Virology

Evaluation of Seed Transmission
of Turnip yellow mosaic virus and Tobacco mosaic virus
in Arabidopsis thaliana

F. M. deAssis Filho and J. L. Sherwood

Department of Plant Pathology, The University of Georgia, Athens 30602.

Accepted for publication 18 July 2000.

ABSTRACT

de Assis Filho, F. M., and Sherwood, J. L. 2000. Evaluation of seed
transmission of Turnip yellow mosaic virus and Tobacco mosaic virus in
Arabidopsis thaliana. Phytopathology 90:1233-1238.

The mechanism of virus transmission through seed was studied in
Arabidopsis thaliana infected with Turnip yellow mosaic virus (TYMV)
and Tobacco mosaic virus (TMV). Serological and biological tests were
conducted to identify the route by which the viruses reach the seed and
subsequently are located in the seed. Both TYMV and TMV were de-
tected in seed from infected plants, however only TYMV was seed-
transmitted. This is the first report of transmission of TYMV in seed of
A. thaliana. Estimating virus seed transmission by grow-out tests was

more accurate than enzyme-linked immunosorbent assay due to the
higher frequency of antigen in the seed coat than in the embryo. Virusin
the seed coat did not lead to seedling infection. Thus, embryo invasion is
necessary for seed transmission of TYMV in A. thaliana. Crosses be-
tween healthy and virus-infected plants indicated that TYMV from either
the female or the male parent could invade the seed. Conversely, invasion
from maternal tissue was the only route for TMV to invade the seed.
Pollination of flowers on healthy A. thaliana with pollen from TYMV-
infected plants did not result in systemic infection of healthy plants, de-
spite TYMV being carried by pollen to the seed.

Additional keyword: gamete transmission.

The presence of virus in a seed (37), even in the embryo (24,
32,44), does not aways lead to seedling infection. This property
distinguishes a seedborne virus that is carried by the seed but does
not infect the seedling from a seed-transmitted virus that does
infect the seedling produced from the seed (31). Virus may invade
any seed part (2), but seed transmission most frequently results
from embryo infection (29). Embryo invasion depends on virus
invasion of the flora meristem and subsequent establishment in
the gametophytes and gametes (5,10).

Methods such as enzyme-linked immunosorbent assay (ELISA)
and polymerase chain reaction (PCR) to index seed for virus ei-
ther overestimate or underestimate the amount of transmission
(28). ELISA commonly has been used for evaluation of virus inci-
dence in seed (28), but this method does not distinguish seedborne
from seed-transmitted virus and thereby may overestimate the
amount of transmission. Although grow-out tests have been more
accurate than ELISA in estimating seed transmission (17,41,47),
there are reports of complete correlation between serology and
grow-out tests (6,15), particularly when the virus is absent from
the seed coat or when only embryos are tested.

Arabidopsis thaliana L. Heynh. is a useful host to study host—

pathogen interactioné\. thaliana was chosen as a host to investi-

gate seed transmission witlrnip yellow mosaic virus (TYMV)

subsequent seed transmission. To our knowledge, this is the first
report of TYMV seed transmission A thaliana.

MATERIALSAND METHODS

Plant material and viruses. Seeds ofA. thaliana ecotypes
Dijon and La-O Arabidopsis Biological Resource Center, Ohio
State University) were sown in disposable plastic pots (7.5 x 5.5 x
6.0 cm) containing autoclaved potting mixture. The seedlings
were grown at 23°C under 16 h light, 8 h dark cycles. An isolate
of TYMV maintained on Chinese cabbadgrdssica pekinensis
Rubr.) and the common strain of TMV (36,38) maintained on
Nicotiana tabacum L., stored as dehydrated tissue at 4°C, were
used in this study. Inocula was prepared by grinding infected tis-
sue in phosphate buffer (0.01 M, pH 7.0) and was applied on co-
rundum-dusted leaves & thaliana at the rosette stage by a cot-
ton swab. For coinfection ¢k thaliana with TYMV and TMV,
plants were first inoculated with TYMV and after 10 min leaves
other than those previously inoculated received the TMV inocu-
lum. Healthy control plants were kept separate from infected
plants. Mature seed were harvested, air dried, and stored at 4°C.

