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THE ELECTRIC CHARGE ON
SOIL PARTICLFS

By R. K. ScEoFIELD

Experimenting both in his laboratory and in his garden near
Moscow in 1808, Reuss found that water in coutact with soil carries
a positive electric charge in consequence of which it is transPorted
towards a cathode. In this way he discovered the Phenomenon
now known as electro-osmosis. Nearly half a century later,
Thompson and Way discovered the phenomenon of base exchange
in soil, For many years these two phenomena were separately
investigated: the first by physicists, and the second by chemists.
The anificial division Lietween these investigations retarded pro-
gress, and the realisation that both phenomeua have the same root
iause is a comparatively recent development. One object of the
physicochemical studies conducted ia the Physics DePartment has
Leen to establish the nature of the electric separation in soil. For
while electro-osmosis and base exchange provide the clearest
evidence for electric separation it influences both the physical and
the -chemical behaviour of soil in other ways.

The fact that clay soils shrink when tlried, and swell again when
rewetted, leads to the conclusion that the particles are not in solid
contact but are separated by water fllms. It is now clear that the
exchangeable cations play a dominant part in maintaining these
water films and regulatlhg their thickness. In this phenomenon the
chemical nature oi the exchangeable ions proloundly infuences the
physical effects they produce.- 'In 

connection with the availability of exchangeable cations as
pLant nutrients the fact that they are held by electrostatic attraction
to negatively charged soil particles is of great signi-ficance, and it is
not surprisbg that investigations with a purely chemical outlook,
which take no account of the powerful electric fields close to soil
particles, have achieved only a limited success.- It has become increasingly clear that as far as possible all the
conseouences of electric seDaration must be considered in relation to
one ariother, and that the;rtificial disthction between physics and
chemistry must be completely broken down. The undertaking is
formida5le, and much gioundwork is needed before results can be
obtained that bear direCtly on the very complex conditions actually
existing in field soil.

}IEASUREMENT oF TEE ELEcrRrc cEAncES oN soIL PARTICLES

Ionic exchange provides the only reliable method for measgring
the net electric charge carried by a particular sample of soit. Since
the charge depends to some extent upon the nature and concentra-
tions of ihe ions in the solution surrounding the soil particles these
must be controUed or determined at the same time. Hitherto most
methods used for determining exchangeable cations have been
desigaed for the routine examination of large numbers of soil
samples, and have been considered satisfactory so long as they were
reasonably rapid and furnished reproducible results. For Precise
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measiurement oI net charge no existing method was found to be
eDtirely satis{actory. Cootrol of aluminium ions has been the
main problem.

A technique has now been worked out which efiectively prevents
disturbance from aluminium ions from pH 2.5 to pH 8 (1). The
belief generally held that clays lose their negative charge when in
contact with solutions of low pH is ill-founded. The methods
usually employed fail to detect the presence of exchangeable
aluminium. When sufficient washings are giyen to remove the
exchangeable aluminium it is Iound that the negative charge falls
ofi much less with fall in pH than earlier work had indicated. For
example, a sample oI Rothamsted subsoil clay, which has a net
negative charge oI7 milliequivalents per 100 g. when in equilibrium
with a N/5 ammonium chloride solution at pH 7, has a net negative
charge of 22 milliequivalents when the pH of the solution is reduced
to 2.5.

By simultaneously measuring the retention of ammonium and
chloride ions it has been found that only ammonium ions are
concentrated close to the surfaces of the clay particles in the
solution at pH 7. Chloride ions are actually repelled from the
surfaces, which indicates that all the electric charges on the clay
particles are of negative sign. In the solution of pH 2.5, however,
cNoride ions are slightty attracted. Compared with the condition
at pH 7 about 2 milliequivalents of chloride ions are attracted to the
surfaces of the particles. It thus appears that the 22 milliequivalents
of flrl negative charge is made up of 24 milliequivalents of negative
and 2 mitliequivalents of positive charge.

