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Abstract

Lasiodiplodia theobromaeis a serious worldwide-distributed plant pathogenic fungus with a wide host
range in temperate and tropical climates. L. theobromae causes fruit rot, canker, and dieback of twigs in
various woody plants. Protection of pruning wounds using fungicides is the prevalent strategy to
management of the diseases caused by L. theobromae. Chemical control of plant diseases is not
environmentally safe and the residues of fungicides are a threat to nature. Furthermore, genetic resources
of resistance to plant diseases in woody plants are limited. The aim of this study was to investigate the
efficiency of RNA silencing using an efficient hairpin structure based on tef-7a gene to management of L.
theobromae. Hairpin structure of tef-7awas cloned in pFGC5941 binary vector and the recombinant
construct was named pFGC-TEF-d. Transient expression of pFGC-TEF-d using Agrobacterium LBA4404 in
grapevine (Bidaneh Sefid cv.) and strawberry cultivars (Camarosa and Ventana) led to reduction in
disease progress. The disease reduction in grapevine was estimated by 55% and in strawberries cultivars
Camarosa and Ventana by 58% and 93%, respectively. Here we introduce RNAi silencing using pFGC-TEF-
d construct as an efficient strategy to management of L. theobromae for the first time.

Introduction

Members of Botryosphaeriaceae are important fungi found as endophyte, saprophyte and parasite often

on woody plants. These fungi are associated with stem canker, fruit rot, dieback, and blight of blossom

and leaves 32

L. theobromaeis a worldwide distributed botryosphaeriaceous species that cause important diseases in

temperate and tropical regions especially on plants subjected to stress 1. This species with a wide host
range is mostly associated with woody plants including economically important fruit trees such as
grapevine 4. Over the last decades in the light of global climate change, more stress on plants and
changes in pathogen behavior, host-pathogen interactions and microbial communities,

Botryosphaeriaceae members have become more prevalent and received much more attention 1047,

Moreover, L. theobromae, as a well-known Botryosphaeriaceae member, has been reported as a human
opportunistic pathogen causing inflammation and lesion on skin 37, ocular keratitis and endophthalmitis

7,40 and onycho-mycosis 3°. Several strategies used to manage this pathogen have mostly focused on
protection of the pruning wound using chemicals and biocontrol agents, avoid wounding of plants and
minimize exposure to the stress. Fungicides application and pruning of infected branches are the main
methods to reduction of disease rate and severity 3. Research findings indicated that fungicides have
limited effect to protect pruning wounds from L. theobromae 3. Biocontrol is an environmentally safe
strategy in integrated pest management of plant diseases 2/, especially using some bacteria as
biocontrol agents '°. Although some effective bacteria have been reported as biocontrol agent of L.
theobromae, the efficacy of biological control agents are depending on climates 33. Moreover, host trees
are basically much more susceptible to Botryosphaeriaceae members under stress condition 39, which
leads to the partial efficiency of biocontrol agents. Thus, to achieve an efficient management of these
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fungi considering novel and alternative methods is an inevitable necessity. RNA silencing as a conserved
RNA-mediated gene silencing mechanism is a new and safe strategy that recently has been widely
investigated in plant disease management °. This is a phenomenon that reduces or stops the expression
of a specific gene #°. In eukaryotic species, gene silencing has an important role in the regulation of gene
expression, DNA methylation, and cell immunity against viruses and transposons . However, the RNA
interference (RNAi) showing the ability for effective control of pests and diseases 8. In RNA interference
(RNAI) technology, the complementary strand of mRNA is constructed and hybridizes with the target
sequence which leads to the formation of double strand RNA (dsRNA) structure. Afterwards, the dsRNA or
hairpin RNA (hpRNA) is cleaved by Dicer or Dicer-like enzyme to generate 21- to 25-nt siRNAs, which are
guiding RNA-induced silencing complexes (RISC) #°. However, the translation machinery system cannot
translate dsRNA and interfere with the translation of complementary mRNA 8. Transgenic resistant plants
developed based on this phenomenon have produce siRNA using hairpin gene construct containing
partial inverted repeat of the gene #8. Previous studies showed that the inserted hairpin structure confers
suitable resistance to homologous sequences (more than 90% homology) 848, De novo siRNA can
spreads systematically throughout the plant and interferes plant pathogen target sequence #4. However,
the use of RNAI for inhibition of plant pathogenic fungi becomes an interest for researchers, especially for
filamentous fungi 2343, The aim of this research was to design an effective gene construct for effective
and environmentally safe management of L. theobromae using RNA silencing.