Virusdistribution in infected plants. TYMV and TMV distri-
bution in infected plants were investigated by infectivity and pro-

and Tobacco mosaic virus (TMV) because of the short life cycle tein A sandwich enzyme-linked immunosorbent assays (PAS-
of A. thaliana and its capacity to produce a large number of seedLISA) (14) on samples of: (i) blossoms; (i) fully developed
In addition, both TYMV and TMV reach a high concentration inflowers dissected into sepals, petals, gynoecium, and stamens; (jii)

tissue of infected\. thaliana.

siliques (seeds included) at the earliest stage of development; (iv)

This paper reports the use of serological and biological assaj@mature siliques divided into shell and seeds; (v) mature siliques
to identify the route by which TYMV and TMV reach the seed ofdivided into shells and seeds; (vi) root; and (vii) stem. Flowers
A. thaliana and the association between embryo infection andgnd siliques were dissected under a stereoscopic microscope with
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fine tip forceps that were cleaned with trisodium phosphate
(NagPQy; 10%, wt/vol) after handling each organ. Infectivity tests
were carried out by mechanical inoculation onto Chinese cabbage
and N. tabacum ‘Xanthi’, which are hosts for TYMV and TMV,
respectively (27,48). Inocula was prepared by macerating a group
of each organ10 blossoms, parts from 40 flowers, 20 earliest
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siliques, and 10 immature or mature siliques) in =100 pl of phos-  were grown as described. Extracts of leaves, flowers, and siliques
phate buffer (0.01 M, pH 7.0) in a 12-well porcelain plate with awere assayed by PAS-ELISA. Extract from each tissue were
disposable culture tube. tested in triplicate, and each test was repeated three times. For
The procedure for PAS-ELISA was a modification of that of ELISA on the whole seed, a total of 274 seeds were individually
Edwards and Cooper (14). Polyclonal antisera specific for TYMVassayed by PAS-ELISA for TYMV, whereas for TMV six groups
and TMV were produced as previously described (36). Protein Af 20 seeds and six groups of 10 seeds were used. Results from
(Sigma Chemical Co., St. Louis) in carbonate buffer (pH 9.6)the grow-out tests and PAS-ELISA of whole seed were compared
protein A alkaline phosphatase conjugate (Sigma) in phosphate estimate seed transmission. Seed from virus infected plants
buffered-saline with Tween (PBST) at 1 pg/ml, aneitrophenyl  were evaluated through successive generations by grow-out tests
phosphate (Sigma) at 1 mg/ml in 1 M diethanolamine (pH 9.8)o determine seed transmission over the generations. Twelve
were used. The assay was carried out in polystyrene plates (Nurseedlings of ecotypes Dijon and La-O were mechanically inocu-
Immuno Plate MaxSorp Surface, Roskilde, Denmark) with 100 diated with either TMV or TYMV to produce seed (hamed,)SV
per well for each reagent. The incubations were at 37°C, excefubsequently, the number of parent plants for each generation
for the sample incubation that was 4C4 Samples were macer- varied from five to nine according to infected plants that com-
ated in a 12-well porcelain plate with a disposable culture tube ipleted the life cycle and produced seeds. Grow-out tests with seed
300 pl of PBST containing (2%, wt/vol) polyvinylpyrrolidone produced on five plants coinfected with TYMV and TMV were
with a molecular weight of 40,000 (pH 7.4). Each sample wasonducted as described.
assayed in triplicate, and assays were repeated with different sami ocation of TYMV and TMV in seed produced on infected
ples at least four times. The absorbance was read at 405 nm (Bbhants. To investigate the location of virus in seed, the embryo
Reader EL-307, Bio-Tek Instruments Inc., Burlington, VT) with awas separated from the seed coat under a dissecting microscope
