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Transient expression of foreign genes in plant tissues is a valuable tool for plant biotechnology. To shorten the time for gene
functional analysis in fruits, we developed a transient methodology that could be applied to tomato (Solanum lycopersicum cv
Micro Tom) fruits. It was found that injection of Agrobacterium cultures through the fruit stylar apex resulted in complete fruit
infiltration. This infiltration method, named fruit agroinjection, rendered high levels of 35S Cauliflower mosaic virus-driven
B-glucuronidase and yellow fluorescence protein transient expression in the fruit, with higher expression levels around the
placenta and moderate levels in the pericarp. Usefulness of fruit agroinjection was assayed in three case studies: (1) the heat
shock regulation of an Arabidopsis (Arabidopsis thaliana) promoter, (2) the production of recombinant IgA antibodies as an
example of molecular farming, and (3) the virus-induced gene silencing of the carotene biosynthesis pathway. In all three

instances, this technology was shown to be efficient as a tool for fast transgene expression in fruits.

The generation of stably transformed transgenic
plants to assess gene function is a lengthy manipula-
tive process. As an alternative, foreign gene expression
in plants is often performed by transient transfor-
mation of cells or tissues. Recently, Agrobacterium-
mediated transient gene expression (agroinfiltration)
in plant leaves has become the favorite choice in many
gene functional analyses (Kapila et al., 1997; Yang et al.,
2000; Goodin et al., 2002). When Agrobacterium cell
cultures are infiltrated into the intercellular spaces of
leaf parenchyma, the transfer of T-DNA into the plant
cell nucleus becomes a highly efficient event. The most
popular host plant for agroinfiltration is Nicotiana
benthamiana; however, the power of the technique has
been also described for other species like Medicago
sativum (D’Aoust et al., 2004), lettuce (Lactuca sativa),
tomato (Solanum lycopersicum), and Arabidopsis (Arab-
idopsis thaliana; Wroblewski et al., 2005) among others.
Efficiency of agroinfiltration varies from host to host,
some seeming recalcitrant to the technique. The rea-
sons for the differences in efficiency are not well
described, but surely topological factors are partly to
blame (compactness of the tissue, innervations pat-
tern, etc.), and bacteria-host compatibility factors can-
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not be discarded (Wroblewski et al., 2005). Even in the
species with limited transfer efficiency, agroinfiltration
is often used as delivery system for replicons that
either move systemically (viral RNA genomes) or
amplify locally (deconstructed Tobacco mosaic viruses;
Marillonnet et al., 2005).

Tomato fruit is a model for fleshy fruit development.
Currently, several international efforts converge in the
genomic characterization of tomato and related sola-
naceae species, including expressed sequence tags and
genome sequencing projects (http:/ /www.sgn.cornell.
edu/). In addition, tomato fruits have been proposed
as factories for the production of oral vaccines and
other immunotherapeutic proteins (Sandhu et al.,
2000; Jani et al., 2002; Ma et al., 2003; Walmsley et al.,
2003). The lack of a high throughput transformation
procedure and the length of time required to produce
stable transgenic tomatoes make assessment of gene
function and evaluation of xenoproteins in the tomato
fruit a tedious and cumbersome process.

We have developed an agroinfiltration-based sys-
tem (agroinjection), which allows transient expression
of foreign genes directly in fruit tissues. We tested
agroinjection as an assay tool for transgene studies in
three scenarios: (1) the study of promoter activity as-
sisted by reporter genes; (2) the analysis of xenoprotein
production in fruits, as exemplified by IgA antibodies;
and (3) the study of gene function by virus-induced
gene silencing (VIGS).

