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Abstract: Type I trichomes of tomato leaves (Solanum lycopersicum Mill. cv. Moneymaker), as
outgrowths of the plant epidermis, are suitable for monitoring infection processes of powdery
mildew species using a high-fidelity digital microscope (DM) without fungal staining. On the
trichomes, tomato powdery mildew (Pseudoidium neolycopersici L. Kiss) isolate KTP-03 produced a
maximum of four vigorously elongated hyphae per conidium, which stopped growth approximately
12 days after inoculation. Single trichome cells, invaded by fungal hyphae at various fungal infection
stages during the 12-day period after the inoculation of single conidia, were cut at the bases and
directly collected with small precision scissors (i.e., microscissors) held by the manipulator under a
DM. Subsequently, suc-polymerase chain reaction (PCR) (reverse transcription (RT)-PCR followed by
nested (N)-PCR) was conducted to explore gene expression in the infected trichome. We selected
intron-containing genes from tomatoes and powdery mildew fungi for the detection of constitutive
gene transcripts, namely plasma membrane H*-ATPase (LHA2) and f-tubulin 2 (TUB2) genes. In
suc-PCR, a single band from spliced mRNAs of both LHA? and TUB2 genes were detected, suggesting
that both genes were successfully transcribed in single KTP-03-infected trichomes. With combined
primers for both LHA2 and TUB2 (multiplex RT-PCR/N-PCR), two bands were detected through
the amplification of intron-spliced mRNAs of both genes. Therefore, our single-trichome cell PCR
amplification method is effective for detecting the expression patterns of genes from both tomato
and powdery mildew fungus. Combinations of digital microscopy, microscissors, and multiplex
RT-PCR/N-PCR amplification techniques will be useful for simultaneously analysing the molecular
interactions between plants and powdery mildew fungi at the level of single tomato leaf trichome
cells. Also, this employed technique will be of benefit in other plant species and crops, possessing
leaf trichome cells, to elucidate the molecular interactions between plants and pathogens.

Keywords: gene expression detection; haustorium; microscissors; molecular analysis; Solanum
Lycopersicum; tomato powdery mildew
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1. Introduction

Biotic stresses such as fungi, bacteria and viruses affect the growth and development
of plants [1]. Under stress, several proteins that are known as pathogenesis-related (PR)
proteins are accumulated in plants. The PR proteins are studied and coded by the host
plant specifically under biotic stress [2], and are not only accumulated in the infected
leaves, but are also produced systemically in association with the development of systemic
acquired resistance (SAR). For example, the expression of PR-1 genes serves as a molecular
marker to indicate the plant defense response against pathogens [3]. Thaumatin-like
proteins (TLPs) produced in plants are associated with developmental processes and
defense against phytopathogens and elicitors [4]. Chitinases are accumulated in plants as a
result of infection caused by fungi and other biotic and abiotic factors [5]. Lawrence et al. [6]
reported that the expression of chitinase increases against phytopathogen systems and its
induction is stronger in resistant varieties of tomato. Plant 3-1,3-glucanases (members of
the PR-2 family of PR proteins) indirectly induce the formation of oligosaccharide elicitors,
which elicit the production of phytoalexins [7]. PR-5 proteins (members of PR family) are
cysteine rich proteins which are also recognised as TLPs since they show a resemblance to
the sequence of thaumatin [8]. On the other hand, regarding the effects of fungi on plants,
Manghwar et al. [9] evaluated the expression of important PR protein genes in resistant
and susceptible varieties of wheat and maize under Bipolaris sorokiniana fungal stress, and
described that these PR genes can be further over-expressed in transgenic plants to create
resistance against various pathogens. Also, Sunera et al. [10] suggested that the use in
agriculture of plant growth promoting bacteria (PGPB), isolated from tomato rhizospheres,
stimulated plant growth and reduced environmental risks by providing a sustainable
agro-ecosystem. In addition, Manghwar et al. [11] studied the behavior of important PR
genes in different wheat varieties, identifying which genes could be used for cloning into
wheat and other transgenic crops to create resistance to Fusarium equiseti.

Tomato powdery mildew fungi are obligate biotrophs that infect leaves and stems,
and reduce the yield of infected tomato plants. Tomato powdery mildews are caused by
three species: Pseudoidium neolycopersici L. Kiss (epiphytic fungus) and Leveillula taurica
(Lév.) G. Arnaud (endophytic fungus), two pathogens that appear on host plants in
many regions worldwide [12-14], and Golovinomyces lycopersici (Cook and Massee) L. Kiss
(epiphytic fungus), reported only from Australia [13,15]. Powdery mildews caused by
P. neolycopersici occur regularly on hydroponically cultured tomato (Solanum lycopersicum
Mill. cv. Moneymaker) in Japan [16-18]. Five P. neolycopersici isolates (KTP-01, -02, -03,
-04 and -05) from infected tomato leaves have been isolated and identified based on the
morphological and genetic (ribosomal DNA internal transcribed spacer region: rDNA-ITS
region) characteristics of powdery mildew fungi [19-22].

