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Abstract

In this study, we examined the feasibility of Myzus persicae proliferation through interrela-
tionships with host plants in a smart farm facility during winter. We investigated aphid prolif-
eration under an LED artificial light source and attempted to interpret aphid proliferation in
relation to the net photosynthetic rate of the host plant, Eutrema japonicum. We observed
that aphids continuously proliferated in the smart farm facility in winter without dormancy.
The average number of aphids was greater under the 1:1 red:blue light irradiation time ratio,
where the photosynthetic rate of the host plant was lower than under the 5:1 and 10:1 red:
blue light irradiation time ratios. These results show that it is important to maintain a low net
photosynthetic rate of the host plant, E. japonicum, in order to effectively proliferate aphids
under artificial light such as in the case of smart farm facilities.

Introduction

Crops are cultivated throughout the year in crop cultivation facilities, including in South
Korea, owing to the increasing demand for vegetables due to economic development and
improvement in national income [1, 2]. Recently, due to problems of the aging agricultural
population, decrease in the agricultural population and lands, and frequent occurrence of
disasters attributed to global warming, there has been a stagnation of agricultural productivity,
and crop cultivation has changed from outdoor crop cultivation to facility crop cultivation [3].

However, with the cultivation of facility crops comes an associated pest problem. Crop
damage caused by pests is gradually becoming more severe worldwide [4]. Major insect pests
are Myzus persicae and Aphis gossypii (Hemiptera: Aphididae), Tetranychus urticae and T. kan-
zawai (Trombidiformes: Tetranychidae), Polyphagotarsonemus latus (Trombidiformes: Tarso-
nemidae), Liriomyza trifolii (Diptera: Agromyzidae), Palpita indica (Lepidoptera: Pyralidae),
Frankliniella intonsa and F. occidentalis (Thysanoptera: Thripidae), and Bemisia tabaci (Hemi-
ptera: Aleyrodidae) [5-10].
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Pest control through pesticides is used in agriculture to improve crop productivity and
quality [11]; however, due to the excessive use of pesticides, side effects, such as the extermina-
tion of non-targeted species (beneficial insects), the emergence of resistant pests, environmen-
tal pollution, and the conversion of potential insects into pests, are also greatly increasing [12—
15]. Therefore, augmentative biocontrols, which use natural predators for environmentally
friendly crop production, are being developed [16].

Previously reported biological control technologies for aphids include banker plant technol-
ogy that uses plants infected with Aphidius colemani (a parasitoid wasp) and aphids [17]. This
technology removes aphids by growing plants infected with A. colemani-infected aphid mum-
mies and healthy adult aphids in pots and placing the pots in the crop cultivation area of the
facility [17]. Recently, the Goyang Agricultural Technology Center succeeded in mass prolifer-
ation of A. colemani using barley banker plants in South Korea. However, this technology is
not effective for small aphids because A. colemani is not parasitic on them. Therefore, to bio-
logically control various pests, including aphids, general predators that feed on aphids, such as
ladybugs, should be used.

The ladybug (Harmonia axyridis (Pallas)) is a representative biocontrol agent and a general
predator of aphids [18]. Ladybugs in temperate regions of northern hemisphere usually finish
wintering in late spring and lay their eggs in April-May after mating [19]. However, female
ladybugs do not have a steady food source, and if they starve, the percentage of mature ovari-
oles decreases, which can negatively impact their reproduction [20]. To increase the effective-
ness of ladybug biocontrols, it is necessary to provide adults with sufficient food sources, such
as aphids, at the time of egg-laying. Therefore, research on the mass proliferation of aphids,
which are a common food resource for major biocontrol agents, including ladybugs, in winter
should be conducted. However, in the past, it was difficult to establish the mass proliferation of
aphids during the winter season because aphids usually winter in their natural environment.

Unlike general crop production facilities, the recently developed smart farm is a type of culti-
vation facility that is enclosed from the external environment, is not affected by the weather,
and can automatically control the optimal environmental conditions for crop cultivation [21].
When LEDs are used as artificial light, different short wavelengths of light can be combined to
produce and supply the desired light wavelengths that fit the specific purposes of plant cultiva-
tion. Light sources can be installed close to the plants being cultivated because the amount of
heat generated by the LEDs is small [21]. Therefore, compared to conventional cultivation facili-
ties, smart farms can be more effectively used for optimizing the proliferation of aphids and
their predators, such as ladybugs, along with host plant cultivation throughout the year, through
examining and setting conditions for smooth aphid proliferation irrespective of weather.

Light is an important environmental factor that influences aphid-host plant interactions.
Red and blue light, which are commonly used artificial light sources in smart farms, are more
efficient for plant photosynthesis than other light wavelengths, and their efficiency depends on
the ratio of red to blue light [22-25]. The LED light quality can be precisely modulated and
controlled in a smart farm. Therefore, in smart farms, LED light is the best light source for
studying aphid responses to light properties. Owing to these advantages, LED technology has
also been used for research on various plants [26-30].

Aphids should be continuously supplied to biocontrol agents because they are a major
source of food for augmentative biocontrol agents as crop pests. However, this is impossible in
temperate regions due to the winter season. In our previous study investigating the relation-
ship between aphids and their main predator in East Asia, ladybugs, we observed the prolifera-
tion of aphids during the summer within a smart farm facility [31]; however, aphid
proliferation during winter has not been studied. Therefore, this present study investigated
aphid proliferation during winter using Eutrema japonicum (Miq.) Koidz. as their host plant
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in a smart farm with controlled environment, and analyzed the cause of changes in aphid pro-
liferation in relation to the host plant’s net photosynthetic rate.

