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Abstract: Phytophthora infestans is the oomycete responsible for late blight disease of Solanaceae that
causes both yield and economic losses. With the aim of reducing high management costs mainly
due to wide fungicide applications, alternative eco-sustainable control strategies to avoid plant wilt
are needed. RNA interference (RNAI) is a powerful tool for gene function studies that can be ac-
complished by constitutive transformation or transient expression like in virus-induced gene si-
lencing (VIGS). VIGS makes use of viruses to deliver sequence homologous to a target gene frag-
ment and trigger RNAIi. Indeed, a P. infestans ortholog of plant loricrin-like protein (LLP), named
PiLLP, has been silenced using the direct infection of a recombinant vector based on the plant virus,
tobacco mosaic virus (TMV-PIiLLP-1056), aiming to reduce the oomycete sexual reproduction. In
TMV-GFP-1056 the gene coding for the green fluorescent protein has been replaced with an anti-
sense construct obtained by fusion PCR from the 5'-UTR and 3'-UTR of the PiLLP sequence. Here
we show that RNAi can be expressed in the A1 mating type of P. infestans 96.9.5.1 by VIGS using
the direct infection of TMV-PiLLP-1056. We provide evidence that the recombinant vector can en-
ter, replicate and persist in mycelia of P. infestans where it induces the partial downregulation of
the PiLLP transcript. Compared with the wild type, the PiLLP-silenced mating type 96.9.5.1 had
slower colony growth and a diminished virulence in detached tomato leaflets. This seems to be the
first evidence for the downregulation of a constitutive gene of P. infestans using a recombinant
vector based on a plus-sense RNA plant virus.

Keywords: Solanaceae; oomycetes; mating type; Al; A2; GFP; P. infestans; late blight; VIGS; re-
combinant.

1. Introduction

Oomycetes form a lineage of eukaryotic organisms that resemble filamentous
fungi, but phylogenetic studies demonstrated a more extensive relatedness with brown
algae and diatoms than with fungi, thus leading to the inclusion of oomycetes in the
stramenopiles ([1] and references cited therein). Similarly to true fungi, oomycetes in-
clude threatening plant pathogens like the heterotallic species Phytophthora infestans
(Mont.) de Bary, the causal agent of potato late blight disease and other destructive dis-
eases of Solanaceae [1]. Brownish black and water-soaked lesions covered by fungal
sporulation are the main symptoms of late blight on leaves and stems, until plant wilt;
similar symptoms are observed on other crops within the same family [2]. Late blight
disease caused by P. infestans is well-known due to 1840s Irish potato famine, although it
is considered a “re-emerging” disease [3] causing new severe epidemics that entail yield
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and economic losses, e.g. high management costs mainly due to wide fungicide applica-
tions (up to ten sprays per season).

With the aim of reducing pesticide applications and favouring disease control
by natural pathogen and host resources, recently proposed control strategies exploit
ways for the identification and inhibition of pathogen's effectors [4,5]. Upon being se-
creted into the plant host cytoplasm, effector proteins may transit to the host nucleus,
where they modulate plant signaling and the plant’'s immune responses [6,7]. Indeed,
host immunity can be negatively regulated favouring pathogen penetration or fulfilling
metabolic or structural needs of the pathogen during infection [8]. The plasticity of P. in-
festans genome and the abundance of predicted genes coding for disease-promoting ef-
fector proteins with high copy number variation, high substitution rates, and differential
expression [9] pose continuous challenges to disease control. In Phytophthora spp., effec-
tors drive the rapid sequence divergence of infection-related genes and have an excep-
tional high potential to adapt to new control strategies [10-12]. The situation was wors-
ened by the recent emergence of more aggressive lineages of P. infestans such as the
13_A2 (Bluel3) of the A2 mating type in Europe, which allowed the oomycete to exploit a
sexual reproduction cycle. Until the late 1970s, only mating type Al of P. infestans was
distributed worldwide and reproduced asexually allowing some success in its manage-
ment [13]. The emergence and worldwide distribution of aggressive A2 mating types,
enabled sexual cycles, and induced genetic variations and gene transfer in populations of
P. infestans producing isolates with increased virulence and creating new challenges for
late blight management ([14] and references quoted therein). Integrated pest manage-
ment (IPM) strategies could provide more durable and environmentally friendly crop
protection against late blight [15]. In recent years, research have been focused on ex-
ploiting photosynthetic purple non-sulfur bacteria (PNSB) for bioremediation [16,17] and
biosensing in hybrid devices [18,19]. Their versatile metabolism allows them to be used
as a promising inoculant to promote plant growth while control pathogenic attacks, en-
hancing the immune response of solanaceous plants [20,21]. RNA interference (RNAi)
(syn. RNA silencing) is a promising and sustainable strategy that has been used to target
and silence specific pathogens' genes by means of the small RNAs (sRNAs) produced
during the RNAI process. Basically, there are two ways for RNAi exploitation in Phy-
tophthora spp.: constitutive and transient gene silencing that have been proven to be ef-
fective [22]. Constitutive gene silencing implies that transformation constructs must be
integrated in pathogen's genome and expressed via a specific promoter. In the transient
gene silencing, pathogen's protoplasts are electroporated with in vitro-synthesized si-
lencing constructs, mainly hairpin-like RNA structures, and then regenerated into new
colonies. The recent host-induced gene silencing (HIGS) approach seems more effective
than other strategies but implies that SRNA molecules, generated in transgenic plants
expressing double-stranded RNAs (dsRNAs) of oomycete sequences, are then translo-
cated into the pathogen involved in plant attack [23]. Similarly, plants infected with viral
vectors carrying effectors' sequences, can induce synthesis of sSRNAs and then target ef-
fector proteins [24]; this technique is named virus-induced gene silencing (VIGS). In both
HIGS and VIGS, it is expected that sSRNAs generated by plant RNAi can move into
pathogen during infection process to silence the homologous endogenous gene. Being a
more direct way, VIGS induces silencing via a recombinant viral vector triggering path-
ogen rather than host.

