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Abstract

The citriculture industry is significantly challenged by the devastating
bacterial disease Huanglongbing (HLB). There is currently no effective cure for HLB,
its managementis based on inoculum elimination, and on the control of its vectors,
namely the psyllids Trioza erytreae and Diaphorina citri. While Europe is currently
free of HLB, T. erytreae is present in Spain and Portugal, two of Europe’s main citrus
producers. The present study aimed to analyse the mechanisms underpinning T.
erytreae's interaction with its citrus hosts. The plant hosts used in this study were
the highly suitable lemon (Citrus xlimon) and the less suitable sweet orange (Citrus
xsinensis). Both hosts were infested with T. erytreae adults, and three times more
nymphs developed on lemon than on sweet orange plants. A multi-omics analysis
on the plant’s enriched vascular sap of both citrus hosts revealed heightened
primary and secondary metabolisms activity of sweet orange plants in response to
infestation, including jasmonic acid (JA)-related defence mechanisms. A proteomic
analysis of the nymphs revealed that the diet provided by lemon plants induced
growth and energy pathways in T. erytreae. Based on these results, a subsequent
experiment was conducted to stimulate the defence responses of lemon plants,
analysing its effect on T. erytreae infestation and on the plants’ volatile organic
compounds (VOC). Lemon plants were sprayed with JA to activate herbivory-related
defences. The JA treatment resulted in a substantial reduction in the number of T.
erytreae eggs and nymphs. Furthermore, the VOC profile was found to be affected
by infestation and JA treatment, with high emission of (Z)-3-hexenol acetate, 2-
hexen-1-ol and carveol. This research provides knowledge that can be used to
develop novel methods for T. erytreae control, enhancing the array of responses to

the HLB challenge and promoting a sustainable citriculture.

Keywords: African citrus psyllid; huanglongbing; metabolomics;

plant—insect interaction; proteomics; volatiles
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Resumo

No contexto da produgao fruticola mundial, a citricultura ocupa uma
posicao de destaque, representando 17,7% da producéao global de fruta no periodo
entre 2019 e 2023. A producgdo de citrinos é afetada por diversos inimigos, que
incluem pragas e doencgas, sendo que a protecdo contra estes inimigos representa
uma fatia muito importante dos custos de producdo desta cultura. O
Huanglongbing (HLB), causado pelas bactérias Candidatus Liberibacter africanus,
Candidatus Liberibacter americanus e Candidatus Liberibacter asiaticus, € uma
das doencgas mais devastadoras dos citrinos, afetando gravemente a sua produgao.
Estas bactérias desenvolvem-se nos vasos condutores floémicos, afetando o
transporte e a distribuigao de nutrientes na planta. Os sintomas associados ao HLB
incluem cloroses assimétricas nas folhas, amarelecimento dos ramos, frutos
pequenos e deformados, inversdo de cor dos frutos e um definhamento geral da
planta. Atualmente ndo existe um tratamento curativo eficaz para esta doenga, e 0
seu controlo assenta essencialmente na eliminagao de plantas e ramos infetados,
assim como no controlo dos insetos vetores. Os vetores conhecidos da doenca sao
a psila-africana-dos-citrinos Trioza erytreae (Del Guercio, 1918), ja identificada em
Portugal e em Espanha, e a psila-asiatica-dos-citrinos Diaphorina citri (Kuwayama,

1908), identificada no Chipre.

Apesar da presenca dos vetores no continente europeu, ainda nao foi
identificada a presenca dadoenca HLB. No entanto, a presenca dos insetos vetores
causa uma enorme preocupagao entre citricultores europeus. A presenca de T.
erytreae causa particular preocupacao pois a sua distribuicao geografica engloba
dois dos maiores produtores de citrinos da Europa, nomeadamente Espanha, o
maior produtor, e Portugal, o quarto maior produtor. O controlo efetivo destes
vetores requer uma elevada frequéncia de tratamentos fitossanitarios, implicando
elevados custos econdmicos, ambientais e de saude publica. Uma elevada
intensidade e frequéncia de tratamentos pode também levar ao desenvolvimento
de fendmenos de resisténcia dos insetos vetores aos compostos quimicos
aplicados, o que ja foi observado em D. citri. O estado atual da citricultura europeia

leva a necessidade de desenvolver e melhorar as estratégias de protegcao contra
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Resumo

psilideos vetores de HLB, de modo a prevenir a difusdo da doenca HLB e manter a

produtividade do sector.

O estudo da interagcao planta—inseto, é crucial na exploracdo de vias
alternativas para a protecao das plantas hospedeiras contra as pragas e naredugao
do seu impacto na producdo. A interagcdo planta—inseto é complexa e
multifacetada, e requer uma analise multidisciplinar, que englobe conhecimentos
de entomologia, fisiologia vegetal, quimica e biologia molecular. As abordagens
émicas, por incluirem técnicas analiticas de elevado rendimento e resolucdo, tém
demonstrado ser ferramentas de elevada utilidade na analise da interacao
bioquimica e molecular do complexo planta—inseto. Estudos que incorporaram a
utilizagcdo de ferramentas omicas referem a identificacdo de compostos
especificos (péptidos, fito-hormonas e volateis) importantes na interagao tripartida
entre os citrinos hospedeiros, os psilideos vetores e as bactérias causadoras de
HLB. A titulo de exemplo pode referir-se a identificagdo de um transcrito de um
péptido prevalente em cultivares de citrinos menos suscetiveis ao HLB, identificado
através de uma abordagem transcriptdmica, nomeadamente o homoélogo do
péptido “109-aa Arabidopsis heat-stable protein HS1”. Este péptido, aplicado por
injecdo no tronco, demonstrou ser eficaz no tratamento e preveng¢ao da doenca
HLB. Dois estudos de abordagem metabolémica demonstraram que a infestagcao
com D. citri afetou a regulacao das fito-hormonas acido salicilico e &cido jasménico
na laranjeira. A aplicagao via foliar destas fito-hormonas em citrinos demonstrou

efeitos de repeléncia nos insetos adultos e de redugéo na reproducao de D. citri.

O presente trabalho teve como objetivo o estudo da interacao de T. erytreae
com os citrinos seus hospedeiros, através de abordagens émicas, de modo a
identificar as proteinas, metabolitos e/ou vias metabdlicas relevantes para esta
interacdo planta-inseto. Para o ensaio inicial foram escolhidos dois hospedeiros, o
limoeiro [Citrus xlimon (L.) Burm. f.], que apresenta elevada suscetibilidade a T.
erytreae, e a laranjeira-doce [Citrus xsinensis (L.) Osbeck] com menor
suscetibilidade. Em laboratério, ambos os hospedeiros foram infestados com
adultos de T. erytreae, e as posturas efetuadas foram acompanhadas

continuamente até ao quarto e quinto instar ninfal (estados N4 e N5). Os estados
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ninfais N4 e N5 foram considerados como objeto de estudo por apresentarem uma
elevada intensidade de alimentacdo e uma reduzida locomocao. Caracteristicas
que possibilitam a analise da resposta das plantas hospedeiras em 6rgaos nos
quais é possivel verificar, com segurancga, a presenca e alimentagao continua do
psilideo. Quando as ninfas de T. erytreae atingiram os estados N4 e N5 foram
recolhidas e guardadas a —-80°C. Recolheu-se subsequentemente amostras da
seiva vascular enriquecida (composta pela seiva do floema e do xilema, incluindo
o possivel conteudo de algumas células adjacentes a estes tecidos) de cada uma

das plantas hospedeiras.

O conjunto de proteinas e compostos e/ou vias metabdlicas identificadas na
analise protedmica e metabolomica permitiram o desenho do ultimo ensaio
associado a esta tese. Este ensaio teve como objetivo a andlise do efeito da
pulverizacao foliar de acido jasmodnico em plantas de limoeiro, sendo estas
posteriormente infestadas com T. erytreae. Em paralelo foi analisado o perfil de
volateis das plantas de limoeiro antes e apds a aplicacao do acido jasmoénico e a
infestacao do psilideo, a tempos diferentes. A infestagao pelo psilideo foi avaliada

até ao desenvolvimento dos estados N4 e N5 das ninfas.

A tese encontra-se estruturada em sete capitulos dos quais o capitulo 1
constitui a introducéao geral e o capitulo 7 a discussao geral. Os resultados obtidos

no presente estudo estao descritos nos capitulos 2 a 6.

O capitulo 2 explana o conhecimento atual sobre os hospedeiros e
potenciais hospedeiros de T. erytreae. A maioria dos hospedeiros suscetiveis ao
psilideo pertence a subfamilia Aurantioideae da familia Rutaceae, na qual se insere
o género Citrus. Dentro deste género existem espécies em que a suscetibilidade
difere muito entre cultivares, como as tangerineiras (Citrus reticulata Blanco),
enquanto outras espécies mantém uma suscetibilidade constante,
independentemente da cultivar, como os limoeiros. Neste capitulo foi referida a
importancia da existéncia de rebentos e folhas jovens para o desenvolvimento de T.
erytreae. Foi igualmente salientado que ha uma escassez de estudos da
componente bioquimica e molecular no estudo da interacao de T. erytreae com os

seus hospedeiros.
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Os resultados das analises Omicas usadas no estuda da interacao
inseto—hospedeiro estao descritas nos capitulos 3 a 5. Nestes ensaios observou-se
que o numero de ninfas que se desenvolveram nos limoeiros foi trés vezes superior

ao numero de ninfas nas laranjeiras.

No capitulo 3 é descrito o resultado da avaliagdo do proteoma da seiva
vascular enriquecida de plantas de limoeiro e laranjeira infestadas e ndo infestadas
com T. erytreae. Os resultados obtidos no ensaio inicial indicam que o numero de
ninfas desenvolvido no limoeiro foi trés vezes superior ao observado na laranjeira.
O proteoma foi analisado através da técnica de cromatografia liquida de
nanoescala acoplada a espectrometria de massa em tandem (nanoLC-MS/MS). O
desenvolvimento de T. erytreae foi menos eficaz nas laranjeiras, tendo-se
observado uma maior prevaléncia de ninfas incapazes de atingir instares mais
avangados em comparacdo com as ninfas que se desenvolveram nas plantas de
limoeiro. A resposta do proteoma da laranjeira infestada revelou modificacdes no
metabolismo primario. Ocorreu também a ativagao da via de sinalizacdo do acido

jasmonico, para além de outras respostas de defesa da planta.