RESULTS AND DISCUSSION
Infiltration of Tomato Fruit Tissues with Agrobacterium

The versatility of agroinfiltration in N. benthamiana
leaves prompted us to test the possibility of establishing
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a similar approach in tomato fruits. We first tested
several methods for mechanically introducing bacteria
in the fruit cell apoplast. Progression of the infiltration
was monitored with Agrobacterium cultures stained
with methylene blue. Needle-free syringe infiltration
was found ineffective as well as vacuum-assisted in-
filtration of intact, detached fruits (data not shown).
Sliced or half-cut fruits were effectively infiltrated, but
the procedure inflicted severe tissue damage and was
therefore discarded. Finally, we tested the injection of
infiltration media into the fruit using a syringe with
needle. A similar approach for fleshy fruits described
earlier in the literature produced only partial fruit in-
filtration, limiting the possible applications of the tech-
nique (Spolaore et al., 2001). We found that when tomato
fruits (cv Micro Tom) were injected through the stylar
apex with 600 uL of infiltration medium containing
methylene blue-stained bacteria, the infiltration solu-
tion reached the entire fruit surface (Fig. 1). Upon dissec-
tion, blue staining was observed in the central lamella,
placenta, and pericarp, but not in the seed and locular
tissues. Blue-stained bacteria accumulated preferen-
tially in the placenta with less intense staining in the
pericarp. Fruit infiltration was possible both in attached
and detached fruits, however in the latter case a more
extense infiltration was obtained as the peduncle re-
mained attached to the fruit. This prevented media leak-
age during the process as the excess of infiltration solution
could only find a way off the apoplast through the
hydathods located at the tip of the sepals.

Agroinjection as a Transient Expression System

Once infiltration in most fruit tissues was con-
firmed, we proceeded to test fruit agroinjection as
a transient expression system of foreign genes using
yellow fluorescence protein (YFP, a yellow version of
green fluorescence protein) and B-glucuronidase
(GUS) as reporter genes. Tomato fruits at mature green

Figure 1. Extent of agroinfiltration of tomato fruits using agroinjection.
A, Fruit slices from tomatoes agroinjected with methylene blue-stained
bacteria (left) and with an unstained culture (right). B, Close up from
a tomato agroinjected with stained bacteria. Blue color reveals the
tissues reached by the infiltrated culture.

4

stage (22-25 d after anthesis) were agroinjected with
a double-reporter plasmid pBIN-YFP/GUS containing
YFP and GUS genes directed by the 355 promoter (Fig.
2). High levels of glucuronidase activity were detected
in agroinjected fruits 4 d after agroinfiltration (Fig. 2E).
GUS activity decreased thereafter until ripening. At
ripen stages (9 d post injection [dpi]), measurement of
GUS activity using standard techniques was unreli-
able probably due to endogenous activity (data not
shown). Under UV light, high levels of yellow fluo-
rescence were clearly visible around the placenta
tissue of 4-dpi fruits (Fig. 2A). Confocal microscopy
confirmed nucleocytoplasmic localization of plant-
expressed YFP (Fig. 2B). Occasionally, strong YFP fluo-
rescence was also observable at the inner side of the
pericarp (data not shown). Histochemical GUS stain-
ing of 4-dpi fruits revealed a pattern similar to that
found for YFP (Fig. 2, C and D); however, moderate
levels of GUS staining were also found in the pericarp,
probably due to the higher sensibility of the method
(Fig. 2C). Interestingly, despite our efforts, agroinfil-
tration of tomato leaves with pBIN-YFP/GUS con-
structs rendered no YFP fluorescence and negligible
levels of GUS activity (data not shown). Since the 35S
promoter is known to be active in tomato leaves of
stably transformed plants, this observation seems to
indicate that tissue susceptibility to Agrobacterium
infection plays and important role in the efficiency of
agroinfiltration methodology.

The capacity for modulating transgene expression
using agroinjection was tested with a construct con-
taining the Arabidopsis heat shock-regulated pro-
moter HSP70B fused to GUS (Aparicio et al., 2005).
Four pHSP70B:GUS-agroinjected tomatoes were incu-
bated 3 dpi in the plant, and then harvested and cut in
two halves, one of the pieces incubated 6 h at 42°C and
the other left at 25°C for the same period of time. As
shown in Figure 2F, the pHSP70B:GUS-agroinjected
tomato fruits showed the capacity to activate HSP70B
promoter in response to heat shock in all the sam-
ples tested. Together, these observations indicate that
reporter genes can be efficiently expressed in fruit
tissues via agroinjection, retaining the capacity to mod-
ulate transcription in response to environmental (tem-
perature) factors.

We found that the spatial expression patterns ob-
served with agroinjection seem at least partially gov-
erned by constraints imposed by the fruit architecture
and the ability of the bacteria to reach the different
tissues in the fruit. For instance, maximum expression
levels are normally observed in the placenta, probably
because it constitutes a diffusion barrier in the apo-
plastic network of the fruit. Consequently, interpretation
of the spatial expression patterns obtained by agro-
injection should take these considerations into account.