healthy sample as a blank. The negative threshold for both TYMYbllowing a procedure modified from Meinke (29). Dried mature
and TMV wasX + 3SD (11,42) of the six wells of healthy control seeds produced by ecotypes Dijon and La-O infected with TYMV
samples. The ELISA procedure was the same throughout unless TMV, as well as seeds produced by ecotype La-O coinfected
otherwise indicated. with both TYMV and TMV, were soaked in distilled water for 24 h,
Effect of virus infection on seed germination. The effect of as described for the germination assay, to soften the seed coat.
TYMV and TMV infection on seed germination was evaluated byFollowing a slight pressure on the seed with a pair of forceps, the
placing seeds on water-dampened filter paper in a petri dish undembryo extruded through a crack on the coat. Embryo and seed
ambient light at room temperature and counting the number afoat were subjected to infectivity and serological assays, except
seed that germinated after 10, 15, 20, 25, 30, and 40 days. Tfoe those from coinfected plants which were subjected only to
number of seeds evaluated in each treatment per experiment rangedological assay. For infectivity assays, extract of the macerated
from 186 to 283. The ungerminated seeds were counted and assayedd coats or embryos of seed obtained from TYMV- or TMV-
for virus by PAS-ELISA. A seed was considered to have germiinfected plants were mechanically inoculated onto Chinese cab-
nated if cotyledons, hypocotyl, and primary root were observed. bage and\. tabacum, respectively. Groups of seed produced on
Evaluation of two methods for determining seed transmis- healthy or virus-infected plants were used as the negative and
sion of TYMV and TMV in A. thaliana. Seeds collected from positive control, respectively. For PAS-ELISA of bulk seed, both
TYMV- or TMV-infected plants were tested for virus by grow-out the embryo and seed coat were surface disinfected by immersing
tests and PAS-ELISA. Grow-out tests were carried out by sowingn a 10% NgPO, (wt/vol) solution for 1 min and then washed
seed from infected plants in disposable plastic pots, and seedlintisee times with distilled water. For detection of TYMV, a single
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Fig. 1. Effect of Turnip yellow mosaic virus (TYMYV) and Tobacco mosaic virus (TMV) on germination of Arabidopsis thaliana seed A and B, Ecotype Dijon
and C and D, Ecotype La-O. Number of seeds in each experiment indicated in legend box.
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seed or seed part was homogenized in 50 pl of sample buffer almldm TMV-infected plants was similar to the percentage of seeds
tested by PAS-ELISA. To detect TMV, groups of 10 or 20 seed athat germinated from healthy plants for both ecotypes. There was
seed parts were homogenized in 50 pl of sample buffer and testadlelay in germination of seed from TYMV-infected plants of both
as described above. For PAS-ELISA of washed seed, groups efotypes, but by 40 days the percentage of seeds that germinated
100 seeds were placed in microfuge tubes containing PBST @lom TYMV-infected plants versus the uninfected controls was
0.1 N HCI (2 pl per seed) and stirred for 30 min at room temperasimilar (Fig. 1).Virus antigen was detected in 10 of 15 seeds by
ture. The washing solution was saved, and seed were rinsed thi&S-ELISA of single-ungerminated seed from TYMV-infected
times with PBST or 0.1 N HCI by vortexing for 20 s and lettingplants (three of six of ecotype Dijon and seven of nine of ecotype
the seeds settle for 40 s to facilitate discarding of the supernatahf-O). When individual seed was assayed for TMV by PAS-
Both washing solution and washed seed macerated in PBST weEkISA no difference in absorbance of seed samples from healthy

tested by PAS-ELISA.