Recently, Cao et al. [25] demonstrated that nonpersistent acquisition of plant
viruses by plant-associated fungi may commonly occur in nature, highlighting a possible
role for fungi in the life cycle, spread, and evolution of plant viruses. Moreover, Mascia et
al. [26,27] have shown that six taxonomically different plant viruses can replicate and
persist in P. infestans and, as in plants, a tobacco mosaic virus-based recombinant vector
(TMV) triggers and suppresses RNAi in P. infestans. Furthermore, Mascia et al. [28]

43
44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

89
90
91
92
93
94


you may mention reference herein

???XXX

environment friendly

has been


Horticulturae 2021, 7, x FOR PEER REVIEW 3 of 14

demonstrated that the same vector based on TMV could infect three fungal species 95
within Colletotrichum genus, express a reporter gene ectopically and silence the related 96
reporter transgene expressed in Colletotrichum spp. Based on the above-mentioned evi- 97
dence it would not be surprising if an RNAi-based response could have the potential to 98
be fruitfully exploited for specific gene silencing in P. infestans, using VIGS with a TMV 99
recombinant vector. Recently, the CRISPR/Cas9 system-mediated gene knockout and in 100
situ complementation of RNA-binding protein involved in oospore formation, have been 101
applied to oomycetes; furthermore, this post-transcriptional regulator, i.e. PuM90, spe- 102
cifically binds to the 3'-UTR of a flavodoxin-like protein, repressing its mRNA level in 103
Pythium ultimum [29]. In P. infestans regulatory mechanisms involved in sexual repro- 104
duction are scarcely known except for a loricrin-like protein (LLP) that is strongly over- 105
expressed during oospore formation [30]. 106

PiLLP, a P. infestans ortholog of the plant LLP, was silenced by protoplast 107
transformation. Compared with the wild type, the PiLLP-silenced transformants were 108
defective in oospore formation, had slower colony expansion rates, produced less spo- 109
rangia with lower germination and zoospore-release rates, and also had severely dimin- 110
ished virulence levels [31]. We selected PiLLP sequence as target to silence via the direct 111
infection of a TMV-based recombinant vector carrying the 3'UTR and 5’'UTR of the PiLLP 112

coding sequence. 113
2. Materials and Methods 114
2.1. P. infestans mating types and culture conditions 115

116

The mating types Al (strain 96.9.5.1) and A2 (strain 13_A2) of P. infestans used in this 117
study were kindly provided by Dr. David Cooke (The James Hutton Institute, Inver- 118
gowrie, Dundee, Scotland). Both mating types were grown on pea agar (PA; [32]) me- 119
dium at 18+1 °C in the dark. To test the mycelial growth rate, culture plugs (5 mm diam- 120
eter), cut from the actively growing edge of each colony, were transferred on PA Petri 121
dishes and the orthogonal colony diameters were measured after 14-day incubation. 122
Sporangia of each mating type were aseptically collected by washing 20-day-old cultures 123
with 7 mL of distilled water and gently rubbing mycelia with a glass rod. Zoospores were 124
released by consecutively incubating the sporangial suspension at 4+1 °C for 2 h and then 125
at room temperature for 1 h. For mating type confirmation, each mycelium was grownin 126
liquid culture and harvested, then it was filtered and air-dried by sterile Whatman No.1 =~ 127
filter paper (Whatman, Maidstone, U.K.), freeze-dried at -20+1 °C, and finally homoge- 128
nized by Tissue Lyser II (Qiagen, Hilden, Germany) prior to DNA extraction with 129
DNeasy Plant Mini Kit (Qiagen), as manufacturer’s recommendation. DNA preparations 130
were subjected to PCR using primer pairs Sla/S1b [33] and PHYB-1/PHYB-2 [34] for 131
mating type Al and A2, respectively, and amplified by DreamTaq Hot Start DNA Pol- 132
ymerase (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.A.). All PCRs were 133
performed in T100 Thermal Cycler (Bio-Rad, Bio-Rad Laboratories, Hercules, California, 134
U.S.A)). Annealing temperatures were 50 °C and 59 °C for S1a/S1b and PHYB-1/PHYB-2 135
primer pair, respectively. For further confirmation, DNA preparations were amplified 136
with W16-1/W16-2 primer pair [35] using 61 °C as primer annealing temperature; PCR 137
products were digested with Haelll (New England Biolabs, Ipswich, Massachusetts, 138
U.S.A.). All PCR products were analyzed by 1.2 % agarose gel electrophoresis in 1X TBE = 139
(90 mM Tris, 90 mM boric acid, 1 mM EDTA) and stained with Gel Red (Biotium, Biotium 140

Inc., Fremont, California, U.S.A.). 141
142
2.2. TMV-PiLLP-1056 vector construction 143

Total RNA was extracted from P. infestans mycelia with Eurogold RNA pure (Euro- 144
clone S.p.a., Pero, Milan, Italy) according to manufacturer’s protocol. RNA was sus- 145


(PA)

delete


Horticulturae 2021, 7, x FOR PEER REVIEW 4 of 14

pended in RNase-free sterilized water and the concentration was adjusted to 1 ug/uL. 146
Standard reverse-transcription reactions were carried out with High-Capacity cDNA 147
Reverse Transcription Kit (Applied Biosystems™, Waltham, Massachusetts, U.S.A.). The 148
5" and 3’ untranslated regions (UTR) of PiLLP were amplified in two separate reactions 149
with specific primers (5’UTR for/rev and 3’'UTR for/rev) designed to obtain Xhol re- 150
striction site at 5" and Pacl restriction site at 3’ of the joined fragment using 54 °C and 59 151
°C as annealing temperatures respectively. Size of the two amplified PCR products was 152
estimated by electrophoresis (2% low melting agarose gel, TBE buffer, Gel Red staining) 153
and expected length of DNA fragments were 201 bp and 126 bp. Products were purified 154
using Agarose Gel DNA Extraction Kit (Roche, Roche Diagnostics Corporation, Indian- 155
apolis, Indiana, U.S.A.) according to the manufacturer’s instructions. Using 1:1 ratio of 156
the amplified and excised fragments of 5’ UTR and 3 ' UTR, fusion PCR was carried out 157
using Platinum™ Taq DNA Polymerase High Fidelity (Invitrogen™, Waltham, Massa- 158
chusetts, U.S.A.) and the annealing temperature was set at 50 °C using 5’'UTR for/3’'UTR 159
rev primers. The 327 bp amplified product was purified and eluted from agarose gel as 160
described above. The fused fragment was cloned in pGem-T Easy Vector System 161
(Promega, Promega Corporation, Madison, Wisconsin, U.S.A.), and inserted in anti-sense 162
orientation into the Xhol and Pacl sites of the vector pTMV-GFP-1056 [36]. The plasmid 163
pTMV-GFP-1056 was used as backbone to construct recombinant plasmid 164
pIMV-PiLLP-1056. The fused fragment and the vector were double digested with Xhol 165
and Pacl (New England Biolabs), loaded on 2% low melting agarose gel (TBE buffer, Gel 166
Red staining), and eluted as described above. Ligation of the 5UTR+3'UTR joined frag- 167
ments to the viral vector pTMV-1056 without GFP was accomplished using T4 DNA lig- 168
ase (Promega) followed by transformation of TOP10 E. coli competent cells (Invitrogen). 169
The correct insertion of the construct in the pTMV-1056 plasmid was verified by DNA 170
sequencing in both directions using GFP pro/CP pro primer pair. Vector map and cloning 171
strategy are described in S1. Primers used in this work are listed in Table 1. 172