Xenoprotein Expression: Recombinant Antibodies

Production of xenoproteins in edible fruits has
important biotechnological implications particularly
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for the production of recombinant products with oral
therapeutic activity (Walmsley and Arntzen, 2003).
Despite the advantages offered by fruits, their use as
production platforms is often hampered by low yields
and poor protein stability. Xenoprotein production at
high yields requires construct selection and optimiza-
tion, preferably in the same tissue/organ in which the
final production is intended, and therefore efficient
transient expression systems are much needed. Tech-
nologies for fruit transient expression available so far
(i.e. biolistics) fail to render sufficient yields for, for ex-
ample, western evaluation.

We are particularly interested in the production of
IgA antibodies in fruits. IgAs are candidates for oral
delivered microbicides as they play a role in the pas-
sive protection of mucosa against pathogen invasion
(Corthesy, 2002). Two chicken IgA antibodies, n8 and
nl0, both selected from an anti-Eimeria-enriched re-
combinant library (Wieland et al., 2006), were chosen
for fruit agroinjection. Previous expression studies in
N. benthamiana leaves indicated that n8 and n10, de-
spite sharing a common constant frame, show drastic
differences in expression levels (Wieland, 2004). We
used agroinjection as a method to study differential
antibody stability directly in the fruit.
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Figure 2. Plant promoter-driven ex-
pression of reporter genes in tomato
fruits. A, pBIN-YFP/GUS-agroinfiltra-
ted tomato at 4 dpi showing YFP
fluorescence in the placental tissue
under UV light. B, Confocal micro-
scope image of a similar sample show-
ing YFP fluorescence in cells from the
placenta-locule transition zone. C,
Histochemical ~GUS staining of
a pBIN-YFP/GUS-agroinfiltrated  to-
mato. D, Close up of the seed-placenta
joining region decorated with GUS
staining. E, Time course of glucuroni-
dase activity in agroinfiltrated toma-
toes. Bars show the average activity
(pmol methylumbelliferone X g fresh
weight™' X min~") of four tomatoes
per time point = sp. F, Heat shock
induction of GUS activity directed
by Arabidopsis HSP70 promoter.
pHSP70::GUS-agroinjected tomatoes
at 4 dpi were separated in two halves
and incubated for 6 h at 42°C and
25°C, respectively. Graph compares
GUS-specific activity (pmol methyl-
umbelliferone X g protein™' X
h™") of heat-shocked pieces (gray
bars) with the negligible specific ac-
tivity of control pieces (black bars).

T2 T3 T4

fruit samples

Agrobacterium cultures carrying antibody heavy
chains (HCs; HC8 or HC10) and light chains (LCs;
LC8 or LC10) under the control of 35S promoter (Fig.
3A) were agroinjected, either separately or in combi-
nation. In the latter case, high cotransformation rates
will ensure coexpression of HCs and LCs, rendering
assembled IgAs. Antibody expression in fruits was
monitored by western blot detecting HCs (top section),
LCs (middle section), and complexed IgAs (bottom
section; Fig. 3B). Here, it can be observed that LCs do
not accumulate when expressed alone (middle section,
lanes L8 and L10). Conversely, HCs injected without
partner LC render a single specific fragment (al) of
aproximately 55 kD (top section, lanes H8 and H10),
therefore smaller than the expected 75 kD of chicken
aHC. Interestingly, when HC10 and LC10 were coin-
filtrated, LC10 became detectable (middle section, A10
lane), and the anti-oHC antibody detected a high
molecular mass band («2; lane A10, top section) whose
mobility is compatible with a full-size chicken «HC.
The presence of these two characteristic major bands
(al and «a2) was also observed in many chicken IgAs
produced in N. benthamiana (Wieland, 2004). Taken
together, the results indicate that chicken antibody
chains require the presence of a cognate chain for
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Figure 3. Expression of full IgA antibodies in tomato fruits. A, Sche-
matic structure of pBINIgL and pBINIgH constructs. Black arrows
represent cloning sites for phage display-derived variable sequences. B,
Western analysis of tomato fruits agroinfiltrated with IgA antibody
chains. Two phage display-derived clones (n8 and n10) were assayed.
Tomatoes were infiltrated with cultures containing pBIN-IgL (L8 and
L10 lanes), pBIN-IgH (H8 and H10 lanes), or coinfiltrated with
a combination of HCs and LCs (A8 = L8 + H8; A10 = L10 + A10).
Blots were decorated with anti-chicken IgH (alpha-specific) antibody
(top section), anti-chicken LC (middle section), or anti-chicken IgY
whole-molecule recognizing the native structure of chicken antibody
(IgY and IgA share the same IgL in chicken).