No capitulo 4 é descrito o resultado de uma nova analise do proteoma
(nanoLC-MS/MS) e do metaboloma da seiva vascular enriquecida, esta ultima
realizada através de cromatografia liquida de alto rendimento acoplada a
espectrometria de massa em tandem (HPLC-MS/MS). Como resposta a infestagao
de T. erytreae, nos limoeiros observou-se uma indugcdo da biossintese de
fenilpropanoides e na laranjeira observou-se uma resposta metabolémica comum
a resposta protedmica, nomeadamente a inducao da sintese de acido jasmonico.
Constatou-se também que a integracado de diferentes analises bioquimicas e
moleculares foi crucial para uma caracterizacdo aprofundada da complexidade

multifacetada da interacdo planta—inseto.

No capitulo 5 é descrito o resultado da analise protedmica ao as ninfas de T.
erytreae. Realizou-se a analise proteémica, via nanoLC-MS/MS, das ninfas que se
desenvolveram em limoeiro e laranjeira. Paralelamente, analisou-se o proteoma
das ninfas quando estas foram transferidas para uma dieta de 24h composta

apenas por sacarose. Nas ninfas que se desenvolveram na laranjeira observou-se
Xi
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um aumento de proteinas associadas a insetos com fenétipos subdesenvolvidos e
inférteis. Nas ninfas que se desenvolveram no limoeiro observou-se a inducao de
vias metabdlicas associadas ao desenvolvimento e ao metabolismo da energia. As
ninfas desenvolvidas nos limoeiros apresentaram uma maior alteracdo do
proteoma quando transferidas para a dieta de sacarose, a qual é pobre em
nutrientes, indicando que a dieta fornecida pelo limoeiro é mais favoravel para o

crescimento de T. erytreae que a dieta fornecida pelas laranjeiras.

Os resultados dos capitulos 3, 4 € 5 levaram ao desenho da experiéncia
analisada no capitulo 6. Neste capitulo descreve-se a aplicagao foliar de acido
jasmonico e de como este induziu a defesa do limoeiro contra a T. erytreae. Apds a
aplicacdo do acido jasmonico infestaram-se os limoeiros com T. erytreae. O
numero de posturas de T. erytreae foi trés vezes menor e o niumero de ninfas
desenvolvidas no quarto e quinto instar foi cinco vezes inferior em plantas
pulverizadas com acido jasmonico em comparagcao com plantas controlo. O efeito
da infestacdo e da aplicagcao de acido jasmonico foi avaliado através da fragao
volatil emitida pelas folhas dos limoeiros, analisado por -microextragao em fase
solida, com cromatografia gasosa acoplada a espetrometria de massa (HS-SPME-
GC/MS). Adicionalmente, analisou-se o nivel endégeno de acido jasmonico na
planta através de imunoabsorcao enzimatica (ELISA). Observou-se uma maior
modificagao do perfil de volateis e maior indugao de acido jasmoénico enddgeno
pela oviposicao e pela alimentagao dos adultos de T. erytreae nas plantas que nao
foram pulverizadas com &acido jasmoénico exdgeno. A pulverizagdo de &cido
jasmoénico levou a uma resposta mais ativa por parte dos limoeiros no periodo
subsequente. Esta resposta foi evidenciada por um aumento dos niveis de acido
jasmonico enddgeno e da intensidade da emissao de volateis em resposta a
alimentacao continua das ninfas de T. erytreae. Os resultados obtidos
demonstraram que a infestacao por T. erytreae causou a indugao de volateis no
limoeiro que atraem insetos predadores e parasitoides, nomeadamente a 6-methyl-
5-hepten-2-ona e o (Z)-3-hexenol. Simultaneamente, observou-se uma inducao de
volateis relacionados com a defesa da planta, como o fenol e o acetato de 2-hexen-

1-ol. Adicionalmente, observou-se uma inducdo do carveol que tem um efeito
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repelente parainsetos. Ainducao destes compostos em resposta a infestacaode T.
erytreae indica que os mesmos poderao ter um papel importante nesta interagao

planta—inseto.

Os estudos desta tese identificaram um conjunto de compostos quimicos,
do metabolismo primario e secundario, com possivel impacto nos insetos.
Determinou-se que a aplicacao foliar de acido jasmoénico afeta negativamente a
infestacdo de T. erytreae em limoeiros. A aplicacio foliar de acido jasmdnico em
citrinos hospedeiros de T. erytreae como método de protecao contra este psilideo
deve sertestado em trabalhos futuros, de modo a avaliar a sua eficacia e viabilidade
econdmica em condicdes de producdo comercial. O conhecimento obtido nesta
tese podera servir como base para o desenvolvimento de novas ferramentas e
estratégias de protecdo contra T. erytreae enquanto psilideo vetor de HLB,

promovendo assim uma citricultura prospera, sustentavel e livre de HLB.

Palavras-chave: Psila-africana-dos-citrinos; huanglongbing;

metabolémica; interacao planta inseto; protedmica; volateis.
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1.1. Scope of the Thesis

Citriculture, one of the main fruit production industries in the world, is
confronted nowadays with a multitude of challenges, including the management of
diseases and pests. The most important problem at the moment is Huanglongbing
(HLB), a devastating bacterial disease transmitted by the psyllid vectors Trioza
erytreae (Del Guercio, 1918) and Diaphorina citri (Kuwayama, 1908). The effective
control of these vectors is imperative for the prevention and management of HLB.
Although Europe is currently free of HLB, the vector Trioza erytreae is present in
Portugal and Spain, two of Europe’s most important citrus producing countries.
Consequently, the development and implementation of novel strategies to manage
this vector and prevent the incursion of HLB into Europe is imperative. The present
thesis focused on studying the interaction of T. erytreae with its citrus hosts using a
proteomics, metabolomics and volatolomics approach, aiming to contribute to the

development of new methods to control this insect.

1.2. The importance of citriculture in the world

Citrus is one of the most important fruit crops on a global scale, accounting
for 17.67% of the total fruit production between 2019 and 2023 (FAO, 2025) (Fig.
1.1).

Mangoes, guavas Prunus fruits 5.05%
and mangosteens
6.33%

Plantains 4.77%

Other fruits 4.39%
Pineapples 3.11%

Other tropical fruits 2.97%

Papayas 1.53%

Grapes 8.27%

Pome fruits

12.94% Persimmons 0.50%

Other berries 0.48%
Kiwi 0.48%

Citrus 17.67%

Melons 14.34%

Figure 1.1. Percentage of worldwide total fruit production in the period of 2019-2023 (FAO, 2025).
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Between 2019 and 2023 an average of 163.0 million tonnes of citrus were
produced per year, and sweet oranges [Citrus xsinensis (L.) Osbeck] had the highest
representation with 68.6 million tonnes, followed by mandarins (Citrus reticulata
Blanco), with 49.8 million tonnes, and lemons [Citrus xlimon (L.) Burm. f.] and limes
(Citrus spp.), with 21.4 million tonnes (Figure 1.1). China and Brazil, with 45.6 and
19.6 million tonnes per year respectively, were the main citrus producers in the
world. Within Europe, Spain, with 6.2 million tonnes, was the biggest producer (FAO,
2025) (Fig. 1.2). Portugal produces a total of 409.3 thousand tonnes of citrus per
year, with the Algarve region accounting for about 85% of this production (INE,

2024).

Thousand tones
per year

Jo
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I 15000 - 20000
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Figure 1.2. Representation of total average annual citrus production per country, in the period of
2019-2023. Map created using the free and open source QGIS (QGIS Development Team, 2020).
World map layer source: Natural Earth, free vector and raster map data (naturalearthdata.com).
Citrus production data source: (FAO, 2025)

1.3. Huanglongbing (HLB) and its agents

Huanglonging (HLB), also known as “citrus greening”, is a disease caused by
a phloem-limited bacterium that affects citrus and other Rutaceae. Symptoms of
this disease include non-symmetrical mottled chlorosis of leaf blades, yellow

shoots, stunted growth, small and deformed fruits with colour inversion (Fig 1.3).
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The disease The vectors
HLB Diaphorina citri Trioza erytreae

Figure 1.3. Typical symptoms of Huanglongbing (HLB), and HLB vectors. A- Citrus tree with yellow
shoots; B- Detail of detail yellow shoots; C- Leaf with non-symmetrical mottled chlorosis; D- Fruit
exhibiting colour inversion; E- Deformed fruits with aborted brown seeds; F- Diaphorina citri adult;
G- D. citrinymphs; H- Trioza erytreae adults, immature adult with green colouration and mature adult
with dark colouration ; I- T. erytreae nymphs, ; J- Upper side of a leaf with pit gall formations caused
by T. erytreae. Photo credits: A, B and C, Amilcar Duarte; D and E, Joseph M. Bové; F and G,
Fundecitrus; H, José A. Pereira; | and J, Tomas Magalhaes

The bacteria responsible for HLB are known to cause the plugging of the
phloem, thereby restricting the flow of nutrients and consequently impacting plant
growth and productivity (Achor et al., 2010; Bové, 2006). This disease has a
significant economic impact, as evidenced by the 74% decrease in citrus
production in Florida (Singerman and Rogers, 2020). The disease has also led to
costly changes in orchard and nursery management in Brazil (Ayres et al., 2015;
Bassanezi et al., 2020). The causal agents of HLB are Candidatus Liberibacter
africanus (ClLaf), Candidatus Liberibacter americanus (CLam) and Candidatus
Liberibacter asiaticus (CLas) (Bové, 2006). The distribution of CLas encompasses
Asia, America and Africa, while CLaf is distributed in Africa and the Middle East, and
CLam is present solely in Brazil (EPPO, 2025) (Fig. 1.4). The psyllids T. erytreae
(African citrus psyllid) and D. citri (Asian citrus psyllid) have been identified as the

known vectors of this bacteria (Aubert, 1987; Bové, 2006). The distribution of D. citri
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overlaps with the distribution of CLas and includes additional countries in Africa
and the Middle East adjacent to CLas distribution (Fig. 1.4). The distribution of T.
erytreae overlaps with the distribution of CLaf, and includes additional adjacent
countries in Africa, as well as Portugal and Spain (EPPO, 2025) (Fig. 1.4). Despite
both psyllids having demonstrated the ability to successfully vector both CLas and
CLaf (Lallemand et al., 1986; Reynaud et al., 2022; Roberts et al., 2017), T. erytreae
is predominantly associated with CLaf and D. citriis predominantly associated with
CLas and CLam, which aligns with their overlapping distribution (Fig. 1.4). Trioza
erytreae nymphs develop on the leaves of their hosts, producing pit galls, which are
circular or oval-shaped depressions on the underside of the leaf, that are visible on
the upper side of the leaf as convex bulges (Annecke and Cilliers, 1963; Van Der
Merwe, 1923) (Fig 1.3). Trioza erytreae demonstrates preferences for specific hosts,
with lemon plants being the preferred host; less preferred are the common hosts
such as sweet orange plants, and on the lower end of attractiveness are the

occasional hosts such as the trifoliate orange (Citrus trifoliata L.) (Aubert, 1987;

Hernandez-Suarez et al., 2021).

