
ments of soil pH, Mll}O-CaCl, solution should be used instead of water,
and a soil/solution ratio of 1/2 was recommended, though the exact value
is not critical. The suggestion and the recommendation are widely used.

Negative adsorption and swelling pressure. As cations are attracted to the
negatively charged surface, so anions are repelled-so-called "negative
adsorption"-and the increased conc€ntration of a solution in contact
with clay can be used to measure the surface area of the clay (Schofield
1947b). When the clay particles are so close together that their difluse
double layers interact, new aspects of charge distribution become impor-
tant. For two fixed parallel clay plates the combination of attracted cations
and repelled anions produces a total ionic concentration at the mid-plane
greater than that in the bulk solution. For equilibrium ofthe water through-
out the system some water must attempt to move into the space between the
parallel plates to compensate for the lowering of the free energy by the
additional ions there: squeezing more water in increases the hydrostatic
pressure, and unless there is some coh€siye force to counteract the pressure
(one ofthe attributes of a soil wittr stable structuro, the clay will swell and
ultimately deflocculate. Alternatively, suction can be applied to the bulk
solution. From measurements on sodium montmorillonite, Warkentin
and Schofield (1960, 1962) concluded that the osmotic pressure of the ions
in the diffuse layer accounts satisfactorily for swelling pressures in dilute
salt solutions (<10 3t[-NaCl): for more concentrated solutions the ob-
served pressures were relatively higher than those calculated, and this was
explained by a higher activity of the ions in the difuse double layer, as
compared with the reutral equilibrium solution. Assuming the repulsive
force was correctly estimated, there was no evidence for attractive forces
of the order of magnitude of the osmotic repulsive force. However, the
measured X-ray spacings for sodium montmorillonite in salt solution, e.g.,
Norish (1954), are usually considered as representing an equilibrium
between the repulsive pressure and attractive forces, and it seems there
are still some difficulties to be resolved.

In most agricultural soils the predominant cations are calcium and
magnesium. When they are partly or wholly replaced by sodium, as by
sea-water flooding, or by the use of unsuitable irrigation water, there may
be uDfortunate effects on the stability of the soils. The structure is stable
)o1

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-1-57 pp 14

ELECTRICAL CHARGES ON CLAY

provided the electrollte concentration is great enough, but loss of per-
meability, caused by swelling and deflocculation, occurs when attempts
are made to wash out the salt, unless the sodium is replaced by calcium
in the exchange complex. Quirk and Schofield (1955) measued the changes
in permeability of soils saturated with one ion only, using solutions of the
chloride of that ion, and made similar measurements on sodium-calcium
clays with differing degtees of sodium saturation, using solutions of mixed
chlorides diluted according to the ratio law. The results showed the im-
portance ofknowing the values of [Na]/[Ca f Mg]] for the soil and water
to decide whether the water was safe to use. For sites already damaged,
Schofield and Taylor (1961) devised a quick method of estimating how
much gypsum must be added to soil affected by sea-water to prevent
structure being damaged by the leaching action of rain water. This was
used by Advisory Officers after the North Sea floods of 1953.

Soil Structure

Seedbed preparation, and other aspects of soil management, are designed
to produce a good "crumb" structure-open agglomerations of sand, silt
and clay particles held together in some way, or ways. In a soil with good
natural structure the crumbs are resistant to slaking, i.e., dry crumbs do
not disrupt on wetting and, when wet, they remain strong enough to (esist

destruction by mechanical disturbance. The necessary cohesion to with-
stand swelling pressure can come from organic matter, and knowledge of
the electrical properties ofthe clays provided useful guidance in the design
and interpretation of experiments on soil structure (Emerson, 1957).
Emerson and his colleagues sought for the type of bonding possible in
natural soils by studying the action of s),nthetic polymers, ionic and non-
ionic, in modilying the swelling behaviour of sodium-saturated crumbs
(in effect, using the swelling pressure as a calibrated hammer to try to
disrupt the crumbs). The results showed that polyvinyl alcohol was taken
up by the planar faces by hydrogen bonding, whereas carboxylated com-
pounds formed complexes on the edge faces of clay crystals. Crumbs from
pasture land are stronger than those from arable land, but differ little in
rate of uptake ofwater, degree ofswelling or in appearance in thin sections
(Emerson and Dettmann, 1959). Emerson (1959) therefore concluded
that the clay crystals in crumbs form domains of oriented crystals free
from organic matter, but these domains are linked to the quartz particles
by organic matter, mainly at the planar faces, but carboxylated compounds
could also link with the edge faces ofthe domains. The domains themselves
could be linked to each other, to giye an open structure amid the mineral
particles but still able to restrain diffuse double layer swelling of the clay
when sodium-saturated. Flocculation by edge-to-face attraction between
clay units is considered unlikely.