Results

Insilico analysis

Blast search of Tef-7ain NCBI showed more than 96% similarity between L. theobromae isolates. Off-
target investigation using RNAi scan revealed L. theobromae Tef-1a gene (MG192354.1) has no fragment
contain necessary homology with human, strawberry and grapevine genome requires for siRNA attack.
No hit recognized in human and grapevine for 10 efficient siRNAs predicted form pFGC-TEF-d construct
(see Supplementary Table S2 online). Sequence similarity of Tef-7a of L. theobromae and Trichoderma
atroviridae (MT793743.1) was investigated, and it shown low sequence similarity (55%), that is not
enough for induction of silencing against T. atroviridae as abiocontroling agent.

RNA structure software showed a high degree of predicted secondary structure in mRNA of Tef-Ta
(Supplementary Fig. S1 online). However, miRNAFold predicted two microRNAs and shows more possible
role for Tef-71a, (Supplementary Fig. S2 online). Alignment analysis of L. theobromae Tef-1a[MG192354]
showed low sequence similarity (72%) with Neofusicoccum parvum Tef-1a[JQ772082] (Supplementary
Fig. S4 online), but in some regions similarity was enough to predict a hit for siRNA or microRNA
produced by L. theobromae Tef-1a-dimer. Predicted hit regions were shown in red boxes (Supplementary
Fig. S4 online).

Gene construct
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PCR amplification of Tef-7a gene using specific primers (TEF1-a and La.TEF1-a-R) resulted to a 316 bp
PCR product (Supplementary Fig. S3a online). The PCR product was digested using Ncol restriction
enzyme and purified. Digested product was self-ligated to produce Tef-7a dimer (Tef-7a-d). After ligation,
600 bp Tef-71a dimer was amplified using TEF1-a-F primer (Supplementary Fig. S3b online). The amplified
dimer was cloned into pTG19-T and the recombinant plasmid (pTG19-T-d) was digested using Xbal and
Xhol enzymes. Moreover, the digested Tef-7a-d band was extracted and cloned into pFGC5941 binary
vector. The =~ 600 bp amplified band using clone PCR (Supplementary Fig. S3c online) and restriction
digestion of recombinant binary vector using BamHl enzyme (Supplementary Fig. S3d online) confirmed
the recombination of pFGC5941 and recombinant plasmid was named pFGC-TEF-d. Moreover, the
recombinant plasmid was sequenced by Bio Magic Gene Company (Hong Kong, China). Schematic
representation of different stage of pFGC-TEF-d construction is shown in Fig. 1.

Bioassay and evaluation of gene construct efficiency

Bioassay evaluation on strawberry leaves showed that L. theobromae (isolate IRAN 1499C) reacts
differentially in two tested cultivars so that three and eight days post inoculation (dpi) necrosis observed
in Camarosa and Ventana cultivars, respectively. Necrosis was developed on grapevine and strawberry
leaves five days after inoculation with Neofusicoccum parvum.

To evaluate the efficacy of pFGC-TEF-d construct on inhibition of L. theobromae and N. parvum,
Agrobacterium cell suspension containing pFGC-TEF-d was vacuum infiltrated into leaves and after three
days, inoculation with fungal cultures was performed.

Necrotic spot was appeared 3 dpi in both treatment and control of Camarosa strawberry cultivar
transformed with recombinant (pFGC-TEF-d) and empty (pFGC5941) vectors, respectively. At 7 dpi, due to
the spread of necrotic spot on the leave surface, control leaves expressing pFGC5941 became completely
necrotic. In treatment leaves expressing pFGC-TEF-d disease progress rate was significantly different
from control leaves at P = 0.05 (Table 1, T. test score was 0.012). The statistical analysis using T-test
showed the average size of necrotic spot in treatment leaves (10 cm?) reduced by 58% compare to the

control leaves (24 cm?) (Table 1 and Fig. 2).

The analysis of construct efficiency on Ventana strawberry cultivar indicated the significant difference
between treatment and control (P < 0.05). In Ventana cultivar the necrotic spot appeared 8 and 5 dpi in
treatment and control leaves, respectively. At 16 dpi, whole surface of the control leave covered by the
necrotic spot, but not the treatment leaves and, significant difference was observed between the mean
size of necrotic spots in control (14 cm?) and treatment leaves (1 cm?) at this time poit at P = 0.05
(Table 1, T. test score was 0.012) and necrotic spot diameter reduced by 93% in treatment leaves (Table 1
and Fig. 3).

Collected data from grapevine (Bidaneh sefid cultivar) revealed the efficiency of pFGC-TEF-d construct in
reduction of necrotic spot diameter caused by L. theobromae. In grapevine, the necrosis symptom was
appeared at 3 dpi. Although, the necrosis spot was appeared in all control and treatment leaves at 8 dpi,
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but data analysis at this time showed the significant difference between control and treatment at P = 0.05
(Table 1). The mean size of necrotic spots in treatment leaves expressing pFGC-TEF-d construct (12 cm?)
was reduced by 55% compare to the control leaves (27 cm?, Fig. 4).