An independent test fully supports this conclusion- It has been
found that if the clay is repeatedly washed with acid ammonium
oxalate in sunlight a photo-chemical action occuts resulting in the
solution of iron and aluminium amounting to about 7 per cent. of
the original weight. The residue is nearly white, and has a charge
at pH 2.5 oI close on 24 milliequivalents computed on the original
weight. There can be no doubt that the positive charges preseut
on the original clay when in the solution of pH 2.5 nere on the
hy'drous oxides of iron and aluminium (which the oxalate washing
removed), leaving the negative charges canied on the clay mineral
proper. It r-as also observed that the residue repels chloride ions
in the solution oI pH 2.5, thus confirming that only negatiye
charges are present,

These and parallel results \dth several other clays compel us to
abandon the view hitherto widely held that between pH 3 aod pH 7
clays greatly increase their negative charge by dissociation of
hydrogen ions. No clay mineral so far examined has been observed
to dissociate any hydrogen ions between pH 2.5 and pH 5 in N/5
amrnonium chloride solutions. From pH 5 aad pH 6 dissociation
is just detectable, and it becomes progressively greater to pH 8-
the limit of the present measurements.

The crystallographic study of the clay minerals has led to the
view that isomorphous replacement should give rise to negative
charges that are permanent in the sense that they cannot be
increased and decreased reversibly by altering the pH, but can oaly
be changed by processes that disturb the atomic arrangement
within the crystals. Below pH 2.5 the charge diminishes but is aot
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restored aga.iD on raising the pH. There is other evidence that the
clay mineral has sufiered destructive attack.

It is entirely reasonable to suppose that the constant charee
found between pH 2.5 and pH 5 irtie "permanent" charge due io
som_orphous replacement. It would be very desirable to check this
conclusion by direct chemical analyses, brit until the process for
freeing clay minerals from contamination has been further refined
this caunot be done.

It is also reasonable to attribute the Drosressive rise in the
uegative charge above pH 6 mainly to the diss&iation of hydrions
from hydroxylg attached to silicon atoms. Such hydroxyl"groups
occur round the edges of the silicon-oxysen sheeis of-th6 c6v
minerals and on the free silica. There is fome evidence that thi
iron oxide removed by acid ammonium oxalate, besides carrying
positive charges at low pH, mav carry a few nesative chare"s a5o.,E
pH 7; but this matter r-equires-furttrir stuay. -

Necarrvs ADSoRprroN AND suRrACE aREAs

Parallel with measurements of the etectric charses on soil and
clay, investigations have been made to elucidate thE wav in which
electric separation influences soil properties. Mention h-as atreadv
been made of the repulsion exerted by the negative cbarges on th'e
soil particles upon the free negative ions in ihe soil solu"tion. Bv
ex-tending- Gouy's theory of the diffuse electric double layer ttie
relationship

f-q4
,t : 

$-p"-@T
has been obta.ined (2). Here ,iF_ is the "negative adsorDtion', of the
repelled ion, z is the normality of the soluti6n and ./.-/tt'is a distance
that mnveniently expresses 

-the 
extent of the rep-ulsion. a is a

factor depending on the valency ratio, v is the valencv'of the
repglled ion, p is a constant dCpending on the temperaiure and
dielectric constant of the solvent-, and 7 is the electiic charge on
the. surfacc expressed in milliequivalents per square centi;etre
This simple equation is valid so iong as f is largi enough for the
first term to be several times the sec6nd, otberwG a mori complex
expression must be used.

This equation was frrst applied to existins data of Mattson for
the negative adsorption of-fhe chloride, nitrate, sulphate, and
ferrocyanide ions by sodium bentonite. Dividing thi nesative
adsorption per l0O t. of bentonite by the normalitiy, aad pl6tting
this quotient against 4 \/W the points fall very well on i sineli
strakht line from the slope of which an area of iIrO square meties
per gram is obfained. From crystallographic data ri,e find thatptre montmorillonite completety dispirse'd into its constituent
sheets would expose an arei of ti00 m.z per sram. Measurements
of negative_ adsorption were, therefore,'maf,e using a very frne
fraction of.bentonite separated with the aid of the sr.ipercentifruge
As it is difrcult to handle this material except in a flocculaiid
state, calcium chloride was used. Eyen so, thjmaterial could not
b€ conce[trated by centrifuging to more than 2 per ceut. compard
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with l0 per cent. used by Mattson. The measurement of negative
adsorption in these circumstances requires high precision ir the
ctrloride determinations, and it was ionsidere-d verv satisfactorv
that none of the points deviated from a line for 800-m.2 oer er-am
by more t"han the possible experimental error.