stabilization. LCs are apparently not stable when
expressed alone, whereas HCs are probably degraded
into a proteolytic product («l) in the absence of
cognate LC. The presence of assembled IgA antibodies
is shown in Figure 3B (bottom section) under non-
reducing conditions. As can be observed, coexpression
of HC and LC from n10 antibody rendered IgA com-
plexes detected as high molecular mass bands (max
200 kD approximately). The complex pattern of bands
found for nl0 under nonreducing conditions has
been described for other plant-made antibodies (Sharp
and Doran, 2001) and probably reveals the presence
of degradation products. No IgA complexes were
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detected in the case of n8 antibody (Fig. 3B, bottom
section, lane A8). The simplest explanation for this
is that LC8 is not stable when expressed in plants. This
also will explain the absence of a full-size 2 band when
HC8 and LC8 are coinfiltrated (Fig. 3B, top section,
lane A8). However, other explanations involving HC8/
LC8 mutual compatibility cannot be excluded.

The cotransformation efficiency of the system is
remarkable as demonstrated by the mutual stabiliza-
tion effect found between HCs and LCs of n10 anti-
body. The differential idiotype stability found in the
case of n8 and n10 has also been described for anti-
bodies produced in mammalian systems (Bentley et al.,
1998) and underlines the need for selection of stable
antibodies prior to plant stable transformation. This is,
to our knowledge, the first report of full-size anti-
bodies being expressed in fruits. Our observations
therefore confirm that agroinjection can contribute to
expand the possibilities of fruit-based xenoprotein
production by providing a fast and efficient in fruit
selection step.

Fruit VIGS

VIGS has emerged as a powerful tool for functional
genomics. A Tobacco rattle virus (TRV)-based system
(pTRV1/2) has been proven effective in tomato plants
previously (Liu et al., 2002). In the original pTRV1/2
protocol, leaves from young plants are agroinfiltrated
with pTRV1 and pTRV2, simultaneously. Upon infiltra-
tion, reconstructed viruses move systemically, expand-
ing the silencing signal through the plant. We reasoned
that fruit agroinjection could represent a shortcut to
whole-plant VIGS for the study of gene function in
fruit-specific processes. To test the efficiency of agro-
injection as a delivery system for fruit VIGS, we agro-
injected fruits at different developmental stages with
a combination of pTRV1 and TRV2-tPDS, the latter
containing a fragment of phytoene desaturase (PDS),
a key enzyme in the carotene biosynthesis route.
Silencing of PDS was previously shown to induce a
photobleaching phenotype in leaves (Ratcliff et al.,
2001; Liu et al., 2002) due to chlorophyll degradation.
In the case of tomato fruits, it is known that mutations
in the carotenoid biosynthesis gene phytoene synthase
produce yellow fruit coloration due to the accumula-
tion of flavonoids (chalconaringenin) and the absence
of red pigment lycopene, which is normally produced
downstream in the carotenoid biosynthesis pathway
(Fig. 4H; Fray and Grierson, 1993). A similar yellow/
orange phenotype has been reported when the iso-
prenoid biosynthesis route was chemically inhibited
with fosmidomycin (Rodriguez-Concepcion et al,,
2001). Accordingly, effective PDS silencing in tomato
fruits should result in an orange fruit phenotype.

We conducted two PDS-VIGS strategies. On one
hand, we performed direct fruit agroinjection to assess
its potential as a shortcut for functional gene analysis.
In parallel, we followed systemic VIGS using standard
inoculation procedures (Liu et al., 2002), aiming to
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compare and eventually validate the silencing pheno-
types obtained with agroinjection.