In the life cycle of P. neolycopersici, after a fungal conidium lands on the surface of a
host leaf, the conidium elongates an appressorial germ tube and forms an appressorium
at the tip. The appressorium facilitates adhesion to the host leaf surface and subsequent
fungal penetration of the plant cell wall. After penetration into a host epidermal cell,
a mature haustorium forms at the tip of the infection peg. A functional haustorium is
essential for drawing nutrients and water from the host cell; it is also needed for most
infection structures that generate new epiphytic hyphal growths and successful fungal
colonisation on the leaf surface [19,23,24]. To elucidate the molecular interactions between
host plant cells and pathogenic powdery mildew fungi, we have focused on trichome cells
formed on tomato leaves as target plant cells. Trichomes consist of transparent cells that
grow from the leaf epidermis; they act as biological antennae, responding to physical and
chemical stimuli (e.g., temperature, water-vapour concentration and signal volatiles) or
producing chemicals (e.g., insecticidal, antifungal or adhesive (bio-surfactant) agents) after
the detection of changes in environmental factors [25-33]. The leaves of wild and cultivated
Solanum species have morphologically distinct trichomes (types I-VII) [34-36]. For example,
the morphological characteristics of leaf type I trichomes of tomato cv. Moneymaker (MM)
include a length of 1.5-2.5 mm on a multicellular base with a small glandular tip; they



Agriculture 2022, 12, 254

30f16

are more abundant and larger than other types of trichomes. In our previous studies, we
succeeded in observing mature haustoria in P. neolycopersici-invaded trichomes using a
high-fidelity digital microscopy (DM) without chemical treatment [37] and clarified the
morphological characteristics of functional P. neolycopersici haustoria in type I trichomes
of MM using field-emission scanning electron microscopy [38]. Our results showed a
positive correlation between the number of haustoria per hypha and the hyphal lengths
on trichomes. Our findings suggested that trichomes were excellent and advantageous
sites for morphological and cytological analysis of the interactions between plant cells and
powdery mildew pathogens.

In the present study, we aimed to demonstrate that a single trichome cell could be used
to monitor the expression of genes of both tomato and the fungus. To efficiently analyse the
interactions, methods are needed to isolate the intracellular content of a single plant cell
attacked by a fungal appressorium and /or haustorium. At present, only two techniques are
available: micropipette manipulation [39] and laser microdissection [40]. However, these
techniques are not widely used because they require considerable skill and specialised
equipment. To solve this problem, we used small, pointed scissors (i.e., microscissors)
installed in a micromanipulator for efficient cutting and collection of living single leaf
trichomes under DM. We then conducted direct reverse transcription (RT)-polymerase
chain reaction (PCR) followed by nested (N)-PCR (suc-PCR) or multiplex RT-PCR/N-PCR
amplification of mature mRNA transcripts [41], to individually or simultaneously evaluate
the expression patterns of targeted plant and fungal genes in P. neolycopersici-inoculated
trichome cells. To our knowledge, this is the first report of a method to detect gene
expression patterns in single powdery mildew-infected leaf trichome cells at various
developmental stages of pathogenic powdery mildew infection.

2. Materials and Methods
2.1. Plant Materials

Tomato seeds of MM were germinated on water-soaked filter papers in a petri dish for
3 days in a growth chamber (LH-240N; Nippon Medical and Chemical Instruments, Osaka,
Japan) under continuous illumination (19.8—-40.3 pumol m~2 s~ 1; 400-700 nm) from white
(full-spectrum) fluorescent lamps (FL40SS W /37; Mitsubishi, Tokyo, Japan) at 25 + 2 °C.
Seedlings at the cotyledon stage were placed into polyurethane cubic sponge supports
(Bem x 3 cm x 3 cm). Sponge supports containing seedlings were inserted into 30 mL
cylindrical plastic cases (diameter 3 cm, length 5 cm), each containing 20 mL hydroponic
nutrient solution (4.0 mM KNOs, 1.5 mM Ca(NOs3),, 1.0 mM MgSOy, 0.66 mM NH4H, POy,
0.057 mM FeEDTA, 0.048 mM H3BOj3; and 0.009 mM MnSQ,), and then incubated for
14 days in a temperature-controlled room under the following conditions: 25 + 2 °C,
50-70% relative humidity (RH) and continuous illumination at 22.2 umol m~2s7 1. Seeds
of MM were obtained from their self-pollinated progeny in our greenhouse.

2.2. Fungal Materials

Isolate KTP-03 of tomato powdery mildew (P. neolycopersici L. Kiss) was used in
this study [21]. Mature conidia were collected from fungal mycelia on infected leaves
using an electrostatic spore collector, as previously described by Nonomura et al. [42], and
transferred onto true leaves of 14-day-old MM healthy seedlings using a KH-2700 high-
fidelity digital microscope (KH-2700 DM; Hirox, Tokyo, Japan). Inoculated seedlings were
maintained for 14 days in LH-240N growth chambers at 25 4+ 1 °C and 50-70% RH under
continuous illumination at 22.2 pumol m~2 s~1 [21]. Voucher material of the KTP-03 fungus
is preserved in the Herbarium Preservation Section of Kindai University (Nara, Japan).

2.3. Dynamic Analysis of P. neolycopersici Infection in Tomato Leaf Type I Trichomes

Mature KTP-03 conidia were inoculated onto leaf type I trichomes of 14-day-old MM
seedlings (n = 20). The P. neolycopersici-inoculated MM seedlings were incubated in an
LH-240N growth chamber for 12 days at 25 &= 1 °C with 70-90% RH, under continuous illu-
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mination at 22.2 pmol m~2 s~ 1. The infection processes of KTP-03 on leaf type I trichomes
were observed using the KH-2700 DM. Photographs showing the hyphal development
of KTP-03 were taken 0-12 days after the inoculation of a single conidium onto a leaf
type I trichome using the one-half-inch interline transfer charge-coupled device camera of
the KH-2700 DM. Micrographs were analysed using Adobe Photoshop image-processing
software (ver. 5.0; Adobe Systems, San Jose, CA, USA) to improve image contrast, without
altering the original information.