[ without HLB agents

[ CLas

[ CLas + Clam I =
I CLaf

[ CLas + CLaf
© Trioza — D
© Diaphorina

Figure 1.4. Distribution of Huanglongbing (HLB) agents and their vectors on a global scale. “Clas”
represents countries with Canditatus Liberibacter asiaticus, “Clas + CLam” represents countries
with both Canditatus Liberibacter asiaticus and Canditatus Liberibacter americanus, “Claf”
represents countries with Canditatus Liberibacter africanus, “Clas + CLaf” represents countries with
both Canditatus Liberibacter asiaticus and Canditatus Liberibacter africanus, “Trioza” represents
countries with the presence of Trioza erytreae, “Diaphorina” represents countries with the presence
of Diaphorina citri. Map created using the free and open source QGIS (QGIS Development Team,
2020). World map layer source: Natural Earth, free vector and raster map data
(naturalearthdata.com). HLB agents’ distribution data source: EPPO (2025).
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The recent introduction of the HLB vectors into the Mediterranean basin —T.
erytreae (Portugal and Spain) and D. citri (Israel and Cyprus) (EPPO, 2023, 2022,
2021, 2015) — has raised concern among the citriculture stakeholders in this HLB-
free area. It has been demonstrated that the introduction of the vector frequently
precedes subsequent outbreaks of HLB, and that the time between the two events
has been progressively reduced (Alquézar et al., 2022; Bové, 2006). Moreover, the
presence of scattered citrus trees in Mediterranean landscapes has the potential to
further complicate the control of this vector (Nunes et al., 2025). In Portugal T.
erytreae has reached the Algarve region, although not yet spreading to the areas of
Algarve with the highest citrus production densities (Duarte et al., 2024) (Fig. 1.5).
Nevertheless, it is of critical importance to avoid further spread of T. erytreae to

protect both Iberian and European citriculture from HLB.

2 >y
8

SR

Figure 1.5. Map of the distribution of Trioza erytreae and the citrus production areas in 2022. A-
Inland Portugal T. erytreae distribution and citrus production areas; B- Algarve region (Portugal) T.
erytreae distribution and citrus production areas. Algarve region demarcated in purple. The orange
spots and areas indicate the location of the citrus orchards. The red line delineates the area officially
infested with T. erytreae with a 3 km wide buffer zone. Red dots correspond to points where symptom
or signs of the pest have been identified in 2022 (positive points). Conversely, blue dots denote
locations where no symptoms of the pest were observed (negative points). The figure was adapted
from Duarte et al. (2024).
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1.3.1. The importance of psyllid vector control

The citriculture sector has demonstrated a significant commitment to
counteracting the HLB disease, with numerous stakeholders identifying HLB as a
priority and a key challenge. Various curative management techniques have been
evaluated and are currently under development. These include trunk injection with
antibiotics and defence elicitors (Li and Nangong, 2022), spraying with leaf extracts
from other plants (Pitino et al., 2020), and integrated practices using thermotherapy
and preventive measures (Li et al., 2019). However, to this date, no effective long-
term cure has been designed or implemented (Alquézar et al., 2022). The most
widely implemented HLB management strategy at present involves the use of
certified healthy plant material, the eradication of infected plant material
(inoculum) and the control of vector populations (Belasque et al., 2010). In HLB-free
areas, the primary preventive measures entail the obstruction of the entry of HLB-
infected material, in conjunction with the oversight and control and/ or eradication
of the psyllid vectors (Alquézar et al., 2022; Pérez-Hedo et al., 2025). This

emphasises the pivotal role of vector control in the effective management of HLB.

The control of HLB psyllid vectors predominantly involves the application of
conventional phytosanitary sprays. However, this approach may result in the
development of resistance in psyllids to the active compounds employed. This
phenomenon has been evidenced in D. citri (Chen et al., 2022; Garcia-Méndez et
al., 2019). Nevertheless, alternative control methods and cultural practices have
demonstrated potential. The biological control with Tamarixia spp. parasitoids has
proven to be one of the most successful alternatives for psyllid control. This has
been especially relevant for T. erytreae control by the parasitoid Tamarixia dryi
Waterston (1922), resulting in the near eradication of the psyllid from Reunion and
Mauritius (Aidoo, 2023; Alquézar et al.,, 2022; Berg and Greenland, 2000).
Furthermore, systematic releases of T. dryiin Portugal and Spain, combined with the
sub-optimal climatic conditions for T. erytreae, has led to a considerable decrease
in psyllid population to residual levels (EPPO, 2021; Paiva et al., 2020). In Portugal,
during the course of two consecutive years of prospection (2022 to 2024), no

symptoms were observed and the presence of T. erytreae was not detected in the

8
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Algarve region (DGAV, 2024). Additional alternative control measures that have
demonstrated promising outcomes encompass the utilisation of predators and
entomopathogenic fungi to lower psyllid populations, alongside the application of
kaolinto deter T. erytreae (Aidoo et al., 2021; Juan-Blasco et al., 2012; Oliveira et al.,
2022). However, the implementation of these solutions is constrained by limitations
and difficulties associated with their integration with existing management
practices in commercial orchards and nurseries. Consequently, research on
innovative and alternative methods for the control of T. erytreae is of pivotal

importance.

1.4. Perspectives of novel control methods and the
potential from plant-insect interactions studies

The biological molecules and metabolic pathways that are activated in plant
defence mechanisms against insects have been refined and optimised over the
course of centuries of evolution. The exploration of these biological molecules and
pathways holds immense potential as novel methods to affect and limit insect
development. It is imperative to ascertain the most effective manner to induce
these molecules and pathways in order to successfully affect the insect.
Subsequent to this, larger-scale studies are required to assess the viability of the

potential innovative control techniques and enhance its efficacy.

A notable illustration of this process was the identification of a protein in
Bacillus thuringiensis Berliner that exhibited insecticidal properties against
lepidopteran insects (Estruch et al., 1996). This knowledge was subsequently
employed in the production of transgenic maize (Zea mays L.) varieties to confer
resistance to lepidopteran pests, which has been patented and is now
commercially available (Nykoll et al., 2012). Bacillus thuringiensis strains have also
been tested for their effect on D. citri, along with other non-conventional
insecticides, such as the petroleum-based horticultural mineral oils (HMO) (Dorta
et al., 2020; Tansey et al., 2015). These non-conventional insecticides were applied
to C. xsinensis, with B. thuringiensis, through drenching and HMO through foliar

spray. The findings from these studies indicated that HMO treatments resulted in a
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reduction of D. citri populations (Tansey et al., 2015), whereas Bt treatments caused
an increase in D. citri mortality rates (Dorta et al., 2020). These findings illustrate
potential novel control methods for the psyllid vectors of HLB. However, further
research and optimisation are required to ascertain their viability in field application

and its effect on T. erytreae.

Alternative methods to genome editing, such as the exploitation of plant
semiochemicals, peptides and secondary metabolites have also shown great
potential for the development of novel control methods. Some of these molecules
have shown to elicit plant defence responses, repel or attract the insect, and even
directly hinder the insect’s development (Abd El-Ghany, 2019; Tlak Gajger and Dar,
2021;Zhangetal., 2023). In order to identify these potential targets within the plant—
insect interaction, it is necessary to undertake an exploratory analysis and broad
scan of the biochemical and molecular interactions between the plant and the
insect. Of particular interest is understanding how the insect affects the plant’s
gene expression, transcription factors, proteins, metabolism and volatiles and vice-
versa (Dyer et al., 2018). The employment of high-throughput omics technologies
has been demonstrated to facilitate the identification of multiple biological
molecules, thereby underscoring their status as a potent instrument for the
exploration of the biochemical and molecular interplay inherent to plant-insect
interactions (Barah and Bones, 2015). This methodological approach has resulted
in the identification of several potential novel control methods for different pests.
For example, through transcriptomics and volatolomics a transcript involved in
terpenoid biosynthesis, namely 5-epi-aristolochene synthase (EAS), was found to
be induced in Nicotiana tabacum L. by whitefly (Bemisia tabaci Gennadius).
Consequently, the effect of exogenous application of terpenoids on N. tabacum was
investigated, resulting in a significant hindrance to whitefly infestation (Luan et al.,
2013). Proteomic studies have shown that plants produce lectins in response to
insect infestation and that lectins have an insecticidal effect, suggesting that these
proteins should be further investigated as natural insecticides (Paul and Das, 2021;

Roy et al., 2014; Zeng et al., 2017).
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Several omics studies have identified potential candidates for novel control
methods for HLB, and its associated agents. For instance, the influence of host
plant volatiles on the attraction of HLB psyllid vectors has been demonstrated by
volatolomics (Antwi-Agyakwa et al., 2019; Coutinho-Abreu et al., 2014; Zanardi et
al., 2019). These volatiles have been incorporated into field traps for the psyllids and
tested in field conditions, yielding encouraging results for D. citri, and less
encouraging results for T. erytreae (Coutinho-Abreu et al., 2014; Khadka et al., 2020;
Pullock et al., 2024). Two metabolomic analyses showed that D. citri infestation
influenced phytohormone homeostasis in C. xsinensis (lbanez et al., 2019; Nehela
et al., 2018). Exogenous applications of two phytohormones, namely salicylic acid
(SA) and jasmonic acid (JA), affected D. citri feeding behaviour, and JA treatments
also showed to be detrimental for the psyllid reproduction (Gao et al., 2023). Gene
expression analysis identified genes related to the pathogen-associated molecular
patterns-triggered immunity (PTl) as an important component of citrus resistance to
canker (Shi et al., 2015). The induction of PTI has been shown to function as an
antifeedant for D. citri (Shi et al., 2019). A transcriptome study on C. xsinensis
response to D. citri infestation highlighted the importance of Kkinases,
phytohormones, defence related transcription factors (WRKY), phenylpropanoid
and flavonoid biosynthesis, indicating a need for further studies to ascertain their

effect on the psyllid vector (Sun et al., 2022).