Materials and methods
Plant cultivation and smart farm environment treatment

The host plant supplied as a food source for the aphids is E. japonicum, a perennial semi-
shaded plant that has been observed to have aphids attached to and is suitable for cultivation
in smart farm facilities with lower light than outdoor environments [32-34]. E. japonicum
seedlings were cultivated from November 2021 to March 2022 in a smart farm by selecting
similar sized plants with 3-5 aphids attached, and then transplanting one individual per pot.
In the three chambers installed in the smart farm (Parus Co., Shanghai, China), pots with
transplanted E. japonicum (12 pots per chamber) were placed, and the day length was set to 16
h. The smart farm we used has been owned the ecology lab in Kongju National University and
was permitted for use in experiments.

The size of the smart farm was 360 cm (W) x 60 cm (L) x 230 cm (H). The size of each
chamber positioned in the smart farm was 120 cm (W) x 52 cm (L) x 41.5 cm (H), and their
walls were painted white to increase the light reflectance (Fig 1). In order to observe the aphid
proliferation response according to light quality, different ratios of red (R, 660 nm) and blue
(B, 450 nm) light efficient for plant photosynthesis was used for examining light quality inside
the smart farm by controlling irradiation time of them [22, 35-40]. The irradiation time rates
of R and B lights in the LED panels were set to 1:1, 5:1, and 10:1 (Table 1). In this case, the

LED Panel

Fig 1. Schematic diagram of a light chamber (120cm x 52cm x 41.5cm) and a pot. The four LED lights, as the light sources, were set below the surface of the
roof. The colors of all surfaces were white for light reflection.

https://doi.org/10.1371/journal.pone.0276520.9001
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ratios of the amount of blue light / red light was 0.64 in RB(1:1), 0.13 in RB(5:1), 0.06 in RB
(10:1), if calculated, because the number of LED units of red light was 33, and the number of
LED units of blue light was 21 per chamber.

For E. japonicum cultivation, sand with the same particle size was placed in a circular pot of
15 cm (H) x 12 cm (D). The sand was mixed with bed soil (Heungnong bio, Monsanto Korea,
Seoul, South Korea) at a ratio of 99.5:0.5 to supply the pot with nutrients. Water was supplied at
intervals of 2-3 days so that the soil would not dry out, and the temperature and relative humid-
ity were controlled using a thermo-hygrostat data logger LCSEMS (Parus Co., Shanghai, China).
During the experimental period, light intensity in the smart farm was 101.44 + 8.07 umolm s ™,
temperature was 11.15 + 4.24°C, relative humidity was 50.84 + 8.26%, and CO, concentration
was 355.18 + 12.24 ppm (average + standard deviation for all values).

Measurement of aphid population

We cultivated E. japonicum with M. persicae placed in each chamber for one month to allow
for acclimatization to the internal environment of the smart farm and then observed the num-
ber of aphids per leaf in each individual plant every month from December 2021 to March
2022. During this period, to determine whether there is a difference in the number of aphids
depending on the location on the leaf, the number of aphids on the upper side (UPP) and
lower side (UND) of the leaves was observed. Adult individuals of Myzus persicae were
counted and divided into two groups, marking different external morphology: alate aphids
(W) with a pair of wings, and apterous aphids (S) without wings.

Measurement of the ecophysiological response of the host plant

To determine the change in the number of aphids in relation to the net photosynthetic rate
(Pn; expressed in umol m™s™") of the host plant, we measured the Pn of leaves to which aphids
had been attached. Measurements were taken 39 times per chamber between 10 a.m. and 2 p.
m. for a day in March 2022 using the photosynthesis measuring equipment LCi-SD Ultra
Compact Photosynthesis System (ADC BioScientific Ltd., Hoddesdon, UK), which can mea-
sure photosynthetic factors, such as Pn.

To understand whether the leaf toughness of host plants affects the number of aphids on it,
aphid-attached E. japonicum leaves with signs of feeding activity were sampled. Per chamber,
nine leaf disks with a diameter of 5 mm were collected, and their dry weight was determined
to calculate the leaf density, which is the leaf dry weight per constant area. It is known that
increased leaf density increases leaf toughness [41], in turn affecting herbivorous pressure, e.g.,
by aphids, on the host plant.

Statistical analysis

Statistical tests to compare among the light conditions for the Pn of E. japonicum and the num-
ber of leaves with M. persicae were performed using the one-way ANOVA test (p<0.05), and

Table 1. Our previous studies that have investigated R:B ratio conditions in a smart farm facility.

Treatment” Studied plant Reference
RB(1:1), RB(5:1), RB(10:1) Eutrema japonicum [38]
Six taxa of leafy vegetables [39]
Lycium chinense [40]

'Represents 1:1, 5:1 and 10:1 of light irradiation time ratios of red:blue mixed light.

https://doi.org/10.1371/journal.pone.0276520.t001
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the post hoc test was performed using the Fisher LSD method [42]. Factor analysis was per-
formed to determine the relationship among the observed number of aphids on the upper side
(UPP) and lower side (UND) of leaves, number of alate aphids (W) and apterous aphids (S),
and net photosynthetic rate (Pn) of E. japonicum leaves attached with aphids [42]. When ana-
lyzing the factors, standardized data were used to eliminate errors caused by different units for
each variable [42]. Statistical analyses were performed using Statistica (version 7) statistical
package (StatSoft Inc., Tulsa, USA).

Results

M. persicae was continuously observed from December 2021 to March 2022 under the light
conditions of RB(1:1), RB(5:1), and RB(10:1) in the smart farm (S1 and S2 Tables), with high-
est frequency in February and lowest in January (Fig 2A). The number of aphids under light
conditions was highest under RB(1:1) and lowest under RB(10:1) in December; in January, it
was highest under RB(5:1) and lowest under RB(10:1); in February, it was highest under RB
(10:1) and lowest under RB(1:1); and in March, it was highest under RB(1:1) and lowest under
RB(10:1) (Fig 2).