Measrnement of Electric Charge

The possibility of such edge-tG.face attraction depends on the fact that in
some conditions the edges of the clay crystals do carry a positive charge:
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the presence of the negative charge on the planar fac€s would then provide
an electrostatic mechanism for floc.ulation and structure building.
Schofield (1949), working with a clay subsoil, found that the total charge
varied with the pH of the clay suspension. An increase in the negative
charge with alkalinity was explained as caused by dissociation of hydrogen
from hydroxyl groups attached to silicon. In an acid medium (pH 2.5)
chloride ions were attracted to the clay, showing that it carried a positive
charge, but after chemical treatment that removed free oxides chloride ions
were repelled at pH 2.5. Schofield concluded that the positive charges
were carried by the free oxides. Later, Schofield and Samson (1953, 1954)
found that sodium kaolins were firmly flocculated in distilled water and
absorbed chloride from neutral sodium chloride solutions;they explained
their results by the formation of positive charges on the edges of the clay,
produced by proton transfer to oxygen atoms or hydroxyl groups on the
exposed edges. Adding alkali caused deflocculation, and this was explained
by neutralisation of the positive edge charge and the loss of edge-to-face
attraction. The implications for anion adsorption and other aspects of the
electro-chemistry of the surface were discussed by Fieldes and Schofield
(1960). As subsequent work has produced a very different explanation,
a brief note on technique is necessary. The kaolin was prepared by fust
washing with l{-NaCl adjusted to pH 3 with HCI in the belief that the
dilute acid would remove all aluminium extemal to the lattice, w.ithout
causing any significant breakdown: the kaolin was then washed with
distilled water until free from chloride. The assumption was that the
system was electrically neutral, the zero charge balance being made up of
permanent negative charge on the planar faces incompletely balanced by
sodium ions-and only sodium ions-with permanent positive charges on
the edges to account for the remainder. There is now little doubt (Cashen,
1961) that the assumption was wrong: kaolins prepared in this way con-
tain considerable quantities of exchangeable aluminium, produced by
acid attack, and this can account for the observed flocculation, and for
other properties of the treated clay, without invoking any permanent edge
charge.

ReactioDs of clays with acids. Acid treatment will produce a hydrogen
clay, but in agricultural research it has long been known that such clays,
however prepared, are unstable, and, in time, change to the aluminium
form. The process is probably controlled by diflusion of hydrogen and
aluminium ions to and from the edges of the crystals, and will be irrever-
sible. As first proposed by Paver and Marshall (1934), it is reasonable to
suppose that the presence of a positive charge on an edge represents an
intermediate stage in the release of aluminium ion from the lattice; also
that protons transferred from the surrounding electrolyte will act more
quickly than hydrogen ions that have to difluse from the planar faces.
For N-NaC1 at pH 3 the ratio of sodium to hydrogen ions is 1,000 and
there should be very few exchangeable hydrogen ions, yet a positive charge
is formed in such a strong salt solution. It is possible that the assumed
"permanent" model of Schofield and Samson is, in fact, a good description
of a transient state, alter washing with distilled water, in which ttre
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incompletely sodium-saturated clay has equal amounts of unbalanced
negative and positive charge (faces and edges). The electrical stress between
the faces and edges might produce physical breakdown at the edges re-
leasing aluminium to replace the missing cations on the planar faces and
so discharging the edge faces (Cashen 1959). The detritus would contain
other lattice components, notably potassium, and similar processes in the
soil, acting very much more slowly, of course, might aeount for some
release of non-exchangeable potassium from mica-type minerals in the
soil, as measured by P. W. Arnold and B. M. Close (Rothamsted RePort
for 1961, p. 57). Further, an initially neutral soil that had become acid
because of decomposing organic matter could not have its acidity washed
out if there are exchangeable aluminium ions present: these can supply
hydrogen ions on hydrolysis.

Hyrtrolysis of aluminium ion. In addition to its bearing on the per-
manence and importance of edge charges, the behaviour of aluminium in
the soil is cleady the key to problems ofsoil acidity. As part of recent work
on clays (Cashen, in preparation), experiments with dilute solutions of
alum (2'78 x lOi M in Al) have followed the changes in electrical con-
ductivity as solutions are titrated with dilute alkali. There is some evidence

-perhaps 
significant-of the formation of an ion AIOH2+ as an inter-

mediate stage in the formation of a complex ion AL(OH)i,. (or one with
the same OH/AI ratio) already suggested by Brosset, Biedermann and
Sitldn (1954) as the main product of the hydrolysis of aluminium in the
acid region. The reactions are

6A13+ + 6HrO _> 6A(OH)2+ + 6H+
6AI(OH),+ * 9H,O ------+ Aln(OH)if + 9H*

At this stage the aluminium is five-sixths neutralised. Electro-chemically,
the new complex ion is equivalent to one aluminium ion; physically-in
the clay-it produces some striking effects'

Continued titration takes the system through the neutral point without
very clear evidence of where it is, and the next clear singular point is

assumed to correspond to the formation of ahmiDate, according to

AL(orDil * 3oH- ------+ 6A(oID,
6AI(OH)3 + 6OH- ------+ 6A'l(0$.-

The important quantities of alkali additions are: to aluminate, total 24
OH-; t; hydroxide, lE OH-; to complex ion, 15 OH-; giving ratios of
413:l:516, or 8/5:6/5: l.

The same three phases were detected in similar experiments with the ions
displaced from an aluminium kaolin by a solution of cetyl trimethyl
ammonium bromide. After necessary corrections the ratio of hydroxyl
additions for the aluminate stage and the complex ion was between l'57
ard l'62, close enough to 8/5 to show that the ions displaced from the
kaolin, prepared by acid washing, were Al3+ and not others hydrolised
during the preparation of the clay-

In a direct titration of the aluminium kaolin the three phases were not so
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clearly differentiated, but the ratio of additions for aluminate and hy-
droxide was near 1'33. The very close agreement with the ratio 4/3 is
probably fortuitous, but this is the ratio to be expected if the edge charges
are playing no significant part in the neutralisation. It is concluded that the
effects of the edge charge are small compared with those of the permanent
charge on the planar faces.

Physical Properties of Suspensions

Schofield and Samson (1954) found that a "sodium" kaolin was flocculated
in electrolyte-free conditions, and explained a completely unexpected
result by invoking edge-to-face bonding dependert on a permanent positive
edge charge. It now seems clear that the clay was a sodium/aluminium
clay, that the flocculation is attributable to the aluminium and that be-
haviour after adding alkali can be accounted for by the hydrolysis of the
aluminium. One of these effects is the extremely large decrease in viscosity
of the suspension, which occurs after the five-sixths stage of a neutralisa-
tion of the aluminium. With their "sodium" kaolin the decrease was to
a thousandth when 1.0 milli-equivalents of alkali had been added (per
10O g clay); with the pure aluminium clay the amount needed was 2'5
milli-equivalents. It is a fair inferenc€ that the sodium clay was zl0l satu-
rated with aluminium ion, and all the electro-chemistry and rheology can
be explained on this basis.