Table 1
) T. test using SPSS software in Strawberry and Grapevine
Strawberry Camarosa repeat mean  Std. Deviation  Std. errormean T. test
c 6 24 3 1 0.012
t 6 10 9 3
Strawberry Ventana c 6 14 0 0 0.00
t 6 1 1 0
Grapvine (Bidaneh sefid) ¢ 10 27 9.06 2
t 10 12 4 1 0.00

Efficiency of pFGC-TEF-d on N. parvum was evaluated on Camarosa strawberry cultivar. Disease
symptom (necrotic spot) was appeared at 4 dpi. At 7 dpi the control leaves were completely covered by
necrotic spot (Fig. 5). Statistical analysis of the mean size of necrotic spots in control (23 cm?) and
treatment leaves (7 cm?) showed significant difference at P = 0.05. Data analysis at 7dpi confirmed
reduction in disease progress in treatment leaves by 70% (Table 2 and Fig. 5). Despite low sequence
similarity (72%) with L. theobromae, statistical analysis using T. test at 7 dpi indicated the efficiency of
PFGC-TEF-d in control of N. parvum.

Table 2

) Statistical analysis of transiently expressed pFGC-TEF-d on
necrosis spot caused by N. parvum in strawberry (Camarosa cultivar)
using T. test.

repeat mean Std. Deviation Std. errormean T. test

c 4 23 4 0 0.003
t 4 7 1 2

Discussion

L. theobromaeis an important worldwide necrotrophic phytopathogenic fungus reported from several
plant species 32 and it is also known as skin pathogen in human 3. Over the years, management of the
Botryosphaeriaceae members (e.g. L. theobromae) has been relied on chemical control, but today
because of the concerns about the side effect of fungicides and chemical residues, we need to pay
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significant attention to the green control of plant diseases. Among several safe alternative methods

recently considered, RNA silencing has received special attention 4/ and here we decided to examine the
ability of this technology to management of L. theobromae.

According to the previous studies, the expression of complimentary hpRNA structures can efficiently
repress the target sequences 6. Thus, the aim of this study was to management of L. theobromae using
a self-complementary hairpin structure. As a sequence region per se plays a role in efficiency of gene
construct 17, we used the transient expression system using Agrobacterium to analysis the effectiveness
of gene construct in induction of resistance against L theobromae. The Agrobacterium-mediated
transient expression assay has developed as an easy and rapid method to analyze gene constructs in
plants > 22, Increasing evidence about the role of Agrobacterium strain 3°, plasmid components such as

promoter 3% 11 and host plants 3%, led us to transiently evaluate the efficiency of designed construct

before essay on transgenic plants. Given the fact that the selection of target sequences with highly
conserved region is one of the preferable critical points, a conserved gene region of L. theobromae was
selected to achieve a broad-spectrum resistance 2'. In the recent decades, researchers have made efforts
to improve the resistance efficiency of RNA silencing through choosing the best target sites 3(and to
achieve the best results, some protocols and critical points were published and emphasized '7:42 .

Therefore, we searched to find an efficient target site to control of L. theobromae, a plant pathogen with
broad host range and found Tef-7q, as a conserved gene in L. theobromae isolates with more than 96%
similarity. Despite the frequent recommendations of RNAi technology to management of plant diseases,
one drawback associated with this technology is generation of siRNAs that silence unintentional genes

42 However, no high similar (or close) target site was detected through in silico searching for off-targets
in human and some important plant hosts (e.g. grapevine and strawberry). Furthermore, significant role in
fungal protein translation machine, two predicted microRNAs (Supplementary Fig. S2 online) suggesting
more putative biological role, and existence of a single copy in fungal genome 2°, led to the selection of
Tef-Ta as a candidate gene.

Although, previous studies suggest that regions containing high secondary structure in RNA sequences is
less accessible to siRNA and targeting sequences with less structured area may shows high resistance

level 27, in this research we found that Tef-7a with high secondary structure can induce reasonable
resistance against L. theobromae. In this survey the candidate gene region was 316 bp in range of

recommended fragment sequences 200—-400 bp 28. It is important to note that shorter fragments is not
efficient for induction of resistance and off-targets chance increases with longer sequences 38. Since, for
each particular silencing construct experimental analysis requires '/, the efficiency of prepared construct
was evaluated transiently in grapevine and strawberry as the important hosts.

