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SYNOPSIS

Tomato bushy stunt virus particles have previously been physically and chemically well
characterized. Different strains, however, are known to have different host plants and
symptoms, and they can be distinguished serologically. In an attempt to correlate this
behavior with physicochemical properties, we have performed a comparative study on isolates
of four of the main variants of this virus (Type strain, petunia asteroid mosaic virus,
pelargonium leaf curl virus, and carnation Italian ringspot virus) with regard to sedimentation velocity characteristics, translational diffusivity ( from quasi-elastic light scattering
measurements), and molecular weight (from both low-speed sedimentation equilibrium
and the Svedberg equation).
It is demonstrated that there are no clear differences between the four strains, particularly
insofar as their sedimentation characteristics (both velocity and low-speed equilibrium ) .
There is some suggestion from diffusion measurements that the Type strain virus particles
may have a higher mass, although the presence of some aggregation phenomena may provide
an alternative explanation for the diffusion data.

INTRO DUCTlO N
Tomato bushy stunt virus (TBSV : R / 1 : 1.5/17 :
S/S : S/*)is a small quasi-spherical plant virus
causing disease in numerous dicotyledons. Since it
was first described, 1-3 it has been well characterized,
both physically (see, e.g., Refs. 2-16) and chemically
(e.g., Refs. 17 and 18).TBSV particles are approximately 30 nm in diameter, with the protein shell
containing 90 morphological units each composed
of two protein molecules ( M ,
38,000) that are
identical in their sequence but apparently not in
their s t r u ~ t u r e .Each
' ~ morphological unit is located
in the twofold axis of a T = 3 icosahedral surface
1 a t t i ~ e .There
l~
is evidence of a minor protein of M ,
28,000, of which 12 units are believed to be included in this assembly, n although recent evidence
has suggested this is a product of proteolysis.*' One
piece of linear positive-sense single-stranded RNA
counts for 16-177; of the particle weight."

-
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Several strains of this virus have been described
Type strain ( Type-TBSV ) , pelargonium leaf curl
virus (PLCV) ,' petunia asteroid mosaic virus
(PAMV) , * l and carnation Italian ringspot virus
(CIRV) 22 are the principal variants. Different host
plants, symptom^,^,^',^^ and significant serological
the
differences have been f o ~ n d ~ (~for
- ' example,
~
different strains can be distinguished immunoelectrophoretically ) . Although the amino acid sequence
of the coat protein is not known for all the variants,
the amino acid composition is known to differ from
strain t o train.^^*'"*^,*^
The present study is a n attempt to correlate the
reported differences in biological properties of the
principle strains of TBSV with physicochemical
properties, with regard to sedimentation velocity,
translational diffusivity, and molecular size.

MATERIALS A N D METHODS
Viruses

Isolates of the four strains of TBSV used in this
work (Type strain, carnation Italian ringspot virus,
1443
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petunia asteroid mosaic virus and pelargonium leaf
curl virus) were obtained from Dr. A. Brunt (Glasshouse Crops Research Institute, Littlehampton,
U K ) . They were grown by inoculation in young
plants of Nicotiana clevelandii, 2o which were harvested 2-3 weeks later.3 Plants were used immediately or else were frozen a t -2O"C, conditions a t
which TBSV particles were found to be stable ( a s
judged by absorption spectroscopy and sedimentation velocity).
Purified TBSV was obtained using the procedure
of Hollings et al.28323Virus preparations were then
further purified by density sucrose gradient centrifugati~n.~'
Transmission electron microscopy was performed
on the samples a t various stages of purification in
order to check for structural integrity and the absence of contaminants. All preparations contained
isometric particles a t high concentration. Homogeneity of preparations was checked also by sedimentation velocity (Figure 1) and quasi-elastic light
scattering (QLS).
Prior to hydrodynamic characterization, all samples were dialyzed extensively against a phosphate
buffer ( I 0.10, p H 6.2) with the relevant proportions
of Na,HPO,, K H 2 P 0 4 ,and NaCl used according to
Green.30

