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ABSTRACT

Smart agriculture will be essential for sustainable food production. Above all, the implementation of smart plant
protection is highly expected as a way to protect crops from pests. However, for this purpose, it is necessary to collect
a lot of experimental data, link it with various information, and analyze them. This topic introduces three
transboundary and high-risk diseases and shows how each experimental data relates to smart plant protection.
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1. INTRODUCTION

Securing and streamlining the workforce, passing on
farmers' skills, increasing productivity and improving
economic outcomes are important challenges in the
agriculture around the world. Furthermore, as a global
effort to achieve sustainable development goals (SDGs),
farmers and agronomists need to be serious about
increasing yields and securing food, paying attention to
overuse of chemical pesticides and fertilizers. And it is
expected that "smart agriculture” will solve these
problems [1, 2]. The essence of "smart agriculture” is
outlined as follows; the sensing data of the physical
spaces of agriculture (which may be crop fields or
inspection sites) is analyzed in cyberspace, and the
optimal real-time responses/actions in the physical
spaces are introduced. Therefore, it is essential to
develop the internet and intranet as the communicating
means of information, but more importantly, we need to
clarify what kind of sensing data is collected, how to
analyze the data, and what countermeasures can be
taken. Works such as data collection, data analysis, and
proposing countermeasures are dependent on big data
mining, and the use of artificial intelligence (Al)
technology is indispensable. As you know, Al
technology has made great progress recently due to the
improvement in machine learning accuracy and the

dramatic  development of computing machines.
However, it is often misunderstood by the general
publics that "because Al, not humans, analyzes the data,
Al derives the results which humans don't think of, and
the countermeasures proposed by Al must be very
good." The cause of this misunderstanding seems to be
that people have the following unreasonable hopes for
Al as; "Al knows facts that humans cannot understand
because they can perform calculations that humans
cannot do", "Al has information that people cannot
collect”, and "even data values are somewhat sloppy, Al
derives statistically meaningful conclusions”, and "Al
replaces missing data values with reasonable numbers".
However, whether it is Al or human beings, data
analysis containing unexplained missing values or
unknown events must be inaccurate. There is no choice
but to upgrade the accuracy the data values by properly
cycling PDCA (plan-do-check-act) for data mining.
Especially, it will be essential to link and analyze "wet"
experimental data with various environmental
information (geographical, meteorological, botanical,
pedological, etc.).

Although the above-mentioned issues remain in
smart agriculture, | think that the lack of information is
remarkable in the field of plant protection especially. At
first glance, "smart plant protection" seems to be a
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technology that can be implemented at an early stage
because methods for calculating the outbreak prediction
of pests based on meteorological information have been
known for a long time. It seems also possible to predict
the QUALITATIVE prevalence of disease depending on
between the race types of pathogens and the
presence/absence of resistance of the host variety.
However, it is difficult to predict at present how the
local effects of micrometeorology affect the occurrence
of wvarious diseases, and the QUANTITATIVE
prevalence of disease depending on between the race
types of pathogens and the presence/absence of
resistance of the host variety. In the first place, it is not
possible to calculate a model of damage spread without
clarifying how widespread the diseased plants are in the
field, and it is not possible to determine what to plant in
the field without knowing about the host range of the
pathogens. When actually implementing the Al-driven
smart plant protection systems, it seems to be an
obstacle for data mining that no one (also Al) knows
enough the disease information (the pandemic/endemic
epidemiology, biological characteristics of pathogens,
environmental effects to pathogens and plants, and the
pathogen/host relationships, and so on). Therefore, in
order to promote the smart plant protection systems, it is
necessary to collect information by conducting
sufficient on-site disease surveys, "wet" experiments
and observations. In this topic, | will introduce some
examples of conducting on-site investigations and "wet"
experiments while being aware of how they are
involved in smart plant protection. In particular, among
our previous studies, | will focus on transboundary and
high-risk diseases that are not yet fully understood and
are required to be dealt with worldwide.

2. CASE OF CITRUS GREENING DISEASE

2.1. Citrus greening and Candidatus
Liberibacter asiaticus

Citrus greening (huanglongbing; HLB) disease is a
devastating disease of citrus trees with high economical
costs to the worldwide citrus industry. Symptoms
include blotchy chlorosis and/or mottling of leaves;
yellowish shoots; vein corking; stunted growth; poor
root growth; small, green, and malformed fruits; and
finally, death [3]. This disease is caused by three species
of phloem-limited fastidious bacteria, "Candidatus
Liberibacter asiaticus" (Las), "Ca. L. africanus, " and
"Ca. L. americanus" [3]-[7]. And these pathogens are
transmitted by grafting and by the sap-sucking psyllids
Diaphorina citri and Trioza erytreae [3]. And Las is in
the most widespread (e.g., Asia, Brazil, and North
America) [3], [8], [9]. All major commercial citrus
cultivars are susceptible to this species, and no effective
control in practical use is known other than the removal
of infected trees. Therefore, in areas in which greening
has not become established, rapid identification and
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culling of infected trees and budwoods in quarantine are
the most important control measures. Various DNA
amplification methods, including polymerase chain
reaction (PCR) have been used to test greening-infected
plants [10], but obtaining stable results is often difficult
at an early stage of infection when the bacterial density
in trees is low. If the test results differ depending on the
PCR method, it will be difficult to confirm the infected
trees. Namely, the data on the spread status in the
survey area may change depending on the detection
accuracy of PCR. In order to prevent this, it is important
to use the PCR method with as high detection accuracy
as possible. Therefore, our group developed a highly
sensitive PCR method [11].