As we can infer from the literatures resistance based on silencing can protect plants against related

sequences in different pathogens 2°. Thus, we examined the induction of resistance against
Neofusicoccum (N. parvum) as a closely related genus to the Lasiodiplodia. In spite of low sequence
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similarity (72%) with L. theobromae (Supplementary Fig. S4 online), our results showed reduction in
disease progress caused by N. parvum (Fig. 5 and Table 2). Sequence alignment between designed
construct and N. parvum Tef-1a showed pFGC-TEF-d can produce two predictable microRNAs against N.
parvum Tef-1a.. Therefore, the attachment of produced siRNA as microRNA to the N. parvum Tef-1a
mRNA and also to the DNA sequence of N. parvum Tef-71a as a repressor of transcription may be the
possible expectance for the induction of silencing against N. parvum.

Targeting multifunctional proteins (e.g. Tef-7a) as candidate gene for silencing is an advantage 2°,
because as previously indicated silencing of multifunctional genes can induce stable resistance against

pathogens 26.

As it was observed in the previous studies that hairpin RNA worked best, compare the sense and

antisense RNAs > 13

in this research hairpin structure was developed for control of L. theobromae. Our
findings on a necrotrophic fungus L. theobromae showed RNA silencing can be a new prospect
technology for control of necrotrophic pathogens as biotrophs and this finding are in line with Andrade et
al., * who showed effective control of Sclerotinia sclerotiorum using gene silencing. Using hairpin
structure for silencing of chitin synthase (chs) in necrotrophic fungus, Sclerotinia sclerotiorum,, showed

55.5-86.7% reduction in disease severity in transgenic tobacco plants 72 h post inoculation *.

According to Tan et al, 3°

genetic background, our results revealed that occurrence of disease symptom depends on the cultivars
genetic background as disease symptoms was observed 3dpi in strawberry Camarosa cultivar compare
to 8dpi in Ventana cultivar.

, who mentioned that efficiency of gene constructs may depend on the host

Time interval between agro-infiltration and pathogen inoculation was showed as important parameter for
the efficiency of silencing construct ® 12, thus in this study we inoculated leaves by fungal pathogen 3
days after agro-infiltration to allow the accumulation of siRNAs before the fungal inoculation. As the
results indicated, the pFGC-TEF-d cannot prevent the disease initiation, but decreases the disease
progress as expected based on the function of targeted gene Tef-7a. Based on our knowledge, this is the
first study used Tef-7a for control of plant pathogenic fungi using RNA silencing technology. Our results
revealed that transient expression of pFGC-TEF-d in strawberry and grapevine is able to reduce disease
progress and management of L. theobromae and N. parvum from a close genus belong to same family
Botryosphaeriaceae. Here in this study we introduce an efficient silencing construct against L.
theomobrae to develop transgenic plants or for exogenous application as it was used for some other
pathogens 24, especially for countries that GMO is not allowed. More research is needed to investigate the
effect of RNAI technology using pFGC-TEF-d construct on closely related pathogens from
Botryospaheriaceae on different hosts in future studies.

Material And Methods

Fungal strains and experimental plants
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L. theobromae (IRAN 1499C) and Neofusicoccum parvum (IRAN 1535C) strains were obtained from the
Mycology lab, Department of Plant Protection, University of Kurdistan. The efficiency of construct was
examined on grapevine (Bidaneh Sefid cultivar) and strawberry (Camarosa and Ventana cultivars) from
the Strawberry Research Center, University of Kurdistan.

DNA extraction

DNA extraction was carried out according to the modified method of Raeder and Broda (1985) as
described by Abdollahzadeh et al., 2
Selected gene of interest

The Tef-Ta gene contain a conserved region in L. theobromae population was selected as a candidate
gene. The conservation of gene sequence was checked in GenBank, NCBI. /n silico analysis revealed that
the selected gene shows a high intra-species but low inter-species similarity. Analysis of off-target in
plants and human sequences was investigated using RNAi scan (http://bioinfo2.noble.org/cgi-
bin/RNAiScan/RNAiScan.pl) and [plantgrn.noble.org/pssRNAit/]. Secondary structure of RNA was
predicted using RNA structure software and predicted miRNA from this gene was revealed using Evry
RNA-miRNAFold online software.

Cloning

When target sequence selected, specific primers (Supplementary table S1 online) designed for
amplification of partial Tef-7a gene. In a primer pair, the restriction enzymes site sequences and three
nucleotides as anchor were considered. PCR amplification was carried out using La.TEF1-a-F and
La.TEF1-a-R primers in Biorad (T100TM) thermal cycler. PCR condition was as follows: 94°C for 5 min; 30
cycles of 94°C for 30 S, 54°C for 1 min, 72°C for 1 min; and a final extension of 72°C for 10 min. PCR
product was loaded in 1.2% agaros gel with 0.5X TBE buffer. PCR product (3 pl, 316 bp) (Supplementary
Fig. S1a online) was digested using Ncol restriction enzyme and after digestion the product was purified
using Favoregen (Taiwan) kit. The digested product was self-ligated in 10 pl reaction by T4 ligase (100 ng
of DNA, 1 pl of 10X ligase buffer, and 100 u of T4 ligase) for 1 h at 22°C and an overnight at 4°C.