Measurements were also made of negative adsomtion bv iute (3)
in solutions of tithium, sodium, potasiium and calcium inio.iai"l
Wil! Jht material a small negative adsorption was found even in
N/20 hydrochJoric acid, in whilh case there would be scarcelv anv
negatively charged carboxyl groups. It appears that about il pe;
caut. oI x,ater is taken up by the solid matter, the ct oride i6ns
being too large to be admitted. In neutral solutions a larse
additional negative adsorption is found which clearlv must be die
to the repulsive action of the negative cbarses resultins from the
diyTiation of hy&ions from thJcarboxyl froups.

Values rangrng from 6 to 22 miliedui;alefts per 100 g., by
means of cation exchange, were obtained for the carboxvl odnten"t
of difierent samples of jute. It was found that the neeative
adsorption observed in the sample of lowest carboxvl cjntent
scarcely difiered from the amount ca.lculated bv the use oi Dorrn"rr,,
equation for the membrane equilibrium. -Examination of the
ttreory sho_wed that this result isto be expected when the surface
density of charge is low in relation to tie distauces separati[g
opposing surfaces.

The sample with the $eatest carboxyl content gave values
considerably below the value given bv the bonnan eou"ation- The
results obtailed for solutions ibove N/20 indicated thit itr this iute
the charges were spread over an area bf 160 m.z per eram. ThL is
rouglrly a thousand times the extemal area of ti\e frbres. At the
same time an extrapolation of the values obtained in more dilute
solutions shows that, in tbe limit, the chloride ions are comoletelv
expelled from 70 c.c. per 100 e. of iute. This is evidentiv th!
volume of intemal pa-ssages within the-jute 6bres. The area 6f the
walls of the passages being 160 m.2, it fo[ows that the averase
widt! of the passages is of ihe order of IOO Angstrom units.

Thus, by applyrng physical reasoning to cheriical measurements,
a new way-has been opened up for-the exploration of minute
structures which are not regular enough to be investieated bv X-rav
difir-actiou, and could not be preserved in the bigh vac-uum 

"oi 
ditior,i

needed for exa.mination by the electron microiope. It can ontv be
app-lied when the surface area is very large anil when it carri-es a
sufficient density of electric charge, but evin with these Iimitations
it should have a wi(e xope.

Fu,u nucrxrss
The same basic theory that yietded the eouation for negative

adsorption has been used to obtiin the equation (4)

vrl 4

\/6 vPI

for the thickness, X, of the water fikn on a surface ciurvins a
surface charge .l balanced by exchangeable ions of valdncv" v.
which have a concentration c, at the outer surface of tle il-.
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fb9 th*ry sbows that for equilibrium b€tween the film and rater
in bulk there must be a pressure di.Eerence given by the Van t,Hoff
equatlon

ps: RTcj.
D-..y"gq"- and Kussakov's determinations by. optical interference
of the thickness of water films between hy&rigen bubbles and
surfaces of mica and glass are in excelleni asriement with the
relationship to be expected between X and rr. Yfhere 

is no adiust-
able.constant_ in the theory so the test is a searching onu. 'The
results of their experimenti with solutions of sodium "ctrloride 

are
not tn saftstactory agreement with the theorv. This is puzzline
since over the same range of concentration the &uation for iresativE
adsorption s€€ms to be entirely reliable. New ootical measureirents
are being carried out with the help of Prof. L'. C. Martin.

The t-heory indicates that 1o is the repulsive pressure between
[o pT-allel opposing s.rrfaces separated by a watei film of thickness2X. $le have here a basic concipt upon which to build the theorv
of swelling and shrinking of clav. Bv itself the conceot is tci
simple because it does nol explain- floccirlation. ln its sirirple form
rt may, however, b€ expected to give a fairlv sood accou;t of the
swelling of bentonite containing oily monovale"nt cations.