Theroute of TYMV and TMV to A. thaliana seed. Crosses
between healthy and virus-infectAdthaliana plants were carried

and TMV-infected plants was observed indicating that the assay
was not sensitive enough for antigen detection in single seed.
Evaluation of two methods for determining seed transmis-

out by emasculating flowers of the female parent before budon of TYMV and TMV in A. thaliana. In grow-out tests,
opening in the flower development stages 10 to 11 (40). All flowTYMV was detected in 877 of 7,153 seedlings that originated
ers subsequently produced were removed to avoid undesiralitem seeds produced on TYMV-infected plants (Table 1). TMV
crosses. Emasculation was done by removing sepals, petals, amas not detected in the 1,606 seedlings tested that were produced
stamens with a fine forceps. Each gynoecium was pollinateftom seed obtained from TMV-infected plants. In seed from
manually for five consecutive days after emasculation by rubbingYMV-TMV coinfected plants, only TYMV was seed-transmitted
the stigma with anthers originating from a male parent. Crossd3able 2). The frequency of seed transmission was overestimated by
were made with pollen from a healthy male parent to the gyELISA on the whole seed compared with grow-out tests (Table 3).
noecium from an infected female parent and vice versa with 10 fédence, ELISA was not an accurate assay to quantify seed
male parents for each cross. Some virus-infected plants wetensmission of TYMV inA. thaliana.

allowed to self-pollinate for seed production. Seed was harvestedL ocation of TYMV and TMV in seeds produced on infected

and stored and 3 to 5 weeks later was sown as described prepiants. The location and incidence of virus and virus antigen in
ously. All progeny were individually assayed for virus infectionseed was determined by infectivity and serological assays. Seed
by PAS-ELISA at flowering, and the percentages of infectedor this experiment was obtained frofnthaliana ecotypes Dijon

progeny in each treatment were compared.

and La-O that had been mechanically inoculated. Inoculation onto

For evaluation of pollen transmission, leaf, flower, seed, an€hinese cabbage of macerated seed coat or embryo from seeds
silique shell from the healthy maternal parent fertilized by pollerproduced on TYMV-infected plants induced mosaic symptoms
from the infected paternal parent was assayed by PAS-ELISAypical of TYMV infection. No TMV infection was observed
The assay was done 1 week after pollination and repeated thredvacum inoculated with either preparation of seed coat or embryo

times at an interval of 1 week.

RESULTS

Virusdistribution in infected plants. The most common visi-
ble symptoms irA. thaliana infected with TYMV were mosaic,

from seeds produced on TMV-infected plants. Inoculum com-
posed of whole seed from TMV-infected plants gave necrotic le-
sions typical of TMV infection, assuring occurrence of infectious

virus, despite the absence of infectionNoftabacum inoculated

with extract of seed coat only. This may indicate the presence of
virus inhibitors in the seed coat Af thaliana that are not effec-

stunting, delayed flowering, flower abortion, and reduction in sizd¢ive when inoculum is prepared from whole seed. No infection

of leaves, flower, and fruits. Symptoms on ecotype Dijon weravas recorded from inoculum of whole seed from healthy plants.
milder than on ecotype La-O. The symptom of TMV infectionTYMV antigen was detected in a single seed or part of a single
was flower abortion. Both TYMV and TMV were detected by seed, whereas 10 seeds or seed parts of 10 seeds were needed to
PAS-ELISA in all plant tissues df. thaliana ecotypes Dijon and detect TMV by PAS-ELISA (Table 3).

La-O (blossoms, sepals, petals, gynoceium, stamens, siliques,

seeds, root, and stem), and virus presence was confirmed by ifkg e 2. incidence (%) offurnip yellow mosaic virus (TYMV) in the

duction of typical symptoms on Chinese cabbageMrtdbacum

embryo, seed coat, or both embryo and seed coat of dissected seed, and in

inoculated with extract of each organ (data not shown). No differseedlings fromArabidopsis thaliana ecotype La-O singly infected with
ence in distribution of TYMV was observed in plants infectedTYMV or doubly infected with TYMV andlobacco mosaic virus (TMV)"

either by seed transmission or by mechanical inoculation.