2.4. Microscopic Observation of P. neolycopersici Haustoria Formed in Tomato Leaf Type I Trichomes

Mature KTP-03 conidia were inoculated onto leaf type I trichomes of 14-day-old
MM seedlings (n = 25); KTP-03-inoculated MM seedlings were incubated in an LH-240N
growth chamber for 2-5 days under the conditions described above. Twenty-five leaf
segments (approximately 1 x 1 cm in area) were collected from KTP-03-inoculated MM
seedlings. All hyphae (except haustoria in trichome cells) that grew on the trichome cells
were successfully removed using a small glass needle installed in a micromanipulator [38].
Haustoria in type I trichomes were directly observed under the KH-2700 DM and a BX-60
light and epifluorescence microscope (BX-60 EM; Olympus, Tokyo, Japan) without chemical
treatment. The BX-60 EM has a dichroic mirror at 400 nm (maximum excitation, 330-385 nm;
barrier filter, 420 nm). Additionally, identical samples were fixed and chlorophyll was
removed using a boiling alcoholic lactophenol solution (10 mL glycerol, 10 mL phenol,
10 mL lactic acid, 10 mL distilled water and 40 mL 99.8% ethanol) for 1-2 min. The samples
were stained using 0.1% aniline blue (Nacalai Tesque, Tokyo, Japan) dissolved in distilled
water, as described previously [43]. Subsequently, haustoria in type I trichomes were
observed under a BX-60 light microscope (BX-60 LM; Olympus).

2.5. Collection of Single P. neolycopersici-Inoculated Tomato Leaf Type I Trichomes with Microscissors

Mature KTP-03 conidia (n = 880) were inoculated onto type I trichomes of 14-day-old
MM seedlings (n = 880); KTP-03-inoculated MM seedlings were incubated in an LH-240N
growth chamber for 0-12 days under the conditions described above. There were eight
fungal developmental stages (from conidial attachment to complete cessation of hyphal
growth on trichomes): non-germinated conidia, appressorial germ tube-formed conidia,
primary appressorium-formed conidia, secondary (one colony-forming) hyphae-possessing
conidia, two colony-forming hyphae-possessing conidia, three colony-forming hyphae-
possessing conidia, four colony-forming hyphae-possessing conidia, and hyphal growth-
ceased conidia. Type I trichomes that had not been inoculated with KTP-03 conidia (i.e.,
non-inoculated) were prepared as a control condition. Furthermore, all hyphae (including
conidia, germ tubes and appressoria) grown on the trichomes were removed using a
small glass needle installed in a micromanipulator (as mentioned above); single type I
trichomes that possessed only one haustorium or 3-5 haustoria of KTP-03 were prepared.
The basal cells of trichomes not inoculated and inoculated with single conidia, as well as
trichomes that possessed only haustoria of KTP-03, were cut separately using precision
scissors (microscissors) (SC-F; Micro Support, Shizuoka, Japan) inserted into the main
microscissors unit and subsequently installed in the manipulator (QuickPro MSC-2; Micro
Support). By operating the user interface controller (QP-3RH) and the opening/closing dial
in accordance with the instructions of the manufacturer (Micro Support), after powering
the motion controller (MC104) (Figure 1A), a single trichome cell was successfully cut with
the SC-F microscissors and then collected (Figure 1B).
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Figure 1. Single KTP-03-inoculated tomato leaf type I trichome collection system combining digital
microscopy and micromanipulation techniques. (A) A 14-day-old tomato seedling TM was placed
under a KH-2700 digital microscope (DM). Precision scissors (microscissors) (SC-F) inserted into
the microscissors main unit (MMU) were installed in the manipulator (MSC-2). After powering the
motion controller (MC104), the single trichome cells were cut using SC-F microscissors by operating
the user interface controller (QP-3RH) and the opening/closing dial. (B) Enlarged photograph of
the devices used to cut and collect single leaf type I trichome cells using SC-F microscissors under a
KH-2700 DM.

2.6. Amplification of 5.8S rDNA-ITS Sequence by PCR

To detect ribosomal DNA internal transcribed spacer (rDNA-ITS; AB094991) regions
in the genome of P. neolycopersici, the collected single KTP-03-non-inoculated /inoculated
and hyphae-removed leaf type I trichomes were directly transferred into 25 pL of TE
buffer (10 mM tris aminomethane, 1 mM ethylenediaminetetraacetic acid, pH 8.0) (Nacalai
Tesque) in a 1.5-mL Eppendorf tube (As One, Osaka, Japan). One pair of primers was
artificially constructed on the basis of their nucleotide sequences in the internal regions of
the rDNA-ITS: ITS5/1TS4 [44], as shown in Table 1. The solution (23 pL) was mixed with
2 uL of each primer (10 uM; ITS5 and ITS4) and 25 pL of 2 x Quick Tag™ HS DyeMix
(Toyobo, Osaka, Japan) in a single 200-puL Flat 1000 PCR tube (NIPPON Genetics, Osaka,
Japan). Genomic PCR was performed using the following protocol: initial denaturation at
94 °C for 2 min, followed by 40 cycles of denaturing at 94 °C for 30 s, annealing at 56 °C
for 30 s, extension at 68 °C for 1 min, and a final incubation at 68 °C for 7 min. Amplicons
resulting from PCR were run on 2% agarose gels. Experiments were repeated 20 times at
each fungal developmental stage (1 = 220 type I trichomes). Fragments were sent to Fasmac
(Kanagawa, Japan) for sequencing, which was conducted with the same primers used for
the amplifications.