For systemic VIGS, cotyledons and first leaves from
six 2-week-old plants were extensively agroinfiltrated
with a TRV1/2-tPDS mix. Five of the plants developed
silencing symptoms in the leaves. PDS silencing was
also evident in fruits as white sectors in several young
fruits in four of the plants (Fig. 4A). At maturity, green
sectors turned temporally yellow/orange and imme-
diately developed into red, whereas white sectors
remained yellow/orange, a clear sign of impaired
lycopene accumulation (Fig. 4B). In total, 66% of the
fruits from the four fruit-silenced plants (roughly 44%
of all fruits in the experiment) showed silencing
symptoms (n = 54), with yellow/orange sectors ex-
panding between 10% and 100% of the whole fruit
surface.

For local VIGS experiments, a total of 140 green
fruits at different developmental stages (ranging from
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Figure 4. PDS silencing in tomato. A,
Systemically  (leaf-infiltrated) PDS-
silenced plant showing photobleach-
ing phenotype in leaves and fruits. B,
Mature fruit from systemically (leaf-
infiltrated) PDS-silenced plant show-
ing red (LR) and yellow/orange (LO)
sectors. C, Example of color evolution
during ripening of Micro Tom fruits: G,
green; B, breaker; O, yellow/orange;
R, red; S, yellow/orange fruits showing
different degrees of red pigmented
sectors (ranging from S1 to S4). D,
Fruits agroinjected with pTRV1/2-
tPDS (S) or pTRV1 alone (R) showing
drastic differences in red pigmentation
at maturity. E, Longitudinal section of
a mature tomato from a PDS-silenced
plant showing internal red-yellow sec-
tors. F, Close up of E showing vivipar-
ism in the yellow sector. G, Evolution
of color in a group of 140 tomatoes
agroinjected either with pTRV1/2-
tPDS (left) or control pTRV1 (right)
Agrobacterium cultures. Color was re-
corded for every tomato during 4
weeks (W1 to W4). Color categories
were defined as in C. Number of
tomatoes in every category is shown
as a percentage of the total number
of fruits. S category includes silenced
fruits as well as a small number of
nonsilenced fruits that were rapidly
= turning into red from the orange stage.
Phytofluene H, Schematic representation of lyco-
0, pene synthesis route in tomato.

Phytoene

§ Carotene

E

Netrosporene

.

Lycopene

7-24 DPA) were agroinjected, 71 of them with pTRV1/
2-PDS mix and the remaining 69 using a control
pTRV1 plasmid. Color changes were recorded, with
color evolution divided in standard stages (Green,
Breaker, Yellow/Orange, and Red; see Fig. 4C). An
additional intermediate stage was defined in our
experiments, named as S, corresponding to fruits at
the yellow/orange stage showing also some red sec-
tors. Control fruits that were scored as S developed
rapidly into red, whereas most (61%) of pTRV1/2-PDS
tomatoes remained arrested in S stage. The extension
of red sectors in S-arrested tomatoes differed among
fruits (ranging from S1 to S4 as depicted in Fig. 4C).
Fruits arrested at S stage resembled those obtained
with systemic PDS-VIGS (Fig. 4B), and therefore we
concluded that they were locally silenced in PDS.
Figure 4G shows the color evolution during the 4-week
experiment. Only 4% of the TRV1/2-PDS fruits (three
out of 71) developed into fully red tomatoes, in

7



Orzaez et al.

A s R
A
; 4,5
B2
& s
3
a5
Al
u v
- : \
Q‘E'l"*“".‘; C— :
C

—

)
% ‘%

% of total carotene content
o = 8 8 &8 8 g8 3
® h

Figure 5. Effect of PDS silencing in tomato fruits. A, Relative abun-
dance of PDS mRNA in pericarp from silenced tomatoes. Samples are
defined as in Figure 4: LR, red sectors of systemically silenced to-
matoes; LO, yellow/orange sectors of systemically silenced tomatoes;
S, pericarp from pTRV1/2-tPDS-agroinjected tomatoes arrested at S
stage. Relative mRNA levels were calculating using pricarp from TRV1-
agroinjected red tomatoes (R) as a reference for the calculations. B,
Carotene chromatographic profiles of the same samples as in A. C,
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contrast with the 80% of the controls that turned red
(95% if abscised fruits are excluded). Interestingly, the
only three TRV1/2-PDS tomatoes that turned red were
in late mature-green stage when injected and probably
received the silencing signal too late to arrest lycopene
accumulation. The remaining 34% of the fruits ab-
scised prior to reaching maturation. This fraction was
composed mainly by very young fruits (between 1 and
2 weeks post anthesis), which apparently could not
cope with the injury/stress caused during manipula-
tion. It is worth noticing that, excluding abscised
fruits, 95% of the TRV1/2-tPDS tomatoes that re-
mained attached to the plant until the end of the
experiment (26 d) showed PDS silencing symptoms (S
arrest). Occasionally, nontreated fruits growing in the
same truss as agroinjected fruits developed also yel-
low sectors similar to those found in systemic silenced
fruits, indicating systemic transmission of silencing
signals from fruit to fruit (data not shown).

