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Summary

The movement of Sugarcane mosaic virus (SCMV) in the leaves and entire plants of three
maize lines was studied under greenhouse conditions. One line was considered resistant and
the other two showed a different level of susceptibility. The effect of the growth stage at
which the maize plants were inoculated on SCMV movement was also examined. None of the
lines tested was fully immune, even in the resistant line the inoculated leaves were infected.
Nevertheless, SCMV was detected in the inoculated leaves 7 days later than in the susceptible
lines and did not spread into the newly developed leaves. In the lines with the different level
of susceptibility SCMV moved into the newly developed leaves at a different rate and in the
less susceptible line the spread was also affected by the development stage of maize at
inoculation. The spread of the virus from the inoculated parts of the leaves into the non-
inoculated ones was also considerably faster in the highly susceptible line, compared with the
susceptible and the resistant line, whereas in these two lines the rate of spread was dependent
on the development stage of the plants under inoculation and also on the position of the leaf
on the plant.
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Introduction

Systemic infection of susceptible plants by virus pathogens usually involves the successful
replication of virus nucleic acid and entire particles in the initially infected cells, spreading
from the infected cells into the adjacent uninfected ones through plasmodesmata (cell-to cell
movement). One of the critical stages seems also to be the long-distance transport through the
vascular system during which the virus must enter and exit bundle sheath cells, phloem
parenchyma and companion cells, and sieve elements (SE) and subsequently after the
transport it must be unloaded from SE at remote sites to establish further infection by cell-to-
cell postphloem movement (OPARKA and SANTA CRUZ 2000; WEIGMANN et al. 2004).
Sugarcane mosaic virus (SCMV), a widespread pathogen of maize in the Czech Republic
(POKORNY and PORUBOVA 2000), belongs to the genus Potyvirus. Plants have developed a
wide range of defense mechanisms to the virus pathogens of the genus. Besides others, they
also include the restriction of long-distance transport (REVERS et al. 1999). These mechanisms
were also determined in maize. In one line resistant to Maize dwarf mosaic virus (MDMYV)
LAW et al. (1989) suppose that the transport of the virus from the roots to the newly
developing leaves is limited. KOVACS et al. (1998) found in the experiments that in resistant
lines MDMYV and SCMYV were confined only to the inoculated leaves and did not spread into
the upper leaves. Also, KUNTZE et al. (1997) reported that in resistant lines SCMV was
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limited to the inoculated leaves. It has not yet been determined what the time course of
SCMV spread in the inoculated and the non-inoculated leaves of maize plants with a different
level of resistance is and what is the influence of the development stage on the spread. This
paper is to elucidate some of the questions.

Material and methods

Plant material, growth conditions and virus inoculum: On the basis of the previous
experiments (POKORNY and PORUBOVA 2001) three maize lines were selected — a highly
susceptible line TR63, a susceptible line TR51 and a resistant line TR42. The plants of the
respective lines were grown in plastic pots in the greenhouse in May and June with no
supplemental lightening and with the temperature of 18 to 37°C.

A SCMYV 190Tr isolate was maintained for a long time in Sorghum guinense Stapf. and 4
weeks before inoculation it was multiplicated in maize plants cv, Ceklad. The inoculum was
prepared by grinding 1 g of maize leaves showing symptoms of mosaic in 7 ml 0.01 M
sodium phosphate buffer, strained through the cheesecloth and on the corresponding date it
was mechanically applied by using polyurethane sponge to the upper side of maize leaves,
following the inoculation protocols, as they are described in particular experiments.

SCMY detection: The virus was detected in individual parts of maize plants by DAS - ELISA
(CLARK and ADAMS 1977) with commercial kits (Bioreba). The procedures of sample
collection are described in particular experiments. The preparation and dilution in all
experiments were in accordance with the manufacturer’s instructions (1g of herbage per 20 ml
of extraction buffer). Incubation with enzyme substrate always lasted 45 min. The resultant
absorbance was assessed by using the photometer MR-700 (Dynatech) at a wavelength of
405 nm.

Experiment A: At two time replications five plants of each maize line were inoculated at the
stage of the third and the fourth leaf or at the stage of the fifth and the sixth leaf. At both
stages, the two youngest leaves were always inoculated in such a way that the inoculum was
applied approximately to one half of leaf area. The samples for virus detection by DAS -
ELISA were taken on day 4, 11, 18, and 28 after inoculation (dpi). On the first three sampling
dates the entire longitudinal halves of the two inoculated leaves of individual plants were
taken, homogenized in extraction buffer and used for SCMV detection. On the last sampling
day the inoculated leaves could not be collected because they died off in most plants. For
SCMV detection in the non-inoculated leaves the youngest (4 and 11 dpi), possibly the two
youngest (18 and 28 dpi), newly developing leaves were taken from individual plants.

