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REVIEW OF WORK ON THE
SEROLOGICAL REACTIONS OF

PLANT VIRUSES
The value of s€rolotical techniques in the study of plant viruses

is amply demonstrated by the steadily increasing number of
Laboratories where they are now used. They were introduced into
Rotharnsted by Birkeland io 1934, soon after Purdy Beale (1929,
1931) showed that plants inlected with tobacco mosaic virus difiered
antigenically from uninfected plants. Since then speciic antigeus
have been demonstrated in plants inlected with several other
viruses, and their study has strengthened the likelihood that they
are the virus€s themselves. During the last 15 years, serological
tests, particularly the precipitin reaction in one form or another,
have been regularly employed at Rothamsted, not only qualitatively
to determine the presence or absence of specifc viruses, but in
quantitative assays which have been invaluable aids in work on
the purification and properties of viruses. Although the main
reason for studying the serological reactions of plant viruses has
been to gain information about the viruses themselves, considerable
work has also been done on certain basic serological problems for
which the viruses have proved particularly convenient antigens.

IDENTIFTCATIoN AllD GRoUPING oF VIRUSES

To identify viruses from synptomatology is time-consuming
and difrcult, for unrelated viruses often produce similar symptoms
in the same hosts whereas strains of one virus may produce symp
toms of widely differing types. Even when a wide range of
difierential hosts is used, identGcation may still be uncertain.
Serological tests identify with much greater certainty, they also
cost less than infectivity tests and provide results in minutes instead
of io days or weeks. The value of serology for identifying and
grouping viruses was indicated by Birkeland's (1934, 1935) results,
which showed that viruses with such difierent general properties
as tobacco mosaic, tobacco ringspot and cucumber mosaic, were
serotogically unrelated, whereas the strains of tobacco mosaic virus
that caused such diseases in tomato as mosaic, aucuba and streak,
were all precipitated by one antiserum. That strains of one virus
contain common antigens whereas viruses with difierent physical
and chemical prop€rties do not, has since been amply confrmed
with matry different viruses, and one of the rnain applications of
serology to the study of plaut viruses has been the identmcation of
dinically distinct virus€s as related strains, For example, cucumber
viruses 3 and 4 which have uo klown hosts in common with tobacco
mosaic virus, were found to share antigens with it (Bawden artd
Pirie 1937a). Also, potato viruses B and C, which were first
descriH as s€parate viruses, were shown to be straias of viruses
X and Y res'pectively (Bawden and Shefreld 1944), ard outbreaks
of apparently new diseases in tulip (Kassanis 1949a) and Freuch
bean were diagnosed serologically as caused by previously described
tobacco necrosis viruses.
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Serological tests (Bawden and Van der Want 1949) are applicable

to different plants, and irresPective oI whether plants show s]'rnP
toms. An antiserum prepared against a virus propagated in one
species will react with sap from any other infected specied, provided
ofuy that the virus-content is adequate, and it is as easy to dia€nose
the presence of a vims in a symptomless carrier as in a host that
reacis in some characteristic manner, The value of the precipitin test
Ior identifying unknown viruses lies in the fact that the test is Sroup
specific; the ldentification is not Precise but relates the unknown
to knowa tJry€s. For example, if sap from a tomato plant is
Drecipitatedby antiserum to iobacco mosaic virus, the presence of
iomd strain oi thi. ti-s is estabtished, but the test wilJ give no
information on the identity of the particular strain, b€cause, with
few exceptions, alt strains precipitate in essentially the same manner
with their own or with each other's antisera.

Their similar behaviour in precipitin tests does not mear that
stra.ins are necessarily antigenically identical and, by extending
serological methods to serum absorbtion tests, diflerences can be

detec6d between them, Virus particles are not unit antigens, but
contain a nunber of antigenic Sroups, each of which stimulates in
animals the production ol its separate specific antibody. S!9ilts
which have 

- 
one or more antigenic groups in common will be

precipitated by each other's antisera, but this precipitation will not
iffeci antibodies for which the strains have no corresponding anti-
genic groups. Hence a serum that has been fully absorbed with
iome it.aiir other than the one used in its prePamtion, may still
precipitate its homologous strain. Cross absorPlion expriments
using various strains of tobacco mosaic virus (Bawden and Pirie
193%) and of potato vi-rus X (Bawden and Sheffield 194) andtheir
respeitive ant-isera, showed that the strains contained specitrc as
wel as common antigens and that some strains were very similar
antigenically and othirs shared fewer antigens. Close serological
relationships were reflected in similarities of certain other properties,
but not in tl.pe of slmptoms caused.