Effect of virusinfection on seed germination. The percentage
of seeds that germinated from TYMV- and TMV-infected plants
was scored over 40 days. The percentage of seeds that germin

TABLE 1. Determination of percent seed transmission of Turnip yellow
mosaic virus through successive generations of Arabidopsis thaliana by
grow-out tests*

Ecotype Vo SV, sV, SVs

Dijon  1.81(778) aA 7.29(924) bA  2.58(1,165) aA  3.07 (848) aA
LaO  6.78(445) aB 27.75(1,003) bB 23.86 (1,109) bcB 19.96 (881) cB

Z Results are the average of two experiments. A total of 3,715 seedlings of
ecotype Dijon and 3,438 seedlings of ecotype La-O were assayed. Numbers
in parentheses represent seedlings tested in each generation. Means within a
row with the same lower case letter are not significantly different. Means
within a column with the same capital letter are not significantly different

according to Fisher’s exact te®® € 0.05) using the SAS System (SAS

Treatment Embryo Seedcoat Seed coatand embryo Seedling
TYMV 0 33.3 58.9 31.1
JZ'IYIV + TMVY 1.1 22.2 75.5 704

atco

WThere was no significant difference in TYMV incidence in (i) embryo only,
(i) seed coat only, and (iii) both seed coat and embryo between treatments.
A significant difference was observed in virus incidence in seedlings
according to Fisher’s exact te$t £ 0.05). Average of three replications of
30 seeds each. Seeds were dissected into seed coat and embryo. Each part
was assayed side by side in the enzyme-linked immunosorbent assay
(ELISA) plate to assure the correspondence between them. The occurrence
of virus antigen in each seed is represented by three possibilities for TYMV
location in seed (columns): embryo invasion but not seed coat invasion;
seed coat invasion but not embryo invasion; and seed in which TYMV
antigen could be recovered from both the embryo and the seed coat
simultaneously.

* Average of two replications of 113 (43.4%) and 107 (18.7%) seedlings each
determined by grow-out tests.

¥ Occurrence of TYMV and TMV was confirmed by ELISA with extract of
20 seeds.

Institute Inc., Cary, NC). S)V= seeds produced by mechanically infected ? Average of two replications of 108 (70.4%) and 142 (69.7%) seedlings each

plants; S\, = seeds produced by ttregeneration of plants grown from

infected seed lot.

determined by grow-out tests. No TMV was detected in seedlings grown
from seeds of plants doubly infected with TYMV and TMV.

Vol. 90, No. 11, 2000 1235



These results showed that in both ecotypes TYMV was located
either in the embryo or seed coat, but in ecotype Dijon TYMV
was detected predominantly in the seed coat. As indicated above,
TMV was present in the seed coat but not in the embryo (Table 3).
ELISA conducted on seed washed in PBST or 0.1 N HCI indi-
cated that TYMV and TMV were present in both washed seeds
and the washing solution from their respective samples (data not
shown). Although both viruses could be detected in the PBST or
0.1 N HCI used to wash the seeds, the amount of antigen in the
washed seeds did not appear significantly altered, because ELISA
readings of washed and unwashed seed samples were similar,
suggesting that TYMV and TMV are predominantly located inside
the seed (data not shown).

Therouteof TYMV and TMV to A. thaliana seed. The inci-
dence of TYMV and TMV in the progeny of the crosses between
healthy and infected parents was determined by grow-out tests and
ELISA. The results indicated that TYMV-infected progeny were
obtained from crosses in which either parent was infected with
TYMYV as well as from self-infected plants (Table 4). The highest
incidence of TYMV was observed in seedlings in which both par-
ents were infected. However, when the female parent was infected
the incidence of infected progeny was much higher than when the
male parent was infected. These results indicate that TYMV can
be derived from both the femae and male parents. Conversely,
TMV was not detected in the progeny of either cross, indicating
that no seed transmission had occurred (data not shown). TMV
was detected by ELISA in the seed produced from the cross in-
volving an TMV-infected female or when both parents were in-
fected with TMV (Table 5). The absence of TMV in the embryo,
implied by the lack of seed transmission, coupled with the pres-
ence of virus in the seed coat (Table 3) indicated that seed infec-
tion by TMV resulted from virus invasion of maternal tissue
without embryo involvement.