Table 1. Primer pairs used for amplifications of the genes in this study. From left to right, each 173
column shows primer name and related sequences, amplicon size (bp), annealing temperature (Ta), 174

use purpose, and bibliographical reference (Ref.). 175
Pri ;
rimer Sequence Size Ta Purpose Ref.
name (bp)
Sla 5-AGGATTTCAACAA-3 1250 | 50 'Matl.r\.g tyPe (33]
S1b 5-TGCTTCCTAAGG-3 identification
PHYB-1 5"GATCGGATTAGTCAGACGAG-3’ 347 59 Mating type (34]
PHYB-2 5-GCGTCTGCAAGGCGCATTTT-3 identification
W16-1 5-AACACGCACAAGGCATATAAATCTA-3’ 557 61 Mating type (35]
W16-2 5-GCGTAATGTAGCGTAACAGCTCTC-3’ identification
5'UTR for 5 TCTCCTCGAGTCCTCCTCTCTGCGT-3' st | 54 > Iglliifgon
rev 5-CGACAATATTCCATAACTGCTAAGGTGGGGCTGTAA-3' cloning
, , 3'UTR region
3'UTR for 5-TATGGAATATTGTCGAGTACAGCAACGAGGCTTCGA-3 126 59 ¢ PILLP
rev | 5-CCCCCTTAATTAAACGACACTTGAAACATCGTGAG-3' ‘Zlorlling
5'UTR for 5-TCTCCTCGAGTCCTCCTCTCTGCGT-3" 307 50 5 L?fHI;i[j)TR This
3’'UTR rev 5'-CCCCCTTAATTAAACGACACTTGAAACATCGTGAG-3' .
fusion PCR study
GFP pro 5-CGATGATGATTCGGAGGCTA-3’ 500 | 55 pTl;?S/r-nligS6
CP pro 5-ATCCAAGACACAACCCTTCG-3 P .
sequencing
TMV repli-
REP for 5-CAGTGCATATCGGCATTGTC-3 241 50 case of
rev 5-CGTGACTCCTCTTCCGTCTC-3’ P. infestans
detection
PiEF for 5-ACTCCAAGAACGACCCTGCTAAGGCAACC-3’ ng{al ;r:frl‘e ;
rev 5-TCCGACGGCTCGAGGATGACCATGCAG-3’ . © ©
P. infestans [31]
PiORF for 5-CAGTCTCCCGTCACCAGTCC-% 300 | 55 Real Time
rev 5-GGCAGTCGGCAATACCACAT-3’ PCR of PiLLP
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2.3. Infection in plants 176

Inocula of TMV-PiLLP were prepared in tobacco (Nicotiana tabacum L.) cv. Samsum 177
by rub-inoculation of a biologically active transcript synthesized from the Kpnl-linearized 178
plasmids pTMV-PiLLP-1056 with T7 RNA polymerase and the mMessage mMachine kit 179
(Ambion, Thermo Fisher Scientific, Waltham, Massachusetts, U.S5.A.), following the pro- 180
tocol of the manufacturer. Two true leaves of four tobacco plants were inoculated with 30 181
uL of the transcription mixture obtained from pTMV-PiLLP-1056. Inocula of 182
TMV-GFP-1056 were used as control. All the plants were grown at 22+2 °C with a 183
16-hours photoperiod and daily monitored for symptom appearance. To ensure both 184
virus maintenance and purification, systemically infected leaves of N. tabacum cv. Sam- 185
sum were collected at 10 days post inoculation (dpi) extracting plant sap in 100 mM 186
(Naz-K) phosphate buffer, pH 7.2. Viral particles of TMV-PiLLP-1056 were purified from 187
tobacco leaves as described by Lot et al. [37] and stored at -20+1 °C in 50 mM NaCl, 30% 188
glycerol solution until use. Viral RNA was extracted using phenol-chloroform protocol. 189
Reverse-transcription polymerase chain reactions (RT-PCR) and DNA sequencing were 190
used to detect the correct insertion of 327 bp fused fragment into pTMV-1056 using 191
GFPpro/CPpro primer pair. Furthermore, total RNA from infected tobacco leaves was 192
extracted using RNeasy Mini Kit (Qiagen). RNA preparations were spotted on positive- 193
ly-charged nylon membranes (Roche) and preliminary tested for hybridization with di- 194
goxigenin (DIG)-labeled DNA probes specific for: i) tomato mild green mosaic virus 195
(TMGMYV) coat protein (CP) present in TMV-1056 vector; ii) GFP present in 19
TMV-GFP-1056 vector and iii) 3'UTR+5'UTR PiLLP fragment present in TMV-PiLLP-1056 197
vector. RNA preparations were separated by electrophoresis through 1.2% agarose gel in 198
TBE bulffer, stained with Gel Red, and blotted by capillarity onto positively-charged ny- 199
lon membranes. Northern blots were subjected to hybridization with digoxigenin 200

(DIG)-labeled DNA probe specific for TMGMV CP. 201
202
2.4. Infection in P. infestans 203