Buz6gh and Sz6nt6 (1960) found that "hydrogen" montmorillonite
exhibited thixotropic behaviour when 80-90f neutralised. As bonding
between particles is usually a requisite for gel formation, Cashen (1963)
suggested that the clay was an aluminium clay, and that the bonds were
formed by shared complex ions. The maximum opportunity for such
bonding should occur at the 5/6 stage of neutralisation (83)O when all the
aluminium initially present is still there, retained as complex ions balancing
one-sixth of the charge : the remaining flve-sixths of the permanent negative
charge is balanced by sodium ions, capable of exerting diffuse double-
layer repulsion in the ordinary way. The distribution of sodium and
aluminium at this flve-sixths stage may be random, but because the
aluminium ions have to move to form the complex ions, the same mobility
may permit them to take up positions corresponding to minimum energy,
i.e., as far apart as possible under their mutual repulsions. This might
produce a tendency to move towards the periphery of the surfaces, pro-
ducing a polarisation of the particles.

Whatever the explanation, the etrect is real. Simple experiments on
aluminium kaolin and aluminium montmorillonite show that the vis-
cosity is maximum rear 83j( neutralisation. Elsewhere, Nash (1960)
reports a maximum near 80)( for aluminium montmorillonite. Nor need
the effect be peculiar to aluminium and sodium: Cashen (1963), in dis-
cussion, suggests that it might apply to other mixed ionic systems with the
ions greatly different, so explaining the rheological behaviour of materials
free from clay or aluminium.

As indicated previously, the effect of swelling pressure can be balanced
by applying suction to the extemal liquid. New measurements of this
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equilibrium suction (Cashen, in preparation) on five-sixths neutralised
aluminium clays show that the responses of suspensions of montmorillonite
and kaolin to shearing stress are not always the same.

Conclusion

All of this work grew out of the pioneer activity of Schofield, and it is
appropriate to return to a sentence from his 1947 review. "The undertaking
is formidable, and much groundwork is needed before results can be ob-
tained that bear directly on the very complex conditions existing in field
soil." Under nearly every heading in the present review there is evidence,
or a hint, of progress towards Schofield's goal. The ideas behind the ratio
law are relevant to many aspects of the percolation of rain or irrigation
water, both in chemical etrects (leaching and cation exchange) and itr
physical etrects (swelling and decrease in permeability): our knowledge of
how soil structure is produced and maintained is better than it was, with
understanding of the role of organic matter; there is a clue to one aspect
of weathering that may release the stored potash reserves of the soil; in
the study of this the problem of soil acidity is clearly revealed as the pro-
blem of aluminium in the soil, and in measuring acidity for research and
advisory work it is worth while using the rdgime of stable lime potential.
The newest work, here only mentioned in advance of publication, brings
the department back to topics that were major projects before 1937-
the flow properties of clays. Fresh thinking about these with new ideas
may help in problems of soil management both in agriculture (e.g., cul-
tivation operations) and in civil engineering (e.g., foundation problems).

REFERENcEs

ARNorr, P. W. & CLosE, B. M. (1961) Release of non-exchangeable potassium from
sode British soils cropped in the glasshouse. J. agric. Sci., Camb.57,295-3U,

ARNoLD, P. W. & CLo6E, B. M. 0961) Potassium-releasing power of soils from the
Agdell rotatioD experimeot assessed by glasshouse cropping. l. agtic. Sci. canb.
57,381-386.

BRossET, C., BTEDERMAN'N, G. & SILfN, L. G. (1954) Studies on the hydrolysis of
metal ions. XI. The aluminium ion, !J'+- Acta chem. scatd. 8, 1917-1926.

BuzAcn, A. & SziN"r6, F. (1960) Peptization of hydrogen montmorillotrite with
alkali hydroxide. Magy. Kdm, Foly. 66, 16 (Chem. Abstt. 54, 15863c).

CAsqEN, c. H. (1959) Electric charges of kaolin. Tra s. Faraday Soc, 55,477486.
CAsrEN, G. H. (1961) Electric charges of clays. Chemy lad.1132-1131.
CAsrEN, G. H. (1963) Electric charges and thixotropy of clays- Nature, Lond.l97,

349-350.
EMERSoN, W. W. (195?) Soil structve. Rep. Rothamst. exp. Sta. lot 7956,222-228.
Er,GRsoN, rJy'. W. & DETTMANN, M. G. (1959) The effect of organic matter on crumb

structure. ./. Sor'/ Sci. lO, 227 -234.
ErGRsoN, W. W. (1959) The stiuctue of soil qumbs. J. Soil Sci.10,235-U4,
FELDES, M. & ScHorrELD, R. K. (1960) Mechanisms of ion adsolption by inorganic

soil colloids. N.Z. I Sci. 3, 563-579,
Gouy, M. (1910) Sur la constitution de la charge electrique a h surface d'un electlo-

ltte. I. Phys. theor. appl., Ser. 1,9,45?-468.
NasH, V. E. (1960) Role of exchangeable cations in viscosity of clay suspensions.

Clals and Clay Mineruls 7 tProc.lth nat. Conf. Clays & Clay Mirgruls),328-342.
NoBirsH, K. (1954) The swelling of montmorillonite. Discuss. Faraday Soc.No.18,

120-134.
PAVER, H. & M^RSHALL, C. E. (1934) The role of aluminium in the reactions of the

clays. Cherny Ind- 12,75|U-.76tr.