The vegetative, reproductive, and seed tissues of female parent
plants were assayed by PAS-ELISA to better understand the route

TABLE 3. Incidence (%) offurnip yellow mosaic virus (TYMV) and Tobacco

mosaic virus (TMV) antigens in embryo, seed coat, or both embryo and seed

coat in dissected seed, in whole seed, and in seedlifgsintiopss thaliana

as determined by protein A sandwich enzyme-linked immunosorbentassay

Embryo Seed coat Seed coat
only only

Dijon TYMV 5.4 (184) 58.2 (184) 10.9 (184)
La-O TYMV 24.5(184) 12.6(184) 13.0 (184)

Treatment

72.6 (274)

through which TYMV and TMV invade A. thaliana seed. TYMYV,
but not TMV, was present in the flower and seed from the healthy
female parent fertilized by pollen from an infected plant (Table 5),
indicating that TYMV was carried by pollen into these organs.
However, there was no TYMV or TMV invasion of leaves or
silique shells (Table 5) indicating infection of the healthy female
parent beyond the ovule had not occurred. Detection of TYMV in
the flower and in the seed but not in the leaves or in the silique
shell, which are of maternal origin, indicates that once TYMV is
indirectly introduced into the ovule by infected pollen the virus
does not further invade the maternal tissue.

DISCUSSION

The location of virus in seed determined the transmissibility of
virus through seed. TYMV was detected in the embryo and the
seed coat of mature seed, whereas TMV was detected only in the
seed coat (Table 3). Thus, seed transmissibility is linked to em-
bryo invasion, as others have demonstrated (4,7,33,46). Double
infection of A. thaliana with TYMV and TMV resulted in a higher
percentage of TYMV seed transmission and embryo invasion by
TYMV. However, no correlation between seed transmission and
embryo invasion was observed (Table 2), suggesting a dose-
dependent effect in which double infection promoted a higher
TYMV titer in the embryo tissue and enhanced seed transmission.
An increase of 57% of Southern bean mosaic virus transmission
in seed from cowpea doubly infected with Cowpea chlorotic mot-
tle virus compared with singly infected plants have been reported
by Kuhn and Dawson (25).

Except for infection of the embryo, both viruses were similarly
distributed in vegetative and reproductive parts of both A. thaliana
ecotypes. Detection of virus in the reproductive parts, such as the
seed coat and silique shell was not surprising because these parts
are of materna origin (29). This is the first report of TYMV
transmission in seed of A. thaliana, whereas failure of TMV
transmission in seed of A. thaliana was reported by Ishikawa et al.
(22). Seed transmission of TYMV has been reported on Camelina
sativa (20), Brassica napus, and Alliama petiolata (41).

The incidence of TYMV seed transmission was higher in eco-
type La-O than in Dijon (Table 1). Plant factors may affect the
rate of seed transmission in ecotype Dijon, which showed milder
infection symptoms and TYMV location predominantly in the

and embryo Whole seed Seeding  goeqy coat (Table 3). Variation in the incidence of seed transmis-
2.6 (423) sion among genotypes also has been reported for severa virus—

Dion T 0 S0y 1060805 6 ciacy 1005(91-50()274)0 ég-g)(”l) host combinations (4,7,9,13,16,21,34,39,43,44,47). Over the gen-
on erations, no pattern was observed within ecotypes. In ecotype
La-O TMV 0(180) 100 (180) 0(180) 100 (180) 0 (760) Dijon there was significant difference only in the ;S}¢neration.