Serologyhas been mostly used to show that viruses which cause
difierent dileases, or have different host ranges, are related strains,
but it has also been valuable in showing tha-t what appeared to be
one disease might have different causes. Serological tests helped to
identify and gr6up the various viruses that cause potato-top-necrosis
(Bawdin l93ii. Bawden and Sheffield 19'14) and provided the first
;vidence that svmDtoms of tobacco necrosis might be caused by
more than ooi virus. After demonstrating that serologically
unrelated viruses could be obtained from difierent sources, and that
individual plants were often infected with mixed cultures (Bawden
1941). seveial vimses were isolated and their proFrties studied
(Baiden and Pirie 1942, 1945a). It was found that those which
ihared antigens also resembled one another closely in other
DroD€rties, uiually difiering detectably only in the type of crystals
ionired, whereas ihose whiih were serologically unrelated difiered
widely in other properties, having particles of different sizes

and inactivating under d.ifierent conditions'
Serological studies on difierent isolates ol theb?cteia. (Rhizobiun

so.) that cause nodules on the roots of leguminous plants, allowed
tfidse dso to be arranged into SrouPs, the individual members
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of which share antigens whereas the groups are serologically
unrelated. As \yith the tobacco necrosis yiruses, serological
relationships were not reflected by any biological characters
(Kleczkowski and Thomton 1944).

Unfortunately serological methods are not applicable to all plant
viruses and serology alone cannot provide a 6asis for a complete
classification. At Rothamsted we have produced antisera against
some yiruses and virus strains, but have failed vrith others. So far
twelve serologically distinct groups have been identified; tobacco
mosaic, potato X, potato Y, henbane mosaic (Hyoscyamus virus 3),
tobacco etch, tomato bushy stunt, soy-bean rirosajc, broad bean
mosaic, sugar beet yellows and 3 groups of tobacco necrosis lriruses,
Attempts to produce antisera against potato leaf roll, potato
paracrinkle, dandelion yellows, lettuce mosaic, pea mosaic, sugar
beet mosaic and strawberrj, crinkle viruses were all unsuccessful.
Birkeland (1935) produced antisera against cucumber mosaic yir.us,
brlt attempts to repear this in recent years have faited, despite
the use of many difierent strains propagated in difierent hoits.
Probably the commonest reason for failure is the low concentration
at which the vimses occur h the sap; sometimes it may be that
antisera are produced when sap is injected into rabbits, but there
is insuficient antigen to produce a visible reaction with antiserum
in vitro- An example of this kind was encoutrtered with the tobacco
etch vimses (Bawden and Kassanis l94l); antiserum produced by
injecting rabbits with sap Irom plants infected with severe etch vin:s
precipitated such sap but not that from plants infected with mild
etch virus. Nor did the latter precipitate with the serum of a
rabbit injected with it, although this clearly contained antibodies
because it precipitated sap from plants inf6cted with severe etch
virus. To get a positive precipitin reaction with s;rp requires a virus
concentration of at least 1 mg./I, and there is much evidence that
many viruses occur more dilute than this. Serological techniques
are most easily applied to viruses which are readily transmitted by
inoculation and which give high dilution end-points. Howevei,
ready inoculability is not essential, for the methods have been
higbly successful with sugar beet yellows virus (Kleczkowski and
Watson 1944), which has not until recently been transmitted by
inoculation and is so transmitted only wiih tlificulty (Ka"ssanis
1949b).