2.2. Highly sensitive and accurate endpoint
PCR of Las

In a re-examination of the specificity of primers
used in PCR tests for greening-infected plants, we found
a Las-specific sequence region after aligning and
comparing the various bacterial 16S rDNA sequences
and were able to design new primers with high
sensitivity and accuracy [12]. The endpoint PCR
(conventional PCR) wusing the new primer set
(Las606/Lss) was more sensitive than with any other
known primer sets, including those often used at
inspection sites, and we confirmed the high specificity
for Las. We have also developed a direct PCR method
that does not require DNA extraction, enabling easy and
rapid genetic testing [13]. This has made it possible to
increase the number of trees to be inspected.

2.3. Use of detection method for greening
disease in smart plant protection

In Japan, greening disease occurs in some islands in
Kagoshima prefecture and in Okinawa prefecture [14,
15]. By introducing our methods and the related
technologies, inspections are becoming more efficient.
In the area where greening disease occurs, the number
of tests can be increased to clarify the presence or
absence of infection. As shown here, depending on
accuracy and number of tests, PCR detection influences
the determination of the number of infected trees and
the area where greening disease occurs. The
improvement of the PCR method is a "wet" experiment,
but which makes it possible to collect accurate disease
test result data. By using these data, it is expected that it
will be possible to understand the spread situation,
predict the onset of the disease, and set the inspection
area. It is thought to lead to outbreak prediction in smart
plant protection.
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3. CASE OF BACTERIAL CANKER OF
KIWIFRUIT

3.1. Bacterial canker disease of kiwifruit

Bacterial canker is a serious disease that causes
severe damage to Actinidia plants including Kkiwifruit,
and production countries around the world have been
taking precautions to prevent its invasion [16].
Nevertheless, the area where this disease is present has
expanded, and its occurrence has been currently
confirmed in 18 countries, including Japan. Therefore,
this disease is now thought to be in a pandemic state
[17]. Actinidia plants are considered to be native to East
Asia, and more than 50 kinds of wild species grow
naturally in the mountains of the East Asia region,
centering on China. The genus Actinidia is also
distributed widely in Japan. And the bacterial canker
disease of kiwifruit was first recognized around 1980 in
Japan [16]. The causative agent of this disease is
Pseudomonas syringae pv. actinidiae (Psa), which
causes systemic symptoms, such as spots on leaves,
dying of flower buds, shoots and branches, cracking or
canker in branches and trunks, white or reddish-brown
exudates leaking from pruning cuts, scars, lenticels and
lesions. In particular, infection with Psa biovar 3 (the
variety-level taxon that includes strains causing the
pandemic), which is considered highly virulent, can lead
to the death of heavily diseased trees. Interestingly,
various groups have been found in Japan, not just the
first reported group in the world (currently classified as
biovar 1) and the group causing the pandemic (biovar
3). So far, Psa biovar 1, 3, 5, 6, and Pseudomonas
syringae pv. actinidifoliorum (this pathogen has been
classified to another pathotype from biovar 4, currently)
have been found in various parts of Japan [16]. In Japan,
nationwide surveys of "bacterial canker of kiwifruit
disease" have succeeded in finding such various Psa
biovars. Then, to clarify the genetic relationship of these
biovars, genome analysis of each biovar was required.

3.2. Genomes of various biovars of
Pseudomonas syringae pv. actinidiae

So far, we have been sequencing the genomes of
domestic Psa biovars [18-21]. We compared these
genomes and clarified the characteristics among biovars.
The biggest difference among Psa biovars is that they
have different types of phytotoxins. Many biovar 1 have
the synthetic gene cluster of phaseolotoxin [20], and
biovar 6 has the synthetic gene clusters of phaseolotoxin
and coronatine, respectively [19]. However, no known
phytotoxin synthetic gene cluster has been identified for
biovar 3 [21] and biovar 5 [18]. In addition, we found
that there are common type Il effectors of Psa and
biovar-specific type Il effectors. The type Il effectors
are known as virulence factors involved in pathogen-
plant interactions (mainly in the field of plant immunity)
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[22]. By pursuing the functions of phytotoxins and the
combination of type 11l effectors among biovars, it will
be possible to understand the essence of pathogenicity
to kiwifruit and to estimate the host range.