The ligation reaction was performed as a template for amplification of Tef-7a dimer using TEF1-a primer
with the same PCR amplification condition. The amplified dimer was cloned in pTG19-T vector (Vivantis,
Malaysia) using T4 ligase (100 U T4 ligase, 25 ng pTG19-T, 100 ng PCR product, and 1 pl of 10X ligase
buffer) for 1 hin 22°C and an overnight in 4°C. The ligation reaction product transformed to E. coliDH5a
using heat shock method 34. Plasmid was extracted from white clone and then the recombinant plasmid
was confirmed by digestion. Thereupon, the recombinant pTG19 was digested for separation of tef7-a
dimer using Xbal and Xhol enzymes. The digestion product was loaded on 1% agaros gel and the dimer
band was purified using FavorPrep™ GEL/ PCR Purification Kit (Favoregene, UK). Moreover, the pFGC5941
binary vector was digested using the same enzymes, and the plasmid backbone was purified on agarose
gel. Insertion of tef7-a dimer into pFGC5941 was done using ligation reaction containing 1 pl 10X ligation
buffer, 100 ng tef7-a dimer, 50 ng digested pFGC5941, and T4 ligase (100 U) in a 10 pl reaction volume.
Again, the ligation product was transformed to E. coli DH5a using heat shock method and plasmid
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extraction was carried out using alkaline lysis protocol '°. Moreover, recombination of pFGC5941 was
performed using clone PCR, endonuclease restriction digestion and sequencing. Cloning steps is shown
in Fig. 1.

Agrobacterium transformation

Agrobacterium LBA 4404 strain was plated out in LB medium containing rifampicin for 48 h, at 28
°C/150 rpm. Then, the bacterial suspension precipitated in 2 ml tube using centrifuge (5000 rpm, 3 min).
The precipitated bacterial cell was re-suspended in 250 pl TE buffer, washed, and then centrifuged. The
bacterial cell pellet was re-suspended in 250 pl of LB with 0.1 concentrations, and then the tube putted in
liquid nitrogen for seconds and kept on ice for 30 minutes. Then, 2 pl of binary vector (100 ng/pl) was
added and the tube putted in liquid nitrogen for seconds and after that, the sample was kept in 37 °C for
five minutes. Finally for recovery, sample tubes kept on shaker incubator in room temperature (25-28°C,
180 rpm) for 4 h. Finally, 200 ul of the cell suspension was spread on selective LB media containing
rifampicin and kanamycin.

Transient expression

Grape (Bidaneh Sefid cultivar) and strawberry leaves (Camarosa and Ventana cultivars) were infiltrated
with Agrobacterium tumefaciens LBA4404 isolate using vacuum-based infiltration as described by Kapila
et al. 2°. For infiltration, the 2-day-old Agrobacterium cell suspension (OD600 = 0.8) was centrifuged
(5000 rpm, 3 min, 4°C) and the harvested cells was re-suspended in sterile water and kept on ice for use.
Plant leaves were plunged in cell suspension under vacuum pressure to penetration of cell suspension
into the mesophyll cells. When the majority part of leaves was soaked, the leaves were transferred to the
petri dishes containing soaked sterile paper. The petri dishes incubated in growth chamber (16/8 h
light/night regime, 25°C). Each experiment was carried out using 6—10 leaves and repeated two times. A.
tumefaciens LBA4404 containing empty pFGC5941 and pFGC-TEF-d used as control and treatment,
respectively.

Fungal inoculation

Three days after vacuum infiltration, a small disc (0.5 x 0.5 cm) of 4 day-old fungal colony on PDA was
placed in the middle of each leaves incubated in growth chamber (16/8 h light/dark regime, 25°C). Data
were recorded until the end of experiments for a period of three weeks.

Evaluation of resistance

Resistance evaluation began with the development of necrotic spot on leaves until the spot covered
whole leave in a control plants. Resistance evaluation analysis was performed based on the necrotic spot
diameter.

Statistical analysis
Collected data subjected to T-test statistical comparison analysis using SPSS (SPSS Statistics Version
22) software.

Page 9/13



Declarations

Acknowledgements

The authors would like to acknowledge the University of Kurdistan for financial support.

Conflict of interest

The authors declare no conflicts of interest regarding the publication of this article.

Author contributions

O.N: DNA extraction, cloning and laboratoary work. A.A: design and leading the work, writing original
draft,. J.A: Study monitoring, coordination, Editing the original draft.