The Pn of E. japonicum was in the order RB(10:1) > RB(5:1) > RB(1:1) (Fig 3A and S3 and
S4 Tables). This pattern was the opposite to that of the aphid population (Fig 2B). Additionally,
the oscillation pattern of the number of leaves with aphids per individual E. japonicum plant
matched that of aphid population size in the order RB(1:1) > RB(5:1) > RB(10:1) (Figs 2B and
3B and S5 Table). However, there was no difference in leaf density in relation to light quality
(Fig 4).

Factor analysis using the number of aphids and the Pn of E. japonicum measured in March
showed that the number of aphids was affected by light quality and Pn (Fig 5 and Table 2).
When the distributed factor scores of RB(1:1), RB(5:1), and RB(10:1) were divided into three
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Fig 2. The number of aphids on the leaves of Eutrema japonicum monthly (A) and according to red:blue (RB) mixed light irradiation ratios of 1:1, 5:1 and

10:1 (B).

https://doi.org/10.1371/journal.pone.0276520.g002
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https://doi.org/10.1371/journal.pone.0276520.9003

groups, their distribution positions were separated into factors 1 and 2 (Fig 5). Considering
that a variable with factor loading of 0.3 or more is a major variable for factor 1 or 2 [43], the
major variables affecting the distribution of the factor scores were UPP, UND, W, S, and Pn
(Fig 5 and Table 2). Therefore, the characteristics of aphids were affected by the Pn of E.
japonicum.

Discussion

M. persicae was continuously observed from December to March, which is the winter season in
temperate Asia, under the light conditions of RB(1:1), RB(5:1), and RB(10:1) in the smart farm
(Fig 2A). On average, the number of aphids per month increased by approximately 32-fold
compared to the number of early aphids. However, in the wild environment within temperate
Asia of northern hemisphere, aphids generally appear from late March or early April and have
been observed to be active until late October or early November [44-46]. This result was incon-
sistent with the previously reported life cycle of M. persicae in the wild, as this species lays eggs
in November and winters them until March-April of the following year [44]. Therefore, when
M. persicae were supplied with E. japonicum as a host plant in a smart farm, we observed contin-
uous proliferation over time irrespective the aphid life cycle in the wild environment.

In this regard, M. persicae may accomplish continuous asexual reproduction under a stable
climate and food supply [47]. Acyrthosiphon pisum, which is closely related to M. persicae, is
known to induce asexual reproduction by thelytokous parthenogenesis at high temperatures
[48, 49]. In general, because the numbers of prey and predators in complex environments
exhibit continuous oscillation [50], it is possible that M. persicae continuously proliferated in
the smart farm due to the blocking of access of their predators, the suitable artificial light con-
ditions, and the maintenance of stable temperature inside the facility for their proliferation
(average of 11°C).
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japonicum under each light treatment condition. RB indicates ratio of red and blue mixed light.

https://doi.org/10.1371/journal.pone.0276520.9004

The number of aphids under RB(1:1) was higher in December and March than in January
and February (Fig 2B). In contrast, it was higher under RB(5:1) in January and February than
in December and March (Fig 2B). Under RB(10:1), it was highest in February (Fig 2B).
Changes in the number of aphids over time are generally associated with the temperature,
aphid growth period, aphid sexual/asexual reproductive period, aphid life span, and alate
forms of plant-to-plant migration [44, 47, 48, 51]. The different oscillating patterns of the
number of aphids according to these light conditions imply that the number of aphids may
also be affected by the light conditions.

The number of aphids and the Pn of the host plant E. japonicum showed opposite results
depending on the light conditions (Figs 2 and 3). The number of aphids was highest under RB
(1:1) and lowest under RB(10:1) (Fig 2B). Conversely, the Pn of E. japonicum was lowest under
RB(1:1) and highest under RB(10:1) (Fig 3A). Therefore, with an increasing RB ratio, the Pn
increased, whereas the number of aphids decreased. Additionally, although there were no dif-
ferences in leaf densities between light conditions, the number of aphids attached per E. japo-
nicum plant was the highest under RB(1:1) and lowest under RB(10:1), indicating that aphids
prefer host plants with low Pn, regardless of the leaf toughness (Figs 3B and 4). This result may
be attributed to the photosynthetic capacity of E. japonicum according to light quality and the
complex responses to the predator-prey relationship between aphids and E. japonicum.
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Fig 5. The factor score distribution of factor analysis, showing the relation between aphid and host plant, using net photosynthetic rate (Pn;
umolms™") of Eutrema japonicum, the number of alate (W) and apterous (S) aphids, and the number of aphids on the upper side (UPP) and lower
side (UND) of Eutrema japonicum leaves. The arrows indicate the factor loadings on each variable. RB represents the ratio of red and blue mixed light.

https://doi.org/10.1371/journal.pone.0276520.9005

The Pn of plants can be affected by the ratio of red to blue light [38-40], and plants respond
to herbivory through photosynthetic products [52]. Plant Pn is influenced by various physio-
logical variables. Therefore, it is possible to manage environmental changes by actively con-
trolling photosynthesis using various physiological variables within the limited photosynthetic
capacity that can potentially occur when the environment changes [53]. However, because
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Table 2. The factor loadings determined for five measured variables of factor 1 and factor 2.

Variables Abb. Factor 1 Factor 2
No. of aphids on the upper side of the leaves UPP 0.79 -0.29
No. of aphids on the underside of the leaves UND 0.89 0.37
No. of alate aphids i 0.19 0.93
No. of apterous aphids S 0.94 0.25
Net photosynthetic rate Pn -0.50 0.18

https://doi.org/10.1371/journal.pone.0276520.t002

photosynthetic capacities can be altered by light stress [54], in environments where photosyn-
thetic capacities are low, plants may find it difficult to cope with such situations by controlling
their Pn when environmental pressures such as herbivory occur.