Deleterious side effects of fruit agroinjection ap-
peared mainly in young fruits, both silenced and
controls, and consisted in growth arrest, premature
ripening, and abscission. To minimize side effects, we
restricted the temporal window of treatment to green
fruits between 20 and 25 DPA (at the beginning of
mature green stage), giving time to silencing signals to
take effect on developmental processes occurring from
this point (ripening) but minimizing shedding off.
Under these conditions, efficiency of PDS silencing
was maintained at levels ranging between 87% and
91% in two different experiments (n = 24), with fruit
abscission reduced to 4% and 8%, respectively. We also
observed that concentration of Agrobacterium cul-
tures could be reduced to optical density = 0.3 without
significant changes in the efficiency of silencing (data
not shown). It is worth noting that PDS-silenced fruits
often showed viviparous seed germination. In fruits
silenced systemically, where often PDS-silenced sec-
tors divide the fruit in two clearly defined parts, it was
particularly noteworthy that premature seed germi-
nation was restricted to the yellow half of the fruit (Fig.
4, E and F). Reduced dormancy has been described
before in the abscisic acid (ABA)-deficient sitiens
mutant (Groot and Karssen, 1992). Since the precur-
sors of ABA synthesis are derived from the carotene
route, viviparous seeds could result from a reduction
of ABA levels in PDS-silenced fruits as a consequence
of the inhibition of carotene biosynthesis.

Further characterization of the PDS-silenced pheno-
type was carried out both in agroinjected and system-
ically silenced fruits. PDS mRNA levels were
measured by quantitative PCR in silenced and non-
silenced fruit pericarp. As shown in Figure 5A, a sig-
nificant reduction on PDS mRNA levels was observed
in all silenced samples when compared with control

Relative levels of lycopene (black bars) and the PDS substrate phytoene
(white bars) in pericarp samples. Metabolite levels are given as a
percentage of the total carotenoid content in every sample.

Plant Physiol. Vol. 140, 2006



red pericarp from the same age. Yellow/orange tissue
from systemic PDS-silenced fruits showed very low
levels of mRNA accumulation, indicating a very ef-
fective silencing. Slightly lower inhibition levels were
found in locally PDS-silenced fruits. Interestingly, red
sectors in systemic PDS-silenced tomatoes also
showed up to 4 times reduction in PDS mRNA when
compared with nonsilenced controls, without effects
in tissue color.

Finally, the carotenoid profile of the different sam-
ples was also determined (Fig. 5B). As expected, PDS-
silenced pericarp produced low levels of lycopene,
accumulating instead the PDS substrate phytoene (Fig.
5C). Carotene profiles correlated with PDS mRNA
levels except for red pericarp in systemic PDS-silenced
fruits, where lycopene accumulates at similar levels
than control red tissue despite the lower PDS mRNA
levels. This suggests that PDS mRNA levels need to
reach a certain threshold in order to trigger lycopene
accumulation.

Final Remarks

We have analyzed here the potential of agroinjection
for transient expression in tomato fruits. As with any
invasive methodology, agroinjection carries certain
limitations that should be kept in mind in the design
of experiments. The massive presence of Agrobacte-
rium cells in the fruit can induce side effects that
should be minimized, e.g. reducing culture concentra-
tion and/or incubation times when possible. Appro-
priate control treatments including agroinfiltrated
fruits should be included in any experimental design.
With the appropriate controls in place, we have shown
that agroinjection is a useful tool for fruit biology. It
functions as a fast-construct testing methodology, in
the study of promoter regulation, as exemplified with
pHSP70B::GUS reporter fusion, in the study xenopro-
tein expression and stability, as shown in the pro-
duction of IgA antibodies, and, finally, as a shortcut in
VIGS functional gene analysis Moreover, agroinjection
may be very helpful when assaying fruit gene con-
structs that may interfere with plant developmental
processes.