Atranscriptomics approach has also been applied for the HLB disease itself,
by screening HLB-tolerant and HLB-sensitive plant hosts (Huang et al., 2021b). The
authors identified a transcript of the peptide homologous to a 109-aa Arabidopsis
heat-stable protein HS1 with antimicrobial and antifungal activity, as a potential
target for a novel control method. This peptide was then applied via trunk injection
in HLB-infected plants and via foliar spray in healthy plants that were subsequently
infected. These treatments showed efficacy in treating HLB-positive trees and in
inhibiting the emergence of new HLB infections in healthy trees. Field trials are

currently being undertaken (Huang et al., 2021a).

A non-omics study was conducted to evaluate the efficacy of seven
compounds as alternatives to conventional phytosanitary sprays to control T.
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erytreae. One of these compounds was the oil extracted from the peel of C.
xsinensis fruit (orange oil). The compounds were applied by foliar spray onto C.
xsinensis. The most effective compounds in reducing the initial infestation rates
were diatomaceous earth and kaolin. Notably, orange oil treatment caused the
highest nymph mortality in a field experiment (Hernandez-Suarez et al., 2023),
underscoring the potential efficacy of T. erytreae control methods that use

compounds found in host plants.

1.5. Objectives and Thesis structure

Itis imperative to investigate new strategies to control or prevent the spread
of the psyllid vector T. erytreae that transmits the bacterial disease HLB. The study
of the plant host-vector interactions holds significant potential for identifying
crucial mechanisms to affect the psyllid vector. Trioza erytreae has been rapidly
spreading towards the densest productive citrus area in Portugal and poses an
impending threat for the European citriculture. It is imperative to understand how T.
erytreae interacts with the citrus plant, and how the citrus host plant respondsto T.
erytreae. The present study employed two important citrus species with different
rates of suitability as hosts of T. erytreae, namely C. xlimon plants with the highest

suitability and the less suitable C. xsinensis plants.

The primary objective of this study was to identify proteins and metabolites
involved in the interactions between the two citrus hosts and T. erytreae from a
systems biology perspective. The proteome and metabolome of the enriched
vascular sap of the two hosts were analysed in response to T. erytreae infestation.
In addition, the proteome of T. erytreae developing on these two hosts was analysed.
Furthermore, the impact of the exogenous application of jasmonic acid (JA) on the

volatile profile of C. xlimon and on the infestation by T. erytreae was characterised.

This PhD thesis was organised in chapters 1 to 7, described below. Chapters
3, 4 and 5 describe analyses that stemmed from a common experimental trial that

led to the design of the experimental trial performed for Chapter 6.
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Chapter 1 the current chapter, which comprises an overview of citriculture,
HLB, Trioza erytreae, plant-insect interaction and the importance of
innovative pest management strategies for this vector.

Chapter 2 which comprises a systematic review of T. erytreae and the
current knowledge of its interaction with its hosts.

Chapter 3 characterises the proteome response of C. xsinensis and C.
xlimon hosts to T. erytreae infestation.

Chapter 4 characterises the interplay of metabolome and proteome
responses of C. xsinensis and C. xlimon hosts to T. erytreae infestation.
Chapter 5 characterises the proteome differences between T. erytreae
nymphs when developing on C. xsinensis and C. xlimon hosts.

Chapter 6 characterises the effect of the exogenous application of jasmonic
acid on C. xlimon volatile profile, and on T. erytreae infestation on this host.
Chapter 7 Compiles and discusses the findings of the studies on the
interactions of C. xsinensis and C. xlimon hosts with T. erytreae, including

the potential of the identified molecules on the control of the psyllid.

13



Chapter 1

14



Chapter 2

Chapter 2. Trioza erytreae (Del Guercio, 1918)
and the interaction with its hosts: a review

This chapter has been adapted from the review article published in:

Magalhaes, T., Duarte, A., Pereira, J. A., & Marques, N. T. (2025). Trioza erytreae (Del
Guercio, 1918) and the interaction with its hosts: a review. Agriculture, 15(1), 101.

https://doi.org/10.3390/agriculture15010101

-y
. agriculture
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2.1. Abstract

The cultivation of citrus in the Mediterranean region is of considerable
economic importance. The viability of this industry is contingent upon a number of
factors, with adequate phytosanitary management being of particular significance.
During the last decade, the geographical range of the invasive psyllid, Trioza erytreae
(Del Guercio, 1918), has expanded to the mainland territories of Portugal and Spain.
Trioza erytreae acts as a vector for the Huanglongbing disease (HLB). This review
presents the current knowledge about the hosts of the psyllid and their
attractiveness and suitability. A classification of the hosts according to their
suitability, as assessed in the literature, is provided. The attributes of the hosts and
the methods used to assess their suitability are described, as well as the climatic
factors that affect the psyllid—host interaction. The review emphasises the
importance of a comprehensive evaluation of the interactions between the psyllids
and their hosts to develop and implement more effective strategies for controlling T.

erytreae.

2.2. Abbreviations
HLB (huanglongbing); RH (relative humidity)
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2.3. Introduction

The citrus industry is the most important fruit sector in the world, with an
annual production exceeding 166 million tonnes (FAO, 2021). The industry is
currently being confronted with an incredibly devastating bacterial disease that is
rapidly disseminating globally: the Huanglongbing (HLB) disease. HLB is caused by
Candidatus Liberibacter spp. bacteria, which clog the phloem and limit the flow of
nutrients in the tree, thereby affecting its development, fruit production and quality.
The two functional vectors that transmit C. Liberibacter are the psyllids Diaphorina
citri (Kuwayama, 1908) (Hemiptera: Liviidae), mainly present in the Asian and
American continents, and Trioza erytreae (Del Guercio, 1918) (Hemiptera:
Triozidae), mainly present in the African continent. The two vectors have recently
reached the European continent, posing a threat to Mediterranean citriculture.
Diaphorina citri is spreading from the East, having been detected in Israel and
Cyprus (EPPO, 2023, 2022) while T. erytreae is spreading from the West with
observations in the Iberian Peninsula dating back to 2014 in the north-western

region near the coastline (Duarte et al., 2024; Pérez-Otero et al., 2024).

The Mediterranean basin is one of the few citrus-producing regions that has
not been affected by HLB. To date, no positive results have been obtained from the
HLB tests conducted in Europe on both vectors (Alquézar et al., 2022; EPPO, 2023,
2021). The potential spread of these harmful insects in the Mediterranean region
represents a substantial concern for citrus growers as their presence could
facilitate the rapid dissemination of the HLB disease. The spread of D. citri carrying
C. Liberibacter has been rapid in the citrus-producing regions on both American
continents over the 15-year period since HLB was first identified. This has resulted
in a 74% reduction in citrus production and a 62% decline in the number of citrus
producers in Florida (Singerman and Rogers, 2020), which serves to demonstrate
the destructive capacity of this disease. The management of HLB requires the
elimination of infected plants (Ayres et al., 2015) and a significant alteration in
cultural practices (Bassanezi et al., 2020). Several control strategies for this disease
have been tested, such as the injection of antibiotics into the stem, thermotherapy

and application of endophytes. However, no treatment has been shown to be
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effective in controlling HLB (Li and Nangong, 2022; Limayem et al., 2024; Munir et
al., 2021).

The control of psyllid vectors represents a primary concern for the citrus
industry. The main management strategies were comprehensively outlined by Aidoo
(2023). These strategies encompass the use of chemical control, applying
insecticides during peak flushing periods (Urbaneja-Bernat et al., 2020), and
biological control, with the release of the parasitoids Tamarixia dryi (Waterston,
1922) (Benhadi-Marin et al., 2022; Urbaneja-Bernat et al., 2019), and T. radiata
(Aidoo, 2023). The release of Tamarixia dryi has been undertaken in France, Spain,
and Portugal, encompassing all territories that have been infested, and contingent
on the relevant government authorities (Aubert, 1987; Aubert, B. Quilici, 1984;
Duarte et al., 2024; EPPO, 2021, 2015; Etienne and Aubert, 1980; Reynaud et al.,
2022). Furthermore, novel strategies based on entomopathogens (Aidoo et al.,
2021), and kaolin applications (Oliveira et al., 2022) are currently under

investigation.

The presence of T. erytreae in the Iberian Peninsula represents a significant
challenge to the protection of Europe’s main citrus producers. A multitude of
factors, including climatic conditions (Van den Berg et al., 1991a), the presence of
natural enemies (Catling, 1970), chemical treatments, and host plants, exert a
substantial influence on the survival and development of T. erytreae. The insect
exhibits a high degree of dependency on its hosts, as they play a pivotal role in its
establishment, development, and dissemination. Moreover, the adult psyllid has a
limited lifespan (85 h) when deprived of its hosts (Gottwald, 2010; Van den Berg and
Deacon, 1988; Van den Berg et al., 1990). In the absence of the bacteria, the psyllid’s
direct damage to citrus hosts is considered negligible (Carvalho and Aguiar, 1997;
Van Der Merwe, 1923). Nevertheless, nurserymen have reported it to be of
significant consequence, as the pit gall symptoms that form in citrus leaves during
nymph development impact the plants’ eligibility for commercialisation (Carvalho
and Aguiar, 1997; Van Der Merwe, 1923). A deeper understanding of the T. erytreae
host range may facilitate the design of more efficacious control strategies, and the
advancement of psyllid epidemiological studies, given the pivotal role of the
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interactions between the vector, the plant, and the pathogen. This review provides
an update on the current knowledge regarding the interaction between T. erytreae
and its hosts, with a particular focus on the factors influencing its establishment,

oviposition, and development.