To inoculate P. infestans Al and A2 mating types, 50 puL of purified preparations of 204
TMV-PiLLP (1 pg/mL) were added to sporangia growing in 100 mL of PB supplemented 205
with ampicillin (100 mg/mL; Sigma-Aldrich, Merck KGaA, St. Louis, Missouri, U.S.A.). 206
Fungal cultures inoculated with 50 uL of 50 mM NaCl and 30% glycerol solution served 207
as wild-type (WT) negative control. All cultures were prepared in triplicates and incu- 208
bated at 18+1 °C under continuous shaking at 50 rpm. Total RNA, extracted from 209
freeze-dried mycelia at 10 dpi was reversely transcribed as described above. RT-PCR was 210
used throughout to detect the TMV-PiLLP in mycelia of P. infestans. Reactions were car- 211
ried out with primer pairs REP for/rev mapping to TMV-1056 sequences that code for 212
replicase using 50 °C as annealing temperature. Purity and size of the amplified products 213
was estimated as above. Quantitative real-time PCR (qPCR) was used to evaluate the 214
abundance of PiLLP transcripts in the two mating types of P. infestans exposed to 215
TMV-PiLLP-1056 inoculum. Reactions were carried out in Applied Biosystems 216
StepOne™ Real-Time PCR System with Fast SYBR®Green Master Mix (Applied Biosys- 217
tems). Samples were run in triplicate and reactions were set up in a total volume of 10 uL. 218
using 50 ng of cDNA and primers PiEF for/rev and PiORF for/rev (250 nM each). Primer 219
pairs were designed to target the constitutive elongation factor 1 (efl) gene of P. infestans, 220
as an internal control, and the PiLLP ORF [31]. The cycling conditions were: 95 °C for 20 221
sec; 40 cycles at 95 °C for 3 sec and 60 °C for 30 sec. Specificity of the qPCR products was 222
confirmed by analysis of the dissociation curves. Results were evaluated using the 223
StepOne™ Software v2.3. Means and standard deviations were calculated among three 224
replicates. The whole experiment was repeated twice with a different set of biological 225
samples. 226
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2.5. Pathogenicity test 227

Three-weeks-old P. infestans WT and TMV-PiLLP-challenged mycelia cultured on PA in 228
optimal growth conditions were used to cause plant infection: fungal plates were flooded 229
with 5 mL Pea Broth (PB) and scraped with a glass rod to release sporangia. Each re- 230
sulting solution was collected and used for inoculation of detached leaflets of tomato cv 231
UCB82. Leaflets were previously surface-sterilized with sodium hypochlorite solution (2% 232
vol/vol), rinsed in sterile distilled water, aseptically air-dried, and transferred on sterile 233
moist filter paper placed in Petri dishes (90 mm OJ). Each leaflet was inoculated on abaxial 234
side with 30 uL of sporangia suspension (1x10° sporangia/mL) near the main vein and 235
kept in growth chambers (16x1 °C, 16 h light/8 h dark photoperiod). Each replicate was 236
made of three leaflets placed in the same Petri dish, and two replicates were arranged for 237
each tested inoculum. Disease severity was estimated by measuring the area of the le- 238

sions developed using ImageLab software (Bio-Rad). 239
3. Results and Discussion 240
3.1. P. infestans mating types identification 241

The mating type of the two P. infestans isolates was confirmed by several tests. Ac- 242
cording to Sla/S1b PCR assay, isolate 96.9.5.1 yielded a product of about 1.25 kbp con- 243
firming that it was the Al mating type, whereas no amplification was observed from 244
13_A2 (Blue 13) isolate. Amplification with PHYB-1/PHYB-2 primer pair aimed to target 245
PHYB marker, resulted in 347 bp fragment obtained only for isolate 13_A2; no amplifi- 246
cation product was obtained for 96.9.5.1 isolate. (Figure 1) From both P. infestans isolates, 247
amplification with primer pair W16-1/W16-2 produced amplicons of 557 bp. After di- 248
gestion with Haelll endonuclease, three fragments of approx. 557 bp, 457 bp, and 100 bp 249
and two fragments of approx. 457 and 100 bp were observed, respectively, for the A1 250
mating type and A2 mating type (not shown). 251

252

253

Figure 1. Gel electrophoresis of Al= DNA extracted from mating type Al amplified with 254
PHYB-1/PHYB-2; A2= DNA extracted from mating type A2 amplified with PHYB-1/PHYB-2. The 255
arrow shows the 347 bp fragment obtained for isolate 13_A2. M= HyperLadder™ 100bp (Bioline, 256
Meridian Bioscience Inc., Cincinnati, Ohio, U.S.A.); w=negative control (no DNA). 257

258


arrow not visible
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3.2. Infectivity in tobacco plants 259

To investigate whether PiLLP could be silenced by VIGS, the pTMV-PiLLP-1056 260
vector was assembled to express the 5' and 3' untranslated regions of PiLLP under the 261
subgenomic RNA (sgRNA) promoter of TMV CP. The 201 bp amplified fragments of 5 262
UTR and 126 bp of 3'UTR were joined by fusion PCR and the 327 bp resulting fragment 263
was inserted in anti-sense orientation between the Xhol and Pacl sites of pTMV-1056 in 264
replacement of GFP. The correct insertion and orientation of the 5UTR+ 3'UTR joined 265
fragment was confirmed by sequencing the region of interest in both directions (data not 266
shown). The recombinant transcript of TMV-PILLP-1056 was synthesized in vitro and its 267
infectivity tested in tobacco healthy plants. A transcript of TMV-GFP-1056 synthesized 268
from the original pTMV-GFP-1056 was used as control. Disease symptoms appeared on 269
tobacco leaves at 7 dpi and consisted in pale yellow discolorations of main veins. (Figure 270
2a) These symptoms appeared also in newly formed leaves and persisted up to 30 dpi. 271
Absence of possible contaminants in which the original GFP sequence was not removed 272
was excluded by the absence of fluorescence when plants were irradiated with an UV~ 273
lamp (UVP, Upland, CA, U.S.A) (Figure 2b) suggesting complete replacement of GFP 274
with 3’-5"UTR PiLLP in TMV-PiLLP-1056 vector. GFP fluorescence was clearly observed 275
in plants rub-inoculated with the recombinant transcript TMV-GFP-1056. (Figure 2c) 276

277

278

Figure 2. a) Expression of TMV-PiLLP-1056 on N. tabacum leaves; b) No GFP fluorescence of to- 279
bacco leaf infected by TMV-PiLLP-1056 when exposed to UV light; c) GFP fluorescence in tobacco 280
plant inoculated with TMV-GFP-1056 used as control. 281