IoNIc EgurLrBRrA

When a dilute solution is in eouilibrium with a soil havine
sufrciently high density of surface chiree, theorv leads us to exoeci
that the following "ratio law" will be ofuyed (5i:-

When cations in a dilute solution are in equilibrium with a
larger number of exchangeable cations, a chinge in the con-
centration oI the solution will not disturb the eoiilibrium iI the
concentrations of all the monovalent cations ard chansed in one
ratio, those of all the divalent cations in the square of ihat ratio,
and those of all the trivalent cations in the cu:be of that ratio.
This ratio law has been tested for a number of ion combinations.

Using.soil from Park Grass Plot 7, that has received dressings of
Iptassiu4 and magnesium salts, a solution containing the chlo-rides
of potassium, magnesium and calcium at a total co-ncentration of
N/100 was found, by trial, that would percolate unchaneed throush
the soil. Another solution containin! half the concirtration "of
potassium and one quarter the conce;trations of masnesium and
calcium was then made up, and it was verffied that ihis solution
also would.percolat_e unchanged through the same soil sample. The
concentrations in these experiments were measured spectrographic-
all-y. in .the Chemistry Department. In the maj6rity ;f ;oib,
calcium is the most abundant ion in t}re soil solution.- These exoeri-
m€nts and the theory they support indicate that the potash ,,staius,,
of flle soil should be judged by the ratio of the potassium ion concen-
tration to the square root of tJre calcium ioo concentration in a
solution in equilibrium with it.

. A further support to the "ratio law" was obtaired in experiments
with soil {rom Plot 9 (unlimed), which has become very i"id 

"ft".repeated- application of ammonium sulphate. It was "found that
appreciable concentrations of aluminiuin ions and hvdroeen ions
must be present in the solutions in equilibrium witU tils soit.
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Moreover, the aluminium behaved in the way exp€cted of a trivalent
ion, while the hyilrogen behaved as a monovalent ion.

The behaviour of hydrogen ions has been the subiect of special
study. Experiments with soil from the unmanured Plot 3 (unlimd)
show a nearly constant ratio of hydrogen ion concentradon to the
square root, the calciun ion concentrations ranging hom 40 milli-
normal to 0'l millinormal. In the course of these experiments
s€veral factors that disturb pH measurements on soil and similar
materials have been recognised and brought under control.

When a suftcient degree of control can be secured it will be
possible to determine the ionc.entration at whicb the ratio law begins
to fail. This should be higher the higher the density of electric
cbarges on the soil. We already have general evidence to suPPort
this expectation, but more work is needed to establish the matter
beyoud doubt.

CoNCLUsIoN

The presence of electric charges on soil particles could be
inferred flom the early observations mentioned at the beginaing of
this review. Yet it was only through the work recently carried out
in this laboratory that the net amount of charge on soil particles
has been measured with reasonable precision over an extended
range oI pH. The study of the efiects produced by these charges
has been facilitated by an extension of Gouy's thmry which has
been checked experimentally in several ways. In this way a
number of new lines o{ investigation have been opened up.

REFERENCES
l. ScaorELD, R. K. 1949. Jounal oI Soil Scietrce, l€,
2. Sctrot rBrD, R. K. 1947. Nature, 160,408-{10.
3. ScBorrELD. R. K.. and TAuBUDDIN, O. 194 Dis.*ssion on inw'

etion of uater anit ?orots al$;als, rc4a. TraDs. Feraday Soc. (In
the press.)

{. ScBoFrlLD, R. K. f9,f6. Disrr.ssiot on s'/.Aiw a*l sbi,,hi4.
Trarrs. Faraday Soc., {j,B,219-22l.