References

1

. Abdollahzadeh, , Javadi, A., Goltapeh, E.M., Zare, R. & Phillips A.J.L. Phylogeny and morphology of

four new species of Lasiodiplodia from Iran. Per. 25,1-10 (2010).
https://doi.org/10.3767/003158510X524150

. Abdollahzadeh, J. et al. Barriopsis iraniana and Phaeobotryon cupressi: two new species of the

Botryosphaeriaceae from trees in Iran. 23, 1 — 8 (2009). https://doi.org/
10.3767/003158509X467552

.Ai, T, Zhang, L., Gao, Z., Zhu, C.X. & Guo, X. Highly efficient virus resistance mediated by artificial

microRNAs that target the suppressor of PVXand PVYin plants. Plant Biol. 13, 304-316 (2011).
https://doi.org/1111/j.1438-8677.2010.00374.x

. Andrade, M., Tinoco, M.L.P., Rieth, A.F., Maia, F.C.0. & Aragao, F.J.L. Host-induced gene silencing in

the necrotrophic fungal pathogen Sclerotinia sclerotiorum. Plant Pathol. 65, 626-632 (2016).
https://doi.org/10.1111/ppa.12447

. Azizi, A., Verchot, J., Moieni, A. & Shams-Bakhsh, M. Efficient silencing gene construct for resistance

to multiple common bean (Phaseolus vulgaris) viruses. 3 Biotech. 10, 1-10 (2020).
https://doi.org/10.1007/s13205-020-02276-4

. Bisaro, D. M. Silencing suppression by geminivirus proteins. Virol. 344, 158-168 )2006(.

https://doi.org/10.1016/j.virol.2005.09.041

. Borderie, V.M. et al. Endophthalmitis after Lasiodiplodia theobromae corneal abscess. Graefes Arch

Clin Exp Ophthalmol. 235, 259-261) 1997(. https://doi.org/10.1007/BF00941769

. Borges, F. & Martienssen, R.A. The expanding world of small RNAs in plants. Mic and Mol Bio Rev.

16,727-741(2015). https://doi.org/10.1038/nrm4085

. Chen, Y. et al.Characterization of RNA silencing components in the plant pathogenic fungus

Fusarium graminearum. Sci Rep. 5, 12500-12500 (2015). https://doi.org/10.1038/srep12500

Page 10/13


https://doi.org/10.3767/003158510X524150
https://dx.doi.org/10.3767%2F003158509X467552
https://doi.org/10.1111/j.1438-8677.2010.00374.x
https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Andrade%2C+C+M
https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tinoco%2C+M+L+P
https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rieth%2C+A+F
https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Maia%2C+F+C+O
https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Arag%C3%A3o%2C+F+J+L
https://doi.org/10.1007/s13205-020-02276-4
https://doi.org/10.1016/j.virol.2005.09.041
https://doi.org/10.1007/BF00941769
https://doi.org/10.1038/nrm4085

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Chethana, M., Sorokhaibam, L.G., Bhandari, V.M., Raja, S. & Ranade, V. Green approach to dye
wastewater treatment using biocoagulants. ACS Sust Chemist Engin. 4, 2495-2507 (2016).
https://doi.org/10.1021/acssuschemeng.5b01553

. Dalakouras, A., Tzanopoulou, M., Tsagris, M., Wassenegger, M., & Kalantidis, K. Hairpin transcription

does not necessarily lead to efficient triggering of the RNAi pathway. Transgenic Res. 20, 293-304
(2011). DOI 10.1007/s11248-010-9416-3

Debat, H.J., .Grabiele, M., Ducasse, D.A. & Lambertini, PL. Use of silencing reporter and
agroinfiltration transient assays to evaluate the potential of hpRNA construct to induce multiple
tospovirusBiol Plant. 59, 715-725 (2015). https://doi.org/10.1007/s10535-015-0530-1

Duan, C.G., Wang, C.H. & Guo, H.S. Application of RNA silencing to plant disease resistance. Silence.
3,5(2012). https://doi.org/10.1186/1758-907X-3-5

Farr, D.F. & Rossman, A.Y. Fungal Databases, Systematic Mycology and Microbiology Laboratory,
ARS, USDA. at nt.ars-grin.gov/fungaldatabases/ (2020)

Fatima, H., Kamil,S., Khaled, A.E. & Synan, F.A. Biological Control of Mango Dieback Disease Caused
by Lasiodiplodia theobromae Using Streptomycete and Non-streptomycete Actinobacteria in the
United Arab Emirates. Front Microbiol. 9, 829 (2018). https://doi: 10.3389/fmicb.2018.00829.