DNA sequencing of the reversely transcribed TMV-PiLLP-1056 RNA extracted from 282
infected plants confirmed the stable and correct insertion of the 327 bp fused fragmentin 283
the TMV-PiLLP-1056 after replication in tobacco plants (data not shown). The TMV RNA 284
genome indeed encodes four proteins of approx.126, 183, 30 and 17.5 kDa. The 183 kDa 285
polypeptide is synthesized by readthrough of the leaking termination codon of the gene 286
for the 126 kDa polypeptide. Both the 126 and 183 kDa polypeptides, namely replicase 287
(REP), are required for viral RNA replication. The 30 kDa polypeptide, also called 288
movement protein (MP) is required for viral cell-to-cell movement whereas the 17.5 kDa 289
polypeptide is the viral coat protein (CP) subunit. MP and CP are synthetized via a sub- 290
genomic RNA (sgRNA) strategy [38]. TMV-GFP-1056, one of the most used TMV-based 291
vector, drives the expression of the reporter green fluorescent protein (GFP) isolated from 292
jellyfish, for functional studies in plants. It contains a duplicated sgRNA promoter for the 293
CP synthesis from the heterologous tobamovirus tobacco mild green mosaic virus 294
(TMGMV) to prevent homologous recombination between duplicated TMV CP sgRNA 295
promoters and the CP sequence of the same virus [39-41]. The TMV sgRNA promoter 29
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directs the expression of any gene inserted downstream between the Pacl and Xhol 297
cloning sites. 298

Replication of TMV-PiLLP-1056 in plants was confirmed by the detection of three 299
sgRNAs corresponding to sequences replicated by the TMV MP promoter, TMV CP 300
promoter and TMGMYV CP promoter, respectively. (Figure 3) sgRNA 1 has been synthe- 301
sized by the TMV MP promoter, has an estimated size of 2.4 kbp and contains sequences 302
of TMV-MP, 3'-5' PiLLP and TMGMYV CP; sgRNA 2 has been synthesized by TMV CP 303
promoter, has an estimated size of 1.6 kbp and contains sequences of 3'-5' PiLLP and 304
TMGMYV CP; sgRNAS3 has been synthesized by the TMGMV CP promoter, has an esti- 305
mated size 0.48 kbp and contains the sequence of TMGMV CP. sgRNA 1 seems also 306
present in the RNA preparation extracted from TMV-PiLLP-1056 particles and probably 307

accounts for the shorter viral particles observed in purified preparations (Figure 5). 308
152 S
g RNA
g RNA
TMGMYV CP probe

309

Figure 3. Electrophoresis of RNA preparations extracted from: mock-inoculated tobacco plant 310
(track 1); tobacco plant infected by TMV-PIiLLP-1056 at 14 dpi (track 2); purified preparation of 311
TMV-PiLLP-1056 (track 3). Northern blot hybridization with a DIG-labelled DNA probe for 312
TMGMYV CP. 313

Further confirmation of the presence of TMV-PiLLP-1056 and absence of any tran- 314
script expressing GFP in plants was obtained by dot blot hybridization of sap extracted 315
from infected leaves of N. tabacum collected at 14 dpi and hybridized with DIG-labeled 316
DNA probes specific for TMGMV CP, GFP and 3'-5' PiLLP fragment. (Figure 4) Specific = 317
hybridization signals are present in leaf infected with TMV-PiLLP-1056 and 318
back-inoculated with sap of a TMV-PiLLP-1056 infected leaf using TMGMV CP probe 319
whereas the GFP expression is totally absent using GFP probe. Hybridization signals are 320
visible in the same samples using 3'-5' PiLLP probe, confirming the presence of the re- 321
combinant viral vector. 322

323

324
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TMGMV CP probe

9 o
GFP probe
o

3’-5” PiLLP probe
325

Figure 4. Dot blot hybridization with DIG-labeled DNA probes specific for TMGMV CP, GFP and 326
3'-5' PIiLLP fragment on sap extracted from cv Samsun tobacco plants at 14 dpi with 327
TMV-PiLLP-1056. H = sap from healthy tobacco plant; 1 = sap extracted from leaf infected with 328
TMV-PiLLP-1056; 2 = sap extracted from leaf back-inoculated with sap of a TMV-PiLLP-1056 in- 329
fected leaf; 3 = 2 ng of pTMV-GFP-1056; 4 =2 ng of pTMV-PiLLP-1056. 330

TMV-PiLLP-1056 infection was transferred to a larger number of tobacco plants by 331
rub-inoculation with sap extracted from plants at 14 dpi with the recombinant transcript =~ 332
and purified from systemically infected leaves collected at 21 dpi. Virus preparations 333
were observed under the transmission Philips-Morgagni 282D electron microscope and 334
compared to standard TMV particles that appeared swollen at one end, probably as 335
consequence of the TMGMYV CP that replaced the authentic TMV CP in the recombinant 336
vector. Particles shorter than the standard TMV modal length were also present (Figure 337
5). 338

>

ol j o g

339

Figure 5. TMV-PiLLP-1056 particles purified from cv. Samsun tobacco plants showing an increase 340
of particle diameter from 18 to 22 nm (panel A). In panel B, arrow points particles shorter than the 341
standard TMV modal length (Courtesy Dr. Angelo De Stradis IPSP-CNR, Bari). 342

343
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3.3. Infectivity in P. infestans 344

A purified preparation of the recombinant virus TMV-PiLLP-1056 was used for the 345
inoculation of liquid cultures of P. infestans 96.9.5.1 (mating type Al) and 13_A2 (mating 346
type A2). The presence of the recombinant virus in mycelia of P. infestans collected at 10 347
dpi was confirmed by RT-PCR targeting TMV-PiLLP-1056 replicase, which was not pre- 348
sent in sgRNAs. The PCR yielded the expected amplified product of 241 bp which was 349
not present in the two P. infestans mating types not exposed to inoculation with 350
TMV-PiLLP-1056. Real-time qPCR with the primer pair targeting the PiLLP ORF showed 351
a 3.5-fold and a 7-fold reduced expression of PiLLP ORF transcript in mating types Al 352
and A2, respectively, in samples collected at 10 dpi with TMV-PILLP-1056 (Figure 6) 353
compared to mock-inoculated controls. Melting curve of the housekeeping gene efl and 354
PiLLP ORF after qPCR showed a single peak suggesting the absence of aspecific ampli- 355
fied products. Overall, these results suggest that the recombinant vector 356
TMV-PiLLP-1056 was able to enter mycelia of both the mating types of P. infestans and 357
induce silencing of the PiLLP gene due to sequence identity between the PiLLP UTRs re- 358

gions in the recombinant vector and the constitutive gene transcribed in P. infestans. 359
1.2
1
0.8
o}
o 0.6 BEf1
BPiLLP ORF
0.4
0.2
0
A1 TMV-PILLP A2 TMV-PILLP 360