297

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-1-57 pp 19

ROTHAMSTED REPORT FOR 1964

QURK, J. P. & ScEorELD, R. K. (195, The effect ofelectrolyte corceotratio[ od soil
permeability. J. soil sci. 6, 163-178.

SCIioFIEI-D, R. K. (194?a) A ratio law govemiog the equilibrium of cations in the soil
solution. P/oc. llth irrt. Congr- Pwe & Appl. Chem.3,257-261.

SCHoFTELD, R. L (t947b) Calculation ofsurfac. areas froE measurements ofnegative
adsorption. Nature, Iand. 160, 408-410.

Sq{orEr-D, R. K. 0948) The electric charge of soil particles. Rep. Rothanst. exp.
Sra. for 1947, 95-100.

ScHoflEr-D, R. K. (1949) Efrect of pH on electric charges carried by ctay particles. J.
Sor'l Sci. 1, i-8.

ScHorEr-D, R. K. & SArusoN, H. R. (1953) The deflocculatiotr of kaolinite suspensioas
and the accompanying chadge-over flom positive to negative chloride adsorptioD-
Clay Minei Bull. 2, 4151.

ScrroFELD, R- K. & SAMsoN, H. R. (1954) Flocculation of kaolinite due to the
attractioD of oppositely charged crystal faces. Discusr- Faraday Soc. No. 18,
r35-145.

ScHor,Er-D, R. K. & TAyLoR, A. W. (1955a) Me3suremeots of the activities of bas€s
in soils. J. ,so,7.Sci. 6, 137-146.

ScrroFEI-D, R. K. & TAyLoR, A, W. (1955b) The measurement ofso,trpfl- Proc. Soil
Sci. Soc. Am. 19, 164-167.

ScHorELD, R. K. & TAyrrR, A. W. (1961) A method for the masurement of the
calciurn deficit in saline sotu. , Soir.tci. 12,269-275,

WARKINrIN, B. P. & ScnoFELD, R. K. (1960) Swelling pressures of dilute Na-mont-
morillonite pastes. Clays and Clay Mincruls 7 (Proc.1th ,at. Conf- on Clays &
C lay Mineruls), 343-349.

WARKENTTN, B. P. & SCHoFTELD, R. K. (1952) Swel[Dg pressure of Na-montmorillolite
tu NaCl solutioDs. J, Soil Sci. 13,98-105,

298

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-1-57 pp 20

APHID NUTRITION AND
REPRODUCTION C. J. BANKS

Aphids owe much of their success as plant parasites to a special method
of feeding on plant sap, combined with an extraordinary method of re-
production that enables them to multiply and exploit their host plants
rapidly (Kennedy and Stroyan, 1959). They have also evolved an
efficient method of dispersal that enables them to move rapidly from one
temporary host to another. Dispersal has been intensively studied at
Rothamsted, but less attention has been paid to the food requirements of
aphids, and their nutritional needs are very imperfectly understood.
However, a proper understanding of such problems as host-plant selection,
the basis of resistance by plant varieties to infestation and perhaps the
transmission of plant viruses by aphids, may well depend on better infor-
mation about aphid nutrition.

Aphids multiply faster on some host species ttran on others; for example,
Myzus persicae increases faster on Brassica spp. than on sugar beet,
spinach or lettuce (Heathcote, 1962), and Aphis fabae faster on beans than
on sugar beet (Banks and Macaulay, unpublished results). They also grow
faster and reproduce more on some varieties of plant than others, for
example of pea (Auclair, 1959), wheat and barley (Painter and Pathak,
1962), raspberry (Hill, 1957) and beans (Davidson, 1922; Miiller, 1951;
Tambs-Lyche and Kennedy, 1958). They reproduce faster on young parts
of plants than on older parts (Kennedy and Booth, 1951 ; Banks, 1958;
Heathcote, 1962) and more on senescing parts ttran on mature parts
(Kennedy and Booth, 1951). These diflerent rates of increase might
indicate differences in the nutritive quality ofthe sap, but might depend on
different rates of feeding or assimilation.

Before the amount of food ingested could be related to the aphid's
gro*th, reproductive rate and fecundity, a satisfactory method of studying
the insecfs feeding rate throughout its lifetime had to be developed. Much
ofthis article deals with recent developments at Rothamsted on the feeding
and reproduction of Aphis fabae, the bean and sugar-beet aphid, about
whose anatomy and biology so much is already known (Davidson, 1925;
Weber, 1928).

Methoil of feeilitrg. Aphids were thought to suck plant sap in the way the
Heteroptera or bugs do, until Kennedy and Mittler (1953) showed that
when the stylets of Aphis fabae (feeditg on bean plants) ar.d of Tuberolach-
ruu salignus (feeding on willow stems) were severed, sap continued to exude
from the stylet stumps still embedded in the plants. Mittler (1957) found
that sap exuded from the stumps at about the same rate as intact ]|.
salignus excreted honeydew while feeding on the same willow plants, and
that it sometimes continued to exude for days. Kennedy and Mittler
suggested that the pressure of sap within the phloem sieve tubes, where
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these aphids usually feed, was responsible for forcing the sap ilrto the
feeding aphid. This advance in knowledge, confirmed by von Dehn (1961)
with several other aphid species feeding on herbaceous plants, led to the
assumption that the aphid feeds continuously and passively once its stylets
have tapped a sieve tube element, and that the sap is forced through the
gut of the insect by the pressure within the plant.