The light quality also directly can affect producing their secondary metabolites as well as Pn
[55]. The blue light enhanced total phenolic contents of Stevia rebaudiana [56], and in Brassica
juncea, the glucosinolate contents (GSLs) were directly affected on the white, red and blue sin-
gle light [57]. These reports provide the insight the secondary metabolites, mainly using plant
defense on their herbivores, of E. japonicum were also directly affected on the light quality.

The host plants belonging to the Brassicaceae family, which includes E. japonicum, respond
to herbivory through primary and secondary metabolites [58]. Starch is one of the primary
metabolites [52]. Arabidopsis thaliana, another member of the Brassicaceae family, transports
sugar to tissues damaged by M. persicae aphids, resulting in a reduction in the number of
aphids by interfering with the herbivory of M. persicae through osmotic effects [52].

Brassicaceae plants also produce secondary metabolites, such GSLs, for chemical protection
[59-61]. A. thaliana accumulated GSLs in their leaves that were damaged by M. persicae, and
when GSL production was high, the number of aphids decreased [62]. Therefore, the higher
the Pn of E. japonicum when infected with aphids, the more primary and secondary metabo-
lites may be produced, resulting in a more efficient defense system against aphids. In the pres-
ent study, under the light conditions of RB(5:1) and RB(10:1) (compared to RB(1:1)), E.
japonicum could more easily attain photosynthetic capacity and subsequently improve the Pn
more easily to defend against herbivory by aphids. Therefore, there were fewer aphids sucking
the sap of E. japonicum and fewer leaves attached to the aphids (Fig 3B).

Factor analysis revealed that the Pn of E. japonicum had a negative effect on the number of
apterous aphids and the number of aphids on the upper and lower sides of E. japonicum leaves
(Table 2); considering that the distribution ranges of the factor scores for each light condition
were divided, there was a difference in these effects depending on the light quality (Fig 5).

Given that the proportion of alate aphids to apterous aphids observed during the study period
was very small (5.34%) and the number of alate aphids was not related to Pn, regardless of the set-
tled position of aphids on the E. japonicum leaf, Pn is considered to have a negative effect on
apterous aphids rather than alate aphids. In this reason, the apterous form is thought to the main
aphid form that causes herbivorous damage to E. japonicum rather than the alate form.

When the number of aphids attached to the lower side of the leaf increased, the number of
alate aphids also increased (Table 2). However, because Pn was not related to the number of
alate aphids, this result may be caused by the increase in aphid population density due to the
production of apterous aphids on the lower side of the leaf [51].

Conclusions

In summary, unlike general crop production facilities, smart farms are sealed from the external
environment and are not affected by the weather, and the internal environment can be
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artificially controlled. Maintaining a constant temperature inside a smart farm during winter
can sustain the growth of the perennial E. japonicum. Therefore, using E. japonicum as a host
for aphids, even in winter, allows M. persicae to continuously produce progeny rather than
wintering with eggs, as in the wild environment, thereby enabling the growth of aphids.

The number of aphids increased with lower Pn, regardless of the leaf density of the host
plant E. japonicum. The Pn of E. japonicum was negatively affected by the number of apterous
M. persicae aphids and the number of aphids on the upper and lower side leaves of E. japoni-
cum. Moreover, the number of alate aphids was positively affected by the number of apterous
aphids attached to the lower side of the leaves rather than Pn.

Therefore, it is possible to mass-produce aphids for augmentative biocontrol agents in the
winter season by maintaining a constant temperature within a smart farm with limited access
to predators and supplying suitable light quality that can lower the Pn of the perennial host
plant, E. japonicum.

Supporting information

S1 Table. The number of aphids monthly observed by light conditions in a smart farm
facility.
(XLSX)

S2 Table. The number of aphids monthly observed of each leaf of Eutrema japonicum by
light condition in a smart farm facility.
(XLSX)

S3 Table. Averages and standard deviations of net photosynthetic rates of Eutrema japoni-
cum in March by light conditions in a smart farm facility.
(XLSX)

S$4 Table. Net photosynthetic rate (Pn) of Eutrema japonicum in March by light condition
in a smart farm facility.
(XLSX)

S5 Table. The number, averages and standard deviations of leaves of Eutrema japonicum
by light conditions in a smart farm facility.
(XLSX)

Acknowledgments

We would like to thank Sangwoo Co. for renting equipment and Editage (www.editage.co.kr)
for English language editing.

Author Contributions

Conceptualization: Young-Han You.

Data curation: Jae-Hoon Park, Jung-Min Lee, Eui-Joo Kim, Ji-Won Park, Young-Han You.
Formal analysis: Jae-Hoon Park.

Funding acquisition: Young-Han You.

Investigation: Jung-Min Lee.

Methodology: Jung-Min Lee.

Project administration: Young-Han You.

PLOS ONE | https://doi.org/10.1371/journal.pone.0276520 October 21, 2022 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276520.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276520.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276520.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276520.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276520.s005
http://www.editage.co.kr
https://doi.org/10.1371/journal.pone.0276520

PLOS ONE

A study on the proliferation of Myzus persicae during the winter season within a smart farm

Resources: Young-Han You.

Software: Jae-Hoon Park.

Supervision: Young-Han You.

Validation: Jae-Hoon Park.

Visualization: Jae-Hoon Park.

Writing - original draft: Jae-Hoon Park.

Writing - review & editing: Jae-Hoon Park, Jung-Min Lee, Eui-Joo Kim, Ji-Won Park, Eung-

Pill Lee, Soo-In Lee, Young-Han You.

References

1.

10.

1.

12

13.

14.

15.