Translational Diffusion Coefficient
Measurements: QLS

QLS measurements were performed using Malvern
4700 light scattering equipment equipped with a
Siemens 40 mW H e / N e laser (wavelength ( A )
= 632.8 n m ) . The beam from the laser was focused
on to the center of a 1 X 1 cm cuvette. The cuvette
was placed a t the center of a goniometer so that the
scattering angle could be varied from 5" to 90". Like
turnip yellow mosaic virus, " measured diffusion
coefficients showed no trend with changing angle,
so that a n angle of 90" was normally utilized to minimize effects of dust.32Scattered light was collected
by a n EM1 photomultiplier via a well-collimated
pinhole (aperture 100 p m ) and via an AmplifierDiscriminator to a 64-channel Malvern Autocorrector ( K 7 0 3 2 - 0 s ) . The digital correlator output was
stored on floppy disks and then sent via a n Olivetti
M24 microcomputer to the University of Cambridge
IBM 3081/B computer (via the JANET link) for
processing. The routine used produced a n accurate
plot of l o g [ g 2 ( t )- 11 vs time t, whereg'(t) is the
normalized intensity correlation function. The zaverage ( apparent translational ) diffusion coefficients were obtained from the limiting slope3' of this
plot. The routine produced the best least-squares fit

Figure 1 Sedimentation velocity diagram for a solution of Type-TBSV obtained using
knife-edge Schlieren scanning optics. Rotor speed = 11,000 rev/min, temperature = 20.0"C.
Loading concentration 5.5 mg/ mL. Direction of sedimentation from left to right. Scan
interval = 6 min. [The raised baseline in advance of the Schlieren peak is a feature of the
knife edge used with the Centriscan ( a s opposed to the phase plate used in other types of
analytical ultracentrifuge). With the knife edge system, baseline = Z (optical Schlieren
baseline turbidity) J .

+
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to a linear, quadratic, or cubic polynomial, and a
guide to the best fit was provided by the 6 functions4
(this is essentially a sum of squares of residuals
function normalized for the number of degrees of
freedom ) . The routine also calculated the "polydispersity factor," namely, the z-averaged normalized
variance of the diffusion coefficient distribution (see,
e.g., Ref. 3 3 ) .
Translational diffusion coefficients D, at a finite
concentration c, and an absolute temperature T ( i n
this study 298.15 K ) , were normalized to standard
conditions (water as solvent at 20°C) according to
the usual formula (see, e.g., Ref. 31 ) .

where q7 ,,is the solvent viscosity a t a temperature
I and q2,) the viscosity of water a t 20°C.
In all that follows we use the symbol D, instead
of I), , ?,, ~, , and D as the value of the D , extrapolated
to infinite dilution.
Sample times of 3 ps were normally used. No dependence of diffusion coefficient with sample time
was observed, so a correction to zero sample time
was not found necessary. Experimental duration
times ranging from 1to 6 min were chosen depending
on each particular experiment concentration, so as
to ensure a high number of counts ( - 10') to be
stored i n the autocorrelator channels.
I ,
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from a BBC microcomputer, with a 1-mm optical
path-length quartz cell. An extinction coefficient of
4.5 mL mg-' -cm-' a t 260 nm" was used, after
graphically correcting absorbance for light scattering. Concentrations for the diffusion measurements
were measured after filtration.

-

Sedimentation Coefficient Measurements

Sedimentation velocity experiments were performed
using a n MSE Centriscan analytical ultracentrifuge
equipped with scanning absorption and Schlieren
optics and a monochromator. Measurements were
performed at temperatures between 20.0-23.O"C and
a t a speed of 11,000 rev/min. Schlieren measurements were a t a wavelength of 546 nm, absorption
measurements near 280 nm. Single symmetrical
boundaries (Figure 1) were always observed (although such symmetry is not in itself proof of homogeneity-see, e.g., Ref. 3 6 ) .
Eight to twelve scans were used in determining
each value of the sedimentation coefficient a t a particular concentration c (corrected for radial dilut i o n ) . The sedimentation data were captured using
a Cherry digitizing Tablet interfaced to an Apple
IIE computer, which evaluated the sedimentation
coefficient and the radial dilution correction factor
for concentration.
All sedimentation coefficients, a t finite concentrations c were corrected to standard conditions
(water as solvent a t 20°C) in the usual way:

Cleaning of Cells and Clarification
of Solutions for QLS

T h e cleaning and clarification procedures were essentially as described by Godfrey et al.32Each cell
was repeatedly flushed with ultrafiltered water by
using a filling apparatus similar to that described
hy Sanders and Cannell,s5 and then dried with ultrafiltered air. Virus solution was then introduced
into the cell through a Millipore (type HA, 0.45-pm
pore size 1 filter fitted to a hypodermic needle.
Water in the index-matching bath was filtered
also, lirst through a coarse filter and then through
a 0.45-pm Millipore filter HA type for 15 min. The
contrilwt ion of particles in suspension in this bath
or in filtered deionized water in the sample cell was
shown t o be negligible.
Concentration Measurements