Table 1. Primers used in this study.

PCR Targets Primers Primer Sequences
rDNA-ITS ITS-47° 5'-TCCTCCGCTTATTGATATGC-3'
ITS-5° 5'-GGAAGTAAAAGTCGTAACAAGG-3/
LHA2 IpRT-1b 5-GCCAAAGGTGTTGACGCAGATAC-3'
IpRT-2 P 5'-CACTCCAAGATTCAAAGCCCTCCT-3
IpN-1? 5'-AGAACCAGGATGCCATTGAC-3
IpN-2P 5-ACAAAGGCAGGAGACCAATG-3
TUB2 tbRT-1 5-AACCAAATTGGGGCTGCTTTC-3/
tbRT-2 5'-CCCAGTTGTTACCAGCCCC-3
tbN-1 5-GCCTTGACGGATCTGGTGT-3'
tbN-2 5'-GTCGAAAGAGCTGACCGAA-3

2 Primers designed by White et al. [44]. P Primers designed by Wada et al. [45].
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2.7. Transcript Amplification of Tomato Plant- and Powdery Mildew Fungus-Derived Genes by
suc-PCR (RT-PCR/N-PCR)

Tomato plant- and powdery mildew fungus-derived genes, selected from the cDNA
database in the DNA Data Bank of Japan (DDBJ), were used as PCR targets in this study:
plasma membrane H*-ATPase (LHA2; AF179442) [46,47] and B-tubulin (TUB2; MK355657),
respectively. For amplification of these genes, four pairs of primers were artificially con-
structed on the basis of their nucleotide sequences in the internal regions of the cDNAs.
The primers were lha-1(IpRT-1/1pRT-2) and lha-2(IpN-1/1pN-2) [45] for the LHA?2 gene,
and tub-1(tbRT-1/tbRT-2) and tub-2 (tbN-1/tbN-2) for the TUB2 gene, as shown in Table 1.
Amplification of their gene transcripts was carried out by suc-PCR; the external primer
pairs lha-1 and tub-1 were used for primary PCR (RT-PCR,; first round of PCR), while the
internal primer pairs lha-2 and tub-2 were used for the subsequent N-PCR (second round of
PCR). To detect transcripts of the LHA2 gene in leaf type I trichome cells and the TUB2 gene
in tomato powdery mildew fungi, the collected single KTP-03-non-inoculated /inoculated
and hyphae-removed leaf type I trichomes were directly transferred into 25 uL of TE buffer
in a 1.5-mL Eppendorf tube. The solution (20.5 uL) was mixed with 2 pL of each primer
(10 uM; Iha-1 or tub-1), 2.5 uL. of 50 mM Mn(OAc), and 25 puL of 2 x RT-PCR Quick Master
Mix (Toyobo) in a single 200-uL Flat 1000 PCR tube. For both genes, RT-PCR was performed
with reverse transcription at 90 °C for 30 s and 60 °C for 30 min, with initial denaturation
at 94 °C for 1 min, 40 cycles of denaturing at 94 °C for 30 s, annealing at 66 °C for 30 s,
extension at 72 °C for 1 min, and final incubation at 72 °C for 7 min. A 3-pL aliquot of
the reaction mixture was mixed with 2 pL of each primer (10 pM; lha-2 or tub-2), 20 uL
of sterile water (H,0) and 25 uL of 2 x Quick Taq™ HS DyeMix in a single 200-uL Flat
1000 PCR tube. For both genes, N-PCR was performed in accordance with the following
protocol: initial denaturation at 94 °C for 2 min, followed by 40 cycles of denaturing at
94 °C for 30 s, annealing at 62 °C for 30 s, extension at 68 °C for 1 min, and final incubation
at 68 °C for 7 min. The final PCR products were electrophoresed on 2% agarose gels; the
lengths of the amplified products were compared to those of the original cDNAs. The
experiments were conducted 20 times at each fungal developmental stage (1 = 440 type I
trichomes). Fragments were sent to Fasmac for sequencing. Sequencing was conducted
with the same primers used for the amplifications.

2.8. Simultaneous Transcript Amplification of Tomato Plant- and Powdery Mildew
Fungus-Derived Genes by Multiplex RT-PCR/N-PCR

Constitutively expressed genes (LHA2 and TUB2) were used for multiplex RT-PCR/N-
PCR amplification. The collected single KTP-03-non-inoculated /inoculated and hyphae-
removed leaf type I trichomes were directly transferred into 25 uL of TE buffer in a 1.5-mL
Eppendorf tube. The solution (18.5 uL) was mixed with 4 uL of each primer (10 pM; lha-1
and tub-1), 2.5 puL of 50 mM Mn(OAc); and 25 uL of 2 x RT-PCR Quick Master Mix in a
single 200-pL Flat 1000 PCR tube. The first round of amplification, involving two pairs of
RT-PCR primers (lha-1 and tub-1), was performed under the same conditions described
above. A 3-uL aliquot of the reaction mixture was mixed with 4 uL of each primer (10 uM;
lha-2 and tub-2), 18 uL of sterile water (H,O) and 25 pL of 2 x Quick TaqTM HS DyeMix in
a single 200-pL Flat 1000 PCR tube. The second round of amplification, involving two pairs
of N-PCR primers (lha-2 and tub-2), was performed under the same conditions mentioned
above. The final PCR products were electrophoresed on 2% agarose gels. The experiments
were conducted 20 times at each fungal developmental stage (1 = 220 type I trichomes).