Choi MK, Yun SW, Kim HT, Lee SY, Yoon YC. Field survey on the maintenance status of greenhouses
in Korea. Journal of Bio-Environment Control. 2014; 23(2): 148-57. https://doi.org/10.12791/KSBEC.
2014.23.2.148

Seo HD, Kang SH, Kim KY, Kim HT, Kang SJ. 2012 Modularization of Korea’s development experience:
white revolution of agriculture in Korea: the achievement of year-round production and distribution of
horticultural crops by the expansion of greenhouse cultivation. Seoul, South Korea: KDI School of Pub-
lic Policy and Management; 2013.

RDA. An empirical study on productivity improvement of smart farm by data analysis. Jeonju, South
Korea: Rural Development Administration. Report No. PJ011924. 2019. Available: https://doi.org/10.
23000/TRKO201900015922

FAO. The future of food and agriculture—Trends and challenges. Rome, Italia: Food and Agriculture
Organization of the United Nations; 2017.

Moon HC, Kim W, Choi MK, Kwon SH, Shin YK, Kim DH, et al. Seasonal occurrences of insect pests in
watermelon under greenhouses as affected by cropping season. Korean journal of applied entomology.
2008; 47(4): 345-52. https://doi.org/10.5656/KSAE.2008.47.4.345

Choi MY, Kim JH, Kim HY, Byeon YW, Lee YH. Biological control based IPM of insect pests on sweet
pepper in greenhouse in the summer. Korean journal of applied entomology. 2009; 48(4): 503-8.
https://doi.org/10.5656/KSAE.2009.48.4.503

Kim JH, Byeon YW, Choi MY, Ji CW, Heo SY, Park EM, et al. Control efficacy of natural enemies on
four arthropod pests found in greenhouse hot pepper. Korean journal of applied entomology. 2012; 51
(2): 83-90. https://doi.org/10.5656/KSAE.2012.02.1.73

Saljogi AU. Population dynamics of Myzus persicae (Sulzer) and its associated natural enemies in
spring potato crop, Peshawar, Pakistan. Sarhad Journal of Agriculture. 2009; 25(3): 451-6.

Mathers TC, Chen Y, Kaithakottil G, Legeai F, Mugford ST, Baa-Puyoulet P et al. Rapid transcriptional
plasticity of duplicated gene clusters enables a clonally reproducing aphid to colonise diverse plant spe-
cies. Genome Biology. 2017; 18(1): 27. https://doi.org/10.1186/s13059-016-1145-3 PMID: 28190401.

Zumoffen L, Carla G, Signorini M, Salvo A. Use of plants by Myzus persicae in agroecosystems: Poten-
tial applications in conservation biological control. Journal of Applied Entomology. 2021; 145(8): 767—
76. https://doi.org/10.1111/jen.12891

Jeong JY, Kim M, Baek YC, Song J, Lee S, Kim KH, et al. Recent Trend of Residual Pesticides in
Korean Feed. Journal of The Korean Society of Grassland and Forage Science. 2018; 38(3): 156—64.
https://doi.org/10.5333/KGFS.2018.38.3.156

Edwards OR, Franzmann B, Thackray D, Micic S. Insecticide resistance and implications for future
aphid management in Australian grains and pastures: a review. Australian Journal of Experimental Agri-
culture. 2008; 48(12): 1523-30. https://doi.org/10.1071/EA07426

Lee DW, Choi HC, Kim TS, Park JK, Park JC, Yu HB, et al. Effect of some herbal extracts on entomo-
pathogenic nematodes, silkworm and ground beetles. Korean journal of applied entomology. 2009; 48
(3): 335—45. https://doi.org/10.5656/KSAE.2009.48.3.335

Dey D. Impact of indiscriminate use of insecticide on environmental pollution. International Journal of
Plant Protection. 2016; 9(1): 264—7. https://doi.org/10.15740/HAS/IJPP/9.1/264-267

Calvo-Agudo M, Gonzdlez-Cabrera J, Sadutto D, Picd Y, Urbaneja A, Dicke M, et al. IPM-recom-

mended insecticides harm beneficial insects through contaminated honeydew. Environmental Pollution.
2020; 267: 115581. https://doi.org/10.1016/j.envpol.2020.115581 PMID: 33254691.

PLOS ONE | https://doi.org/10.1371/journal.pone.0276520 October 21, 2022 11/14


https://doi.org/10.12791/KSBEC.2014.23.2.148
https://doi.org/10.12791/KSBEC.2014.23.2.148
https://doi.org/10.23000/TRKO201900015922
https://doi.org/10.23000/TRKO201900015922
https://doi.org/10.5656/KSAE.2008.47.4.345
https://doi.org/10.5656/KSAE.2009.48.4.503
https://doi.org/10.5656/KSAE.2012.02.1.73
https://doi.org/10.1186/s13059-016-1145-3
http://www.ncbi.nlm.nih.gov/pubmed/28190401
https://doi.org/10.1111/jen.12891
https://doi.org/10.5333/KGFS.2018.38.3.156
https://doi.org/10.1071/EA07426
https://doi.org/10.5656/KSAE.2009.48.3.335
https://doi.org/10.15740/HAS/IJPP/9.1/264-267
https://doi.org/10.1016/j.envpol.2020.115581
http://www.ncbi.nlm.nih.gov/pubmed/33254691
https://doi.org/10.1371/journal.pone.0276520

PLOS ONE

A study on the proliferation of Myzus persicae during the winter season within a smart farm

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Perez-Alvarez R, Nault BA, Poveda K. Effectiveness of augmentative biological control depends on
landscape context. Scientific Reports. 2019; 9(1): 8664. https://doi.org/10.1038/s41598-019-45041-1
PMID: 31209256.