While this manuscript was in preparation, Fu and
collaborators published a description of virus-induced
gene silencing in tomato fruits using several pTRV1/2
delivery methods, which included syringe infiltration
of the fruits (Fu et al., 2005). In their report, the authors
showed that local fruit infiltration (cv Lichum and cv
Ailsa Craig) with VIGS vectors encoding LeEIL and
LeEIN2 genes from the ethylene perception route re-
sulted in green, ripening-impeded fruit sectors. Our
results reported here on the possibility of establish-
ing a VIGS system in tomato fruits are fully supported
by the results shown by Fu et al. (2005). Interestingly,
the green/red sectorization produced by the manipu-
lation of ethylene route differed from the yellow/red
sectorization reported here, beautifully indicating that
accumulation of the flavonoid chalconaringenin is
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probably an ethylene-dependent event. A relevant con-
tribution of our system is the total fruit infiltration
obtained with agroinjection of small-sized Micro Tom
fruits, which can contribute to an increase in the
efficiency of the silencing. This is an important con-
sideration because adaptation of fruit VIGS to gene
functional screenings requires a strong and reliable
system that maximizes both the percentage of silenced
fruits and the silenced surface in each fruit, so that the
requirement for silencing markers (Chen et al., 2004)
can be eliminated.

MATERIALS AND METHODS
Agrobacterium-Based Transient Transformation

Agrobacterium cultures (5 mL) were grown overnight from individual
colonies at 28°C in YEB medium plus selective antibiotics, transferred to 50 mL
induction medium (0.5% beef extract, 0.1% yeast extract, 0.5% Peptone, 0.5%
Suc, 2 mm MgSO,, 20 uM acetosyringone, 10 mm MES, pH 5.6) plus antibiotics,
and grown again overnight. Next day, cultures were recovered by centrifu-
gation, resuspended in infiltration medium (10 mm MgCl,, 10 mm MES, 200
M acetosyringone, pH 5.6; optical density = 1.0 unless stated otherwise), and
incubated at room temperature with gentle agitation (20 rpm) for a minimum
of 2 h. Cultures were combined when required, collected with a syringe, and
injected in the fruits as described below. In methylene blue experiments, cells
were incubated for 5 min in infiltration medium containing 0.05% methylene
blue, recovered by centrifugation, washed twice with infiltration medium,
and agroinjected.

Agroinjection was performed as follows. Tomato fruits (Solanum lycopersi-
cum cv Micro Tom) at different stages of development were infiltrated using
a 1-mL syringe with a 0.5- X 16-mm needle (BD Pastipak). Needle was
introduced 3 to 4 mm in depth into the fruit tissue through the stylar apex,
and the infiltration solution was gently injected into the fruit. The total volume
of solution injected varied with the size of the fruit, with a maximum of 600 uL
in mature green tomatoes. The progress of the process could be followed by
a slight change in color in the infiltrated areas. Once the entire fruit surface has
been infiltrated, some drops of infiltration solution begin to show running off
the hydathodes at the tip of the sepals. Only completely infiltrated fruits were
used in the experiments. Tomatoes at developmental stages beyond breaker
did not infiltrate completely using this method and therefore were not
included in the experiments. For tomato leaf agroinfiltration, needles were
removed and Agrobacterium cultures were introduced in the intercellular
spaces as described earlier (Liu et al., 2002).

Plasmids and Bacterial Strains

For reporter gene analysis, pBIN-YFP/GUS and pHSP70B::GUS plasmids
were used. pBIN-YFP/GUS is a pBIN derivative carrying 35S Cauliflower
mosaic virus:YFP and 35S Cauliflower mosaic virus::GUS constructs in tandem.
Plasmid pHSP70B::GUS contained a 1.98-kb fragment of Arabidopsis (Arabi-
dopsis thaliana) genomic DNA upstream of the ATG codon of the AtHSP70B
gene (Sung et al., 2001), cloned in pGREEN backbone. Plasmids were trans-
ferred to Agrobacterium strains LBA4404, C58C1, and MOGI101 with no
significant differences observed in the levels of transient transformation
between the different strains.