Banks and Nixon (1958), following a suggestion of Herzig (1937),
advanced the subject further by showing lhat Aphis fabae feedir.g on fully
turgid bean plants excreted and fed faster when attended by the ant larr'us
niger a]l.d that excretion slowed to its initial rate when the ants were
removed. They suggested that the so-called "sucking pump" in the aphid's
head probably acts as a valve that opens periodically and allows some sap
under pressure to enter the insect's gut; the relaxation of the muscles of
the pump attached to the head wall would close it, and their contraction
would open it again when another meal of sap was to be ingested. When
attended by an ant the aphid could open the valve more often and thus
increase the rate of feeding. To feed continuously, howeyer, the muscles
opening the valve would have to remain continuously contracted, some-
thing no muscle does. Whateyer the mechanism whereby the aphid controls
its rate offeeding and excretion, this work showed that the aphid does not
feed continuously, and does not depend solely on pressures within the
plant while feeding on a turgid plant.

That some aphids can suck when they have to, is showl also by work of
Mittler and Dadd (1962) and of Auclair and Cartier (1963), who reared
Myzus persicae and Acyrthosiphon pisum that fed through stretched Parafilm
membranes on liquid diets under negligible pressure. Nevertheless, many if
not most aphids probably use the pressure of the sap for normal feeding,
and only under unusual conditions, perhaps when the plant wilts, are they
forced to suck. Some aphids feeding in galls and pseudo galls may feed
by sucking, but little is know[ about their feeding behaviour.

It is generally thought that an aphid's stylets usually penetrate a sieye
tube element in the phloem, where they reach sap under continuous pres-
sure; so the aphid feeds with a minimum of effort and at the same time
obtains a food rich with the plant's own nutrients. There is abundant
evidence that aphid stylets penetrate to the region of the phloem but little
to show that they habitually end in sieve elements. Phloem sap, still under
pressure, may pass from sieve elements into nearby parenchyma cells where
the stylet tips have penetrated, but the movement of phloem sap is im-
perfectly understood.

Feeding and excretory behaviom. The feeding and excretory behaviour
differs in different species. Myzus persicae is said to be a restless aphid that
often changes its feeding site, whercas Aphk faba? stays and feeds at the
same spot for days, and when disturbed often has $eat difficulty in with-
drawing its stylets. Other species, for example, Acyrthosiphon pisum,
Megoura ticiae ar.d MiuolophiLnn eyansii to mention a few, immediately
withdraw their stylets and fall otr the plants when disturbed. Such a
diflerent response suggests that these aphids might difler in their feeding
habits.
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Broadbent (1951) described the different ways in which aphids excrete.
Larvae of 'free-living' forms (those that feed on the leaves and stems of
plants and not in galls or pseudogalls) kick the honeydew droplet from the
anus with a hind leg; the adults flick the droplet ofi with the cauda (tail).
But the behaviour of aphids of this kind also differs; for example, Aphis

fabae adllts flick lhe droplet vertically downwards (Banks, 1958), whereas
adult Megoura viciae flick the droplet downwards but to one side. The
details offeeding and excretory behaviour ofvarious aphid species deserve
further study. The adult apterous virginopara is usually regarded as a
neotinic, that is, a morph that retains many larval characters in the adult
stage; the "metamorphosis" of the larval alata at its final moult is sup-
pressed in the aptera, and morphological changes at the final moult are
therefore extremely slight (Lees, 1961, p. 75). However, the conclusion
seems to overlook the fact that the acquisition ofa large cauda by the adult
aptera and alata is a v€ry prominent morphological change, which is also
accompanied by a dramatic change in excretory behaviour.

Measurement of lte feeding rate of ,{pirlr fabae. Feeding rates of aphids
have been measured hitherto usually for short periods and by various
methods, some of them unsatisfactory. Watson and Nixon (1953), Day
and Irzykiewicz (1953) and Banks and Nixon (1959), for example, estimated
the feeding rates of aphids for periods of a few hours by measuring the
radioactivity ofinsects that had fed on radioactive plants, but the measure-
ment may not be valid because the concentration of the radioisotope of
the sap actually ingested was unknown. The rates of feeding of various
aphids obtained by different workers differ very greatly (Auclair, 1963),

and many results imply that the rate rises to a maximum and then stays

constant.
Before any attempt could be made to lint the rate of ingestion with

reproductive capacity it was essential to have a method of recording the
feeding rate continuously over long periods, if possible for the whole of
the insect's lifetime, and at the same time record its reproductive rate and
fecundity. The only satisfactory method is that of Auclair (1959) who
estimated the sap ingested by the larva of Acyrthosiphon pr'sznr from pea
plants by adding up the increase in body weight, the loss of water by
ivaporation, the weight of the cast skins and the weight of the honeydew
excreted duringTl hours. Banks and Macaulay (1964) extendedthis method
to estimate the sap ingested during the whole lifetime of Aphis fabae
from two varieties of field bean, and recorded the growth, reproductiYe
rate and fecundity of the same insects. They used the fact that most of the
sap ingested is excreted and that the rate of excretion is a good index of
the feeding rate so long as the enyironment is reasonably constant (Mittler,
1957). Excretion is aflected, among other factors, by changes in tempera-
ture, air humidity, wind and the turgor pressure ofthe plant (Mittler, 1962),
so Banks and Macaulay made their experiments under as constant condi-
tions as they could maintain, and they used aphids of one kind only: the
apterous progeny of alate yirginoparae produced from a clone-

Temperature and lighting were kept constant; air was kept humid to
lessen evaporation from the insects, and air movements were eliminated.
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As the honeydew clocks used by other workers are bulky and expensive, a
compact, inexpensive machine was made to collect simultaneously all the
honeydew excreted by ten individual aphids feeding each on its bean plant,
to record their daily total excreta continuously from birth to death. Two
steel rods rotating slowly and continuously wound up ten long strips of
chromatography paper stained with an indicator to reveal the honeydew
droplets that fell on them as they passed under the aphids. The papers,
which were long enough to last for 24 hours, were replaced each day; thus,
all the honeydew droplets from each of the ten aphids was collected and
counted throughout the insects' lives, and an estimate of variability ob-
tained.