Payton Miller TL, Rebek EJ. Banker plants for aphid biological control in greenhouses. Journal of Inte-
grated Pest Management. 2018; 9(1): 9. https://doi.org/10.1093/jipm/pmy002

Kontodimas DC, Stathas GJ, Martinou AF. The aphidophagous predator Harmonia axyridis (Coleop-
tera: Coccinellidae) in Greece, 1994—1999. European Journal of Entomology. 2008; 105(3): 541—4.
https://doi.org/10.14411/eje.2008.072

Osawa N. Ecology of Harmonia axyridis in natural habitats within its native range. BioControl. 2011; 56
(4): 613-21. https://doi.org/10.1007/510526-011-9382-6

Osawa N. The effect of prey availability on ovarian development and oosorption in the ladybird beetle
Harmonia axyridis (Coleoptera: Coccinellidae). European Journal of Entomology. 2005; 102(3): 503.
https://doi.org/10.14411/eje.2005.072

Watanabe H. Light emitting diodes as the irradiation source for plant factories. The Review of Laser
Engineering. 1997; 25(12): 836—40. https://doi.org/10.2184/1s].25.836

Lambers H, Chapin FS IlI, Pons TL. Plant physiological ecology, 2nd ed. New York, USA: Springer;
2008.

Nhut DT, Takamura T, Watanabe H, Okamoto K, Tanaka M. Responses of strawberry plantlets cultured
in vitro under superbright red and blue light-emitting diodes (LEDs). Plant Cell, Tissue and Organ Cul-
ture. 2003; 73(1): 43-52. https://doi.org/10.1023/A:1022638508007

Hernandez R, Kubota C. Physiological responses of cucumber seedlings under different blue and red
photon flux ratios using LEDs. Environmental and experimental botany. 2016; 121: 66—74. https:/doi.
org/10.1016/j.envexpbot.2015.04.001

Hernandez R, Eguchi T, Deveci M, Kubota C. Tomato seedling physiological responses under different
percentages of blue and red photon flux ratios using LEDs and cool white fluorescent lamps. Scientia
Horticulturae. 2016; 213: 270-80. https://doi.org/10.1016/j.scienta.2016.11.005

XuHL, XuQ, LiF, Feng Y, Qin F, Fang W. Applications of xerophytophysiology in plant production-LED
blue light as a stimulus improved the tomato crop. Scientia Horticulturae. 2012; 148: 190-6. https://doi.
org/10.1016/j.scienta.2012.06.044

Dong C, Fu Y, Liu G, Liu H. Growth, photosynthetic characteristics, antioxidant capacity and biomass yield
and quality of wheat (Triticum aestivum L.) exposed to LED light sources with different spectra combina-
tions. Journal of agronomy and crop science. 2014; 200(3): 219-30. https://doi.org/10.1111/jac.12059

Gomez C, Izzo LG. Increasing efficiency of crop production with LEDs. AIMS Agriculture and Food.
2018; 3(2): 135—153. https://doi.org/10.3934/agrfood.2018.2.135

Dieleman JA, De Visser PHB, Meinen E, Grit JG, Dueck TA. Integrating Morphological and Physiologi-
cal Responses of Tomato Plants to Light Quality to the Crop Level by 3D Modeling. Frontiers in Plant
Science. 2019; 10: 839. https://doi.org/10.3389/fpls.2019.00839 PMID: 31354751.

Xin P, Li B, Zhang H, Hu J. Optimization and control of the light environment for greenhouse crop pro-
duction. Scientific Reports. 2019; 9(1): 8650. https://doi.org/10.1038/s41598-019-44980-z PMID:
31209246.

Choi HS, Lee SJ, Jeon BY, Choi YG, Yu HI, Lee KS, et al. Research of optimum LED Source and duty
ratio for Propagation of Harmonia axyridis (natural enemy) in smart farm. Seoul, South Korea: Korean
Foundation for the Advancement of Science & Creativity; 2021.

Kim HS, Woo SM, Shin EC. Physicochemical properties and taste measurement using an electronic
sensor in Wasabia koreana Nakai. Journal of The Korean Society of Food Science and Nutrition. 2018;
47:1144-52, hitps://doi.org/10.3746/jkfn.2018.47.11.1144.

Kim HS, Kim SB, You YH. LED sources on the aphid generation rate in the Plant Factory. Proceedings
of the Korean Society of Environment and Ecology Conference. 2014; 24(2): 97.

Park JH, Kim SB, Lee EP, Lee SY, Kim EJ, Lee JM, et al. Study on the photosynthetic characteristics of
Eutrema japonica (Siebold) Koidz. under the pulsed LEDs for simulated sunflecks. Journal of Ecology
and Environment. 2021; 45(6). https://doi.org/10.1186/s41610-021-00181-2

Lin C. Blue light receptors and signal transduction. Plant Cell. 2002; 14: S207-25. https://doi.org/10.
1105/tpc.000646 PMID: 12045278.

He J, Qin L, Chong ELC, Choong TW, Lee SK. Plant Growth and Photosynthetic Characteristics of
Mesembryanthemum crystallinum Grown Aeroponically under Different Blue- and Red-LEDs. Frontiers
in Plant Science. 2017; 8: 361. https://doi.org/10.3389/fpls.2017.00361 PMID: 28367156.

Zhang Y, Kaiser E, Zhang Y, Yang Q, Li T. Red/blue light ratio strongly affects steady-state photosyn-
thesis, but hardly affects photosynthetic induction in tomato (Solanum lycopersicum). Physiologia Plan-
tarum. 2019; 167(2): 144-58. https://doi.org/10.1111/ppl. 12876 PMID: 30426522.