Conwnt rat ions of TBSV solutions were determined
spect ro~~hotometrically
using an Ultrospec 4050
( LKH Instruments, Bromma, Sweden) controlled

Ubeing the partial specific volume and p the solution
density. A partial specific volume for TBSV particles
of 0.712 mL/g3' was employed. In all that follows
the symbol s, will be used in place of s, , 2 ( l , w ) , and s
corresponds to the value a t infinite dilution.
Use of solution densities for each concentration
is rather difficult, tedious, and wasteful of material,
and so we follow the common procedure of using
solvent densities. This has no effect on the value of
s, extrapolated to infinite dilution ( s ) (see, e.g.,
Ref. 3 1 ) .
Sedimentation Equilibrium Measurements

Sedimentation equilibrium experiments were performed using a Beckman Model E analytical ultracentrifuge equipped with Rayleigh interferometric
optics and an RTIC temperature-measuring system
(set for 2 5 0 ° C ) .
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Although the procedure for the YOW”or “intermediate” speed38was followed, because of the very
high mass of TBSV even at very low speeds (nominally 1967 rev/min) , near-depletion conditions
were obtained, with unavoidable loss of optical registration of the fringes near the cell base (Figure 2 ) .
Nonetheless, the meniscus concentration remained
measurable and was obtained by mathematical manipulation of the fringe data.38 The heavy “rotor J”
was used to minimize problems of instability a t the
low speeds used.
Data from the Rayleigh interference patterns
were captured off-line on a n LKB Ultroscan XL
[two-dimensional ( 2D) scanner], interfaced to a PC.
Fringe concentration vs radial displacement plots
were obtained using the UCSD PASCAL routine
“ANALYSES.” This is essentially the same as the
routine ANALYSER described earlier 39,40but modified for the 2D scanner (see Ref. 41 ). This data
was then transferred via the joint UK Computer
network ( J A N E T ) for full analysis on the mainframe IBM 3081/B a t Cambridge.
Whole-cell weight average relative molecular
masses, M t were obtained by using the limiting
value at the cell base of a directly determinable point
average M*.38An independent estimate for the initial concentration was not required. T o minimize
the effects of thermodynamic nonideality, very low
concentrations were employed ( - 0.2 m g / m L ) in
30-mm optical path-length cells.
Transmission Electron Microscopy

Transmission electron microscopy (Figure 3 ) was
used to check for the purity and integrity of the virus
strains used for hydrodynamic characterization.
Samples were checked using electron microscopy

periodically during the course of the hydrodynamic
measurements. A Corinth 275 transmission electron
microscope was used, and two different types of
negative staining procedure were employed; in one,
undiluted or several-fold diluted (with the phosphate
buffer described) samples were wetted with 0.05%
bacitracine solution, negatively stained with 2%
methylamine tungstate, and placed on top of carboncoated copper grids. In the other, preparations were
negatively stained using uranyl acetate after fixation
of particles by glutaraldehyde vapors for
1 min
and then placed on the same type of grids.

-

RESULTS AND DISCUSSION
Homogeneity

All samples produced a single symmetric Schlieren
boundary peak (Figure 1) when checked by sedimentation velocity and did not show any other type
of particle when checked by transmission electron
microscopy (Figure 3 ) . Also, the “polydispersity
factor” obtained from QLS measurements was relatively small in every case (within the range 0.00.2 ) , indicating monodispersity, as did the crude estimate of a diffusion coefficient distribution using
the PCS manufacturer’s ( Malvern Instruments,
U K ) own software (data not shown).
Sedimentation Coefficient Measurements

Values for the sedimentation coefficients (corrected
to water and 20°C, and extrapolated to “infinite dilution”) for each of the strains studied are given in
Table I, and are very similar (within the range ( 128132) X
s ) . T h e dependence of the sedimentation coefficient with concentration (corrected for

Figure 2 Rayleigh interference fringe profiles from PLCV at sedimentation equilibrium.
Rotor speed = 1,957rev/min, temperature = 25.0”C. Initial loading concentration Co 0.2
mg/mL. Solvent: standard phosphate chloride, pH = 6.2, I = 0.10.