Honeydew was also collected daily in mineral oil from other aphids of
the same age on similar plants to measure the size of the droplets. The
average excretion rate was estimated from the product of tie mean fre-
quency of excretion and the mean size of the droplets, and this volume of
liquid, when multiplied by the specific gravity of honeydew, separately
determined, gave the total weight of the excreta. The sum of the weight of
the honeydew, water lost by eyaporation, the increase in body weight of
the insects and the total weight of their larvae born estimated the total
weight ofthe sap ingested. The reproductive rate, fecundity and the length
of the reproductive and post-reproductive life of the same aphids were also
recorded.

The larval aphid ingested 3.5-4.5 mg sap in a life of 7 days and the adult
about 30 mg sap during a reproductive life of 21 days; only 10% of the
ingested sap was used for growth and reproduction and 90! was excreted.
The excretion rate of the adult increased to a maximum of 30-40 drops
per day on the third day of adult life and then started to decrease. This
decrease was apparently because of changes within the insect itself, for
although the aphids were transferred to fresh plants every 5 days, the
excretion continued to decrease.

The rate of feeding therefore also declined as the aphid aged. We can
but speculate as to the cause; muscle degeneration or a gradual blocking
of the stylet canal or gut (see also below) or, less likely, a progressively more
efficient use of sap with increasing age, may be explanations; but whateyer
the reason, it is important to recognise that the rate Aphis fabae feeds is
far from constant and that it rises quickly to a maximum and then declines
with age. Other species probably have their own pattems of excretion and
feeding, and comparisons of the feeding and excretion mtes of different
species or of the same species on various host plants should be based on
complete records throughout the insects' lives. The large variations in
rates of feeding listed by Auclair (1963) can probably be explained partly
by ditrerences in age of aphids and in their patterns of feeding; feeding
rates will also probably be aflected by differences in size of insect and the
kind of host plant. So far as I am aware, feeding patterns of other aphid
species have not yet been established, but if other aphids behave as lpiis
fabae does, the loss of ability of older aphids to transmit plant viruses,
reported for some species, may be associated with a decline in the feeding
rate and what seems to be a change in the physiological state of the insect
as it ages (Bawden, 1964, p. 130).
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Reproduction- Adult insects usually need to ingest food to reproduce.
The female in particular needs food to make materials to form yolk. In
some species the reserves are built up during the larval stage, especially in
those species whose adult insects have only vestigial mouth parts. In others,
the reserves accumulated during larval life are supplemented by a carbohy-
drate diet during adult life, and some adult insects need a special protein
meal before they can reproduce (Wigglesworth, 1960).

Aphids are, however, unusual insects because they reproduce partheno-
genetically and viviparously over many generations, and some species

reproduce in no other way. In the parthenogenetic aphid, therefore, the
relationship between reproduction and food ingested is more complicated
than in oviparous species of insects. The parthenogenetic adult contains
embryos in all stages of development from eggs to mature larvae, and the
more mature of these also contain embryos in an early stage of develop-
meDt (see below); an aphid larva is in effect starting to reproduce before it
is born. Thus, an adult parthenogenetic aphid nourishes not only her
daughter embryos but also some of her granddaughter embryos (Lees,

1959; Kennedy and Stroyan, 1959). It is the telescoping ofthe generations
in one individual, as Kennedy and Stroyan have aptly put it, combined
with the specialised method of feeding, that enables aphids rapidly to
multiply and exploit their host plants.

During the frst 2 weeks of reproductive\fe, adrrJt Aphis fabae gave birth
to 5 or 6 larvae daily, but only about 2 during the following week. Repro'
duction then ceased fairly abruptly, although excretion, which was also
decreasing, continued intermittently for a few more days. The decline in
the reproductive rate as the insect ages is more apparent when the number
of larvae born in successive 5-day periods is considered rather than the
numbers bom daily (Banks and Macaulay, 1964). It then appears that the
numbers of larvae bom increases to a maximum of about 30 in the flrst
5-10 days of adult life and thereafter decreases. The maximum of the
reproductive rate lags behind the maximum of the feeding rate, which
occurs on the third day of adult life.

Reproductive life was followed by an almost equally long post-reproduc-
tive period. During this time the aphids remained with their stylets inserted
into the leaves, the abdomen swelled and the insects increased in live weight
and especially in dry weight (Banks and Macaulay, 1965), showing that,
although excretion had stopped, small quantities of sap were still ingested.

The comparatively large increase in dry weight in early post-reproductive
life was not accompanied by a pronounced increase in fat content (Banks
and Macaulay, unpublished results), although many oil globules occur in
the body cavity once occupied by the tightly packed embryos. Sugars may
accumulate during this period, probably because the aphid continues to
feed but not to excrete. Myzus persicae and Aphis fabae have much larger
crops when they fe€d on plants of the Chenopodiaceae (which includes
sugar beet) (Moericke, 1960) than when feeding on other plants' Edwards
(1965) examined the gJt of Aphis fabae feeding on chenopods and dis-
covered solid, insoluble polysaccharides in the crop, formed apparently as
a secretion from the crop epithelium- It seems that aphids, feeding on
plants containing an excess of sugar in the sap, and being unable to excrete
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faster to dispose of it, conyert soluble sucrose from the sap into insoluble
forms that are retained in the crop. Such a process perhaps also occurs in
aged Aphis fabae that continue to feed on beans but not to excrete, and an
accumulation of sugars might account for the increase in dryweight.
U ike Aphisfabae, the willow aphid, TrDerolachnus salignus, excretes large
quantities of honeydew during post-reproductive life (Mittler, 1958), but
this lachnid possesses a so-called filter chamber, one of whose functions
could be to transfer unwanted excess sugar rapidly from the fore gut to
the hind gut. Aphis fabae,like most other aphids, has no filter chamber,
and excretion in old age may stop if the gut is gradually blocked with
solids.

