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Surface Processes in the Crystallization of Turnip Yellow Mosaic Virus
Visualized by Atomic Force Microscopy

Alexander J. Malkin,! Yurii G. Kuznetsov, Robert W. Lucas, and Alexander McPherson

Department of Molecular Biology and Biochemistry, University of California, Irvine, Irvine, California 92697-3900

Received February 23, 1999, and in revised form April 21, 1999

In situ atomic force microscopy (AFM) was used to
investigate surface evolution during the growth of
single crystals of turnip yellow mosaic virus (TYMV).
Growth of the (101) face of TYMV crystals proceeded
by two-dimensional nucleation. The molecular struc-
ture of the step edges and adsorption of individual
virus particles and their aggregates on the crystal-
line surface were recorded. The surfaces of indi-
vidual virions within crystals were visualized and
seen to be quite distinctive with the hexameric and
pentameric capsomers of the T = 3 capsids being
clearly resolved. This, so far as we are aware, is the
first direct visualization of the capsomere structure
of a virus by AFM. In the course of recording the in
situ development of the crystals, a profound restruc-
turing of the surface arrangement was observed.
This transformation was highly cooperative in na-
ture, but the transitions were unambiguous and
readily explicable in terms of an organized loss of
classes of virus particles from specific lattice posi-
tions. In some cases areas of a single crystal surface
were recorded in which were captured successive
phases of the transition. We believe this provides
the first visual record of a cooperative restructuring
of the surface of a supramolecular crystal. o 1999
Academic Press

Key Words: AFM; crystal growth; surface recon-
struction; two-dimensional nucleation; virus.

INTRODUCTION

Recent years have seen the convergence of a
variety of technologies for the determination of the
structural and even dynamic properties of supramo-
lecular assemblies (King and Chiu, 1997; Steven and
Spear, 1997). For example, cryo-electron microscopy
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is now used as a means of obtaining low-resolution
phase information for complex assemblies such as
large viruses (Baker and Johnson, 1997), which is
then extended to high resolution by X-ray diffrac-
tion. As we show here, atomic force microscopy
(AFM) may also be a useful tool for obtaining similar
information. Because it can be applied under essen-
tially physiological conditions, in aqueous medium,
it may in many cases be superior to other microscopic
techniques that require dehydration, freezing, or
staining or potentially otherwise perturb the struc-
tures of the samples in some way.

The clarity with which structural detail can be
seen on the surfaces of small viruses, here turnip
yellow mosaic virus (TYMV), which has a diameter of
only about 28 nm, suggests that AFM may be even
more broadly useful as an analytical tool. Many
viruses cannot be crystallized at all or have unit cells
beyond the range of X-ray crystallography. In those
cases, as suggested here, AFM may provide an
insightful approach to study not only large virus
structure but also dynamic processes such as assem-
bly and decapsidation (Casjens, 1985; Kaper, 1975).

In the past several years scanning tunneling mi-
croscopy (STM) has been successfully applied to
studies of atomic mobility and surface evolution of
crystalline materials grown in ultrahigh vacuum
(Lagally, 1993; Zhang and Lagally, 1997). These
results have been used in a number of practical
applications, including development of electronic,
optoelectronic, and superconducting devices. In con-
trast, experimental data on molecular dynamics on
surfaces of macromolecular crystals, a governing
factor in the development of a quantitative under-
standing of the crystal growth process, are virtually
absent.

Scanning probe microscopies, including AFM, have
also had a major impact on the field of nanoscale
materials science, where they have provided informa-
tion about molecular interactions and conformation
(Jung et al., 1997). They have also served as mecha-
nisms for molecular repositioning (Jung et al., 1996;

1047-8477/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



36 MALKIN ET AL.

Meyer et al., 1997) and selective cleavage of molecu-
lar bonds (Gimzewski et al., 1997). They have been
used to investigate reconstruction of semiconductor
surfaces upon cleavage, epitaxial growth, annealing,
deposition of surfactant layers, and even controlled
manipulation of individual atoms (Srivastava, 1997).
These kinds of investigations have not been widely
applied in structural biology because of the fragile
character of the materials and their liquid environ-
ments.