Other reasons than a too small virus c{rntent may also prevent
the use of precipitin tests. From strawberry plants, for exa.mple,
no extracts could be made suitable for use as antigens, because
their high tannin content precipitates all the proteins (Bawden and
Kleczkowski 1945). It may be that some viruses are not antigenic,
though there is no evidence suggesting this and all that have been
obtained in suitable qua-ntities and conditions have produced and
reacted with antiMies, Sometimes however, virus occurs in
forms that does not tive the precipitin test. Tomato bushy stuat
virus released from tomato leaf fibre by fine grinding occurs
associated with chromoprotein, and although the complex combines
with virus antibodies the combination does not lead to precipitation
(Bawden and Pirie 1944). A similar phenomenon may account for
the Iailure of some lots of sap from sugar beet with yellows to be
precipitated by antiserum (Kleczkowski and Watson lg44).
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Complement fixation is more sensitive than the precipitin test
and gives positive results with one-tenth the concentration of virus
(Bawden and Kleczkowski 1942). It can also be applied to
non-precipitating virus complexes. Using it may extend the
application of serological techniques to additional viruses, but
unlortunately it is not easily used with untreated plant extracts,
which contain materials that absorb complement. Another
technique applicable to virus preparations too dilute to give
precipitation is neutralization of infectivity. This, however, can be
applied only to those viruses that produce countable local lesions
and the results are also difrcult to interpret. The infectivity of
virus preparations is afiected by the addition of many substances,
including normal serum, and detailed quantitative tests are needed
to distinguish between unspecific efiects and Deutralization caused
specifically by antibodies. Kassanis (1943) found that in freshly
prepared sera the unspecific efiects are so great so to obscure specific
neutralization. The unspeciic efiects decrease as the sera age, and
serological relationships are determinable by neutralization of
infectivity only by comparing the efiects of sera stored for the same
time and under similar conditions. The results of such tests
suggest the same relationships as do precipitin tests, though it
seems that difierent antibodies are concerned in the two reactions.

Although dificult to apply to plant viruses, neutralization of
infectivity can be used reliably with bacteriophages. These are
unafiected by components ol normal sera, and are completely
neutralized by speciic antibodies. Those that attack Rhizobium sp,
occur too dilute to give a precipitin reaction, but can be distinguished
serologically by testing effects of antisera on infectivity (Kleczkowska
1946).

Qu.rxrrrerrve Esrruerroxs

Suantitative assays lor plant viruses are usually made by
infectivity tests, local-lesion counts being assumed to be correlated
with virus content. From its naturc the method is applicable
only to viruses that produce discrete local lesions; with these it is
reasonably accurate only when the inocula being compared are
similar in all respects except virus content and do not have widely
difierent virus contents. Even then tests must be done rrith care,
and call for comparisons with inocula at various dilutions, maly
replications and statistical analysis of the results. Also, results
obtained at difierent times cannot be compared directly, unless a
constant and standard control is run each tirne because difierent
batches of plants may vary widely in their susceptibility; neitber
are results directly interpretable in absolute quantities of virus.
If preparations .being compared vary in other respects than virus
concentration, the interpretation of results is very uncertain, Ior
many factors other than relative virus contents can afiect infectivity.

The precipitin test provides a quantitative method free from
many of the disadvantages and uncertainties inseparable from lesion
counts. Results are obtained more rapidly, those obtahed at
difierent times can be compared directly, and they can usually be
translated into relative virus concentrations regardless oI how
widely the preparations being conpared differ in concentration.
With a lnowledge of the behaviour of krown weights of purified virus,
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the results can also be interpreted in absolute quantities. Two
methods can be used, to determine the greatest dilution at which a
preparation precipitates (precipitin titre), or to determine the
antigen/antibody ratio that first precipitates when one is kept
constant and the other varied (optimal proportions). Finding
optimal proportions is more rapid, but the results are less accurate
than precipitin titres. On many preparations quantitative esti-
mations by lesion counts give results similar to those obtained from
precipitin tests (Bawden f$5), but this is far from being generally
true. If a relationship always held, there would be much to
recommend the replacement of lesion counts by serological tests,
and indeed for many kiads of work serological methods are muchto
be preferred. However, the two methods are not simple alterna-
tives, for they often give conflicting results; they are best regarded
as complementary and the application of both methods ca-n provide
much more information than can be gained from either used alone.