3. Results
3.1. Analysis of Infection Processes of P. neolycopersici on Leaf Type I Trichome Cells of MM

The infection process of KTP-03 isolates was consecutively monitored on leaf type I
trichomes of MM, using a KH-2700 DM (Figure 2). Figure 2—1 shows a single leaf type I
trichome of MM. Individual KTP-03 conidia were positioned directly onto the single
trichome (Figure 2—2). All conidia (approximately 20) of KTP-03 germinated on the



Agriculture 2022, 12, 254

7 of 16

trichomes at 3-5 h (Figure 2—3), and then produced primary appressoria at 6-10 h after
inoculation (Figure 2—4). Secondary hyphae were produced from the conidia within
48 h after inoculation (Figure 2—75). In addition, the KTP-03 produced elongating colony-
forming hyphae from the conidia: two hyphae at 3 days (Figure 2—6), three hyphae at
4 days (Figure 2—7), and four hyphae at 5 days (Figure 2—S8). From a single conidium,
a maximum of four hyphae (containing germ tubes) were formed: hyphal development
completely ceased at approximately 12 days after inoculation (Figure 2—9). Compared
with the infection processes on tomato leaf epidermal cells, no conidiophores were formed
on the infected trichomes during the experimental period (Figure 2—9). Haustoria were
observed in the trichome cells when using the KH-2700 DM (Figure 3A-D), BX-60 EM
(Figure 3E,F) and BX-60 LM (Figure 3G). Figure 3B,D show that one and four haustoria,
respectively, formed in single trichome cells after removing all hyphae, including conidia,
or after removing germ tubes and appressoria, from the trichome cells at 2 (Figure 3A)
and 7 days (Figure 3C) after inoculation with single KTP-03 conidia onto the trichome
cells. Using the same samples, we observed haustoria (Ha) and papilla-like structures
(white one-sided arrows in Figure 3F) in trichome cells with the BX-60 EM instrument
(light, Figure 3E; fluorescence, Figure 3F); we observed pale brown haustoria in trichome
cells with the BX-60 LM after histochemical staining (Figure 3G). KTP-03 haustoria were
transparent globular structures in the trichome cells surrounded by papillae.

- \/" N\
- 4 N Y,
n o 4 y
/ b V%

Figure 2. Infection processes of KTP-03 on leaf type I trichome cells of MM observed continuously
with a KH-2700 DM. (1) and (2) Micrographs were acquired before (1) and after inoculation with a
KTP-03 conidium (Co) onto single leaf type I trichome cells (2). (3-9) Micrographs were recorded
at (3) 3h, (4) 6 h, (5) 2 days, (6) 3 days, (7) 4 days, (8) 5 days, and (9) 12 days after inoculation with
a KTP-03 conidium onto the trichome cell. A KTP-03 conidium formed germ tubes (Gt) on the
trichomes at approximately 3 h, primary appressoria (Ap) at approximately 6 h, and haustoria within
2 days after inoculation. Note that the fungus forms colony-forming hyphae (arrows) from a conidial
body and continues to vigorously produce elongating hyphae on the trichome after inoculation.
As shown in (9), hyphal development completely ceased without conidiophore formation on the
trichome at 12 days after inoculation. Bars indicate 40 pm.
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Figure 3. Digital (A-D), light and epifluorescent (E,F), and light (G) micrographs showing haustoria
of KTP-03 and papilla-like structures in leaf type I trichome cells of tomato cv. Moneymaker (MM)
in the same field of view. (A,C) KTP-03 conidium (Co) formed one haustorium (Ha) beneath the
primary appressorium (Ap) (A) and 3—4 haustoria (Ha) beneath the primary appressorium (Ap) and
hyphal appressoria (Hap) on the trichome cells (C). (B,D) One (B) and three haustoria (D) located in
a trichome cell after the removal of KTP-03 hyphae from the trichome cells shown in (A,C) (at 2 days
and 7 days after inoculation of KTP-03 conidia), respectively, using a small glass needle. (E,F) Without
chemical treatment, haustoria (Ha) exhibited spherical structures (E) and papilla-like structures (white
one-sided arrows) fluoresced in a single trichome cell (F). (G) With chemical treatment, haustoria
(Ha) were stained light brown. Micrographs were acquired at 2 days (A) and 7 days (C) and after
inoculation with KTP-03 conidia. Bars indicate 20 um.