-
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Figure 3 Electron microscopy of TBSV particles negatively stained using 1%uranyl
acetate. The bar corresponds to 50 nm. ( a ) PAMV, ( b ) PLCV, ( c ) CIRV, and ( d ) TypeTBSV virus.

for radial dilution effects) was relatively small for
all four strains (Figure 4).
Literature values for sedimentation coefficients
for particles of the strains of TBSV considered in
this study are in the range (131-146) X
S.4.R.10,11.22,42,43
It is worth noting that the particular
value for Type-TBSV from the present study, (132
k 2 ) X 10 -13 s, corresponds with the value of 132
x
s given by Lauffer and Stanley4*and Hollings and Stone?
Table I

Diffusion Coefficient Measurements

Linear plots of the normalized autocorrelation
function vs time were obtained for all four TBSV
variants. Although diffusion coefficients are generally less sensitive to concentration changes than
sedimentation coefficients (due to opposing effects
of the concentration dependence of the frictional
coefficient and thermodynamic nonideality-see,
e.g., Ref. 4 4 ) a n extrapolation to zero concentration

Physical Parameters of TBSV Variantsa
(s)

Strains

X s

PAMV
PLCV
CIRV
Type-TBSV

128 f 2
127 f 2
128 f 2
132 f 2

lo7 X D

(cm’ s-’)

1.22 f 0.02
1.23 f 0.06
1.14 f 0.02
1.05 f 0.03

PF
0.05 f 0.04
0.035 f 0.006
0.09 f 0.03
0.15 f 0.04

X

M , (s,D )

8.9 f 0.3
8.8 f 0.6
9.6 f 0.2
10.7 f 0.4

X M , (sed. eq.)

9.7 f 1.0
9.7 f 1.0
8.5 f 1.0
9.5 f 1.0

rH (nm)

17.3 f 0.3
17.1 k 0.8
18.5 f 0.3
20.1 f 0.6

a s , I): infinite dilution sedimentation and t-average translational diffusion coefficients, respectively, corrected to water as solvent
at 20.0”C. PF: polydispersity factor. M , (s,D ) :weight average molecular weight determined from sedimentation and diffusion coefficients.
M , (sed. eq.): weight average molecular weight determined by low-speed sedimentation equilibrium. rH: “Stokes radius” obtained from
the diffusion coefficient.
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Figure 4 Sedimentation coefficient vs concentration plots for TBSV particles. ( a ) PAMV,
( b ) PLCV, ( c ) CIRV, and ( d ) Type-TBSV. Solvent as in Figure 2.

was still deemed necessary ( Figure 5 ) . Table I gives
the infinite dilution values of the diffusion coefficients obtained by linear least-squares regression to
these plots. Two of the variants (PAMV and PLCV)
appear similar D = (1.22, 1.23) X
c m 2 s I , respectively, although the value for the CIRV and
Type variants appears somewhat lower: (1.14
k 0.02) X
and (1.05 t 0.03) X
cm2 s - l ,
respectively. Using QLS, Camerini-Otero et al.45
have obtained for the translation diffusion coeffi-

cient ( D ) of TBSV a value of ( 1.246 k 0.012 X 10
cm2s
which appears consistent with our results
for PAMV and PLCV variants. Closer to our value
for the CIRV and “type” variants is a much earlier
value of 1.15 X 10 given by Neurath and (’ooper‘“’
for the Type variant, using “classical” boundary
spreading in the ultracentrifuge.
T h e low value for Type-TBSV could be due to a
genuine size difference. A more likely explanation,
however, is that it is symptomatic of the presence

’,
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Figure 5 Translational diffusion coefficient vs concentration plots for TBSV particles.
( a ) PAMV, ( b ) PLCV, ( c ) CIRV, and ( d ) Type-TBSV. Solvent as in Figure 2. In ( d ) the
highest two concentration points are not used (more than two standard deviations away
from regression line).

of aggregates. This view is supported by the greater
noise in the data (Figure 5 d ) , although aggregates
were not detected by sedimentation velocity.
Molecular Weight Determinations

We have obtained the (weight average) molecular
weight for the TBSV strains in two ways (Table I ) :
(1) from the Svedberg equation by combining sed-

imentation coefficient with diffusion coefficient data,
and ( 2 ) by low-speed sedimentation equilibrium using the M* function extrapolated to the cell base
(Figure 6 ) . We have made the assumption throughout (due t o scarcity of material) that the partial
specific volume U is the same for all four strains.
This would appear reasonable unless there were significant differences in the protein/nucleic acid ratio
for the different strains. Despite the larger errors
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Figure 6 M* vs [ plots for TBS virus particles for ( a ) PAMV, ( b ) PLCV, ( c ) CIRV,
and ( d ) Type-TBSV. Loading concentrations = 0.2 mg/mL. Rotor speeds = 1967 rev/min
temperature = 25.OoC. Solvent as in Figure 2. [ = ( r 2- a * ) / (b 2 - a ' ) , r being the radial
displacement, and a and b the corresponding values for the cell meniscus and base, respectively. M: = M * ([ + 1 ) . Due to the errors in measuring fringe increments at low
values o f t and errors in selection of the meniscus concentrations for particles in this size
range, no significance is attached to the dependence of M * on $. (Ref 39).