PLOS ONE | https://doi.org/10.1371/journal.pone.0276520 October 21, 2022 12/14


https://doi.org/10.1038/s41598-019-45041-1
http://www.ncbi.nlm.nih.gov/pubmed/31209256
https://doi.org/10.1093/jipm/pmy002
https://doi.org/10.14411/eje.2008.072
https://doi.org/10.1007/s10526-011-9382-6
https://doi.org/10.14411/eje.2005.072
https://doi.org/10.2184/lsj.25.836
https://doi.org/10.1023/A:1022638508007
https://doi.org/10.1016/j.envexpbot.2015.04.001
https://doi.org/10.1016/j.envexpbot.2015.04.001
https://doi.org/10.1016/j.scienta.2016.11.005
https://doi.org/10.1016/j.scienta.2012.06.044
https://doi.org/10.1016/j.scienta.2012.06.044
https://doi.org/10.1111/jac.12059
https://doi.org/10.3934/agrfood.2018.2.135
https://doi.org/10.3389/fpls.2019.00839
http://www.ncbi.nlm.nih.gov/pubmed/31354751
https://doi.org/10.1038/s41598-019-44980-z
http://www.ncbi.nlm.nih.gov/pubmed/31209246
https://doi.org/10.3746/jkfn.2018.47.11.1144
https://doi.org/10.1186/s41610-021-00181-2
https://doi.org/10.1105/tpc.000646
https://doi.org/10.1105/tpc.000646
http://www.ncbi.nlm.nih.gov/pubmed/12045278
https://doi.org/10.3389/fpls.2017.00361
http://www.ncbi.nlm.nih.gov/pubmed/28367156
https://doi.org/10.1111/ppl.12876
http://www.ncbi.nlm.nih.gov/pubmed/30426522
https://doi.org/10.1371/journal.pone.0276520

PLOS ONE

A study on the proliferation of Myzus persicae during the winter season within a smart farm

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kim HR, You YH. Effects of red, blue, white, and far-red LED source on growth responses of Wasabia
Jjaponica seedlings in plant factory. Horticultural Science & Technology. 2013; 31(4): 415-22. https://
doi.org/10.7235/hort.2013.13011

Lee SY, Hong YS, Lee EP, Han YS, Kim EJ, Park JH, et al. Effects of Sources and Quality of LED Light
on Response of Lycium chinense of Photosynthetic Rate, Transpiration Rate, and Water Use Efficiency
in the Smart Farm. Korean Journal of Ecology and Environment. 2019; 52(2): 171-7.

Kim SB, Lee KM, Kim HR, You YH. Effects of light sources, light quality on the growth response of leafy
vegetables in closed-type plant factory system. Korean Journal of Ecology and Environment. 2014; 47
(1): 32—40. https://doi.org/10.11614/KSL.2014.47.1.032

Kitajima K, Poorter L. Tissue-level leaf toughness, but not lamina thickness, predicts sapling leaf life-
span and shade tolerance of tropical tree species. New phytologist. 2010; 186(3): 708-21. hitps://doi.
org/10.1111/j.1469-8137.2010.03212.x PMID: 20298481

No HJ, Jeong HY. Well-defined statistical analysis according to Statistica. Seoul, South Korea:
Hyeongseol Publisher; 2002.

Taherdoost H, Sahibuddin S, Jalaliyoon N. Exploratory Factor Analysis; Concepts and Theory. In:
Balicky J, editor. Advances in applied and pure mathematics: Proceedings of the 2nd international con-
ference on mathematical, computational and statistical sciences (MCSS ‘14). Gdansk, Poland: World
Scientific and Engineering Academy and Society Press; 2014.

Shim JY, Park JS, Paik WH, Lee YB. Studies on the life history of green peach aphid, Myzus persicae
Sulzer (Homoptera). Korean journal of applied entomology. 1977; 16(3): 139—-44.

Shim JY, Park JS, Paik WH. Studies on the life history of cotton aphid, Aphis gossypii Glover (Homo-
ptera). Korean journal of applied entomology. 1979; 18(2): 85-8.

Takahashi S, Inaizumi M, Kawakami K. Life cycle of the soybean aphid Aphis glycines Matsumura, in
Japan. Japanese Journal of Applied Entomology and Zoology. 1993; 37: 207-12. https://doi.org/10.
1303/jjaez.37.207

Field LM, Blackman RL. Insecticide resistance in the aphid Myzus persicae (Sulzer): chromosome loca-
tion and epigenetic effects on esterase gene expression in clonal lineages. Biological Journal of the Lin-
nean Society. 2003; 79(1): 107—13.

Ogawa K, Miura T. Aphid polyphenisms: trans-generational developmental regulation through viviparity.
Frontiers in physiology. 2014; 5: 1. https://doi.org/10.3389/fphys.2014.00001 PMID: 24478714.

JiR, Wang Y, Cheng Y, Zhang M, Zhang HB, Zhu L, et al. Transcriptome analysis of green peach aphid
(Myzus persicae): insight into developmental regulation and inter-species divergence. Frontiers in plant
science. 2016; 7: 1562. https://doi.org/10.3389/fpls.2016.01562 PMID: 27812361.

Huffaker C. Experimental studies on predation: dispersion factors and predator-prey oscillations. Hilgar-
dia. 1958; 27(14): 343-83.

Powell G, Tosh CR, Hardie J. Host plant selection by aphids: behavioral, evolutionary, and applied per-
spectives. Annual Review of Entomology. 2006; 51: 309-30. https://doi.org/10.1146/annurev.ento.51.
110104.151107 PMID: 16332214.

Singh V, Louis J, Ayre BG, Reese JC, Shah J. TREHALOSE PHOSPHATE SYNTHASE11-dependent
trehalose metabolism promotes Arabidopsis thaliana defense against the phloem-feeding insect Myzus
persicae. The Plant Journal. 2011; 67(1): 94—104. https://doi.org/10.1111/j.1365-313X.2011.04583.x
PMID: 21426427.