5. ScsoFrELD, R. K. 194 . Proc. Eleveoth IDt. Cotrg' ol Pure aEd
Applied Che6. (Io the press.)

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-1-89 pp 8

r0l

REVIEW OF WORK ON
POTATO VIRUS DISEASES

Work on potato virus diseases was started in 1940 with the
appointment to the department of Mr. J. P. Doncaster and Dr. P. H.
Gregory, as Officers of the Agricultural Research Council, to study
the spread of potato virus diseases in the ware-growing districts of
eastern England. It was known that the rapid degeneration oI
potato stocks in such districts occurs because of increasing infection
with the aphis-transmitted viruses that cause leaf roll and rugose
mosaic, but there was no information on factors afiecting the iate
at which these spread.' In seed-producing districts correlations have been found
between aphis infestations and the spread of leaf roll, and the
usefulness of such practices as roguing and early lifting in main-
taiaing the health of stocks is well established. In ware-growiog
districts, however, there have been few tests of the practicabifty
of such control measures, and there was no information about the
relative importance of diflerent sources of infection, the distance
over rrhich spread takes place, or the time at which it occurs.
The peach aphis, Myz*s persicae, was generally assumed to be the
most important vector, but the relative importance of different
aphides was uncertain and knowledge of their life histories was
incomplete. There was little or no information about the course
of aphis infestations, the time at which they occur and the popula-
tions reached, or about the variations in infestation from field to
field, district to district, and season to season, and whether such
variations are directly correlated with spread of virus diseases.
The relative imPortance of leaf roll and rugose mosaic was
uncertain, and few data existed to show whether roguing or isolation
from diseased stocks n ould suffice to prolong the useful life <,,f seed
stocks.

Al epidemiological study of the two diseases was started in an
attempt to remedy such defects in our knowledge. Experiments
on a standard plan were made annually in difierent parts of the
country and repeated records were made ou selected crops in East
Anglia to provide information on the activities of aphides and the
spread oI viruses. The work also had an imrnediately practicat
aim; in 1940 there was need to increase the potato acreage and it
seemed likely that to do this seed-sized tubers from ware crops
would have to be planted. Hence information tras urgently
needed on any factors that might be useful in assessing the suit-
ability of stocks for seed. Actually the recognised seed-growing
districts increased production enough to supply the need, and there
is little doubt that, in spite of the cost of uew seed to the ware
grower, the separation of potato crops for seed and ware is the
most efiective ard economic method of controlling virus diseases,

During the course of the field work many problems arose that
required detailed study ir the glasshouse and laboratory. Many
oI these came from difficulties encountered in attempting to
diagnose causative viruses from slzmptoms. This work disclosed
many new strains of virus X, some of which produced syrnptoms in
potatoes readily confused with rugose mosaic; it also showed tiat
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some viruses previously regarded as distinct are strains of the
almost ubiquitous virus X (Bawden and Sheffield. 1944). Other
variations in the s€verity of slmptoms of plants with rueob mosaic
led to the discovery that potato virus Y is not a single, itable virus
as_generally believed, but occurs in the field in riany strains of
difierent virulence causing first-vear svmDtoms in ihe varietv
Majestic that vary from a-faint mosaic io devere leaf-droo streaf.
Tlre common strains are all aphis-transmitted, but oni stra.in,
previously thought to be a separate virus and called virus C, was
not transmitted by any of the tested aphides. Several new aphides
were identified as vectors of virus Y; some of these, e.g.,'A?his
rhamti, are in glassbouse experiments as effective v&tori as
U. ?nsicae, but field observati,ons suggest that they are of little
{nportance as natural vectors (Kaisinis, 1942; 'Bawden 

and
lassanis, 1947). Experiments $;ith difrerent potato varieties
sbowed that these not onlv difier in the svmotoms oroduced trv
virus Y, but also in their sirsceptibility to 6fe&ion, iri th..on."ti-
tration of virus reached in th;ir sap, and in their efficiencv a.s
sources of infection for aphides. If was shown that glasshouse
tests needing few tubers cou.ld rel.iablv be used for- assessine
performance in the 6eld. Resistance to infection with virus y wa!
independent oI resistance to leaf roll, and the differences found
between difierent varieties were amply sufrcient to account for the
facts that difierent varieties degenirate at difierent rates and
because of infection with difrerenf viruses (Bawden and Kassanis,
1946).