Experiment B: In five plants of individual lines only apical parts (c. 5 cm) of the two
youngest leaves were inoculated at the stage of 3 or 4 leaves or at the stage of 5 and 6 leaves.
On day 11 and 18 after inoculation the apical (inoculated) and the basal (non-inoculated) parts
of the leaves were collected from individual plants, the presence of SCMV was detected by
DAS - ELISA separately in the lower and upper inoculated leaves.

Data analysis: In individual experiments the infected plant parts were determined and
expressed as a number. The virus concentrations were expressed as mean absorbance value
and their standard deviations. These values were calculated in individual experiments just
only for the infected plant parts.
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Results

Experiment A - Movement of SCMYV in the whole plants

The results of the experiment are given in Table 1. In both susceptible lines SCMV was
detected in the inoculated leaves as early as 4 dpi. Whereas in the very susceptible line TR65
there was almost no difference in the number of infected leaves between the two dates of
inoculation, in the susceptible line TR51 the number of leaves with SCMV was slightly
higher when inoculation was conducted at the stage of 5 to 6 leaves. In the resistant line TR42
at that time infection of only one leaf was detected when inoculation was done at the higher
development stage. On the newly developing leaves 4 dpi the symptoms of infection occurred
in some plants of the line TR65 and also the virus was only detected in this line, whereas the
number of infected plants was slightly higher on the second date of inoculation. In both
susceptible lines 11 dpi 100 % infection was detected in the inoculated leaves of maize, in the
resistant line TR42 infection on both dates of inoculation was 80%. In the highly susceptible
line TR65 the symptoms of infection occurred on all the newly developing leaves and SCMV
was also detected by ELISA. Both in the resistant line TR42 and the susceptible line TR51 no
symptoms of infection were observed on the newly developing leaves and the virus was not
detected by ELISA. On the other date of assessment (18 dpi) the infection of the inoculated
leaves was 100% in all the lines. At this time the symptoms of infection already occurred and
SCMV was detected by ELISA in the newly developing leaves in the susceptible line TR51,
whereas the number of infected plants was higher with inoculation done at the lower
development stage. In both susceptible lines 28 dpi of SCMV was determined in the newly
developing leaves of all the plants, only in one plant of the line TR51 inoculated at the stage
of 3 to 4 leaves no symptoms occurred. Even on this date no virus was detected in the new
leaves of the resistant line TR42.

As for absorbance values, which express the relative concentration of SCMYV, there were
differences in the inoculated leaves of individual lines on some dates (Table 1), but only in
several cases they were considerable. With inoculation at the stage of 3 to 4 leaves, on day 11
after inoculation absorbance was significantly higher in the line TR65 compared with the
lines TR51 a TR42. With inoculation at the higher development stage on all dates of
evaluation there were significant differences in absorbance between the highly susceptible
line TR65 and the resistant line TR42. On day 11 after inoculation there were differences
between the lines TR42 and TR51 and also between the lines with a different degree of
susceptibility. As far as the virus was detected in susceptible lines in the newly developing
leaves the differences in absorbance values were not significant.

Experiment B - Movement of virus within inoculated leaves

The results of this experiment are presented in Table 2. In all three lines SCMV was detected
almost in all the inoculated apexes of leaves on both dates of evaluation. An exception was
one plant of the line TR42 inoculated at the stage of 5 to 6 leaves, in which 11 dpi no virus
was present in the upper leaf. In the highly susceptible line TR65 SCMYV spread into the non-
inoculated leaf bases even before day 11 after inoculation on both dates of inoculation
irrespective of their position on the plant. In the susceptible line TR51 the spread of SCMV in
the inoculated leaves was faster with inoculation at the lower development stage and also
depending on the position of leaves. SCMV was detected in the non-inoculated base at 100%
11 dpi only in the lower leaves and 18 dpi in leaves in both positions with inoculation at the
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stage of 3-4 leaves. If the plants of this line were inoculated at the stage of 5 to 6 leaves the
virus was present in 100% of the non-inoculated bases of only the lower leaves 18 dpi. Also,
in the resistant line TR42 the spread of SCMV was faster with inoculation at the lower
development stage and 100% spread into the leaf bases was achieved only 18 dpi inoculation
irrespective of their position.

Absorbance values did not differ much in the inoculated leaf apexes of all the lines,
irespective of the date of inoculation and the position of leaves on the plant (Table 2).
Nevertheless, significant differences were found in the non-inoculated leaf bases between
some lines, depending on the date of inoculation and the position of leaves. With inoculation
at the lower development stage on day 11 after inoculation there were significant differences
in this trait between one infected lower leaf of the line TR42 and the lower leaves of the line
TR65 and between the upper leaves of the lines TRS1 and TR65. If maize plants were
inoculated at the stage of 5 to 6 leaves absorbance values were significantly higher in the
infected leaf bases of the line TR65 in comparison with the line TR42 on both dates of
evaluation regardless on the position of leaves. Significant differences were also found
between absorbance values in the lower leaves of the lines TR65 and TR51 on day 11 after
inoculation and the upper leaves of the lines TR51 a TR42 on day 18 after inoculation.