2.4. Trioza erytreae hosts

Trioza erytreae feeds and develops mainly on Rutaceous plants (Carvalho
and Aguiar, 1997; Van Der Merwe, 1923). Trioza erytreae lays its eggs on the tips of
young shoots. The nymphs hatch and settle on the underside of the developing
leaves, where they complete their five-instar development before a new flying adult
emerges. During its development, the nymphs form “pit galls” which are circular or
oval-shaped depressions on the underside of the leaf. The pit galls are perfectly
fitted to the nymph and, on the upper side of the leaf they are visible as convex

bulges (Annecke and Cilliers, 1963; Van Der Merwe, 1923).

The Aurantioideae subfamily, which is part of the Rutaceae family, comprises
33 genera. The Citrus genus, which is part of this subfamily, comprises the preferred
T. erytreae hosts (Annecke and Cilliers, 1963). Three species from the Rutaceae,
namely the two Aurantioideae, Clausena anisata (Willd.) Hook.fil., De Wild. & Staner
and Citrus xlimon (L.) Burm, along with Vepris lanceolata (Lam.) G.Don (non
Aurantioideae), have been historically linked with T. erytreae, as they were the first
psyllid hosts to be documented in the literature (Aubert, 1987; Bové, 2014; Carvalho
and Aguiar, 1997; Moran, 1968a, 1968b; Van Der Merwe, 1923). The first host to be
recorded was Citrus xlimon, which was formally described in 1918 in Eritrea (Del
Guercio, 1918). Almost all species and varieties within the Citrus genus serve as
hosts, including those used as rootstocks (Hernandez-Suarez et al., 2021). The term
‘suitability’ is used to refer to the host’s ability to support all stages of psyllid
development until the emergence of a new generation. The suitability of some citrus
species remains inconclusive, as is the case of C. australasica F. Muell (Aubert,
1987), or even contradictory, as observed in C. trifoliata L. (Aubert, 1987;
Hernandez-Suarez et al., 2021) and C. japonica Thunb. (Aubert, 1987; Van den Berg
etal., 1991a).
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Plants from other genera of the subfamily Aurantioideae outside the Citrus
genus were described as suitable hosts. These included Murraya paniculata (L.)
Jacq. and Glycosmis pentaphylla (Retz.) Corréa, which are commonly used as
ornamentals (Barkley and Beattie, 2008). There is a lack of consensus regarding the
suitability of certain Aurantioideae hosts for the growth of the psyllid. For instance,
C. anisata has been reported as a suitable host in some studies (Aidoo et al., 2019a;
Aidoo et al., 2019c; Aubert, 1987; Van Der Merwe, 1923), while in others it has been
identified as unsuitable due to the absence of oviposition (Moran, 1968a). Similarly,
Calodendrum capense (L.fil.) Thunb., which has been described as a suitable host
(Aidoo et al., 2019a), has been deemed unsuitable in other studies (Aubert, 1987;
Moran, 1968b; Van Der Merwe, 1923). Suitable Rutaceae hosts identified outside
the Aurantioideae subfamily, were V. lanceolata and Zanthoxylum capense (Thunb.)

Harv (Aubert, 1987; Moran, 1968b; Van Der Merwe, 1923).

Possible host species outside the Rutaceae family are Ficus spp. L. (Kalyebi
etal., 2016), including Ficus sycomorus L. (Moraceae family) (Abate, 1988), Pygeum
africanum Hook.fil. (Rosaceae family) (Abate, 1988), Stephania abyssinica (Dill. &
A.Rich.) Walp. (Menispermaceae family) (Abate, 1988; Kalyebi et al., 2016), and
Diospyros mespiliformis Hochst. ex A.DC. (Ebenaceae family) (Kalyebi et al., 2016).
Trioza erytreae has only been documented to feed on these hosts and to be the likely
cause of leaf pit gall symptoms. However, there is no evidence to suggest that
nymphal development or the emergence of a new generation of psyllids has
occurred (Abate, 1988; Kalyebi et al., 2016). Therefore, in light of the current
knowledge, these species can only be considered as non-reproductive hosts or as
feeding hosts (Table 2.1). Carrot plants [Daucus carota subsp. sativus (Hoffm.)
Schibl. & Martens] were also evaluated as possible hosts for the transmission of
‘Candidatus Liberibacter solanacearum’ to sour orange plants C. aurantium L..
However, despite oviposition, T. erytreae was unable to complete its life cycle

(Quintana-Gonzalez De Chaves et al., 2020).

As outlined in the preceding paragraphs, the available data supports the
classification of T. erytreae as oligophagous. The collected data indicate that hosts

outside the Rutaceae family are non-viable hosts. Some of these non-viable hosts
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may have the potential to be used in psyllid control measures. For instance,
researchers have suggested using Nicotiana tabacum, a non-viable host, near citrus
orchards as a control measure for D. citri (Zheng et al., 2023). Table 2.1 provides a
concise overview of the T. erytreae host suitability data that have been tested to
date. The hosts were classified according to their attractiveness to the psyllid and
their suitability as hosts, based on an evaluation of the results described in the
literature. With regard to the Citrus genus, which comprises more than 30 species,
only 17 have been evaluated as potential hosts for T. erytreae. Ten of the species
have been classified as having high to highest suitability for T. erytreae. The highest
suitability was identified for lemon (C. xlimon), citron (C. medica) and lime (C.
xgurantiifolia) (Table 2.1). The two most widely cultivated citrus trees (FAO, 2021),
sweet orange (C. xsinensis) and mandarin (C. reticulata), were classified as having
good host suitability (Table 2.1). Additionally, Clausena anisata and M. koenigii L.
Spreng., two additional species within the Aurantioideae subfamily, were classified

as having high and highest suitability, respectively (Table 2.1).

It appears that species belonging to the Rutaceae family that are not part of
the Aurantioideae subfamily are less suitable for T. erytreae. Only two members of
the Vepris genus exhibited a suitability classification above the medium level (Table

2.1).

In view of the paucity of studies on hosts outside the Rutaceae family, it is
not yet possible to conclude that they are unsuitable. However, current evidence

suggests that the hosts examined so far are unsuitable (Table 2.1).

While the majority of citrus hosts exhibited comparable levels of
attractiveness and suitability for oviposition (Table 2.1), two hosts, namely citrange
(C. trifoliata x C. xsinensis) (Hernandez-Suarez et al., 2021) and Vepris bilocularis
(Wight & Arn.) Engl. (Aidoo et al., 2019a), exhibited a low level of attraction and a
high oviposition rate. This suggests that these hosts possess a quality that allows for

optimal oviposition without attracting T. erytreae (Table 2.1).
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Table 2.1. Summary of T. erytreae hosts, including the host name and common name, as well as host suitability classification in the following categories: “Attraction”,
“Survival”, “Oviposition”, “Nymphal Development”, “Adult Emergence”, and “Host Classification”. Where “+ + + + +” represents the highest suitability, “+ + + +” high
suitability, “+ + +” good suitability, “+ +” medium suitability, “+” low suitability, “-” almost no suitability, “— —” no suitability. The “Host Category” indicates host support
for the T. erytreae life cycle; “R” represents the “reproductive hosts”, where the full life cycle is supported by the host; “NR” represents the “non-reproductive hosts”,
where oviposition is observed but the full life cycle cannot be completed; “F” represents the solely “feeding hosts”, where oviposition was tested but not supported.
The “NR/R” combination represents hosts where oviposition was supported, but the following stages were not analysed (reproductivity was not ascertained); the
“F/NR” combination represents hosts where feeding was observed, and oviposition was not analysed (oviposition support was not ascertained). The designation “NT”
indicates that the host comparison studies have not been conducted, while “NC” indicates that they are not classifiable.

N hal Adult Host Host
Host; Common Name Attraction Survival Oviposition ympha Y .o.s . os References
Development Emergence ClassificationCategory
Family: Rutaceae; Subfamily: Aurantioideae; Genus: Citrus
Citrus xlimon (L.) Burm. f.; Lemon +++++ +++++ +++++ +++++ +++++ +++++ R [1-19]
Citrus xlatifolia Yu. Tanaka; Tahiti lime +++++ NT +++++ NT NT +++++* R [9,10]
Citrus medica L.; Citron +++++ +++++ +++++ +++++ NT +++++ R [3]
Citrus xaurantiifolia (Christm.) Swingle; Lime ++++ +++ ++++ +++ NT ++++ R [3,9,10,13,20]
Citrus trifoliata x Citrus xsinensis; Citrange + +++++ +++++ NT NT +HH+E* NR/R [6]
Citrus macrophylla Wester +++++ + +++++ NT NT Rt el NR/R [6]
. . . 2,3,5,6,9-12,19-
Citrus xsinensis (L.) Osbeck; Sweet orange +++ +++ +++ ++ +++ +++ R [ 31]
Citrus reticulata Blanco; Mandarin +++ ++ +++ +++ NT +++ R [3,6,9-
; 11,13,19,20,24]
Citrus reticulata x Citrus xsinensis; Tangor +++ +++ +++ +++ + +++ R [3,9,10,19,20,27]
Citrus reticulata x Citrus xparadisi; Tangelo +++ NT +++ NT NT +++* R [9,10,12,28]
Citrus xparadisi Macfadyen; Grapefruit ++ +++ ++ +++ NT ++ R [3,10,19,20,27]
Citrus maxima (Burm.) Merril; Pomelo + +++ + +++ NT ++ R [3,9]
Citrus re.shni (Engl) Yu. Tanaka; Cleopatra . et . NT NT - NR/R (6]
mandarin
Citrus japonica Thunb.; Kumquat ++ + + - NT + NR [3,20]
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Host; Common Name Attraction Survival Oviposition De':l/\gl‘:)':)r:;nt Em':‘:gu‘::‘ce Clas:i:‘)if:tation Ca|-t|:;ct>ry References