Lesion counts indicate the relative infectivities oI preparations,
whereas precipitin titres estimate the total amount of material
capable of reacting with virus antiserum. Often these two are
correlated, but far from always. There are many treatments that
rob viruses of their infectivity without afiecrins their antigenicitv.
With all the plant viruses so fir studied, appropriate treatme"nts wiih
formaldehyde, hydrogen peroxide and nitroris acid, or irradiation
with X-rays or ultra-violet, render preparations non-infective but
leave unimpaired their ability to produce antibodies and to react
with them (Bawden, Pirie and Spooner 1936, Bawden and Pirie
1937b, 1938a, 1938b). Infectivity can apparcntly be lost because of
changes within the particles that leave gross structure and physico-
chemical properties unaltered, whereas disruption of the particle is
needed to destroy serological speciicity. Certain tieatments
destroy infectivity and antigenicity more or less simultaneously
with some viruses but not with others. Potato virus X and tobaccL
mosaic virus, for example, remain infective when heated until they
also begin to denature and suffer loss of serological activity, whereas
tomato bushy stunt and tobacco necrosis viruses become non-
infective when heated at temperatures far below those needed to
denature and affect serological reactions (Bawden and Pirie 1938a
lawden 1941). With most viruses denaturation by heating destroys
all serological specificity, but denatured bushy stunt virG can stilt
combine with some virus antibodies. Ageing in urTzo with viruses
such as potato X also leads to loss of serological activity when
infectivity decreases, but old crystalline prepirations of iobacco
necrosis viruses may be largely non-iniective but fully active
serologically (Bawden and Pirie 1945a).

Serologically active but non-infective particles are not lrculiarto virus preparations that have been subjected to eitensive
treatments in the laboratorv, but thev occur in freshlv extracted
sap. Combining serologicai assays rvith quantitativi tests for
infectivity on preparations of tobacco mosaic virus (Bawden and
Pirie 1945b), and the Rothamsted tobacco necrosis virus (Bawden
and Pirie 1945a), has showu that similar quantities of serolbgically-
active material may difier widely in their infectivities.

Precipitin tests can also be used quantitatively on virus
preparations containing substances that irhibit infectivity, such as
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trypsin (Bawden and Pirie 1936, 1937b), ribonuclease (Kleczkowski
1946, Bawden and Kleczkowski 1948) and a glyco-protein Irom
Phylalacca sp. (Kassaais and Kleczkowski 1948). The presence of
such substances has little efrect on precipitin titre, but may entirely
destroy any relationship between virus coatent and infectivity.

VIRUSES AS SoIIATIC AND FLAGELLAR ANTIGENS

Bawden and Pirie (1938b) noted that the type of precipitate
produced by viruses with their antisera depended on particle shape,
spherical viruses producing compact, dense floccules, and rod-shaped
ones producing flufiy, translucent floccules. The 6rst resemble
precipitates formed by bacterial somatic ("O") antigens and the
latter those produced by flagellar ("H") antigens. The serological
behaviour of the viruses with difierent shaps were also found to
resemble that of "O" and "H" antigens in other respects. The one
most studied has been the efiect of heat on the antisera.

It has loug been known that autisera to "O" antigens lose their
power to precipitate when heated at lower tempeiatures than
antisera to "H" antigens, a difierence that has been taken as showing
that the two types of antigen stimulate antibodies with difierent
heat-stabilities- Kleczkowski (1941b, 1941c) found that antis€ra
to spherical and rod-shaped viruses behaved on heating like "O"
and "H" antisera respctively, but his results showed that the
difierences lie in the antigens and not in their antibodies. Precipi-
tating antibodies undergo at least two changes when heated.
Du-ring the initial stages of denaturation, they form complexes
with other proteins in the serum whi.le still retaining their ability
to combine specifically with their antigens, x'hereas with further
heating they lose their serological speci.ficity. Antibodies to both
"O" and "H" antigens behave in the same manner, and form
similar complexes. Those formed with euglobulh behave much
like unchanged antibodies and still precipitate their antigens
normally, but those formed with other serum proteins, particularly
albumin, do not precipitate their antigens after combining with
them. The presence of such non-precipitating antibody-complexes
interferes with the precipitation of antigen by unchanged antibodies,
the interference being great with "O" antigens (or spherical viruses)
and slight with "H" antigens (or rod-shaped viruses). The fact
that "O" antisera lose their precipitating power with less heating
than do "H" antisera is not because the antibodies difier, but because
fewer antigen-albumia complexes are need to prevent the
precipitation of "O" than of "H" antigens.- This conclusion, that differences between the two t]?es of
serological behaviour lie in the antigens and not in antiMies, was
confirmed by studies on the serological behaviour of tobacco mosaic
virus in difierent states of aggregation, when all the featues normally
associated with 'O" and "H" serological behaviour were produced
using the same antiserum (Bawden and Pirie 1945b). The virrs
was separated by difierential ultra-centrifug4tion irrto fractions
containing particles of widely difierent average sizes. The smallest
were approximately spheres and the others rods of rlarious lengths-
By various treatments the particles in all types of preparation
could be caused to attregate linearly to produce greatly elongated
rods, and such agtregation, particularly with the smaller particles,
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caused striking changes in serological behaviour. The unaggregated
particles in every respect behhved like a somatic antigen, whereas
after linear aggregation, the same material tested against the same
antiserum behaved in all respects like a flagellar antigen.