Wu HY, Qiao MY, Zhang WF, Wang KR, Li SK, Jiang CD. Systemic regulation of photosynthetic func-
tion in maize plants at graining stage under a vertically heterogeneous light environment. Journal of
Integrative Agriculture. 2022; 21(3): 666—76. hitps://doi.org/10.1016/S2095-3119(20)63440-2

Muhammad I, Shalmani A, Ali M, Yang QH, Ahmad H, Li FB. Mechanisms Regulating the Dynamics of
Photosynthesis Under Abiotic Stresses. Frontiers in Plant Science. 2021; 11: 615942. https://doi.org/
10.3389/fpls.2020.615942 PMID: 33584756.

Thoma F, Somborn-Schulz A, Schlehuber D, Keuter V, Deerberg G. Effects of light on secondary
metabolites in selected leafy greens: A review. Frontiers in plant science. 2020; 11: 497. https://doi.org/
10.3389/fpls.2020.00497 PMID: 32391040.

Ahmad N, Rab A, Ahmad N. Light-induced biochemical variations in secondary metabolite production and
antioxidant activity in callus cultures of Stevia rebaudiana (Bert). Journal of Photochemistry and Photobiol-
ogy B: Biology. 2016; 154: 51-6. https://doi.org/10.1016/j.jphotobiol.2015.11.015 PMID: 26688290.

Park CH, Park YE, Yeo HJ, Kim JK, Park SU. Effects of light-emitting diodes on the accumulation of
phenolic compounds and glucosinolates in Brassica juncea sprouts. Horticulturae. 2020; 6(4): 77.
https://doi.org/10.3390/horticulturae6040077

Louis J, Singh V, Shah J. Arabidopsis thaliana-Aphid Interaction. Arabidopsis Book. 2012; 10: e0159.
https://doi.org/10.1199/tab.0159 PMID: 22666177.

PLOS ONE | https://doi.org/10.1371/journal.pone.0276520 October 21, 2022 13/14


https://doi.org/10.7235/hort.2013.13011
https://doi.org/10.7235/hort.2013.13011
https://doi.org/10.11614/KSL.2014.47.1.032
https://doi.org/10.1111/j.1469-8137.2010.03212.x
https://doi.org/10.1111/j.1469-8137.2010.03212.x
http://www.ncbi.nlm.nih.gov/pubmed/20298481
https://doi.org/10.1303/jjaez.37.207
https://doi.org/10.1303/jjaez.37.207
https://doi.org/10.3389/fphys.2014.00001
http://www.ncbi.nlm.nih.gov/pubmed/24478714
https://doi.org/10.3389/fpls.2016.01562
http://www.ncbi.nlm.nih.gov/pubmed/27812361
https://doi.org/10.1146/annurev.ento.51.110104.151107
https://doi.org/10.1146/annurev.ento.51.110104.151107
http://www.ncbi.nlm.nih.gov/pubmed/16332214
https://doi.org/10.1111/j.1365-313X.2011.04583.x
http://www.ncbi.nlm.nih.gov/pubmed/21426427
https://doi.org/10.1016/S2095-3119(20)63440-2
https://doi.org/10.3389/fpls.2020.615942
https://doi.org/10.3389/fpls.2020.615942
http://www.ncbi.nlm.nih.gov/pubmed/33584756
https://doi.org/10.3389/fpls.2020.00497
https://doi.org/10.3389/fpls.2020.00497
http://www.ncbi.nlm.nih.gov/pubmed/32391040
https://doi.org/10.1016/j.jphotobiol.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26688290
https://doi.org/10.3390/horticulturae6040077
https://doi.org/10.1199/tab.0159
http://www.ncbi.nlm.nih.gov/pubmed/22666177
https://doi.org/10.1371/journal.pone.0276520

PLOS ONE

A study on the proliferation of Myzus persicae during the winter season within a smart farm

59.

60.

61.

62.

Keck AS, Finley JW. Cruciferous vegetables: cancer protective mechanisms of glucosinolate hydrolysis
products and selenium. Integrative Cancer Therapies. 2004; 3(1): 5—12. https://doi.org/10.1177/
1534735403261831 PMID: 15035868.

Sultana T, Savage GP. Wasabi-Japanese Horseradish. Bangladesh Journal of Scientific and Industrial
Research. 2008; 43(4): 433—48. https://doi.org/10.3329/bjsir.v43i4.2234

Falk KL, Kastner J, Bodenhausen N, Schramm K, Paetz C, Vasséo DG, et al. The role of glucosinolates
and the jasmonic acid pathway in resistance of Arabidopsis thaliana against molluscan herbivores.
Molecular Ecology. 2014; 23(5): 1188-203. https://doi.org/10.1111/mec.12610 PMID: 24313595.

Mewis |, Appel HM, Hom A, Raina R, Schultz JC. Major signaling pathways modulate Arabidopsis glu-
cosinolate accumulation and response to both phloem-feeding and chewing insects. Plant Physiology.
2005; 138(2): 1149-62. https://doi.org/10.1104/pp.104.053389 PMID: 15923339.

PLOS ONE | https://doi.org/10.1371/journal.pone.0276520 October 21, 2022 14/14


https://doi.org/10.1177/1534735403261831
https://doi.org/10.1177/1534735403261831
http://www.ncbi.nlm.nih.gov/pubmed/15035868
https://doi.org/10.3329/bjsir.v43i4.2234
https://doi.org/10.1111/mec.12610
http://www.ncbi.nlm.nih.gov/pubmed/24313595
https://doi.org/10.1104/pp.104.053389
http://www.ncbi.nlm.nih.gov/pubmed/15923339
https://doi.org/10.1371/journal.pone.0276520