Figure 6. Relative abundance of PiLLP ORF transcripts (blue bar) compared with that of the 361
housekeeping gene EfI (orange bar) and mock-inoculated controls in samples of P. infestans Al and 362
A2 mating types at 10 dpi with TMV-PiLLP-1056. 363

Mycelia from liquid cultures of two mating types exposed to TMV-PiLLP-1056 in- 364
fection (denoted Al TMV-PiLLP and A2 TMV-PiLLP) and of the relative mock— 365
inoculated controls were transferred to PA plates and grown under standard conditions. 366
Compared with mock-inoculated control the growth of A1 TMV-PiLLP was slower than 367
Al WT whereas A2 TMV-PiLLP did not grow. The experiment was repeated twice with 368
identical results. 369

We can speculate that due to unavailability of the A2 strain infected by TMV-PiLLP, 370
variation in pathogenicity resulting from the partial downregulation of PiLLP transcript 371
was estimated only for the Al mating type infected by TMV-PiLLP. Detached tomato 372
leaflets were inoculated in vitro with equivalent amounts of germinated sporangia of A1 373
TMV-PiLLP and WT Al and A2 mating types as control. At 7 dpi, typical water-soaked 374
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lesions developed on leaflets inoculated with Al and A2 WT but those induced by A2 375
were larger. Lesions induced by A1 TMV-PiLLP were smaller in size than those produced 376
by the A1 WT and with poor aerial mycelium (Figure 7). The colony diameter of A1 377
TMV-PiLLP cultures plated on PA was also smaller than that of the A1 WT (not shown). 378

Al WT A2 WT Al TMV-PIiLLP

379

Figure 7. Lesions developed in detached leaflets of tomato cv UCS82 inoculated with 30 pL sporan- 380
gia suspension (1x10° sporangia/mL) of different inocula near the abaxial main vein. 381

The same approach was used to evaluate the PiLLP downregulation effect on oospore 382
development. Wild type isolates and A1 TMV-PiLLP and A2 TMV-PiLLP isolates were 383
mated on tomato leaflets with equivalent amounts of germinated sporangia for each 384
isolate. Although the experiment was repeated twice, no oospore development was ob- 385
served. Probably, this might be due to scarce al hormone produced by Al mating type 386
that inhibits A2 induction of oospore formation which generally secretes 387
dose-dependently both al and a2 hormones [42,43]. Without a1l hormone, sporangia and 388
asexual spores were produced otherwise are suppressed [42,43]. This mechanism, shared 389
by Phytophthora heterothallic species as P. nicotianae [44], P. capsici [45], P. cambivora [46], 390
and P. infestans [27], demonstrates that hormones are the universal mating factors among 391
Phytophthora species [43]. Unfortunately, according to Tomura [43], certain strains did not =~ 392
produce hormones and the production time of Al and A2 mating types were not pre- 393
cisely synchronous [43]. Although, if successful, knowledge reached by this study could 394
offer new opportunities for the biological control of P. infestans as part of an integrated 395
pest management strategy since Cao et al. [25] demonstrated that fungi could effectively 396
be the living sources or reservoirs of plant viruses in nature as plant viruses can be 397
maintained in fungal populations in nature. Based on these results, plant viruses can be 398
naturally acquired in fungi during fungal colonialization of the plants [25], so our ap- 399
proach could represent a novel and green pest management technique. 400

4. Conclusions 401

The results of this work provide the first evidence for the downregulation of a con- 402
stitutive gene of P. infestans using a recombinant vector based on a plus-sense RNA plant 403
virus suggesting a therapeutic use of the RNAI in the control of threatening pathogens 404
like P. infestans. Furthermore, interference with the sexual reproductive cycle by inhib- 405
iting or limiting the production of oospores represents a promising strategy. A partial 406
downregulation of the transcription of PiLLP gene involved in oospore formation has 407
been obtained for both tested mating types. The reasons for the partial success need to be 408
addressed. Interestingly, such downregulation was significantly more evident in the A2 409
mating type and apparently inhibits its growth on PA plates. Although results of this 410
study were not further corroborated by the expected effect on oospore formation, the 411
fully exploitation of the approach and future research should primarily focus on the 412
transmissibility of the PiLLP-downregulation and fully silenced phenotype to WT iso- 413
lates during the sexual reproduction. 414

415


-


Horticulturae 2021, 7, x FOR PEER REVIEW 12 of 14

Author Contributions: Conceptualization, R.L. and T.M.; methodology, R.L. and T.M; validation,
R.L., AM., RS. and T.M,; formal analysis, R.L.,, A.M., and R.S,; investigation, R.L. and T.M.; data
curation, R.L.; writing—original draft preparation, R.L. and T.M.; writing —review and editing,
R.L, AM, RS. and T.M.; All authors have read and agreed to the published version of the manu-
script.”

Acknowledgments: We are grateful to Prof. Donato Gallitelli and Prof. Antonio Ippolito (Univer-
sity of Bari) for their helpful support in experimental design of research project, critical comments
of results and review of the manuscript. We would like to sincerely thanks Dr. Angelo De Stradis
(IPSP-CNR, Bari) that kindly provides images within Figure 5.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the man-
uscript, or in the decision to publish the results.

References

1.

10.

11.

12.

Kamoun, S.; Furzer, O; Jones, ].D.; Judelson, H.S.; Ali, G.S.; Dalio, R.].; Roy, S.G.; Schena, L.; Zambounis, A.; Panabiéres, F.

The Top 10 Oomycete Pathogens in Molecular Plant Pathology. Molecular plant pathology 2015, 16, 413-434.

Luan, Y.; Cui, J.; Li, J.; Jiang, N.; Liu, P.; Meng, J. Effective Enhancement of Resistance to Phytophthora infestans by
Overexpression of MiR172a and b in Solanum lycopersicum. Planta 2018, 247, 127-138.

Fry, W.E,; Birch, P.R.J.; Judelson, H.S.; Griinwald, N.J.; Danies, G.; Everts, K.L.; Gevens, A.].; Gugino, B.K.; Johnson, D.A.;
Johnson, S.B. Five Reasons to Consider Phytophthora infestans a Reemerging Pathogen. Phytopathology 2015, 105, 966-981.
Whisson, S.C.; Vetukuri, R.R.; Avrova, A.O.; Dixelius, C. Can Silencing of Transposons Contribute to Variation in Effector
Gene Expression in Phytophthora infestans? Mobile genetic elements 2012, 2, 110-114.