Felix, C. et al. A multi-omics analysis of the grapevine pathogen Lasiodiplodia theobromae reveals
that temperature affects the expression of virulence- and pathogenicity-related genes. Sci Rep. 9,
131-144 (2019). https://doi.org/10.1038/s41598-019-49551-w

Fernandez-Pozo, N., Rosli, H.G., Martin, G.B. & Mueller, L.A. The SGN VIGS tool: user-friendly software
to design virus-induced gene silencing (VIGS) constructs for functional genomics. Mol plant. 8, 486-
488 (2015). http://dx.doi.org/10.1016/j.molp.2014.11.024

Fusaro, AF.. et al. RNA interference inducing hairpin RNAs in plants act through the viral defence
pathway. EMBO Rep. 7, 1168-75 (2006). https://doi.org/10.1038/sj.embor.7400837

Green, M.R. & Sambrok, J. Molecular cloning a laboratory manual. 4th edn. (Cold Spring Harbor
Laboratory Press). 34 (2012).

Gross, S. & Kinzy, T. Translation elongation factor 1-a is essential for regulation of the actin
cytoskeleton and cell morphology. Nat Struct Mol Biol. 12,772-778 (2005).
https://doi.org/10.1038/nsmb979.

Jiang, F, Song, Y., Han, Q., Zhu, C. & Wen, F. The choice of target site is crucial in artificial miRNA-
mediated virus resistance in transgenic Nicotiana tabacum. Physiol and Mol Plant Pathol. 76, 2-8
(2011).

Johansen, L.K. & Carrington, J.C. Silencing on the spot. Induction and suppression of RNA silencing
in the Agrobacterium-mediated transient expression system. Plant Physiol. 126, 930— 938 (2001).

Johnson, E.T., Proctor, R.H., Dunlap, C.A. & Busman, M. Reducing production of fumonisin
mycotoxins in Fusarium verticillioides by RNA interference. Myco Res. 34, 29-37 (2018).
https://doi.org/10.1007/s12550-017-0296-8

Page 11/13


https://doi.org/10.1021/acssuschemeng.5b01553
https://doi.org/10.1007/s10535-015-0530-1
https://doi.org/10.1186/1758-907X-3-5
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kamil%20FH%5BAuthor%5D&cauthor=true&cauthor_uid=29780366
https://dx.doi.org/10.3389%2Ffmicb.2018.00829
https://doi.org/10.1038/s41598-019-49551-w
https://doi.org/10.1038/sj.embor.7400837
https://doi.org/10.1038/nsmb979
https://doi.org/10.1007/s12550-017-0296-8

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kaldis, A. et al. Exogenously applied dsRNA molecules deriving from the Zucchini yellow mosaic
virus (ZYMV) genome move systemically and protect cucurbits against ZYMV. Mol Plant Pathol. 19,
883-895 (2018). https://doi.org/10.1111/mpp.12572

Kapila, J., De Rycke, R., Montagu, M.V. & Angenon, G. An Agrobacterium-mediated transient gene
expression system for intact leaves. Plant Sci. 122, 101-108 (1997). https://doi.org/10.1016/S0168-
9452(96)04541-4

Leibman, D. et al. A high level of transgenic viral small RNA is associated with broad potyvirus
resistance in cucurbits. Mol Plant Microbe Interact.24, 1220-1238 (2011).
https://doi.org/10.1094/MPMI-05-11-0128

Ma, Z. & Michailides, T.J. Advances in understanding molecular mechanisms of fungicide resistance
and molecular detection of resistant genotypes in phytopathogenic fungi. Crop Prot. 24, 853-863
(2005). https://doi. org/10. 1016/j.cropro.2005.01.011

Mamta, B. & Rajam, M.V. RNAI technology: a new platform for crop pest control. Physiol Mol Biol
Plants. 23, 487-501 (2017). https://doi.org/10.1007/s12298-017-0443-x.

O'Donnell, K. Molecular phylogeny of the Nectria haematococca-Fusarium solani species complex.
Myco. 92,919-938 (2000). https://doi.org/10.1080/00275514.2000.12061237

Paolinelli-Alfonso, M. et al. Global transcriptional analysis suggests Lasiodiplodia theobromae
pathogenicity factors involved in modulation of grapevine defensive response. BMC Gen. 17, 615
(2016). https://doi.org/10.1186/s12864-016-2952-3

Papacostas, L.J., Henderson, A., Choong, K. & Sowden, D. An unusual skin lesion caused by
Lasiodiplodia theobromae. Med Myco. 8, 44-46 (2015). https://doi.org/10.1016/j.mmcr.2015.03.002
Phillips, A.J.L. et al. The Botryosphaeriaceae: genera and species known from culture. Stud

Mycol. 76, 51-167 (2013). https://doi.org/10.3114/sim0021

Pitt, W.M. et al. Evaluation of fungicides for the management of Botryosphaeria canker of
grapevines. Plant Dis. 96, 1303-1308 (2012). https://doi.org/10.1094/PDIS-11-11-0998-RE
Rahimzadeh, , Sadeghizadeh, M., Najafi, F., Arab, S.S. & Mobasheri, H. Impact of heat shock step on
bacterial transformation efficiency. Mol Bio Res Com. 5,257-261 (2016).