This study represents an initial attempt to study
structural features of macromolecules and molecular
dynamics on surfaces of macromolecular crystals
using a large particle amenable to both manipula-
tion and detailed visualization. Using in situ AFM
we have learned that the growth of the (101) face of
TYMV crystals proceeds by two-dimensional nucle-
ation, and we have been able to image growth step
edges as well as visualize the adsorption of indi-
vidual virus particles and their clusters on crystal-
line surfaces. The capsomere structures of virions
immobilized within crystals of TYMV were visual-
ized. A cooperative restructuring of the crystal sur-
face was also observed.

MATERIALS AND METHODS

TYMV, a T = 3 icosahedral plant virus of 28 nm diameter, seen
in Fig. 1a, is one of the most thoroughly studied of all viruses
(Markham and Smith, 1949; Matthews, 1991; Rubio-Huertos et
al., 1967; Finch and Klug, 1966; Hirth and Givord, 1988; Mellema
and Amos, 1972). The TYMYV genome is made up of an M, = 1.9 X
106, single-stranded RNA of 6218 bases (Hirth and Givord, 1988)
and a 694-nucleotide subgenomic RNA that is included in most
virions. The structure of the virus, shown in Fig. la, was
determined by X-ray diffraction analysis (Canady et al., 1995,1996)
from bipyramidal crystals (space group P6,22 with a = b = 515.0
A and ¢ = 309.4 A) of TYMV, seen in Fig. 1b, grown from virus
purified from Chinese cabbage by conventional procedures
(Markham and Smith, 1949; Canady et al., 1995). There are three
virus particles in the unit cell and they are centered at (%, 0, %), (0,
Y, %), and (%, ¥, %). The capsid of TYMV is composed of 180
identical protein subunits, each of about 20 kDa, organized into 12
pentameric and 20 hexameric capsomers that project about 40 A
above the surface of the virion (Mellema and Amos, 1972; Canady
etal., 1996).

TYMV crystals, seen in Fig. 1b, were nucleated on substrates in
droplets of volume 10 pl by the vapor diffusion method (McPher-
son, 1998) consisting of mixing 10-16 mg/ml TYMV in H,O with
0.8 to 1.0 M ammonium phosphate in 100 mM MES at pH 3.5.
Crystals were then transferred into the AFM fluid cell, which was
subsequently filled with a mixture of virus and precipitant
solution. Images were collected in tapping mode using a Nano-
scope Il AFM (Digital Instruments, Santa Barbara, CA) with
Digital Instruments oxide sharpened silicon nitride tips. All
operations were carried out under crystallization conditions, in a
fluid-filled cell, with the supersaturation controlled by the concen-
tration of precipitant, ammonium phosphate, or virus.

RESULTS AND DISCUSSION

We have studied crystals of TYMV, both their
structure and their growth, by a variety of physical

techniques that include Michelson interferometry
(Kuznetsov et al., 1995), X-ray diffraction (Canady et
al., 1995, 1996), and contact mode AFM (Malkin et
al., 1995a, 1995b, 1996a, 1996b, 1997). In earlier
AFM investigations, however, we failed to observe
growth steps or other recognizable features on the
surfaces of TYMV crystals because of their exception-
ally fragile character. The tapping mode method,
however, has proven considerably more successful.

Under supersaturation conditions where crystal
growth was clearly evident, high densities of growth
steps were consistently observed on the (101) faces of
TYMV crystals as illustrated in Figs. 2a and 2b.
Growth occurred exclusively through two-dimen-
sional nucleation and layer-by-layer step advance-
ment. No dislocation sources were observed. Two-
dimensional islands exhibited triangular shapes, as
seen in Fig. 2b, which indicates kinetic anisotropy in
step advancement along different crystallographic
directions. The heights of growth steps (Fig. 2) were
29 += 2 nm, which corresponds well with the (101)
interplanar distances (30.6 nm) deduced by X-ray
diffraction (Canady et al., 1996). Step advancement
proceeds through one-dimensional nucleation at the
edges (Voronkov, 1970; Chernov, 1998; Rashkovich et
al., 1998, Kuznetsov et al., 1999, in press, which
results in kink formation and, subsequently, their
lateral advancement.