For chicken IgA expression, two series of plasmids were used. pBIN-IgL
series are pBIN derivatives containing 35S promoter and murine kappa light
signal peptide, which incorporate chicken IgL chains n8 and n10 as Sall/Xbal
restriction fragments selected from phage display libraries cloned in
pCHICK3 phagemid vector (Wieland, 2004). In a similar fashion, pBIN-IgH
series contain murine kappa light signal peptides and Cal to 4 constant
regions from chicken IgarH, and incorporate chicken VH regions n8 and n10
as Sall/Sstl restriction fragments selected from pCHICK3-phage display
libraries. Agrobacterium C58C1 cultures carrying pBIN-IgL and pBIN-IgH
plasmids were either infiltrated separately or coinfiltrated (ratio 1:1) in tomato
fruits.

For PDS silencing experiments, previously described pTRV1 and pTRV2-
tPDS plasmids were agroinjected (Liu et al., 2002). The version of pTRV2-tPDS
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vector used here had its PDS intron sequences removed (S. Prat, personal
communication).

Detection of Xenoprotein Expression

Histochemical detection of GUS activity was performed as described
(Jefferson, 1987). Negative controls, consisting in nonagroinjected tomatoes,
pTRV1-agroinjected tomatoes, and pBIN-YFP/GUS-agroinjected tomatoes
collected and fixed 30 min after agroinjection, did not render significant
blue staining. Quantitative glucuronidase activity assay method was adapted
from Jefferson (1987). Briefly, tomato slices (approximately 100 mg) were
homogenized in 100 uL. GUS extraction buffer, debris cleared by centrifuga-
tion, and 10 uL of the resulting supernatant incubated with 190 uL of GUS
assay buffer at 37°C. At different time intervals, 10-uL aliquots of each
reaction were stopped with 90 uL of 1 M sodium carbonate. The A, was
determined using TECAN microtiter plate spectofluorimeter. For GUS time-
course analysis, homogenization step was omitted and instead tomato slices
were weighted and incubated directly in GUS assay buffer.

YFP expression was detected under UV light using binocular lens.
Confocal images from fresh tissue were taken with a Leika DMIRE2 confocal
microscopy.

Fruit-expressed chicken IgAs were detected following western-blot stan-
dard procedures. Placenta and locular frozen tissues were ground in N, (1),
extracted in 1X phosphate-buffered saline 1:1 (v/w) in the presence of plant
protease inhibitor cocktail (Sigma), and cleared by centrifugation. Total
protein content was estimated with Bio-Rad Dc protein assay (Bio-Rad).
Tomato cleared extracts (10 ug of protein per sample) were separated by SDS-
PAGE. For the separation of individual Ig chains, samples were boiled in the
presence of Laemmli-running buffer containing 0.1 M dithiothreitol and run in
standard 12% acrylamide gels. For the detection of IgA complexes, samples
were run in Bio-Rad TX 5% to 12% gradient gels without reducing agent. Gels
were transferred to PVDA membranes following standard procedures. LCs
and HCs were detected using goat anti-chicken LC and goat anti-chicken IgA
alpha-specific antibody, respectively (Bethyl). A rabbit anti-chicken IgY
whole-molecule antibody (Sigma) was also used for the detection of IgA
complexes. Peroxidase-conjugated secondary antibodies were detected with
ECL system (Amersham).

Analysis of Fruit Affected in Carotenoid Biosynthesis

Relative abundance of PDS mRNA in pericarp samples was determined by
quantitative reverse transcription-PCR. RNA samples from tomato pericarp
were prepared with RNAeasy plant mini kit using on-column RNAse-free
DNAse Set treatment (Qiagen), and copied to cDNA with Superscript II
reverse transcriptase (Invitrogen). Primers PDSF1 (TCATCAACCTTCC-
GTGCTTC) and PDSR1 (AACATCCCTTGCCTCCAGC) rendering a 141-bp
amplicon were mixed with SYBER GREEN PCR master mix (Applied
Biosystems) in appropriated proportions. A tomato actin amplicon was
used as internal standard for quantifications. Samples were amplified in
triplicate with ABI PRISM 7000 sequence detection system and analyzed with
ABI PRISM 7000 SDS software.

For carotene content analysis, tomato pericarp samples (200 mg) from
silenced and nonsilenced fruits were ground in N, (1), extracted, and analyzed
as described (Fraser et al., 2000).
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