Zuluaga, A.P.; Vega-Arreguin, ].C.; Fei, Z.; Matas, A.]; Patev, S.; Fry, W.E.; Rose, ]. K. Analysis of the Tomato Leaf
Transcriptome during Successive Hemibiotrophic Stages of a Compatible Interaction with the Oomycete Pathogen
Phytophthora infestans. Molecular plant pathology 2016, 17, 42-54.

Whisson, S.C.; Boevink, P.C.; Moleleki, L.; Avrova, A.O.; Morales, ].G.; Gilroy, E.M.; Armstrong, M.R.; Grouffaud, S.; Van
West, P.; Chapman, S. A Translocation Signal for Delivery of Oomycete Effector Proteins into Host Plant Cells. Nature
2007, 450, 115-118.

Schornack, S.; van Damme, M.; Bozkurt, T.O.; Cano, L.M.; Smoker, M.; Thines, M.; Gaulin, E.; Kamoun, S.; Huitema, E.
Ancient Class of Translocated Oomycete Effectors Targets the Host Nucleus. Proceedings of the National Academy of Sciences
2010, 107, 17421-17426.

Boevink, P.C.; McLellan, H,; Gilroy, E.M.; Naqvi, S.; He, Q.; Yang, L.; Wang, X.; Turnbull, D.; Armstrong, M.R.; Tian, Z.
Oomycetes Seek Help from the Plant: Phytophthora infestans Effectors Target Host Susceptibility Factors. Molecular Plant
2016, 9, 636-638.

Lo Presti, L.; Lanver, D.; Schweizer, G.; Tanaka, S.; Liang, L.; Tollot, M.; Zuccaro, A.; Reissmann, S.; Kahmann, R. Fungal
Effectors and Plant Susceptibility. Annual review of plant biology 2015, 66, 513-545.

Tyler, B.M.; Tripathy, S.; Zhang, X.; Dehal, P.; Jiang, R.H.; Aerts, A.; Arredondo, F.D.; Baxter, L.; Bensasson, D.; Beynon,
J.L. Phytophthora Genome Sequences Uncover Evolutionary Origins and Mechanisms of Pathogenesis. Science 2006, 313,
1261-1266.

Haas, B.J.; Kamoun, S.; Zody, M.C.; Jiang, R.H.; Handsaker, R.E.; Cano, L.M.; Grabherr, M.; Kodira, C.D.; Raffaele, S.;
Torto-Alalibo, T. Genome Sequence and Analysis of the Irish Potato Famine Pathogen Phytophthora infestans. Nature 2009,
461, 393-398.

Jiang, R.H.; Tyler, B.M. Mechanisms and Evolution of Virulence in Oomycetes. Annual review of phytopathology 2012, 50,
295-318.

416
417
418
419
420

421
422
423
424

425
426
427

428

429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459



Horticulturae 2021, 7, x FOR PEER REVIEW 13 of 14

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cooke, D.E.; Cano, L.M.; Raffaele, S.; Bain, R.A.; Cooke, L.R.; Etherington, G.J.; Deahl, K.L.; Farrer, R.A.; Gilroy, EM.;
Goss, E.M. Genome Analyses of an Aggressive and Invasive Lineage of the Irish Potato Famine Pathogen. 2012.

KIM, K.-J.; EOM, S.-H.; LEE, S.-P.; JUNG, H.-S.; Kamoun, S.; Lee, Y.S. A Genetic Marker Associated with the A1 Mating
Type Locus in Phytophthora infestans. Journal of microbiology and biotechnology 2005, 15, 502-509.

Hashemi, M.; Tabet, D.; Sandroni, M.; Benavent-Celma, C.; Seematti, J.; Andersen, C.B.; Grenville-Briggs, L.J. The Hunt for
Sustainable Biocontrol of Oomycete Plant Pathogens, a Case Study of Phytophthora infestans. Fungal Biology Reviews 2021.
Labarile, R.; Farinola, G.M.; Varsalona, M.; Italiano, F.; Buscemi, G.; Trotta, M.; Grattieri, M. Halotolerance of Rhodobacter
sphaeroides for Saline and Hypersaline Wastewater Bioremediation. In Proceedings of the 2021 International Workshop on
Metrology for the Sea; Learning to Measure Sea Health Parameters (MetroSea); IEEE, 2021; pp. 37-42.

Grattieri, M.; Labarile, R.; Buscemi, G.; Trotta, M. The Periodic Table of Photosynthetic Purple Non-Sulfur Bacteria: Intact
Cell-Metal Ions Interactions. Photochemical & Photobiological Sciences 2021, 1-11.

Buscemi, G.; Labarile, R.; Farinola, G.M.; Trotta, M. Enhancing Photosynthesis in Organic Biological Hybrid Complexes.
In Photochemistry; 2021; pp. 385-410.

Buscemi, G.; Vona, D.; Stufano, P.; Labarile, R.; Cosma, P.; Agostiano, A.; Trotta, M.; Farinola, G.M.; Grattieri, M.
Bio-Inspired Redox-Adhesive Polydopamine Matrix for Intact Bacteria Biohybrid Photoanodes. ACS Applied Materials &
Interfaces 2022.

Su P, Tan X, Li C, Zhang D, Cheng ], Zhang S, Zhou X, Yan Q, Peng ], Zhang Z, Liu Y, Lu X. Photosynthetic bacterium
Rhodopseudomonas palustris GJ-22 induces systemic resistance against viruses. Microb Biotechnol. 2017 May;10(3):612-624.
doi: 10.1111/1751-7915.12704 -

Zhang, X.; Li, X,; Zhang, Y.; Chen, Y.; Tan, X,; Su, P.; Zhang, D.; Liu, Y. Integrated Control of Potato Late Blight with a
Combination of the Photosynthetic Bacterium Rhodopseudomonas palustris Strain GJ-22 and Fungicides. BioControl 2020, 65,
635-645.

Whisson, S.C.; Avrova, A.O.; Grenville Briggs, L.J.; van West, P. Mechanisms and Application of Gene Silencing in
Oomycetes. In Oomycete Genetics and Genomics; John Wiley & Sons, Ltd, 2009; pp. 493-515 ISBN 978-0-470-47589-8.