- The diagaosis of leaf roll is also far lrom easy, for individuat
plants are dwarfed to varlring extents and causes other than virus
infection may make the leaves roll. Part of the difierences in the
severity of reaction of individual plants to leaf roll virus undoubtedlv
arise because the plants contain strains of virus X of diflereni
virulence, tut tlere is evidence, though as yet inconclusive, that
leal roll virus,- like virus Y, occurs in a ran!'e of strains difiering
from one another in viru.lence, Phloem necrisis was found usefi
for differentiating between true leaf roll {rom leal rolling produced
by other causes; with the virus disease. necrosis was'irivariablv
present. at the base of the stem but was not found in other plant!
(Shefreld, 1943).

APErs INvESTrcATroNs

_ Four species of aphides occur regular\ in potatoes in eastern
Eogland., Myzus pusicaz (Sub-1, iphis - rhaini Fon*.., Macto-
siphum solan.ifulii (Ashm.), and Aulacorthum sorani (Kalt.). The
infestations of these aphides varv widelv from season to'season;
M. solanilolii and A. solani <ncurred in Uree numbers onlv in 1945
and there is no reason to believe these tuo"species are imfrrtant in
spreading mgose mosa.ic and leaf roll. A. thanni also seems to be
unimportant compared uith M . i.rsical, possibly because it is less
active and moves less freelv from olant tb ohni. Heaw infesta-
tions of,4. thamni occtrredin l94O: l94t ant t942; the sftcies was
rare between 1943 and 1946, but became abundant agaii in t942.
Its only method of overwintering seems to be in the igg stage on
tpecres o, Rh.artn{s from which migrants pass to potatoes in June
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or early_July; infestation on potatoes are usually maximal in
August (Doncaster, l9{3).

Fruiting peaches out of doors and in unheated glasshouses were
the most important hosts on which M. persicae -overwintered 

as
eggs. This species, however, has altemative methods of over-
wintering, though the success of these depends greatly on the
weather. During mild winters the aphid cair continue t-o survive
on brassica crops, sugar beet stecklings and other wiuter-hardv
herbaceous plants. After the severe winters of 19{0-1, l94l-i,
19.14-5 and 194&S, few M. persicae survived bv this manner. and
migrations from peach were- also smaller and titer than usuil, so
that infestations on potatoes developed later than in other vears.
Anotber overwintering sire for M-. letsicae was discoverld in
mangold clamps. Aphides introduced on the leaves survive and
multiply provided the clamp covering is adequate to Drevent
damage to the roots by frost (Broadbent, 1947). 

-

The spring migration ol M. fersicae from overwintering sites to
potatoes took place each yeer during May, and sometimes c-ontinued
into June, a period when early potat6es are well advanced and
pln crops just above ground. The maximum popu.lation on the
fotiage was usua.tly reached towards the end of July. The numbers
then declined (be&use of migration to other ho;ts ind the activities
of_pa?lites and predators), reached a minimum during the first
half of August, and sometimes showed a second but sma'iler rise in
September. In l94l the population did not reach its maximum
until about th€ end ofAugust, and this was associated with unusually
Late spread of leaf-roll ir potato crops.

There was more spread of botti leaf roll and rugose mosaic in
years of heary infestations of. M- percicae than in others, but there
wa,s no simple quantitative relationship between aphis numbers on
difierent crops and the spread of virus diseases. Ciften there was a
greater spread in crops n'ith light than with heaw infestations,
suggesting that the activities of individual aphides are more
important than the populations achieved. Onlv aDhides that
move from plant to plant can transmil viruses, and it seems that
conditions within the crop that influence their movement. Dartic-
ularly in early stages of crop growth, are more important thin the
size of the population reached later in the season. 