Using tapping mode, not only were structures of
step edges and their movements visible, but indi-
vidual virus particles and their aggregates, adsorbed
to crystalline surfaces, could be observed as well. In
Fig. 3a, for example, an individual virus particle is
seen adsorbed to the crystalline surface where it
remained for an extended period of time. Figure 3b
contains a cluster of nine virus particles on the
crystalline surface. Over several scans the size of
this cluster remained unchanged. After 10 min of
observation (Fig. 3c), addition of a single new par-
ticle to the cluster was recorded as well as adsorption
of several other individual virus particles to the
surface. The experiments presented in Fig. 3 were
conducted under supersaturation conditions close to
equilibrium. At higher supersaturations much in-
creased densities of adsorbed virus particles, as well
as their clusters, were apparent on the crystalline
surfaces. Detailed studies of molecular dynamics on
the surfaces of TYMV crystals as a function of
supersaturation, as well as underlying mechanisms
of step motion, are currently under investigation and
will be presented elsewhere.

Figure 4 presents AFM images of individual virus
particles making up the (101) plane of the hexagonal
crystals. Apparent in the images are broad, solvent-
filled channels that permeate the crystals and which
have diameters roughly equivalent to that of a
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FIG. 1.

(a) The structure of the capsid of TYMV based on X-ray diffraction analysis (Canady et al., 1996) of the crystals shown in (b).

The A subunits, which form pentameric capsomeres, are yellow. B and C subunits, which make up the quasi-hexameric capsomeres, are in

blue and green. (b) Bipyramidal crystals of TYMV about 1 mm across.

virion. The images are reminiscent of those obtained
of individual virus particles by negative staining
electron microscopy (Finch and Klug, 1966; Mellema
and Amos, 1972). The noteworthy features of the
particles, which in this view are in the canonical
orientation of the virion seen in Fig. 1a, are the
capsomeres. Twelve of these are composed of five
protein subunits, and 20 are composed of six protein
subunits. Based on the known structure of TYMV
and its arrangement in the crystals from X-ray
diffraction data, as well as the 20% difference in their
sizes, the pentameric and hexameric clusters can be
discriminated from one another in Fig. 4. Note that
the difference between the highest and the lowest
points on the capsid surface, about 40 A (Canady et
al., 1996), is accurately reflected by AFM.

We would emphasize again that the images of
single virus particles provided by AFM, the accurate
depiction of their structural characteristics, and
their exact positions and orientations in the crystal
lattice may prove useful for deducing initial phase
information for X-ray diffraction. Initial phase infor-
mation in virus crystallography is of particular value
because structure determination relies only on exten-
sion of initial phases to high resolution using the
icosahedral symmetry of the particles. The success of
that process is directly dependent on the quality of
the starting model used to formulate the initial
phase set. The fact that capsomere structure is quite
clear even on relatively small viruses such as TYMV
is a propitious sign for the application of AFM to
even larger, more complex samples.
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FI1G. 2. (aand b) Surface morphology of the (101) face of TYMV crystals. In (b) two-dimensional islands having a triangular shape are
indicated with an arrow. (c) Structure of the growth step edge on a TYMV crystal surface. The scan areas are (a) 7 X 7 um?2; (b) 4 X 4 pm2; (c)

2.25 X 2.25 um2,

Larger scan areas of the surface layers of the (101)
planes of the crystals revealed three distinctive
patterns or arrangements of viral particles on the
surfaces and these are presented in Fig. 5. When the
supersaturation of ambient conditions was reduced
to equilibrium, it was observed on a number of
TYMV crystals that the patterns transformed in
time from one to another. Transitions occurred rap-
idly, as one motif was seen at the end of a scan and
another motif at the beginning of the next, where a
scan period was about 4-6 min. Under these super-

saturation conditions no two-dimensional nucleation
was observed and the step growth rate was relatively
low. There were no steps sweeping across the surface
areas under observation during these transitions. In
some images, contiguous areas of the surface lattice
exhibit sequential patterns, as in Fig. 5d.

A defined area on the crystal surface yields a
consistent, stable pattern over many consecutive
scans before the restructuring occurs; hence we
believe that the tip does not displace individual,
weakly bound particles from the lattice. We cannot,
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FIG. 3. (a) Individual virus particle (indicated with an arrow) adsorbed on the crystalline surface. (b) Cluster of nine virus particles
(indicated with an arrow) adsorbed on the crystalline surface. In (c) a new virus particle (indicated with an arrow) incorporated into the
cluster while several other virus particles (indicated with an arrow) assembled elsewhere on the surface. The scan sizes are (a) 1.3 X 1.3

pum2 and (b and ¢) 800 X 800 nm?2.

however, rule out tip influence as a possible factor in
promoting the transitions. AFM tip pressure could
alter the chemical potential of lattice units, thereby
causing particle release from the surface near equi-
librium conditions. For other macromolecular crys-
tals we have studied, more than a dozen (Malkin et
al., 1995a,b; Kuznetsov et al., 1998), tip pressure
produced visible scarring of the crystalline surface,
but not an organized, cooperative restructuring as
we observe here.