3.3. Use of genome information for bacterial
canker of kiwifruit in smart plant protection

From genome analysis, we found that Psa is a
highly diverse pathogen with respect to both phenotypes
and genotypes. It is possible that unknown biovars are
still hidden in the source population distributed on the
phyllosphere of wild Actinidia plants throughout East
Asia [16]. In recent years, ecological research including
analysis of various environmental DNAs using next-
generation sequencers (NGS) has been progressing. The
number of gene  sequences  registered in
DDBJ/EMBL/GenBank is increasing day by day, but
there are many gene sequences that no one knows yet in
the world. In smart plant protection, it is important to
accumulate and utilize a large amount of pathogen
genomic information in order to put NGS-based
comprehensive pathogen detection into practical use. By
analyzing big data consisting of a large amount of
genomic information, it may be possible to find the key
to infer the existence of a pathogen even with a small
gene sequence.

4. CASE OF LSO CONTAMINATED
CARROT SEEDS

4.1. ""Candidatus Liberibacter solanacearum"
in carrot seeds

"Candidatus Liberibacter solanacearum™ (Lso) is an
unculturable gram-negative bacterium and the causal
agent of potato zebra chip disease and carrot Lso disease
[23, 24]. Symptoms of Lso carrot disease include leaf
curling, leaf discoloration, stunted shoots and roots,
secondary root proliferation, and reduced edible root
volume [23, 25]. Although Lso is known to be normally
transmitted by insect vectors, grafting, and vegetative
propagation, Lso was also reported to be seed
transmitted [26]. If seedlings (plants developed from
seeds) derived from Lso-infected plants are naturally
infected with Lso, the spread of this disease in carrot-
producing regions is unavoidable. Since the major
vegetable seeds are distributed internationally every day
and sown in the production areas worldwide,
understandably, carrot seed producers, carrot farmers,
seed companies, and plant quarantine agencies in
various countries are concerned about potential
economic damage. On the other hand, recent studies
have also reported that Lso seed transmission is unlikely
to occur in some circumstances [27-29]. Since it was
unclear whether seed transmission occurs or not, our
group also investigated the possibility of seed
transmission of this disease.
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4.2. Seed-transmissibility of Lso in carrot seeds

First, we updated the Lso-specific detection primers
for PCR. Following our Las-specific primer set design
for citrus greening disease [12], we have developed
primers (and a TagMan probe) that can be used in both
endpoint and real-time PCR [30]. Next, we obtained
carrot seeds that were actually contaminated with Lso,
and we confirmed that the Lso on seeds was alive [31].
Since Lso is difficult to culture and its survival cannot
be confirmed in the culture test, we could confirm the
survival of Lso by detecting Lso RNA. Then, we sowed
the seeds that are contaminated with live Lso, and we
investigated whether Lso was detected from the
seedlings grown out and symptoms appeared. Namely,
we evaluated the possibility of carrot seed transmission
of Lso using grow-out tests and probability analyses
[32]. Based on the contamination rate of contaminated
seeds and the number of diseased seedlings (actual
number was 0), the upper limit of the proportion of
transmission was calculated by a statistical method.
Consequently, we found that the proportion of
transmission was extremely small, resulted in that seed
transmission of Lso is unlikely in practice.

4.3. Use of seed transmissibility information in
smart plant protection

A big problem with Al-driven information
collection and analysis in smart plant protection is
thought to be how to assess the accuracy of the collected
information. Can we scoop up old (and essential)
information that has sunk into the deep sea of
information? Can we monitor high impact but
unrealistic information? There are still many challenges
in the informatics of a smart society. Here, seed
transmissibility is a plant pathological theme that has
long been a concern. The fact that pathogens are
transmitted via seeds is high impact and easy to be
publicly known than the fact that pathogens are not
transmitted via seeds. Information on the pathogenicity
and transmissibility of plant pathogens is often biased.
Al may be able to correct these biases in the future, but
at least for now, scientists need to be very careful.
Research on seed transmissibility of pathogens may be a
typical example.

5. CONCLUSION

The most actively researched in smart agriculture
are high-spec sensor devices, automated machines and
vehicles, remote sensing by artificial satellites, image
analysis and data mining of legacy agricultural data [1,
2]. These research outcomes have been increasing
rapidly in recent years. In our group as well, Al-driven
smart plant protection technology including image
analysis, drone work, utilization of satellite
photographs, chemical composition analysis and genetic
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information analysis, are studied and developed for
various diseases including citrus greening [33]. On the
other hand, biochemical research on pests, which is a
conventional agricultural study, may be regarded as a
sober and muddy work. However, as shown in this
topic, the results of long-standing research will
eventually be used as analytical data in smart
agriculture. Accumulation of experimental data is
increasingly needed and contributes to smart and
innovative agriculture.
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