3.2. Collection of Single P. neolycopersici-Inoculated Type I Trichomes Using Microscissors

Using small, pointed scissors (SC-F microscissors) held by the MSC-2 manipulator
under a KH-2700 DM (Figure 4), the basal cells of type I trichomes (14-day-old MM
seedlings) not inoculated (Figure 2—1) and inoculated with single KTP-03 conidia were
collected individually. For the inoculated trichomes, we included cells at various fungal
infection stages over 12 days (Figure 2—2-9), and hyphae-removed type I trichomes with
a haustorium (Figure 3B) or 3-5 haustoria (Figure 3D). Using the collected trichomes,
PCR was directly conducted without DNA or RNA isolation in the next experiment to
detect gene expression patterns in single type I trichome cells and fungal cells during
each P. neolycopersici infection stage (from conidial attachment to complete cessation of
hyphal growth).
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Figure 4. Procedure for the collection of single KTP-03-non-inoculated /inoculated leaf type I trichome
cells of tomato cv. Moneymaker (MM). The basal cells of single trichomes were cut using small,
pointed scissors (microscissors) installed in a micromanipulator. The microscissors were placed near
the trichome basal cell (A) and directed towards that cell (B). Finally, the KTP-03-inoculated trichomes
were cut using the microscissors held by the MSC-2 manipulator under a KH-2700 DM (C). Arrow in
(C) indicates the location where a single trichome cell was successfully cut. Bars indicate 150 pm.

3.3. Amplification of Fungal 5.85 rDNA-ITS Sequences by PCR from Single P. neolycopersici-Inoculated
Type I Trichome Cells

Amplification of the 5.85 rDNA-ITS region was carried out by genomic PCR (using
the ITS5/1TS4 primer pair, Table 1). The PCR amplification success rate was 100% for the
5.8S rDNA-ITS region in 20 conidia inoculated onto trichomes at each fungal infection
stage, and in hyphae-removed trichomes that possessed a haustorium or 3-5 haustoria
(Table 2). The nucleotide length amplified by PCR was 664 base pairs (bp) for the 5.85
rDNA-ITS region (Figure 5). The nucleotide sequence was examined to confirm that the
fragment constituted the 5.85 rDNA-ITS region. The sequence was deposited in Genbank
under accession number LC663220. In addition, BLAST analysis indicated that the entire
5.85 rDNA-ITS region of KTP-03 was identical to the tomato powdery mildew fungus
P. neolycopersici (MG846017, MH137258 and AB032484 assigned in DDBJ). Overall, genomic
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PCR successfully amplified the 5.85 rDNA-ITS region from single KTP-03-inoculated leaf
type I trichomes and single KTP-03-haustorium-possessing leaf type I trichomes.

Table 2. PCR detection of gene transcripts in the intracellular contents of plant and/or fungal cells
with single P. neolycopersici-non-inoculated /inoculated leaf type I trichomes of tomato (Solanum

Iycopersicum Mill. cv. Moneymaker).

PCR Rates of Gene Expression Detection (%) *
Methods Target Genes = 2 3 4 5 6 7 8 o 10 11V
PCR/N-PCR 58S rDNA-ITS ND# 1000 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
wrounen 00 w0 e me e e o
Multiplex LHA2 100.0 100.0 100.0 100.0 95.0 100.0 95.0 95.0 100.0 95.0 100.0
RT-PCR/N-PCR TUB?2 ND 8.0 900 100.0 950 100.0 950 850 100.0 100.0 100.0

X Rates of successful PCR amplification of the 5.85 rDNA-ITS region, LHA2 gene, and TUB2 gene using single
KTP-03-non-inoculated /inoculated leaf type I trichomes (20 samples per experiment at each infection stage).
¥ Single KTP-03-non-inoculated (1) and -inoculated (lines 2-9) leaf type I trichomes (corresponding to Figure 2)
and single hyphae-removed trichomes that possessed one (10) or three (11) haustoria (corresponding to Figure 3).
% Not detected.

M 1 2 3 4 5 6 7 8 9 0 1 M

<— 664 bp

Figure 5. Electrophoretic detection of the amplified 5.8S rDNA-internal transcribed spacer (ITS)
region of KTP-03 conidia inoculated onto single leaf type I trichome cells of tomato cv. Moneymaker
(MM) by genomic PCR. Amplification of the 5.85 rDNA-ITS from KTP-03 was conducted using the
ITS5/1TS4 external primer pair (Table 1). Electrophoretic products were obtained by 5.85 rDNA-ITS
genomic PCR from single KTP-03-non-inoculated /inoculated leaf type I trichomes that had been
collected individually using microscissors at various fungal infection stages (shown in Figures 2 and 3).
Lanes 1-9: electrophoresis products obtained in P. neolycopersici-non-inoculated /inoculated leaf type I
trichomes (correspond to digital micrographs 1-9 in Figure 2). Lanes 10 and 11: electrophoresis
products obtained in hyphae-removed leaf type I trichomes (10 correspond to digital micrographs
in Figure 3B, and 11 in Figure 3D). Lane M shows the DNA ladder of a molecular weight marker
(Toyobo, Osaka, Japan).