Citrus trifoliata x Citrus reticulata; Citrandarin + + ++ NT NT +x* NR/R [6]
Citrus trifoliata L. + + - - NT - F [3,6,20]
Citrus australasica F.Muell.; Caviar lime + + - - NT - F [3]
Citrus xaurantium L.; Sour orange + FExE FExE R el R R ekl +4 FE* R [11,14,20,24,32]
Citrus xjambhiri Lush.; Rough lemon +++ NT NT NT NT NC R [24,33,34]
Citrus xparadisi x Citrus trifoliata ;Citrumelo NT NT NT NT +++++ NC R [12]
Family: Rutaceae; Subfamily: Aurantioideae; Genus: Other than Citrus

Murraya koenigii (L.) Spreng. ottt NT ottt ettt e+t ettt R [12,35]
Clausena anisata (Willd.) Hook.fil., De Wild. & [3,7,8,12,21-
Staner +++ ++++ ++++ +++++ ++ ++++ R 23,29,35-38]
Murraya paniculata (L.) Jacq. + +++ + + NT + R [3]
Glycosmis pentaphylla (Retz.) Corréa NT NT NT NT NT NC F/NR [36]
Triphasia trifolia (Burm.fil.) P.Wilson NT NT NT NT NT NC F/NR [36]
Family: Rutaceae; Subfamily: Other than Aurantioideae

Vepris lanceolata (Lam.) G.Don; White ironwood +++++ +++++ +++++ +++++ +++ +++++ R [3,7,8,23,36,38]
Vepris nobilis (Delile) Mziray +++ NT +++ +++++ +++ +++ R [35]
Zanthoxylum capense (Thunb.) Harv. + +++ ++ ++ + ++ R [3,7,8,36,38,39]
Vepris bilocularis (Wight & Arn.) Engl. + NT +++++ + +++ ++ R [35]
Sﬁéc;ctlizfrum capense (L.fil.) Thunb.;Cape o N N B _ : R [3,7,8,35]
i?/cg:‘oxylum asiaticum (L.) Appelhans,Groppo & . . . o NT B NR (3]
Vepris Comm. ex A.Juss. NT NT NT NT NT NC R [3,40]
Ruta graveolens L.; English rue NT NT NT NT NT NC NR [36]
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Nymphal Adult Host Host

Host; Common Name Attraction Survival Oviposition Development Emergence Classification Category References

Agathosma ciliaris (L.) Druce NT NT NT NT NT NC NR [36]
Choisya ternata Kunth; Mexican orange NT NT NT NT NT NC F/NR [41]
Family: Other than Rutaceae

Morus alba L.; Mulberry + NT NT NT NT NC F/NR [4]
Tropaeolum majus L.; Garden nasturtium + NT NT NT NT NC F/NR [4]
32:;%55?22):;:Ubsp. sativus (Hoffm.) Schabl. & . . . . NT _ prnk NR (32]
Stephania abyssinica (Dill. & A.Rich.) Walp. NT NT == NT NT NC F [24,35,37]
Ficus sycomorus L. NT NT == NT NT NC F/NR [35,37]
Ficus thonningii Blume NT NT == NT NT NC F [35]
Diospyros mespiliformis Hochst. ex A.DC. NT NT NT NT NT NC F/NR [24]
Pygeum africanum Hook_fil. NT NT NT NT NT NC F/NR [37]

NC denotes that the classification is not applicable; * classification based only on two tested categories; ** comparison study limited to rootstocks; *** the only
comparison made regarding the oviposition was for sour orange and a non-Rutaceae host (a more comprehensive analysis involving additional hosts would be
necessary to classify this host) (Quintana-Gonzalez De Chaves et al., 2020); **** In the case of carrot, classification has been applied despite the species not being
aviable host. However, it is important to note that this is based on a single study (Quintana-Gonzalez De Chaves et al., 2020). References in this table are as follows:
1 - (Ameline et al., 2023); 2 - (Magalhées et al., 2024); 3 - (Aubert, 1987); 4 - (Moran and Brown, 1973); 5 - (Carvalho and Aguiar, 1997); 6 - (Hernandez-Suarez et al.,
2021); 7 - (Moran, 1968a); 8 - (Moran, 1968b); 9 - (Tamesse, 2000); 10 - (Tamesse and Messi, 2004); 11 - (Cook et al., 2014); 12 - (Aidoo et al., 2019c¢); 13 - (Tamesse
and Messi, 2002); 14 - (Benhadi-Marin et al., 2021); 15 - (Moran and Buchan, 1975); 16 - (Moran and Blowers, 1967); 17 - (Aidoo et al., 2022); 18 - (Urbaneja-Bernat et
al., 2020); 19 - (Quintana-Gonzalez de Chaves et al., 2024); 20 - (Van den Berg et al., 1991a); 21 - (Van den Berg et al., 1990); 22 - (Van den Berg et al., 1991d); 23 - (Van
den Berg and Deacon, 1988); 24 - (Kalyebi et al., 2016); 25 - (Catling, 1969); 26 - (Catling, 1971); 27 - (Samways and Manicom, 1983); 28 - (Catling and Atkinson, 1974);
29 - (Van den Berg, 1992); 30 - (Catling and Annecke, 1968); 31 - (Catling, 1972); 32 - (Quintana-Gonzalez De Chaves et al., 2020); 33 - (Antwi-Agyakwa et al., 2021);
34 - (Antwi-Agyakwa et al., 2019); 35 - (Aidoo et al., 2019a); 36 - (Van Der Merwe, 1923); 37 - (Abate, 1988); 38 - (Hollis, 1984); 39 - (Van den Berg et al., 1991c¢); 40 -
(Van den Berg, 1990); 41 - (Cocuzza et al., 2017).
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2.5. Host characteristics and their influence on
Trioza erytreae development

The suitability of a host for T. erytreae depends on intrinsic and extrinsic
factors. The following aspects related to young flushes are particularly important in
determining host suitability: the intensity of flushing, the timing of flushing, leaf
length, shoot length, and tissue softness/succulence. Additionally, the nutritional
status, age and phytosanitary condition of the host plant are of considerable
importance. The significance of these host traits resides in the requirement of young
leaves and shoots for successful oviposition and nymph development (Catling,

1972, 1969; Van den Berg, 1990, 1986; Van den Berg et al., 1991d, 1990) (Fig. 2.1).

1113 13-15 14-16 15-17 15-18 16-19 17-19  BBCH Scale

N
.\
%

< %

Trioza erytreae life stages

Figure 2.1. The various stages of leaf development and the symptoms of infestation by Trioza erytreae
along with the developmental stages of the psyllid. The upper half of the figure depicts the leaf
appearance and phenological stages of Citrus xlimon according to the Biologische Bundesanstalt,
Bundessortenamt und CHemische Industrie (BBCH) scale (Agusti et al., 1995), when infested with
the T. erytreae stages. The lower portion of the figure depicts the developmental stages of Trioza
erytreae: stage 0 - eggs; stage 1 - first instar nymph; stage 2 - second instar nymph; stage 3 - third
instar nymph; stage 4 - fourth instar nymph; stage 5- fifth instar nymph, and stage A- adult.

The phytosanitary status of the host plant exerts an influence on the flushing
rhythm and the nutritional status of the shoots and leaves, which in turn affects the
growth and development of psyllids. For example, a decrease in leaf nitrogen levels
substantially hampered psyllid development (Catling, 1971). Additionally, in a C.
xsinensis orchard, the presence of chlorotic young shoots caused a high mortality
rate of T. erytreae. Furthermore, the surviving nymphs were observed to exhibit

reduced size and flattened morphology, along with an extended period of
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developmental stages (Catling, 1971), contrary to a more rapid spread of T. erytreae

observed in young, healthy and vigorous trees (Catling and Atkinson, 1974).

Trioza erytreae shows a tendency to transit between suitable hosts in the
vicinity of citrus orchards, contingent upon the availability of fresh flush growth. The
prevalence of psyllids is higher when citrus orchards undergo alternate flushes with
out-of-season flushes in hosts situated outside the orchards (Catling, 1969; Van
den Berg, 1992; Van den Berg et al., 1991c). Therefore, the development of T.
erytreae is facilitated when a host plant produces young flushes throughout the year
(Van den Berg, 1990). Citrus xlimon is a highly attractive host for psyllids due to the
continuous formation of young flushes throughout the year, which provides
consistent opportunities for settlement and growth (Catling, 1969; Matias et al.,

2023).

The nymphs of T. erytreae nymphs can move over a distance of 300 mm in
search of optimal feeding spots, which are characterised by the presence of young
flushes and soft tissues (Van den Berg et al., 1991d). The greater the hardness of the
tissue, the longer the nymphs will spend searching, thereby increasing the
probability that the nymphs will become dehydrated, preyed upon, or parasitised
(Van den Berg et al., 1991d). In comparison to nymphs developing on either side of
leaves (softer tissues), fewer nymphs complete their development on branches
(harder tissues), which act as a deterrent to oviposition (Moran and Buchan, 1975;
Van den Berg et al.,, 1991d). It was observed that longer shoots, which are
characteristic of lemon and satsuma mandarin trees (Matias et al., 2023), tend to
attract a higher number of psyllids (Samways and Manicom, 1983). As the leaf
matures and grows, a reduction in the hatching rate of the eggs and the survival of
the nymphs is observed. Therefore, mature, longer and larger leaves are detrimental
to T. erytreae development (Catling, 1971; Samways and Manicom, 1983). This may
be attributed to the hardness of the leaves, which impairs the eggs’ ability to absorb

water, a vital requirement for their survival (Catling, 1971; White, 1968).

Trioza erytreae is able to extend its longevity and the pre-oviposition period
in the absence of young flushes. However, this phenomenon has only been

observed to occur for a limited duration of time (Catling, 1969). In citrus orchards in
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South Africa, a high flushing intensity rendered the plant highly attractive to T.
erytreae, while a low number of young flushes resulted in a high mortality rate for
the psyllid. This indicates that the number of flushes is an important factor in the

psyllid’s attraction to the host plant (Catling, 1972; Catling and Atkinson, 1974).

The timing of flushing is of pivotal relevance, as when it coincides with
optimal climatic conditions for T. erytreae development, significant population
peaks are observed (Catling, 1969). The efficacy of parasitoids in targeting T.
erytreae is enhanced when psyllid population levels are high (Mc Daniel and Moran,

1972).