Banks and Macaulay (1964) found that the fecundity (total larvae born)
of apterous Aphis labae was remarkably constant, no doubt because they
used a clone of aphids in a constant environment. Because reproducible
results were obtained in this way, fecundity and reproductiye rate are
considered to be better criteria of the aphid's performance on a particular
host plant than the multiplication rate of groups of aphids. On one batch
of field beans (called variety A) the aphids consistently produced 89 :E 1.3
larvae and onJy 85 { l'3 larvae on another batch (variety B) in a repro-
ductive life of 3 weeks. The diflerence, although small, is sratistically
sigdficant. Taylor (1959) showed that on a variety of broad bean
apterous adults of Aphis fabae produced an average of 96 1 2.0 larvae
during their lifetime, although his experimental conditions diflered some-
what from those of Banks and Macaulay. Yet from the varieties A and B
the aphids ingested the same amounts of sap; the difference in fecundity
was not caused by the ingestion of different amounts of sap but probably
by a diflerence in nutritiousness of the sap of the varieties.

Influence on f€cundity of quantity atrd qodity of nuhients irgested. The
main component ofthe solid matter of the sap of plants is sugar (sucrose),
much ofwhich the aphid cannot use; nitrogen, dissolved in the sap as free
amino acids and amides (Mittler, 1958; Zimmermann, 1960), is especially
important for the synthesis of the protein essential for the aphid to grow
and reproduce. Results of Auclair, Maltais and Cartier (1957) suggested
that varieties of pea resistant to Acyrthosiphon priarz contained less free
and total amino acids than susceptible varieties. The nitrogen in the plant
sap could thus be a limiting factor in aphid development.

The differences in fecundity of Aphis fabae feeding on the field bean
varieties A and B could have depended more on differenc€s in the quantity
and quality ofthe nutrients dissolved in the sap than on the total quantity
of sap ingested. Differences in quality of sap rather than in rates of feeding
were suggested earlier as the cause of ditrerences in reproductive rate.
For example, although larvae of Aphis fabae excreted and fed faster when
attended by the anl Lasius niger (Banks and Nixon, 1958), as adults they
did not reproduce faster tlan ant-free aphids (Banks, 1958). The greater
multiplication rate of ant-attended aphids was attributed to the fact that
they stayed longer on the young parts of the bean plants, where they re-
produced faster, than on the old parts, where they reproduced more
slowly. The reproduction of the ant-attended aphids was increased, it was
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suggested, because they benefited from a more nutritious sap on young
parts of plants rather than from an increased flow of sap from which they
could not assimilate nutrients faster.

The amounts of total nutrients ingested and assimilated, by Aphis fabae
from the two bean varieties was therefore measured throughout the whole
life of the insect, to see if they were used in different ways (Banks and
Macaulay, 1965). The indirect method of Auclair and Maltais (1961),
who estimated the total nitrogen taken by Acyrthosiphon pr\uz larvae from
varieties of pea during 72 hours, was extended to estimate the total solids
(totnl nutrients) atrd totzl nitrogen takenby Aphis fabae from bean plants
of varieties A and B throughout the whole larval and adult reproductive
life. The total solids ingested approximately equal the increase in dry
weight of the larva during development plus the weight of its four exuviae
and of the solid matter of all the honeydew. Similarly, the total weight of
solids ingested by the adult equal the sum ofits increase in body dry weight,
the dry matter of the total larvae it bears and the dry weight of the honey-
dew it excretes during its lifetime. Gases exchanged during respiration can
be neglected. The total nitogen ingested can be similarly determined by
summing the nitrogen contents of these various components.

The larvae reared on variety B assimilated and excreted significantly
more nitrogen than those on variety A, but this had no eflect on reproduc-
tion for, as adults, they did not reproduce faster or produce more larvae,
and those larvae did not contain more nitrogen than those born on variety
A. The adults on variety A assimilated more total nitrogen because they
were more fecund on it and they did aot excrete more nitrogen in their
honeydew. It seems that, although the aphids used the nutrients, parti
cularly nitrogen, from the two varieties in somewhat diflerent ways, this
did not cause the diference in fecundity. The concentration of the nutrients,
particularly nitrogen, in the sap ofboth yarieties was apparently more than
enough for reproduction, and did not determine the aphids' fecundity.
The composition ofthe nutrients provided by variety A was possibly such
that more larvae could be matured on it than on variety B.

The number of embryos in rddt apterae. Because of the telescoping of
the generations in the parthenogenetic aphid, nutrition during larval life
affects the development of the embryos and the embryos within them to
some extent- Good nutrition during larval life could allow more embryos to
develop orto be matured faster, and thus could affect the early reproductive
rate of the adult insect. But adult reproductive life is much longer than
larval life, and the adult feeds more than the larva, so the nutrition of the
adult would be expected to affect reproduction more than the nutrition of
the larva.

According to Lees (1959), the newly born larva of the vetch aphid,
Megoura viciae,has two differentiated embryos in each ovariole, and at the
end of larval development there are six embryos in each of the 1 8 ovarioles,
so that a newly moulted adult carries a potential of 108 larvae that it can
bear during its lifetime; few further eggs are produced during adult life.
Some embryos are resorbed and the usual number of larvae born is 97.
In Megoura viciqe, thereforc, larval nutrition sustains the production of
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most of the eggs and the partial development of the embryos; adult feed-
ing produces a few more eggs, but is mainly needed to complete the matura-
tion of the embryos already differentiated.