Discussion

The results of our experiments showed that individual lines with different levels of
susceptibility differed in the spread of SCMYV in the inoculated leaves and the entire plants.
The line TR42 was not immune, as SCMV multiplicated and spread in the inoculated leaves,
but it was not able to expand into the newly developing leaves. Nonetheless, even in the
inoculated leaves of this line the virus was detected later than in both the susceptible lines and
as far as the entire leaves were tested its concentration increased more slowly with time,
predominantly in comparison with the highly susceptible line TR65. These differences were
more evident as long as the plants of individual maize lines were inoculated at the higher
development stage. With inoculation at this stage the spread of SCMV in the inoculated
leaves was considerably slower even in the susceptible line TRS1 than in the highly
susceptible line TR65. The lower concentrations of SCMYV in the resistant line were probably
caused by the slower spread of this virus in the inoculated leaves from the apexes into the
bases, because all the lines in experiment B differed neither in the number of infected apexes
nor in the concentration of SCMYV in these parts. There were also differences between the two
susceptible lines in the spread of SCMV into the newly developing leaves. In the highly
susceptible line TR65 the virus was detected by ELISA as early as 4 dpi and on this day the
symptoms of infection even occurred on several leaves, the line was fully infected 11 dpi. In
the susceptible line TRS1 the virus did not spread into the new leaves until 18 dpi and all
plants were completely infected only 28 dpi, which corresponds to our previous findings
(POKORNY and PORUBOVA 2001). :

On the basis of the results from experiments A and B it is supposed that in the resistant line
TR42 the long-distance movement of SCMV from the infected leaves to the newly
developing plant parts is blocked. This mechanism is common not only in maize resistant to
some virus pathogens of the genus Potyvirus (LEI and AGRIOS 1986; LAW et al. 1989;
KUNTZE et al. 1997; KOVACs et al. 1998), but also in many other combinations of plant
species with a virus pathogen from this genus, (GERMAN-RETANA et al. 2000; GRUMET et al.
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2000; ULLAH and GRUMET 2002). In some cases the resistance to virus long-distance
movement is affected by the development stage, at which the plants are inoculated. GARCIA-
Ruz and MURPHY (2001) concluded that Cucumber mosaic virus (CMV) in Capsicum
annuum plants inoculated at the later development stage propagated only in the inoculated
leaves and did not spread into the newly developing leaves, which was common in the plants
inoculated at a lower stage. Similar conclusions were also made by RAJAMAKI and VALKONEN
(1999) in resistant plants of Nicandra physaloides inoculated by PVA and SOLER et al. (1999)
in Capsicum chinense infected by Tomato spotted wilt virus (TSWV). In many cases,
however, the development stage does not affect long-distance movement in the sense of go or
not go, but it affects the level of spread. For example, ULLAH and GRUMET (2002) have
reported that the resistance of some Cucumis sativus origins to Zucchini yellow mosaic virus
(ZYMYV) was developmentally regulated - the virus multiplicates in the inoculated cotyledons
and is transported only into the leaves, which develop rapidly at the time of inoculation and
does not spread on from these leaves. Our experiments have also revealed the effect of the
development stage of maize plants on the spread of SCMV in the inoculated leaves and the
entire plants. In the resistant line TR42, SCMYV spread in the inoculated leaves faster, as far as
inoculation was done at the stage of 3 to 4 leaves. Also, in the susceptible line TRS1 the virus
spread in the leaves faster and expanded into the newly developing leaves somewhat faster as
far as inoculation was performed at the lower development stage. On the other hand, in the
strongly susceptible line TR65 the development stage did not affect the spread of SCMV in
the leaves and in the entire plant. In the lines TR42 and TR51 the effect of the position of the
inoculated leaf on the plant on the spread of the virus was also found. In the lower (or older)
leaves of these lines the virus spread faster from the apex to the base, which was evident
especially with inoculation at the higher development stage. After entering the phloem, the
particles of virus pathogen are likely to move passively along with assimilates (OPARKA and
SANTA CRUZ 2000). The flow of assimilates in the plants is directed from the source to the
sink, whereas there is a change in the flows of assimilates during the development of leaves.
At first the young leaf attracts assimilates from other parts of the plant, soon, however, it
becomes self-sustaining and changes into the source of assimilates for the other parts of the
plant (PROCHAZKA et al. 1998). So, it is most likely that in all the lines SCMV moved more
slowly in the younger leaf but in the TR42 and TR51 lines its concentration was not sufficient
for its multiplication on the leaf base whereas in the susceptible line TR65 even with the
slower spread of virus in the younger leaf there was faster multiplication at the base.