The pattern seen in Fig. 5a was initially observed
on the (101) surface layer. Transformation then
occurred to yield that seen in Fig. 5b, which subse-
guently restructured to yield the pattern seen in Fig.
5c. The relationship between the three motifs, and
the mechanism of transformation from one to an-
other, is shown in Fig. 6. Starting with the motif in
Fig. 5a, and the corresponding Fig. 6a, removal of all
particles of class A, which occupy specific locations in
the crystallographic unit cells, yields the motif of
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FIG. 4. Insitu AFM images of TYMV particles immobilized in the crystalline lattice clearly display capsomers on the surface of the T =
3 icosahedral virions. The capsomeres, from both X-ray diffraction (Canady et al., 1996) and AFM, are roughly 60 A across and protrude
above the viral surface by about 45 A. In (b) hexameric and pentameric capsomeres are indicated with minus and plus signs, respectively.
The scan areas are (a) 140 X 140 nm?, (b) 100 X 100 nm?, and (c) 38 X 38 nm?2.

Fig. 5b and the corresponding Fig. 6b. Further
removal of all particles of class B, as seen in Fig. 6b,
produces the motif appearing in Fig. 5¢, and in the
corresponding Fig. 6¢. The process of surface restruc-
turing was not reversible and the structure pre-
sented in Fig. 5¢ was stable for prolonged periods
over the course of experiments, which typically
lasted for 6-8 h. Note that hexagons, which can be
clearly seen in Fig. 5c, are formed by virions in
positions CA;CA,CA; (Fig. 6c). Although there is

some height difference between virions in positions
C and A; (Fig. 6¢, bottom), it is not apparent in
experimental images (Fig. 5¢). The same is true for
virions in positions A and C in Fig. 5a. This is
because tapping mode AFM frequently does not
produce entirely accurate height information com-
pared with contact mode. Thus the transformations
can be described as an organized emission from the
lattice of distinct classes of virus particles occupying
specific crystallographic lattice positions. In each
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FIG.5. (a—c) Insitu, 300 X 300 nm? AFM images recording sequential transformations of the surface layer of the (101) face of TYMV
crystals like those seen in Fig. 1b, when exposed to equilibrium conditions. In (d) is a 625 X 625 nm2 AFM image of the surface layer that
exhibits two of the three packing motifs of the TYMV particles. Vacancies (an example is indicated by an arrow in (c)) in the surface layer,
where one or more individual particles are absent, were occasionally observed.

transition, the class of particles lost is that which
protrudes highest above the surface and which main-
tains the least contact with the viruses forming the
remainder of the crystal lattice. This is the class that
is least firmly bound and has the highest chemical
potential.

The salient feature of the surface transitions ob-
served here by AFM is their organized, cooperative
nature. Unlike normal dissolution, as seen particu-
larly in etching experiments (Malkin et al., 1996b;

Monaco and Rosenberger, 1993), the release of mol-
ecules from the crystals does not occur in a sequen-
tial manner, molecule after molecule, at step edges
or at sensitive points of high chemical potential such
as defects. Currently we are initiating additional
studies on the influence of supersaturation and
temperature on surface transitions in TYMV crystal-
lization.

The results presented here show that, using tap-
ping mode AFM, the capsomere structures of viruses



MALKIN ET AL.