-Apterae 
may do

siome transrniqsion at or near the peak of infestation-. esoecia.l.tv in
dense crops where interlacing of ihe foliage facilita[es movenient
from plant- to plant, but the winged spring migrants seem to cause
much of the total spread (Gregory, 1943r. The winged migrants
bred on potatoes seem to be relatively unimportint. oelhaos
because they are no longer attracted by- potatoei or beca'use tfre
plants are now more resistant to infection.-

The aphis populations were estimated by counts at regular
intervals of the numbers occurring on 100 leaves taken from plants
selected at random. Informatiorion the number and movem;nt of
winged migratrts was obta.ined bv catches on sneciallv desisned
sticky traps. Tbe lack of any quantitatiue 

"giue-eit b"tie"n
tmp catches or counts of aphis populations on the plants and the
amount of spread of virus diseases suggested that the method mieht
E lr"reliable. The efficiency of the--counting methoil and of ihe
sticky traps was therefore tested thorougbly-. It was conctuded
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tfi
that an estimate of the aphides per plant is more usefirl in virus
work than one per 100 leaves, for the number of leaves 1rer plant
varies greatly during the season and from crop to crop, and the
individual plant is the unit concerned in infection. A rapid and
reasonably accurate method of estimating the aphis population per
plant rpas devised based on the percentage oI leaves infested and
not calling for counts of individual aphides.

Sticky traps uere found to give reproducible results when
placed at the same height ia difierent parts of the same potato
crop. Hence the catch oI a single species or total catches in
difierent localities or in difierent seasons can be legitimately
compared- Yelow traps caught more aphides than did white
ones. Difierent species fly at difierent heights during the summer
migration, so that traps at one height only are unsuitable for
estimating the relative abundance of difierent species.

The conditions in-fluencing flight of winged aphides are still far
from understood. Field observations and preliminary laboratory
experiments suggested that high humidity is less efiective in
preventing flight than was generally believed. Also, records of
wind speerls taken within and above potato crops showed that
wind speeds within the crop are often suitable for flight when
meteorological instruments in more normal positions would suggest
a too strong wind.

Tne spn-geo AND coNTRoL oF LEAF RoLL AND RUGosE MosArc

Periodical sampling of 63 crops of Majestic showed that on the
average threenuarters of the final yield of tubers was obtained by
the middle of August. In the wet summers of 1941 and 194,
however, about a quarter oI the final yield was added in September.
The weight of "seed" size tubers averaged 4.1 tons per acre at its
maximum in July or August, and declined to 3.2 tons at the end of
the season. Tubers are formed during July and subsequent
difierences in the rate of grorth oI individual tubers leads to their
difierentiation into "ware", "seed" and "chats". The letd of
seed sized tub€rs per acre can be increased by close spacing and by
planting large setts, but the total increased yield of all tubers
obtained by these practices does not usually exceed the increased
weight planted. Wide spacing oI small setts gives the highest
yields of seed and of total tubers per ton of potatoes planted, but
close spacing of large setts gives the highest yields per acre. Under
present conditions in the ware-produchg districts it is more
profitable to allow a crop to mature at normal spacing than to
attempt by early lifting, or by ctose spacing, fo increase the
proportion of seed.

Information on the times and distances of spread oI rugose
mosaic and leaf roll was obtained by standardised trials made each
year at a number of centres. In highJand seed-growing districts,
such as North Wales, Dartmoor and Northumberland, the diseases
increased little in any year, but the amoutrt of spread in lowland
districts varied greatly. It was least n 1942 when M. persicae wx
scarce on all hosts. The two diseases spread at difierent rates in
difierent districts, tlte increase of rugose mosaic vaqring from one-
quarter to neady six times that of leaf roll. Most inlections
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oclurred early in the season; about half the season's spread oI both
viruses uormally occurred by the time the aphis population reached
its peak. Rugose mosaic increased after the first week in August
in only l0 per cent. of the crops and leaf roll in 30 per cent.
Buming of haulm, or lifting early enough to avoid virus infection
of the tubers, would therefore involve very substantial losses of
crop. Spread of yirus is mainly local, and distant stocks of
fufected potatoes are relatively harmless to healthv stocks, except
perhaps io the edge rows. ihe most important "sources of virirs
are infected plants scattered within the crop, that is infected
tubers in the stock planted or volunteer plants surviving from
previous crops. Volulteer plants were found to be ulexpectedly
numerous and their existence points to the value of a good rotation
in safeguarding the health of stocks. In the years lg4,H6, from
2,000 to 7,000 volunteer plants to the acre were Iound in the flrst
crop after potatoes. In the third year, the average interval before
another potato crop was taken oo the same land, there was an
average population of 700 volunteers. The health of these
volunteers was roughly the same as that of the crop from which
they came, for leaf roll and rugose mosaic do not appear to spread
between volunteer plants growing in other qops. In agreement
with this, no aphides were found infesting voluateer potato plants
in cereals- Volunteers from badly infected potato crops, however,
are courmon sources of infection ind are ofien responiible Ior thi
rapid degeneration of high quality stocks (Doncaster and Gregory,
1948).