Acknowledgement This work was supported by Grant Agency of the Czech Republic
(project No. 521/01/0173)

Literature
CLARK, M.F,, A.N. ADAMS (1977): Characteristics of the microplate method of enzymelinked
immunosorbent assay for detection of plant viruses. - J.Gen. Virol. 37, 475-483,

GARCIA-RUIZ, H., J.F. MURPHY (2001): Age-related resistance in bell pepper to Cucumber
mosaic virus. - Ann. appl. Biol. 139, 307-317.

1115



POKORNY & PORUBOVA: SUGARCANE MOSAIC VIRUS IN MAIZE

GERMAN-RETANA,, S., T. CANDRESSE, E. ALIAS, R.P. DELBOS, O. LEGALL (2000): Effects of
green fluorescent protein or beta-glucuronidase tagging on the accumulation and
pathogenicity of a resistance-breaking Lettuce mosaic virus isolate in susceptible and
resistant lettuce cultivars. - Mol. Plant - Microbe Interact. 13, 316-324,

GRUMET, R., E. KABELKA., S. MCQUEEN., T. WaI, R. HUMPHREY (2000): Characterization of
sources of resistance to the watermelon strain of Papaya ringspot virus in cucumber:
allelism and co-segregation with other potyvirus resistances. - Theor Appl Genet 101, 463-
472.

KoVAcs, G., R. GABORIANYI, R, VASDINYEL, E. ToLDI (1998): Resistance of maize inbred
lines to maize dwarf mosaic and sugarcane mosaic potyviruses. - Cereal Res. Comm. 26,
195-201.

KuUNTZE, L., E. FUCHS, M. GRUNTZIG, B. ScHULZ, D. KLEIN, A.E. MELCHINGER (1997):
Resistance of early-maturing European maize germplasm to sugarcane mosaic virus
(SCMYV) and maize dwarf mosaic virus (MDMYV). - Plant Breeding 116, 499-501.

LAaw, M.D,, J.W. MOYER, G.A.PAYNE (1989): Effect of host resistance on pathogenesis of
maize dwarf mosaic virus. - Phytopathology 79, 757-761.

LEL J.S, G.N. AGRIOS (1986): Mechanism of resistance in corn to maize dwarf mosaic virus. -
Phytopathology 76, 1034-1040.

OPARKA, K.J., S. SANTA CRUZ (2000): The great escape: Phloem transport and unloading of
macromolecules. - Annu. Rev. Plant Physiol. Plant Mol. Biol. 51, 323-347.

POKORNY,R., M. PORUBOVA (2000): The occurrence of viral pathogens of the genus Potyvirus
on maize (Zea mays L.) in the Czech Republic. - Z. PflKrankh. PflSchutz 107, 329-336.

POKORNY,R., M. PORUBOVA (2001): Resistance of maize lines and hybrids to Czech isolates
of Maize dwarf mosaic virus and Sugarcane mosaic virus. — Z. PflKrankh. PflSchutz 108,
166-175.

PROCHAZKA, S., . MACHACKOVA, J. KREKULE, J. SEBANEK: Plant Physiology, Academia,
Praha, 1998 (In Czech).

RAJAMAKI, M.L., J.P.T. VALKONEN (1999): The 6K2 protein and the VPg of potato virus A
are determinants of systemic infection in Nicandra physaloides. - Mol. Plant - Microbe
Interact. 12, 1074-1081.

REVERS, F., O. LEGALL, T. CANDRESSE, A.J. MAULE (1999): New advances in understanding
the molecular biology of plant/potyvirus interactions. — Mol. Plant - Microbe Interact. 12,
367-376.

SOLER, S., M.J. DiEz, S. ROSELLO, F. NUEZ (1999): Movement and distribution of tomato
spotted wilt virus in resistant and susceptible accessions of Capsicum spp. - Can. J. Plant
Pathol. 21, 317-325.

ULLAH, Z., R. GRUMET (2002): Localization of Zucchini yellow mosaic virus to the veinal
regions and role of viral coat protein in veinal chlorosis conditioned by the zym potyvirus
resistance locus in cucumber. - Physiol. Molec. Plant Pathol. 60, 79-89.

WEIGMANN E.,S. Ueki, K. TRUINYEVA, V. CITOVSKY (2004): The ins and outs of
nondestructive cell-to-cell and systemic movement of plant viruses. Crit Rev. Plant Sci. 23:
195-250.

Received 23 March, 2005, accepted 2 November, 2005

1116