42

'0G pue ‘gy ‘ey "sbi4 ul uaas sajoilued Jo sbull [euobexay ayl wioy
(umop JaAke] 1xau 8yl wouy) Ty pue O suonisod ul sajoinaed (9) uj 9G ‘B4 Ul PaAIasqo 1ey) 01 spuodsallod Yaiym ‘(2) ui j1ow ay3 spiaiA (q) ul g ssejo ajonded Jo ssoj Jusnbasqns ‘qg
‘614 031 Burpuodsauiod ‘(q) ul j1aow ayl spiaiA ‘eg ‘614 01 Bulpuodsaliod ‘(e) ul JIzow syl wody v sse|d ajo11ed Jo ssoj [e1nuanbas 1aAe| adeLins e ul uaym anbiun ate Aayl ‘[e1sA10 ay3 Jo
J01491Ul 8Y3 Ul [ed11uapl aJde sHun asayl ybinoya v 1189 1un ay3 ui suonnisod payejal-AnxawwAs HuiAdnoago sasnuin 01 spuodsallod O pue ‘g ‘v sajonned Jo ssejd yoe "uoinoeayip Aed-x
woJiy umou| aja1red syl jo Bupjoed syl uo paseq seIsAid AINAL 8yl Jo sade) (TOT) 8yl JO S8IN1dNIIS 82e)ins Jualayip ayl Jo sabewi jeuoboyrio payenwis-1eindwo)d "9 ‘'Ol

s

&858

’

»
L
-
f‘.
¢
.

.0




SURFACE PROCESSES IN THE CRYSTALLIZATION OF TYMV STUDIED BY AFM 43

can be reliably visualized and, to at least some
extent, characterized. The correlation with X-ray
diffraction at the same resolution is excellent. Be-
cause of the large size of the lattice unit, an entire
virion, the crystals possess a number of unique
properties when compared with conventional crys-
tals and even with other macromolecular crystals.
Furthermore, the large particle size allows studies of
dynamic processes on the crystalline surface, oppor-
tunities not otherwise available. The surface restruc-
turing presented here represents the first example of
such a mass cooperative process that we have ob-
served in any macromolecular crystals under study.

This research was supported by the National Aeronautics and
Space Administration. We thank A. Greenwood for assistance
with preparation of the figures.

REFERENCES

Baker, T. S., and Johnson, J. E. (1997) Principles of virus
structure, in Chiu, W., Burnett, R. M., and Garcea, R. (Eds.),
Structural Biology of Viruses, pp. 38-79, Oxford Univ. Press,
Oxford.

Canady, M. A, Day, J., and McPherson, A. (1995) Preliminary
X-ray diffraction analysis of crystals of turnip yellow mosaic
virus, Proteins 21, 78-81.

Canady, M. A,, Larson, S. B., Day, J., and McPherson, A. (1996)
Crystal structure of turnip yellow mosaic virus, Nat. Struct.
Biol. 3, 771-781.

Casjens, S. (1985) Virus Structure and Assembly, Jones and
Barlett, Boston.

Chernov, A. A. (1998) Crystal growth and crystallography, Acta
Crystallogr. Sect. A 54, 859-872.

Finch, J. T., and Klug, A. (1966) Arrangement of protein subunits
and the distribution of nucleic acid in turnip yellow mosaic
virus. 1. Electron microscopic studies, J. Mol. Biol. 15, 344-64.

Gimzewski, J. K., Jung, T. A., Cuberes, M. T., and Schlittler (1997)
Scanning tunneling microscopy of individual molecules: Beyond
imaging, Surf. Sci. 386, 101-114.

Hirth, L., and Givord, L. (1988) Tymoviruses, in Koenig, R. (Ed.),
The Plant Viruses, Vol. 3, pp. 163-212, Plenum, New York.

Jung, T. A., Schlitter, R. R., Gimzewski, J. K., Tang, H., and
Joachim, C. (1996) Controlled room-temperature positioning of
individual molecules—Molecular flexure and motion, Science
271,181-184.

Jung, T.A,, Schlitter, R. R., and Gimzewski, J. K. (1997) Conforma-
tional identification of individual adsorbed molecules with the
STM, Nature 386, 696—698.

Kaper, J. M. (1975) The Chemical Basis of Virus Structure,
Dissociation and Reassembly, North-Holland, Amsterdam.

King, J., and Chiu, W. (1997) The procapsid-to-capsid transition in
double-stranded DNA bacteriophase, in Chiu, W., Burnett,
R. M., and Garcea, R. (Eds.), Structural Biology of Viruses, pp.
288-311, Oxford Univ. Press, Oxford.

Kuznetsoy, Y. G., Malkin, A. J., Grenwood, A., and McPherson, A.
(1995) Interferometric studies of growth kinetics and surface
morphology in macromolecular crystal growth—Canavalin,
thaumatin and turnip yellow mosaic virus, J. Struct. Biol. 114,
184-196.