Previous studies have demonstrated that plants infected with HLB flush at
different periods in comparison to their healthy counterparts (Cifuentes-Arenas et
al., 2022). Having both healthy and HLB-infected plants, exhibiting asynchronous
flush periods, provides more favourable conditions for psyllid proliferation (Catling,
1969). This aspect should be considered in the management of HLB-affected

orchards.

To ensure its own survival and reduce conspecific competition for resources,
T. erytreae avoids flushes with high levels of infestation. This behaviour contributes
to insect dispersal, leading to the search of new, uncolonised shoots. In their study
Van den Berg et al. (1991b) observed a positive correlation between the number of

eggs, nymphs, and adults on the host and the dispersion rate.

Pruningis a cultural practice that regulates the growth of new shoots (Matias
et al., 2023). Heading cuts stimulate the development of new shoots (Jacinto et al.,
2024) and make citrus trees more attractive to psyllids. Topping is an operation that
consists of multiple heading cuts applied to the top of the trees (Matias et al., 2023),
thereby inducing the development of numerous new shoots and attracting psyllids
(de Carvalho et al., 2024). This operation has already been tested to control D. citri
in conjunction with the application of insecticides to the pruned trees (de Carvalho
et al., 2024). Furthermore, deficit irrigation has been shown to extend the period
during which the citrus plant exhibits no flushes. This was evidenced in lemon

orchards subjected to deficit irrigation over a 12-week period during the winter,
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although the same procedure did not affect sweet orange trees (Van den Berg,
1986). It can be reasonably deduced that the cultivation of sweet oranges and
lemons in the same orchard, or in adjacent orchards is not recommended, given
that lemon trees exhibit continuous flushing (Matias et al., 2023). During the
flushing period of the sweet orange tree, an influx of insects migrating from the
lemon trees to the orange trees has been observed, leading to an increase in the
psyllid population (Catling, 1969). A comprehensive understanding of citrus
flushing cycles and effective management techniques is essential for the

implementation of cultural practices that mitigate T. erytreae populations.

2.6. The influence of climatic conditions on Trioza
erytreae and its hosts

The climatic variables exert an influence on the duration of insect
development (Annecke and Cilliers, 1963; Van den Berg, 1990; Van Der Merwe,
1923), as well as on the intensity and timing of host flushing (Primo-Millo and Agusti,
2020). The two main studies described in this section were conducted in
climatically controlled conditions, and both used C. xlimon as the T. erytreae host
(Aidoo et al., 2022; Pérez-Otero et al., 2024). Other studies do not specify the citrus
host (Annecke and Cilliers, 1963; Moran and Blowers, 1967; Van Der Merwe, 1923),
or are based on field studies on sweet orange (C. xsinensis) orchards (Catling, 1972;
Catling and Annecke, 1968). It has been established that the duration of the
developmental process, from the egg stage to the adult stage, is significantly
influenced by temperature (Aidoo et al., 2022; Pérez-Otero et al., 2024). The optimal
temperature range for the growth of the T. erytreae population is between 18 °C and
24°C (Aidoo et al., 2022; Pérez-Otero et al., 2024). This aligns with the spring average
daily temperature range of 12 °C to 20 °C in subtropical regions, where citrus trees

produce a considerable number of short shoots (Primo-Millo and Agusti, 2020).

Temperatures above 27 °C or below 10 °C severely delay or prevent the
completion of T. erytreae life cycle, and if the temperature is constant at 10 °C, 27
°C, or 30 °C, the life cycle is not completed (Pérez-Otero et al., 2024). It is well

documented that citrus hosts enter a state of dormancy when the daily average
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temperatures fall below 12 °C (Primo-Millo and Agusti, 2020). Therefore,
temperatures below 10 °C will restrict the development of both the host and the
psyllid. While temperatures above 30 °C appear to exert a deleterious effect on the
psyllid, the same does not occur with regard to host flushing, given that citrus hosts
produce long new shoots at daily average temperature ranges between 25 °C and 35
°C (Primo-Millo and Agusti, 2020). The specific conditions required for each
developmental stage have been the subject of considerable research. The pre-
oviposition period, at 25 °C, lasts between 3.4 and 10.5 days (Pérez-Otero et al.,
2024). The viability of eggs is compromised when temperatures are below 8 °C and
above 33 °C (Pérez-Otero et al., 2024). The successful development of eggs and
nymphs is contingent upon a temperature range of 15°C to 24 °C (Aidoo et al., 2022;
Pérez-Otero et al., 2024). Aidoo et al. (2022), observed that the mortality rate of the
first nymphalinstarwas highest at 15°C and lowest at 18 °C, whereas the third instar

exhibited the highest survival rates at 20 °C.

The duration of the T. erytreae life cycle is also subject to the influence of
humidity. Recent studies conducted under controlled conditions showed that at a
relative humidity of 65% and at a temperature of 15 °C, the development period is
56.23 days, whereas at 24 °C, it is reduced to 19.95 days. Similarly, at a temperature
of 15 °C and a relative humidity of 70%, the developmental period is 46.7 days,
whereas at 25 °C, it is reduced to 23.9 days (Aidoo et al., 2022; Pérez-Otero et al.,
2024). With respect to nymphal development, no development was observed at a
constant temperature of 25 °C, when both 40% RH and 90% RH were maintained. In
these conditions, the psyllid only reached the third instar stage, and the time taken
for pre-oviposition and egg hatching was extended. However, at 70% RH, the entire

life cycle of the psyllid was completed in 23.9 days (Pérez-Otero et al., 2024).

The influence of climatic conditions on insect development times also has
anindirectimpact on the overall population size of T. erytreae (Catling and Annecke,
1968; Cocuzza et al., 2017; Tamesse and Messi, 2004). High mortality rates have
been attributed to hot and dry summer days (Van Der Merwe, 1923). A 100%
mortality rate of eggs and first-instar nymphs was observed when temperature and
humidity parameters, reported as the saturation deficit index (SD), were 45 mbar or
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higher. At 35 mbar, the mortality rate was 70%, while at 15 mbar, it decreased to 10%
(Aubert, 1987). As a result, Catling (1972) introduced the term “lethal days” to
describe periods when values exceeded 34,6 mbar, which had a significant impact
on egg viability and the first instar stage of development (Aidoo et al., 2022; Catling,
1972).

Studies carried out before 1970 utilising citrus branches (the species of
citrus is not specified) have demonstrated that the requisite duration for egg
hatchingis 7-9 days, with a range of 5-17 days during summer and winter conditions,
respectively. The nymphal stage lasted, on average, 20-27 days, with summer
conditions requiring 18 days and winter conditions requiring 34 days (Annecke and
Cilliers, 1963; Moran and Blowers, 1967; Van Der Merwe, 1923). Additionally, the
lifespan of the adult insect during periods of warm weather ranges from 26 to 36
days (Annecke and Cilliers, 1963). More recent studies conducted under controlled
conditions showed a similar trend to the aforementioned branch studies, with slight
differences. The eggs hatched, on average, between 7.2 and 13.5 days after
oviposition, while the development of nymphs lasted from 16.4 to 33.4 days (Pérez-
Otero et al., 2024). The specified timeframes are specific to constant temperatures
of 15°C and 25 °C, respectively. Pérez-Otero et al. (2024) additionally observed that
female adults outlive male adults across all tested temperatures. The mean survival
of female specimens was 44.2 days at 15 °C, while the mean survival of male
specimens was 17.2 days at 25 °C. In citrus plants cultivated in temperate climates,
the duration from bud break to complete leaf development is 60 days when daily
average temperatures exceed 13 °C (Micheloud et al.,, 2018). This timeframe
enables T. erytreae to generate at least one generation. Under optimal climatic

conditions, two generations may occur per flushing season (Catling, 1969).

It is necessary to evaluate the climatic conditions in relation to the region’s
orography, as well as the presence or absence of suitable hosts, to identify the
geographic regions where T. erytreae can thrive. This systematic approach enables
the delineation of regions where T. erytreae may be able to establish and proliferate,
thereby facilitating the prompt implementation of protective measures (Benhadi-
Marin et al., 2022, 2020; Paiva et al., 2020).
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2.7. Methods to study T. erytreae host attraction and
suitability and their applications

Several methodologies have been employed in order to facilitate a
comprehensive understanding of insect—host interaction and host suitability. These
include population surveys, choice tests, no-choice tests, studies of insect
development and morphometrics, and chemical and molecular interaction studies.
Some studies focus on the factors that guide T. erytreae to the host, while others
focus on the factors that affect the insect’s survival and growth subsequent to the

selection of a host (Fig. 2.2).

Survival
Morphology
Development

Figure 2.2. Host effect on Trioza erytreae. Orange arrows represent host cues/signals; blue arrows
represent insect decision pathways.

In population surveys, hosts are sampled within a defined geographical area
and time range to record the presence and/or symptoms of T. erytreae. This
approach enables the determination of the psyllid’s natural preference. Such

surveys may be designed at a national level or at the level of individual orchards.

Extensive population surveys constitute a valuable initial step in identifying
the hosts of the psyllids and discerning their preferences (Aidoo et al., 2019b;
Duarte et al., 2024; Kalyebi et al., 2016). To illustrate, a national-level survey
conducted in Uganda documented the proportion of each host species in the total
number of identified infested plants. The findings demonstrated that mandarins (C.
reticulata) were the preferred host (66.7%), followed by sour orange (C. aurantium)
and rough lemon C. xjambhiri Lush. (both with 13.3%), in addition to the least-

attractive sweet orange variety “Washington Navel” (6.7%) (C. sinensis) (Kalyebi et
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al., 2016). In the same study, three non-Rutaceae plants were identified as bearing
galls and T. erytreae adults, namely Stephania abyssinica (Dill. & A. Rich) Walp. var.
tomentella (Oliv.) Deils (Menispermaceae family), Diospyros mespiliformis
(Ebenaceae family), and Ficus spp. (Moraceae family). However, the absence of the
observation of nymphs (Kalyebi et al., 2016), indicates the necessity for further

investigation to ascertain the suitability of these hosts for T. erytreae.