X There was a significant difference between TYMV antigen incidence in then ecotype La-O there was a significant increasing of seed trans-
embryo and in seedling for both ecotype Dijon and La-O according to Fishers.iccinn i ; ;
exact test® = 0.05). Number of seeds individually tested in parentheses. mission in all generations following SV
¥ Seedling infection determined by grow-out tests.
Z Sixty seeds tested as groups of 10, and 120 as groups of 20 seeds.

TABLE 5. Detection ofTurnip yellow mosaic virus (TYMV) and Tobacco
mosaic virus (TMV) in tissue of female parents or seed derived from female

TABLE 4. Determination of gamete transmission of Turnip yellow mosaic parents of crosses éfabidopsis thaliana ecotype La-®

virus in Arabidopsis thaliana ecotype La-O by protein A sandwich enzyme- IF x IM IF x HM HF x IM
linked immunosorbent assay (PAS-ELISA)*

Organ TYMV  TMV  TYMV TMV  TYMV TMV
CrossY Total seedlings Incidence (%)* Leaf N ; N n ~ —
Infected female x infected male 390 3231a Flower + + + + + -
Infected female x healthy male 466 27.25a Seed + + + + + —
Healthy female x infected male 468 2.14b Silique shelt + + + + - —

* All F; seeds produced by 10 female parents were harvested together. A ppi-lealthy females fertilized by pollen from infected male parent were as-
tion of them was sown in growing medium, and seedlings were maintainedsayed by enzyme-linked immunosorbent assay 1 week after pollination and
in a growth chamber. At flowering, seedlings were individually sampled assayed three additional times at consecutive 1-week intervals, except for
and tested for virus incidence by ELISA. seed and silique shell which were assayed at maturity. Flower from HF x

¥ Crosses carried out by emasculation of flower from female parent and handM tested positive at 1 week after pollination. Assay was not repeated for
pollinated by rubbing anther from male parent. Infected female x infected flower because it turned to fruit. Crosses conducted by emasculating flower
male was self-pollinated. of the female parent and hand pollinating with pollen from the male parent.

zMeans with the same letter are not significantly different according to IF x IM was self-pollinated. H = healthy; | = infected; F = female; M = male.
Fisher’s exact tesP(= 0.05). z Seed excluded.
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The incidence of TYMV antigen in seed was significantly
higher than the incidence of seed transmission of TYMV as de-
termined by the grow-out tests (Table 3). Evaluation of the effect
of virus infection on seed germination indicated that the results
from grow-out tests are not biased due to effects of virus on seed
germination, as shown by the frequency of TYMV detection by
ELISA in ungerminated seeds (10 of 15), which is close to the fre-
quency of virus in whole seed determined by PAS-ELISA (Table 3).
Additional support for this conclusion is provided by the obser-
vation that A. thaliana usually shows a frequency of spontaneous
seed abortion over 0.5% depending on the growth conditions (29).

The detection of virus antigen in seed may not always be a use-
ful indicator of seed transmission. For the TYMVArabidopsis

The results presented here show the occurrence of indirect
(male gamete) invasion & thaliana embryo by TYMV, as evi-
denced by virus occurrence in seed produced by crossing a healthy
female with an infected male plant, where only infected pollen can
introduce TYMV into the embryo through the sperm cells. On the
other hand, TYMV infected th&. thaliana embryo either via the
female gamete, by direct invasion from maternal tissue, or by both
as indicated by crossing infected female and healthy male plants.
The data presented here involving infected female plants do not
distinguish between direct and indirect embryo invasion by TYMV.