associated with the latter procedure (almost the top
M , limit for sedimentation equilibrium ) ,the results
are in good agreement with those from the Svedberg
equation and suggest molecular weights for the
strains of TBSV within the range of 8.5-10 million.
The one exception is for the Type strain, where the
results from the Svedberg equation (only) suggest
a larger weight average-due t o the slightly higher

sedimentation coefficient and lower translational
diffusion coefficient. It could be inferred, on the basis
of the Svedberg equation, that the Type strain particles would be generally larger. Alternatively as
noted above, the presence of small amounts of aggregates would cause lower diffusion coefficient values ( and hence higher Svedberg equation molecular
weights). Such aggregates, if present, would be lost
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from optical registration a t the cell base in sedimentation equilibrium and would not bias the results
to the same degree. The results thus found would
therefore appear to demonstrate ( 1) a larger size or
a greater tendency of one strain (Type-TBSV) to
form aggregates, and ( 2 ) the advantages of using
sedimentation equilibrium as opposed to a method
involving a light scattering measurement on systems
that are potentially aggregating.
Values given by earlier workers for molecular weights of TBSV range from 7.1-13.0
x 106.4.11,37,42,45-52 These values have been obtained,
however, by a wide variety of methods and in conditions often very different of those of this work
(e.g., prepared for electron microscopy; see Ref. 48).
Nevertheless, a value of
10.6 X lo6 for Mr (obtained by Neurath and Cooper46using the Svedberg
equation from their diffusion coefficient-classical
boundary spreading in the ultracentrifuge-and a
sedimentation coefficient of 132 X
s of Lauffer and Stanley42appears in good agreement with
the value obtained from the Svedberg equation for
the Tvpe strain.
Earlier reported hydrodynamic radii for TBSV
also show some variability (from 13.5 to 17.2
nm ) .2.4-R. 11,16.28,42,45,52-55.56 Apart from the value of
(17.2 i- 2 ) nm obtained by Camerini-Otero et al.45
for PAMV using photon correlation spectroscopy,
values are generally lower than those obtained in
this study. It must be noted that most of the other
earlier values have been obtained by electron-microscopical or other methods in which the radius
measured would not generally include the contribution from particle solvation (e.g., Refs. 5 , 7, 8, 28,
42, 53-55).
TBSV and related viruses are known to undergo
a size change controlled by p H and Ca2+ions (see,
e.g., Refs. 57-60). In the buffer employed in this
work the TBSV variants would therefore be in a
relatively “compact” state. As far as we are aware,
there has been r o report of the effects of p H or the
presence of divalent cations on PAMV, PLCV, or
CIRV particles. There is also a variety of methods
for purification of the particles, and some of these
might aff‘ect their physical properties to some extent
(e.g., see Ref. 61 ) . We would also like to stress that
in many of the studies on TBSV there has been no
specification of which particular variant is employed.
Indeed, the strains themselves (PAMV, PLCV,
CIRV, and Type-TBSV) exist in different forms
(see, e.g., Ref. 27). This may be an important cause
of disagreement as there appears to be as much difference in some properties among TBSV isolates
than among different ~ t r a i n s . ~ * - ~ ~

-
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Serological tests (namely spur formation in geldiffusion test and immunoelectrophoresis ) have
shown that TBSV ( a member of the “Tombus”
group of viruses) can be divided into several families
more or less immunologically related. The PLCV,
CIRV, and PAMV “families” are closely related although Type-TBSV appears very different from all
the rest in its serological behavior.20 Indeed, differences in the external region of the protein capsid of
the viruses could well be responsible for detectable
differences in size, solvation, or aggregation behavior
in any given condition (manifested by differences
in the sedimentation and diffusion coefficients) and
different immunological behavior. In this context it
has been suggested by Koenig and Gibbs65that some
electrophoretic behavioral differences among TBSV
strains could be due to size rather than charge differences-a feature not inconsistent with our present observations.
We are grateful for the expert technical assistance of
M. S. Ramzan (hydrodynamic measurements), A. Genvitz
(virus particle purification), and M. J. W. Webb, C. M.
Clay, and S. Hyman (electron microscopy). We thank
Dr. A. J. Rowe (Leicester University) for the use of his
extensive electron microscopy facilities and Dr. A. Brunt
for kindly providing the virus innoculi employed in this
work.
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