Essentially similar resu.lts were also obtained with potato virus
X aggregated to various extents (Bawden and Crook 1947). The
serological behaviour of viruses that aggregate linearly to form rods
of various lengths is afiected so geatly by the average particle-
length that, in maling quantitative assays by the precipitin test, it
is essential to ensure that preparations being compared are in
comparable states of atgregation. Extensive aggregation may more
than double the precipitin titre and alter the point of optimal
precipitation by a Iactor of 50. With tobacco mosaic and potato
virus X, heating sap to @" C. and centrifuging causes extensive
aggregation and brings particles to a condition comparable with
those of purified preparations and in which estimations are made
satisfactorily (Bawden and Pirie 1945b).

Like antibodies, antigens can also combine with other protehs
during the initial stages of heat denaturation and the resulting
complexes have changed serological behaviour. Complexes between
serum albumin and tomato bushy stunt virus still combine and fix
complement vrith virus antiserum, but they are not precipitated by
such combination. Their presence interferes with the precipitation
of uncombined virus. They are still antigenic and when injected
into rabbits produce apparently normal antisera to bushy stunt
virus; the antisera precipitate the virus but not the vims-albumia
complex with which the rabbit was injected (Bawden and Kleczkow-
ski 1941a, b, 1942). Digesting the complexes with pepsin releases
the virus in a form precipitable by antibodies (Kleczkowski 1945a).
Such non-precipitating complexes occur only when the virus is
heated in the presence o{ excess albumin, and presumably they do
not precipitate because only a small part of the complex particle is
aitected by antiserum to the yirus (Kleczkowski 1945b). The
complexes formed between heated tobacco mosaic virus and albumin
neither combine with virus antibodies nor interfere with the
precipitation of free virus (Kleczkowski 1949). Salts are needed
in the heated solution for complexes to be formed, the efficiency of
the salts at pH7 increasing with increasing valency of cations
according to Hardy's law (Kleczkowski 1943).

CourrxINc Rlrros oF ANTIGENS AND ANTIBoDIES
Precipitation occurs only over a lim.ited range of anligen/

artibody proportions, the range being greater for "H" than for
"O" antigens, and precipitation is usually more strongly inhibited
by excess of antigen than by excess of antibody. In making
qualitative tests for the presence or absence of viruses, particularly
those that may occur at high concentrations, a range of antigen/
antiMy ratios should be covered and semm should not be too
dilute,

The ratio of antibody to antigen in a precipitate depends on the
Proportions in which the two are mixed, but at the equivaleuce
point, i.e. when all the antigen and antibody present occur in the
precipitate, the ratio is characteristic of the particular antigen. The
most important factor influencing the ratio is size of the antigenic
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particle. The antibody/antigen ratio at equivalence for horse
ierum globulin is about 4, and for the much larger bacteria that
cause ioot-nodules on peas is about 0'01. Plant viruses are
intemediate in size between thes€ two, and the combining ratios
Ior tomato bushy stutrt and tobacco mosaic virus are 0'3 and 0'2
respectively (Kleczkowski 1941a). To obtain inhibition oI precipi-
tadon bv excess antigen vrith bushv stunt virus, the ratio of antigen
to antib6dv must be ircreased to aiteast l0 times that at equivalence
point and with aggregated tobacco mosaic by more than 100 times'
it equivalence p"o:irt" tomato bushy stunt iirus partictes combine
with about 15 antibody particles and for Precipitation to occur at all
at least 3 antiMv partiiles must combine with one virus particle.
No similar calculaiion can be made for tobacco mosaic virus because
of the great variations in length of the various particles.
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