It was demonstrated that TMV occurs in the seed and in the
silique shell, tissue of maternal origin, when the infected female is
crossed with either a healthy or a TMV-infected male. However,

combination, the ideal condition for ELISA for indexing seed forTMV was not detected in tissue of maternal origin when the
virus transmission, where the virus is uniformly distributed anchealthy female was crossed with a TMV-infected male (Table 5).
highly concentrated in the embryo with no seed coat infectioriThe absence of TMV in vegetative, reproductive, and seed tissues
was not observed. Thus, ELISA should be used with caution iof A. thaliana when a healthy female parent is fertilized by pollen
indexing seed for virus transmission. Assay of the progeny genefrom a TMV-infected male indicates either TMV does not infect
ally is the more accurate method of determining virus seed trantie pollen, TMV-infected pollen is less viable, virus-infected
mission because it overcomes the possible effect of noninfectiog®llen does not reach the embryo, or there is a selective barrier to
virus antigen in seed, as well as, the presence of infectious virwgrus infection. Such a selective barrier may exisAirthaliana,
whose location or titer does not lead to seedling infection. because TYMV was detected by ELISA in the embryé.ahali-

The results presented here show that embryo infection did naha doubly infected by TYMV and TMV (Table 2). Hence, both
assure seedling infection, because the occurrence of TYMV antiruses were detected simultaneously by ELISA in whole seed, yet
gen in embryo exceeded the incidence of seed transmission (Tabldly TYMV was seed-transmitted. TMV reaches the seed coat but
3). Hampton and Francki (19) observed that virus occurrence iemains apart from the symplastically isolated ovule (embryo sac)
the embryo may exceed the occurrence of seed transmission and embryo, blocking seed transmission because embryo infection
several virus—host systems. Similar results were obtained kg essential for seed transmission in this system, as it is in most
Wang et al. (47), where overestimationRea seedborne mosaic plant x virus combinations (1,2,4,12,18,30,33,45).
virus transmission was observed by ELISA by either 30-day old This study indicates that embryo invasion by the virus is neces-
embryonic shoots or whole seed compared with grow-out testsary but not sufficient to lead to seed transmission. The increase in
They also observed that healthy seedlings grew from infecteglansmission of TYMV through seed produced on plants coin-
embryos. The absence of seedling infection when virus is presefgicted with TYMV and TMV was linked to the increase in the
in the seed could be due to virus that is not infectious, the titer @umber of embryos invaded by TYMV. TMV is not seed-trans-
the virus being too low, the virus in a location that hampers furthemitted in A. thaliana because virus does not invade the embryo.
infection, or the activities in the cell mitigating successful virusTYMV was carried in pollen and could result in TYMV-infected
infection (3,35,44). Thus, embryo invasion is necessary, but naeed, but virus infection was limited to the developing seed, and
always sufficient to lead to seed transmission. systemic infection of the mother plant did not occur typical of

The mechanism resulting iA. thaliana embryo invasion by pollen transmission of the llarvirus and the Nepovirus (28). The
TYMV but not by TMV is unknown. Studies have shown thatmodel described here could be useful for further studies on the
viruses can use both a direct and indirect route to infect the emechanisms that facilitate seed transmission of plant viruses.
bryo (8,10,21,46). The route of TYMV and TMV to the develop-
ing seed ofA. thaliana was investigated to relate virus movement
to the incidence of seed transmission. Through crosses between
healthy and virus-infected plants it was demonstrated that TYMV, We thank Universidade Federal Rural de Pernambuco (UFRPE) and
but not TMV, was carried by pollen into the ovule. TYMV carried Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPg),
by pollen led to infection of flower and seed tissues, whereas m&razil, for the financial support provided to F. M. de Assis Filho and the
ternal vegetative tissue remained virus-free (Table 5). Pollen tran&tabidopsis Biological Resource Center for providing Arabidopsis seeds.
mission has not been reported for either TYMV or TMV (30). e thank L. D. Myers for technical support, B. Ding, R. Malmberg, D.
Seed infection via pollen while the mother plant remains virus-freg - Meinke, H. A. Melouk, and T. Nickle for helpful advice, M. E. Payton

- L d K. L. Stevenson for statistical analysis, and C. M. Deom and R.
has been reported for several virus x host combinations (5,23,37Nzjdy for critical review of the manuscript.

The absence of movement of TYMV from the infected embryo
to the maternal tissue when infection occurs by pollen supports
that the symplastic isolation of TYMV in the embryonic tissue
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