By contrast, the newly moulted, unfed, apterous adult virginoparae of
Aphis fabae, rcare.d from alate virginoparae on field beans (variety B) under
conditions outlined above, contain only an average of 36 embryos and egg
cells, and such adult apterae produce an average of 85 larvae during their
lifetime. Therefore, on the average, 49 more eggs and embryos (58'l ofthe
total) are developed and nourished to maturity entirely on nutrients in-
gested by the adult. We suppose, therefore, that the nutritiousness of the
sap determines how many more than 36 embryos will be developed by
the adult-

Linti (1960) counted the embryos and egg cells in apterous, alate and
intermediate forms of Aphis fabae fed on mature detached leaves of
Phaseolus vulgaris it damp petri dishes. Adult apterae contained an
average of 54 egg cells and embryos, but many of the insects he dissected
were not newly moulted and had fed and reproducrd for an unspecified
time, so could have had more egg cells and embryos than they contained
when newly moulted; nevertheless, his adult apterous aphids contained
many more embryos than Banks and Macaulay found in theirs. Linti
did not say from what kind of parent (alata or aptera) his aphids came.
The numbers of embryos differentiated and developed during larval life
(depending on the state of larval nutrition) may depend, among other
factors, on the parentage ofthe aphid; for example, adult apterae developed
from alate virginoparae (like those ofBanks and Macaulay) might contain
fewer embryos initially than aphids bom to apterous virginoparae; that is,
the number of embryos may differ from generation to generation and
even from morph to morph, and thus reproductive rate and fecundity
could also vary. Aphid morphs differ mainly in structure but also differ in
physiology (I-ees, 1961), and the initial number of embryos contained in
tJIe newly moulted adult may be a characteristic of the morph, and thus
an example of "physiological polymorphism" (Richards, 196l; Johnson,
1963). Larvae born to alate virginoparae are smaller and weigh less than
those bom to apterous parents (Banks and Macaulay, 1965) and might
develop fewer embryos. The reproductive rates and fecundities of aphids
of different generations are at present being examined further.

Effects of Iarval afll adult nutrition on reproduction. The reproductive
rates (numbers of larvae born per 5-day period) ol the aphids reared on
the field bean varieties A and B were nearly identical during the whole
reproductive life. The small but signifcantly greater fecundity of the aphids
on variety A was caused by a few more larvae being born /a/e in reproduc-
tive life, which suggested that the adult aphids were somewhat better
nourished on variety A and could mature more larvae than those feeding
on variety B. However, more rec€nt work suggests that the adult aphid's
fecundity may also be affected primarily by larval nutrition. In any batch
of larvae, all born to winged aphids on bean plants of variety B at the
same time or within a few hours of each other, some develop and become
adult sooner than others. The fecundities and reproductive rates of a
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batch of adult aphids that had developed quickly (fast developers) were
compared with those of a late-developed group (slow developers). The
fast developers produced significantly more larvae than slow developers,
and the difference was double the difference between the fecundities of
aphids reared on the two bean varieties. Further, differences in the repro-
ductiye rate were much greater during the flrst 5 days of adult life than
during the next 5 days; thereafter the rates were identical. The difference
in reproductive rate accounted for the diflerence in fecundity. The greater
fecundity and reproductiye rate of the fast developers was caused by events
during early adult life and suggests a better nutrition during the larval life
of the parent insects. Newly moulted fast and slow developers contained
the same number of embryos, so fast developers must have matured their
embryos more quickly during larval life and delivered them faster when
they became adult. Fast developers were also heavier and larger than slow
ones; they did not feed faster in the adult stage, but they must have as-
similated food faster. When comparing the fecundities and reproductive rates
of aphids it is importatrt, therefore, to use aphids with similar rates of
larval development. The causes of the greater fecundity of fast developers
are not yet understood, but larval nutrition may affect fecundity by in-
creasing the early reproductive rate ofthe adult. The diference in fecundity
between aphids on the two bean varieties differs from that between fast
and slow develolrrs, and for another cause.

We have also recently discovered that the fecundity of aphids reared on
variety B can be greatly increased by changing the conditions of gowing
plants. The mean fecundity of aphids on variety B was 85 -[ 1.3 larvae,
but it was 94:L 1.5 larvae when aphids (bom, as before, to alate virgino-
parae) were reared and kept under the standardised conditions described
earlier, but otr plants that had previously been grown in daylight with
supplementary light from mercury fluorescent lamps. The aphids
apparently received a still more nutdtious sap from plants irradiated in
this way, and had been under-nourished under the previous lighting
r6gime.

There is, presumably, an upper limit to the number of larvae that an
aphid can produce, and this maximum could be genetically determined
and chfiacteristic of the species or race. But reproductive rate and fecun-
dity can depend on the conditions of rearing of aphids and plants, so it is
essential to know the conditions that achieve maximum fecundity; also to
adopt standardised conditions when testing host plants for 'resistance' and
'susceptibility' to aphid gowth and reproduction, for a variety 'resistant'
under one set of conditions may be 'susceptible' under others.

Thus, the apterous aphid's fecundity seems to depend primarily on its
nutrition, that is, on the quality of the nutrients it gets from its host. The
feeding rate and quantity of sap ingested are not basically important in
deciding reproductive rate and fecundity of Aphis fabae on a suitable host
plant such as the bean, although under some conditions or on other host
plants tie inability to feed at an optimal rate might well impair the assimi-
lation of nutrients. The quantity of nutrients ingested from the two bean
varieties did not determirc differences in fecundity. It is the quality of
the sap in the plant that seems primarily to afect the rate embryos develop
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during larval life, the rate of reproduction (especially during early adult
life) and the numbers of larvae that the adult can maturel these features in
turn afect the rate a colony of aphids will increase and the degree to which
the aphid exploits its host plant. A geat reproductiye capacity is the aphid's
main defence against natural enemies, and anything that decreases it makes
the aphid more vulnerable to them.
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