Restrepo, A., Arango, M., Velez, H., & Uribe, L. The isolation of Botryodiplodia theobromae from a nail
lesion. Med Mycol. 14, 1-4 (1976).

Rolshausen, PE. et al Evaluation of pruning wound susceptibility and protection against fungi
associated with grapevine trunk diseases. A J Enol and Viticul. 61, 113-119 (2010).

Saeed, E.E. et al. Chemical Control of Black Scorch Disease on Date Palm Caused by the Fungal
Pathogen Thielaviopsis punctulata in United Arab Emirates. Plant Dis. 100, 2370-2376 (2016).
doi:10.1094/PDIS-05-16-0645-RE

Senthil-Kumar, M. & Mysore, K.S. Tobacco rattle virus-based virus-induced gene silencing in
Nicotiana benthamiana. Protoc. 9, 1549-1562 (2014). https://doi.org/10.1038/nprot.2014.092

Page 12/13


https://doi.org/10.1111/mpp.12572
https://doi.org/10.1016/S0168-9452(96)04541-4
https://doi.org/10.1094/MPMI-05-11-0128
https://doi.org/10.1080/00275514.2000.12061237
https://doi.org/10.1186/s12864-016-2952-3
https://doi.org/10.1016/j.mmcr.2015.03.002
https://doi.org/10.3114/sim0021
https://doi.org/10.1094/PDIS-11-11-0998-RE
https://doi.org/10.1038/nprot.2014.092

39.

40

41,

42.

43.

44,

45.

46.

47.

48.

49.

Tan, X. et al. A comparative testing of Cucumber mosaic virus (CMV)-Based constructs to generate
virus resistant plants. A J Plant Sci. 3, 461-472 (2012).

. Thomas, PA., Kuriakose, T., Kirupashanker, M.P. and Maharajan, V.S. Use of lactophenol cottonblue

mounts of corneal scrapings as an aid to the diagnosis of mycotic keratitis. Diagn Microbiol Infect
Dis. 14,219-224 (1991). https://doi.org/10.1016/0732-8893(91)90035-E

Thompson, S., Alvarez-Loayza, P, Terborgh, J. & Katul, G. The effects of plant pathogens on tree
recruitment in the Western Amazon under a projected future climate: a dynamical systems analysis.
J Ecol. 98, 1434-1446 (2010).

Tiwari, M., Sharma, D. & Trivedi, PK. Artificial microRNA mediated gene silencing in plants: progress
and perspectives. Plant Mol Biol. 86, 1-18 (2014). https://doi.org/10.1007/s11103-014-0224-7
Vetukuri, R.R. et al. Phenotypic diversification by gene silencing in Phytophthora plant

pathogens. Com Int Biol.6, €25890 (2013). https://doi.org/10.4161/cib.25890

Voinnet, 0. & Baulcombe, D.C. Systemic signalling in gene silencing. Nature. 389, 553 (1997).
https://doi.org/10.1038/39215

Wang, M.B. et al. On the role of RNA silencing in the pathogenicity and evolution of viroids and viral
satellites. Pro Nat Acad of Sci. 101, 3275-3280 (2004). https://doi.org/10.1073/pnas.0400104101
Watson, J.M., Fusaro, A.F,, Wang, M. & Waterhouse, PM. RNA silencing platforms in plants. FEBS
Lett 579, 5982-5987 (2005). https://doi.org/10.1016/j.febslet.2005.08.014

Werner, B.T., Gaffar, F.Y., Schuemann, J., Biedenkopf, D. & Koch, A.M. RNA-Spray-Mediated Silencing
of Fusarium graminearum AGO and DCL Genes Improve Barley Disease Resistance. Plant Sci. 11, 1-
11. (2020) https://doi.org/10.3389/fpls.2020.00476

Wesley, S.V. et al. Construct design for efficient, effective and high-throughput gene silencing in
plants. The Plant J. 27, 581-590 (2001). https://doi.org/10.1046/j.1365-313X.2001.01105.x

Zhang, C., Wu, Z,, Li, Y. & Wu, J. Biogenesis, function, and applications of virus-derived small RNAs in
plants. Front Mic. 6, 1237 (2015). https://doi.org/10.3389/fmicb.2015.01237

Page 13/13


https://doi.org/10.1016/0732-8893(91)90035-E
https://doi.org/10.1007/s11103-014-0224-7
https://doi.org/10.4161/cib.25890
https://doi.org/10.1038/39215
https://doi.org/10.1073/pnas.0400104101
https://doi.org/10.1016/j.febslet.2005.08.014
https://doi.org/10.3389/fpls.2020.00476
https://doi.org/10.3389/fmicb.2015.01237