3.4. Transcript Detection of Plant- and Fungus-Derived Genes by suc-PCR (RT-PCR/N-PCR) from
Single P. neolycopersici-Inoculated Type I Trichome Cells

Two constitutively expressed genes, LHA2 for tomato genes and TUB2 for powdery
mildew fungus genes, were used as PCR targets. Prior to the analyses of the PCR amplifica-
tion with P. neolycopersici-inoculated type I trichomes, the nucleotide lengths of genomic
DNAs of LHA2 and TUB2 were compared to the lengths of their original cDNAs. The LHA2
and TUB?2 genes contained three and two intron sequences in the regions amplified using
primers lha-2 and tub-2, respectively (Table 1). The nucleotide lengths to be amplified by
suc-PCR were 351 bp for LHA2 and 174 bp for TUB2. Successful amplification of LHA2 and
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TUB2 transcripts was achieved in P. neolycopersici-non-inoculated /inoculated trichome cells
(Figure 6A, lanes 1-9) and P. neolycopersici-inoculated trichome cells (Figure 6B, lanes 2-9),
at each fungal infection stage. Furthermore, these transcripts were amplified successfully in
hyphae-removed trichome cells that possessed a haustorium or 3-5 haustoria (Figure 6A,B,
lanes 10 and 11). The success rate of suc-PCR amplification was approximately 97.7%
for LHA2? transcripts in 220 trichomes and 94.5% for TUB2 transcripts in 200 conidia in-
oculated onto trichomes (20 trichomes and 20 conidia at each fungal infection stage), in
hyphae-removed trichomes that possessed a haustorium and 3-5 haustoria, respectively
(Table 2). Sequences were deposited in GenBank under accession number LC663222 for
LHA? and LC663221 for TUB2. In addition, BLAST analysis indicated that the partial LHA2
gene of MM and partial TUB2 gene of KTP-03 were identical to the tomato S. Iycopersicum
(NM_001247548 and AF179442) and tomato powdery mildew fungus P. neolycopersici
(MK355657 assigned in DDB]J). Overall, intron-spliced mRNAs were successfully amplified
by suc-PCR on genetic material from single P. neolycopersici-non-inoculated /inoculated
leaf type I trichome cells, and from single trichome cells that possessed only powdery
mildew haustoria.

M1 2 3 4 56 7 8 9 10 1M

<— 351 bp

<«— 174 bp

<— 351 bp
<« 174 bp

Figure 6. Electrophoretic detection of LHA2 and TUB2 genes amplified from single KTP-03-non-
inoculated/inoculated leaf type I trichomes of tomato cv. Moneymaker (MM) via suc-PCR (RT-
PCR/N-PCR) and multiplex RT-PCR/N-PCR, (for the detection of one and two genes, respectively).
(A,B) The LHA? gene from trichome cells (A) and TUB2 gene from KTP-03 (B) were amplified in the
first round using an external primer pair (lhaRT-1/1haRT-2 and tbRT-1/tbRT-2, respectively); this
was followed by N-PCR using an internal primer pair, along with lhaN-1/lhaN-2 or tbN-1/tbN-2,
respectively. (C) TheLHA2 and TUB2 genes were amplified in Figure 1. (lhaRT-2 and tbRT-1/tbRT-2,
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respectively); this was followed by N-PCR using an internal primer pair (lhaN-1/lhaN-2 and tbN-
1/tbN-2, respectively). Electrophoretic products were obtained by RT-PCR/N-PCR of LHA2 and
TUB2; multiplex RT-PCR/N-PCR of LHA2 and TUB2 was conducted using single KTP-03-non-
inoculated /inoculated leaf type I trichome cells collected individually using microscissors at various
fungal infection stages (shown in Figures 2 and 3). Lanes 1-9: electrophoresis products obtained in
P. neolycopersici-non-inoculated /inoculated leaf type I trichomes (correspond to digital micrographs
1-9 in Figure 2). Lanes 10 and 11: electrophoresis products obtained in hyphae-removed leaf type I
trichomes (10 correspond to digital micrographs in Figure 3B, and 11 in Figure 3D). Lane M shows
the DNA ladder of a molecular weight marker.

3.5. Simultaneous Transcript Detection of Plant- and Fungus-Derived Genes by Multiplex
RT-PCR/N-PCR from Single P. neolycopersici-Inoculated Type I Trichome Cells

To simultaneously detect gene expression patterns in the infected trichomes, we
amplified transcripts using mixed primers for multiplex RT-PCR/N-PCR of LHA2 and
TUB2 genes. The multiplex RT-PCR/N-PCR method yielded two bands: 351 bp for
LHA?2 and 174 bp for TUB2 (Figure 6C). Those transcripts were also successfully ampli-
fied in P. neolycopersici-inoculated trichome cells at each fungal infection stage (Figure 6C,
lanes 2-9), as well as in hyphae-removed trichome cells that possessed a haustorium or
3-5 haustoria (Figure 6C, lanes 10 and 11). The success rate of multiplex RT-PCR/N-PCR
amplification was approximately 98.2% for LHA2 transcripts in 220 trichomes and 95.0% for
TUB?2 transcripts in 200 conidia inoculated onto trichomes (20 samples at each fungal infec-
tion stage), in hyphae-removed trichomes that possessed a haustorium and 3-5 haustoria,
respectively (Table 2). Overall, these results indicated that intron-spliced mRNAs were
simultaneously amplified with multiplex RT-PCR/N-PCR of single P. neolycopersici-non-
inoculated /inoculated leaf type I trichome cells, and from single trichome cells that pos-
sessed only powdery mildew haustoria.