Kuznetsov, Yu. G., Malkin, A. J., and McPherson, A. (1998)

Atomic-force-microscopy studies of phase separations in macro-
molecular systems, Phys. Rev. B 58, 6097-6103.

Kuznetsoy, Yu. G., Malkin, A. J., and McPherson, A. (1999) AFM
studies of the nucleation and growth mechanisms of macromo-
lecular crystals, J. Cryst. Growth 196, 489-502.

Kuznetsoy, Yu. G., Konnert, J., Malkin, A. J., and McPherson, A.
The advancement and structure of growth steps on thaumatin
crystals visualized by atomic force microscopy at molecular
resolution, Surf. Sci., in press.

Lagally, M. G. (1993) Atom motion on surfaces, Phys. Today 46,
24-31.

Malkin, A. J., Kuznetsov, Yu. G., Land, T. A., DeYoreo, J. J., and
McPherson, A. (1995a) Mechanisms of growth for protein and
virus crystals, Nat. Struct. Biol. 2, 956-959.

Malkin, A. J., Land, T. A., Kuznetsoy, Yu. G., DeYoreo, J. J., and
McPherson, A. (1995b) Investigation of virus crystal growth
mechanisms by in situ atomic force microscopy, Phys. Rev. Lett.
75, 2778-2781.

Malkin, A. J., Kuznetsov, Yu. G., Glantz, W., and McPherson, A.
(1996a) Atomic force microscopy studies of surface morphology
and growth Kkinetics in thaumatin crystallization, J. Phys.
Chem. 100, 11736-11743.

Malkin, A. J., Kuznetsov, Y. G., and McPherson, A. (1996b) Defect
structure of macromolecular crystals, J. Struct. Biol. 117,
124-137.

Malkin, A. J., Kuznetsov, Yu. G., and McPherson, A. (1997) An in
situ AFM investigation of catalase crystallization, Surf. Sci.
393, 95-107.

Markham, R., and Smith, K. M. (1949) Studies on the virus of
turnip yellow mosaic, Parasitology 39, 330-343.

Matthews, R. E. F. (1991) Plant Virology, 3rd ed., Academic Press,
San Diego.

McPherson, A. (1998) Crystallization of Biological Macromol-
ecules, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

Mellema, J. E., and Amos, L. A. (1972) Three-dimensional image
reconstruction of turnip yellow mosaic virus, J. Mol. Biol. 72,
819-822.

Meyer, G., Bartels, L., Zophel, S., Henze, E., and Reider, K.-H.
(1997) Controlled atom by atom restructuring of a metal surface
with the scanning tunneling microscope, Phys. Rev. Lett. 78,
1512-1515.

Monaco, L. A., and Rosenberger, F. (1993) Growth and etching
kinetics of tetragonal lysozyme, J. Cryst. Growth 129, 465-484.

Rashkovich, L. N., Gvozdev, N. V., and Yaminsky, I. V. (1998) The
mechanism of step motion in growth of lysozyme crystals, Cryst.
Rep. 43, 696-700.

Rubio-Huertos, M., Vela, A., and Lopez-Abella, D. (1967) Crystal-
line arrays of spherical particles in turnip yellow mosaic-
infected cells, Virology 32, 438-444.

Srivastava, G. P. (1997) Theory of semiconductor surface recon-
struction, Rep. Progr. Phys. 60, 561-613.

Steven, A. C., and Spear, P. G. (1997) Herpesvirus capsid assembly
and envelopment, in Chiu, W., Burnett, R. M., and Garcea, R.
(Eds.), Structural Biology of Viruses, pp. 312-351, Oxford Univ.
Press, Oxford.

Voronkov, V. V. (1970) The movement of an elementary step
generated by the formation of one-dimensional nuclei, Sov.
Phys. Cryst. 15, 13-19.

Zhang, Z. Y., and Lagally, M. G. (1997) Atomistic processes in the
early stages of thin-film growth, Science 276, 377-383.



	INTRODUCTION 
	MATERIALS AND METHODS 
	FIG. 1. 

	RESULTS AND DISCUSSION 
	FIG. 2. 
	FIG. 3. 
	FIG. 4. 
	FIG. 5. 
	FIG. 6. 

	REFERENCES  