Jahan, S.N.; Asman, A.K.; Corcoran, P.; Fogelqvist, J.; Vetukuri, R.R.; Dixelius, C. Plant-Mediated Gene Silencing Restricts
Growth of the Potato Late Blight Pathogen Phytophthora infestans. Journal of experimental botany 2015, 66, 2785-2794.

Duo, J.; Tian, Z.; Liu, ]J.; Vleeshouwers, V.G.; Shi, X.; Xie, C. Functional Analysis of Potato Genes Involved in Quantitative
Resistance to Phytophthora infestans. Molecular biology reports 2013, 40, 957-967.

Cao, X; Liu, J.; Pang, J.; Kondo, H.; Chi, S.; Zhang, J.; Sun, L.; Andika, I.B. Common but Nonpersistent Acquisitions of
Plant Viruses by Plant-Associated Fungi. Viruses 2022, 14, 2279 2022.

Mascia, T.; Vucurovié, A.; Minutillo, S.A.; Nigro, F.; Labarile, R.; Savoia, M.A ; Palukaitis, P.; Gallitelli, D. Infection of
Colletotrichum acutatum and Phytophthora infestans by Taxonomically Different Plant Viruses. European Journal of Plant
Pathology 2019, 153, 1001-1017.

Mascia, T.; Labarile, R.; Doohan, F.; Gallitelli, D. Tobacco Mosaic Virus Infection Triggers an RNAi-Based Response in
Phytophthora infestans. Scientific reports 2019, 9, 1-13.

Mascia, T.; Nigro, F.; Abdallah, A.; Ferrara, M.; De Stradis, A.; Faedda, R.; Palukaitis, P.; Gallitelli, D. Gene Silencing and
Gene Expression in Phytopathogenic Fungi Using a Plant Virus Vector. Proceedings of the National Academy of Sciences 2014,
111, 4291-4296.

Feng, H.; Wan, C.; Zhang, Z.; Chen, H.; Li, Z,; Jiang, H.; Yin, M.; Dong, S.; Dou, D.; Wang, Y. Specific Interaction of an
RNA-Binding Protein with the 3'-UTR of Its Target MRNA Is Critical to Oomycete Sexual Reproduction. PLoS pathogens
2021, 17, e1010001.

460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500



Horticulturae 2021, 7, x FOR PEER REVIEW 14 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Situ, J.; Xi, P.; Lin, L.; Huang, W.; Song, Y.; Jiang, Z.; Kong, G. Signal and Regulatory Mechanisms Involved in Spore
Development of Phytophthora and Peronophythora. Frontiers in Microbiology 2022, 13.

Guo, T.; Wang, X.-W.; Shan, K.; Sun, W.; Guo, L.-Y. The Loricrin-like Protein (LLP) of Phytophthora infestans Is Required
for Oospore Formation and Plant Infection. Frontiers in plant science 2017, 8, 142.

De Vrieze, M.; Germanier, F.; Vuille, N.; Weisskopf, L. Combining Different Potato-Associated Pseudomonas Strains for
Improved Biocontrol of Phytophthora infestans. Frontiers in microbiology 2018, 9, 2573.

Judelson, H.S. Genetic and Physical Variability at the Mating Type Locus of the Oomycete, Phytophthora infestans. Genetics
1996, 144, 1005-1013.

Kim, K.-J.; Lee, Y.-S. Genetic DNA Marker for A2 Mating Type in Phytophthora infestans. Journal of Microbiology 2002, 40,
254-259.

Judelson, H.S.; Spielman, L.]J.; Shattock, R.C. Genetic Mapping and Non-Mendelian Segregation of Mating Type Loci in
the Oomycete, Phytophthora infestans. Genetics 1995, 141, 503-512.

Canto, T.; Palukaitis, P. Novel N Gene-Associated, Temperature-Independent Resistance to the Movement of Tobacco
Mosaic Virus Vectors Neutralized by a Cucumber Mosaic Virus RNA1 Transgene. Journal of virology 2002, 76, 12908
12916.

Lot, H. Contribution a I’etude Du Virus de La Mosaique Du Com-Comber (CMV). I. Method de Purification Rapide Du
Virus. Ann. Phytopathol. 1972, 4, 25-38.

Creager, A.N.; Scholthof, K.-B.G.; Citovsky, V.; Scholthof, H.B. Tobacco Mosaic Virus: Pioneering Research for a Century.
The Plant Cell 1999, 11, 301-308.

Shivprasad, S.; Pogue, G.P.; Lewandowski, D.J.; Hidalgo, J.; Donson, J.; Grill, L.K.; Dawson, W.O. Heterologous
Sequences Greatly Affect Foreign Gene Expression in Tobacco Mosaic Virus-Based Vectors. Virology 1999, 255, 312-323.
Plant Journal 2018, 93, 637-650, doi:10.1111/tpj.13798.

Wright, KM.; Cruz, S.S. Life at the Edge-Imaging the Hypersensitive Response Induced by TMV. Annual Report-Scottish
Crop Research Institute 2000, 136-139.

Rabindran, S.; Dawson, W.O. Assessment of Recombinants That Arise from the Use of a TMV-Based Transient
Expression Vector. Virology 2001, 284, 182-189.

Qi, J.; Asano, T.; Jinno, M.; Matsui, K.; Atsumi, K.; Sakagami, Y.; Ojika, M. Characterization of a Phytophthora Mating
Hormone. Science 2005, 309, 1828-1828.

Tomura, T.; Molli, 5.D.; Murata, R.; Ojika, M. Universality of the Phytophthora Mating Hormones and Diversity of Their
Production Profile. Scientific reports 2017, 7, 1-12.

Cariddi, C,; Mincuzzi, A.; Schena, L.; Ippolito, A.; Sanzani, S.M. First Report of Collar and Root Rot Caused by
Phytophthora nicotianae on Lycium barbarum. Journal of Plant Pathology 2018, 100, 361-361.

Barchenger, D.W.; Lamour, K.H.; Bosland, P.W. Challenges and Strategies for Breeding Resistance in Capsicum annuum to
the Multifarious Pathogen, Phytophthora capsici. Frontiers in plant science 2018, 9, 628.

Vannini, A.; Vettraino, A. Phytophthora cambivora. Forest Phytophthoras 2011, 1.

501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535

536
537


https://doi.org/10.1111/tpj.13798