4. Discussion

Previous studies observed specific steps in the infection processes of P. neolycopersici in-
cluding appressoria [20,48], haustoria [49-52], and conidiophores [50,53-55] in tomato leaf
epidermal cells via histological staining. Such studies typically require chemical treatments
(e.g., chlorophyll removal, fixation and staining) to clearly observe morphology (haustoria)
and cytological responses (hypersensitive cell death or papillae) in epidermal cells. In our
previous and current studies, we focused on the analysis of infection processes of powdery
mildew fungi in leaf type I trichome cells of MM plants using the KH-2700 DM without
histochemical staining [37]. Our results in Suzuki et al. [37] showed that the cytological
responses of leaf trichome cells to non-pathogenic powdery mildew species (Blumeria
graminis f. sp. hordei Marchal Racel, Erysiphe trifoliorum Greville and Podosphaera xanthii
Pollacci) were identical to the cytological responses of epidermal cells of MM, including
papilla-like structures respondes to E. trifoliorum (from red clover), and a hypersensitive
cell death response to B. graminis f. sp. hordei (from barley) and P. xanthii (from melon).
Using the KH-2700 DM, we could observe functional mature haustoria (haustoria beneath
primary appressoria and haustoria beneath hyphal appressoria) in single P. neolycopersici-
infected trichome cells. With a field-emission scanning electron microscope (FE-SEM), we
further confirmed that the functional mature haustorium contains a haustorial body and
several haustorial lobes embedded in an extrahaustorial matrix and surrounded by an
extrahaustorial membrane [38].

In the present study, we had three main aims. First, we aimed to clarify the best
collection methods for single KTP-03-inoculated trichomes using microscissors. Second,
we aimed to identify the developmental processes of KTP-03 (at each fungal infection
stage) on trichomes. Third, we aimed to characterise individual and simultaneous gene
expression patterns in single trichome cells and/or fungal cells (possessing only haustoria).
Consequently, we successfully cut and collected the basal cells of KTP-03-inoculated leaf
type I trichomes using microscissors under the KH-2700 DM. The cell content could be
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used in N-PCR to efficiently amplify target genes. For N-PCR, two sets of primers (external
and internal primer pairs for the target sequences) were designed in accordance with the
approach of Pepper and Dowd [56]. The first primer pair constituted the external primers
for amplification of a trace quantity of target sequences by PCR; the second primer pair
constituted the internal primers for subsequent amplification of target sequences by N-PCR,
using a higher annealing temperature that permitted amplification via these primer pairs
alone. For example, using the primary PCR/N-PCR method, Llop et al. [57] successfully
detected a specific DNA fragment of plasmid PEA29 present in trace amounts of bacterial
samples (Erwinia amylovora). In addition, Matsuda et al. [58] successfully amplified the
entire 5.85 rDNA-ITS region from a single pre- and post-germinated conidium of tomato
and red clover powdery mildew fungi. They demonstrated that DNA fragments were
amplified in detectable amounts when N-PCR was performed, but not when only a single
round of PCR amplification was performed. The use of N-PCR was essential because of the
small quantity of primary PCR product obtained from single KTP-03-inoculated or hyphae-
removed leaf type I trichome cells. In the second and third experiments, we used suc-
PCR (RT-PCR/N-PCR) and multiplex RT-PCR/N-PCR for individual and simultaneously
detection of the transcripts of each target gene from plant and/or fungal cells, respectively.
Concerning the target genes, Matsuda et al. [59] confirmed LHA?2 gene expression through
analysis of the intracellular contents of a single tomato leaf type I trichome cell extracted
using a microinjection method; Matsuda et al. [58] confirmed p-tubulin (TUB2-0l) gene
expression in the intracellular contents of a single P. neolycopersici conidium collected
using a micromanipulation method. The LHA2 gene (encoding plasma membrane H*-
ATPase; [46,47]) and TUB2 gene (encoding p-tubulin biosynthesis; [60]) are particularly
useful because both are constitutively expressed and serve as excellent transcriptional
controls. Using suc-PCR for each individual gene and multiplex RT-PCR/N-PCR for both
of them, one and two major bands were successfully detected through the amplification of
intron-spliced mRNAs of both genes from single KTP-03-inoculated leaf type I trichomes
of various fungal infection stages, and from single hyphae-removed trichome cells that
possessed only haustoria, respectively. These results indicate that our PCR amplification
method is effective for detecting gene expression patterns of intron-containing genes (e.g.,
LHA?2 and TUB2). To our knowledge, this is the first report of a molecular assay method
based on suc-PCR and multiplex RT-PCR/N-PCR for detecting the expression patterns
of individual and multiple genes, respectively, in the intracellular contents of growing
fungal cells (at various fungal infection stages) in single P. neolycopersici-inoculated leaf
type I trichomes. We hope that the methods used in this study could be further applied
to monitor the expression of both host and powdery mildew genes that are involved in
the molecular mechanisms between plants and powdery mildew fungi, such as fungal
genes encoding effectors and plant genes for host and non-host defence responses [61-63].
Moreover, in future, this employed technique will be available to other plant species and
crops, possessing leaf trichome cells, to elucidate the molecular interactions between plants
and pathogens.

5. Conclusions

In this study, the infection processes of the KTP-03 isolate were monitored on leaf
type I trichomes of MM using a KH-2700 DM. Our results showed that conidia of KTP-03
infect tomato trichomes by forming haustoria. More importantly, we succeed in isolating
single basal cells of powdery mildew infected trichomes using small, pointed scissors
(microscissors) and using the cell content for detecting expression of genes of both tomato
and powdery mildew fungi. Overall, these results indicated that the intron-spliced mR-
NAs (LHA2 and TUB2) could be individually or simultaneously amplified via suc-PCR
and multiplex RT-PCR/N-PCR from single KTP-03-non-inoculated /inoculated leaf type I
trichome cells.
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