Removing obviousty infected diseased plants from Majestic
stocks during July did not appreciably reduce the spread of either
rugose mosaic or leaf-roll. Roguing in mid-June, tested in one
season only, reduced rugose mosaic to one-thfud of the amount in
unrogued plots, but had no effect on the spread of leaf-roll.
Roguing presumably lails to control spread because of the early
date at which most transmission occurs. If roguing were repeated
and plants showing symptoms of current season infection were also
removed, the percentage of diseased tubers could be halved;
further improvement in health would result from removing the
plants adjacent to those shorving s)mptoms, but roguing on this
scale is uneconomic.

The amount of transmission by early winged migrants in atl
probability also explains the failure of fumigating large plots with
nicotine vapour to maintain the health oI potato stocks. Tests in
1942, l9,4.S and 19.14 showed that one fumigation successfuUy
destroyed the aphis infestation but had little eftect on the spread
of mgose mosaic and leaf-roll.

The results of these lield studies and experiments suggests that
healthy potato seed could if necessar5r be produced in thi English
lowlands, but this would call Ior drastic roguing and such early
lifting that it would be uneconomic. The most practical methoil
of increasing the usehrl length oI lile of stocks seems to be the
further improvement o{ health in seed-growing districts, so that
fewer infected tubers are planted in the ware crops, which
thems€lves shoul( be grown away from infected stocks and, most
important, on land free from volunteers.
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Poraro vrRus X
Improvement of seed stocks requires more than the still furth€r

reduction of leaf roll and rugose mosaic and needs extending to the
control of mild mosaic caused by potato virus X. This virus is
almost universally present in commercial stocks of many varieties,
and though its ifficts on individual plants are smdl compared
with those of the aphis-transmitted viruses, the aggregate losses

it causes probably exceed those caused by the others combined.
Yield trialls with "Majestic and Arran Banner (Bawden, Kassanis
and Roberts, 1948) showed that infection with different strairs of
virus X reduced the yield by from 5 to 25 per cent., so that with
pr(sent potato acreage the annual loss in Majestic alone is probably
ihe equivalent of the produce from 50,000 acres.

Control is beins atiempted bv the estabtishment of new Yirus'
,ree sto€ks of thei varieties, which necessitates first the selection
of individual tub€rs and their subsequent propagation to large
quantities. Rapid and reliable methods of testing for- avirulent
sirains, applicable to tubers as well as growing plants, have been
devised, 5ut evidence was also obtained that selection of new lines
needs basing ou features additional to freedom from infection.
The progenli of different tubers of one variety may vary in leld
and 6their cirltural qualities, even though they are virus-Iree'

Field experiments showed that virus X spread slowly at
Rothamsted 

-compared with leaf roll and rugose mosaic. 
- 
Spread

occurred only to healthy plants in direct contact with inlected
ones. Some-strains spread more rapidly than others, but less than
I in 10 of the healthy plants in contact vrith inlected ones during
one growing season became in{ected. Spread was much more
rapidin torirato plants than in potato€s, and in tomatoes sPread
wis demonstrated between planis having only root contact with
one another. Underground spread also probably occurs with
potatoes, for this is tlie simplest explanation of the occurr- ence of
infected iubers from plants where foliage is apparently virus-free
at the end of the season (Roberts, 1946; 1948). Spread can also
occur as a result of contact between the sprouts of healthy and
infected tubers, but other parts of the tuber are difrcult to infect.

It is concluded that the propagatioo of virus-free stocks on a
commercial scale is possible irovided strict precautions are taken
to exclude sources of infection, of which the most imPortant are
likely to be volunteer Plants.
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