The study of psyllid populations at the orchard level offers considerable
advantages in terms of the information they provide regarding host attractiveness
and their suitability to T. erytreae. This is primarily due to the reduced
edaphoclimatic, and orographic variability observed in such studies. The results of
studies conducted in multi-species orchards have provided valuable insights into
host attractiveness for T. erytreae. The findings of Samways and Manicom (1983),
demonstrated that the ‘Valencia’ cultivar (C. xsinensis) exhibited a higher mean
number of branches with eggs and of T. erytreae adults in comparison to the ‘Navel’
orange (C. xsinensis), the ‘Ortanique’ tangor (C. reticulata x C. xsinensis), and the
grapefruit [C. xparadisi (Macfadyen)]. Conversely, a comparable study conducted
by Van den Berg et al. (1991a) found that the ‘Navel’ orange was more attractive than
the ‘Valencia’ orange, which demonstrates how variables inherent to the

experimental field and methodology may influence the results.

A considerable number of mandarin cultivars (C. reticulata), along with their
hybrids tangor (C. reticulata x C. xsinensis) and tangelo (C. reticulata x C.
xparadisi), were evaluated for their attractiveness for T. erytreae in different multi-
species orchards (Tamesse, 2000; Tamesse and Messi, 2002; Van den Berg et al.,
1991b). The findings of these studies indicate that mandarins have a high degree of
intra-species variability in terms of attractiveness for T. erytreae. The “Satsuma”
subgroup of cultivars, including ‘Owari’, ‘Saigon’ and ‘Wase’, was found to be highly
attractive to the psyllid. In contrast, the cultivars ‘Dancy’, ‘Fortune’ (a ‘Dancy’
hybrid), and tangelo hybrid cultivars, such as ‘Page’ and ‘Osceola’ show a low
attractiveness for T. erytreae (Table 2.2) (Tamesse, 2000; Tamesse and Messi, 2002;

Van den Berg et al., 1991b).
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Table 2.2. Host attractiveness and effect on different stages of Trioza erytreae infestation.

Host: Common Name; Species; Group; Subgroup; . . - . Nymph Adult
. . Attractiveness Oviposition Survival
‘Cultivar’/ Variety Development Emergence
Family: Rutaceae; Subfamily: Aurantioideae; Genus: Citrus
Citrus reticulata Blanco; Mandarin
Mandarin hybrid (Clementine x Ponkan); ‘Fremont’ 1:[[12]]’ 1:: E}’ NA NA NA
Mandarin hybrid (Satsuma x King) ‘Kara‘ 1H [1] 1H [1] NA NA NA
‘Saigon’ 1H[1] 1H[1] NA NA NA
‘Wase’ 1H[1] 1H[1] NA NA NA
Satsuma ‘Owari’ 1H[1] 1H[1] NA NA NA
‘Saint Jean’ 1M [1] 1M [1] NA NA NA
‘Kowano’ 1M [1] 1L[1] NA NA NA
Ponkan 1M [1] 1H[1] NA NA NA
Clementines Clementine 1M [1] 1M [1] NA NA NA
Clemenules 1M [3] 1M [3] 1M [3] NA NA
Willowleaf mandarin 1M [4] 1M [4] 1M [4] 1M [4] NA
Madagascar 1H[1] 1M [1] NA NA NA
King of Siam 1M [1] 1L [1] NA NA NA
Green Rind 1L [5] NA NA NA NA
‘Fairchild’ 1M [1] 1M [1] NA NA NA
Mandarin hybrid (Clementine x Tangelo) ‘Osceola’ 1M [1] 1L[1] NA NA NA
‘Page’ 1L [1] 1L [1] NA NA NA
Mandarin ‘Dancy’ 1L[1] 1L[1] NA NA NA
Mandarin hybrid (Clementine x Dancy) ‘Fortune’ 1L[1] 1L[1] NA NA NA
Mandarin ‘Emperor’ 1L [5] NA NA NA NA
7H[1,6], 4H [1],
Total 11M [1-5], 9M [1,3,4,7], 3M[3,4] 2M [4] NA
6L [1,5] 7L[1,2]
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Host: Common Name; Species; Group; Subgroup; . . - . Nymph Adult
. . Attractiveness Oviposition Survival
‘Cultivar’/ Variety Development Emergence
Citrus x sinensis (L.) Osbeck; Sweet orange
1H [8],
‘Valencia’ 1M [5], 21:*[58;’] 1M [3] NA 1M [9]
4L [1,3,6] ’
‘Hamlin’ 1M [1] 1M [1] NA NA NA
Common oranges ‘Pineapple’ 1M [1] 1L [1] NA NA NA
‘Mid Season’ 1M [5] NA NA NA NA
‘Mouton’ 1L [5] NA NA NA NA
‘Oom Louis’ 1L [5] NA NA NA NA
‘Pera’ 1L [5] NA NA NA NA
TH [5],
‘Navel’ 1M [8 NA NA NA
Navel oranges ave 1M [8] [8]
‘Navelina’ 1H [3] 1M [3] 1M [3] NA NA
3H [3,5,8], 1H [8],
Total 7M[1,4,5,8], 4M[1,3,4,8], 3M [3,4] 1M [4] 1M [9]
5L [1,3,5] 3L[1,3]
Citrus x limon (L.) Burm. f.; Lemon
‘Lisbon 1H[1] 1H[1] NA NA NA
‘Eureka’ 1H[1] 1H[1] NA NA NA
‘Villafranca’ 1H [2] 1M [2] NA NA NA
‘Fino 49’ 1M [3] 1L [3] 1M [3] NA NA
4H [1,4,10],
8H[1,2,4,10-13], 2H [4-14], 1H [4],
Total IM[3] 11I\: g} M[3] IM[14] 2H [9,14]
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Host: Common Name; Species; Group; Subgroup; . . - . Nymph Adult
. . Attractiveness Oviposition Survival
‘Cultivar’/ Variety Development Emergence
Citrus xaurantiifolia (Christm.) Swingle; Lime
. . , 1H [2], 1H [2],
Mexican L[] L[] NA NA NA
‘Likeland’ 1H [1] 1H [1] NA NA NA
2H [1,2], 2H [1,2],
Total 2M [4,5], 1M [4], 1M [4] 1M [4] NA
1L[1] 1L[1]
Citrus xparadisi Macfadyen; Grapefruit
‘Red Blush’ 1M [1] 1M [1] NA NA NA
‘Shambar’ 1M [1] 1M [1] NA NA NA
‘Marsh’ 1L [1] 1L [1] NA NA NA
‘Star Ruby’ 1M [3] NA NA NA NA
4M[4,3,5,8], 3M[4,8],
Total 2L [1.8] 2L [1.8] 1M [4] 1M [4] NA
Citrus reticulata x Citrus *sinensis; Tangor
] . , 2H [1,3], 1H [3],
Ortanique IM([8] 2M[1,8] 1M [3] NA NA
‘Murcott’ 1L [5] NA NA NA NA
2H[1,3], —
Total 2M [4,8], 2M[1,8] 2M [3,4] 1M [4] NA
1L [5] ’
1H[15],
Citrus xaurantium L.; Sour orange 1M [6], 1H [15] 1H[15] 1H[15] NA
3L [5,12,13]
Citrus maxima (Burm.) Merril; Pomelo 1L [4] 1L [4] 1M [4] 1L [4] NA
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Host: Common Name; Species; Group; Subgroup; . . - . Nymph Adult
¢ o . Attractiveness Oviposition Survival
Cultivar’/ Variety Development Emergence

Citrus reticulata x Citrus xparadisi; Tangelo

Minneola 1H[1] 1H[1] NA NA 1L [9]

Orlando 1L [1] 1L [1] NA NA NA

1H[1], 1H[1],

Total L[] L[] NA NA 1L[9]
Citrus trifoliata x Citrus reticulata; Citrandarin

Forner-Alcaide 5 1L [7] 1M [7] 1L[7] NA NA

Forner-Alcaide 517 1L [7] 1L [7] 1L[7] NA NA

1M [7],

Total 2L [7] L [7] 2L [7] NA NA
Citrus trifoliata L.

Flying Dragon 1L [7] NA 1L[7] NA NA
Total 3L[4,5,7] 10 [4] 2L [4,7] 10 [4] NA
Citrus japonica Thunb.; Kumquat 1:: %i} 1L [4] 1L [4] 10 [4] NA
Citrus xlatifolia Yu. Tanaka; Tahiti lime 1H[1] 1H[1] NA NA NA
Citrus medica L., Citron 1H [4] 1H [4] 1H [4] 1H [4] NA
Citrus macrophylla Wester 1H [7] 1H [7] 1L[7] NA NA
Citrus australasica F.Muell.; Caviar lime 1L [4] 10 [4] 1L [4] 10 [4] NA
Citrus reshni (Engl) Yu.Tanaka; Cleopatra mandarin 1L[7] 1M [1] 1L[7] NA NA
Citrus trifoliata x Citrus xsinensis; Citrange 1L[7] 1H [7] 1H [7] NA NA
Citrus L. ** 1H [5] NA NA NA NA
Citrus x jambhiri Lush.; Rough lemon 1M [6] NA NA NA NA
Citrus xparadisi x Citrus trifoliata ; Citrumelo NA NA NA NA 1H [9]
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Host: Common Name; Species; Group; Subgroup; . . - . Nymph Adult
. . Attractiveness Oviposition Survival
‘Cultivar’/ Variety Development Emergence
Family: Rutaceae; Subfamily: Aurantioideae; Genus: Other than Citrus
TH [4], 2H [4,16] 1H [4] 2M [4,16]
Clausena anisata (Willd.) Hook.fil., De Wild. & Staner 1M[16], e ’ 3H[4,14,16] e
1L[10] 1M [14] 1L[9]
1L[10]
- 1H [16],
Murraya koenigii (L.) Spreng. 1H [16] 1H [16] NA 1H [16] M 9]
Murraya paniculata (L.) Jacq. 1L [4] 1L [4] 1M [4] 1L [4] NA
Family: Rutaceae; Subfamily: Other than Aurantioideae
1M[10],
Calodendrum capense (L.fil.) Thunb.; Cape Chestnut 2M[10,176], 1L[16], 2L [14,16] 2L[14,16], 1L[16],
1L[4] 10[4] 10[14]
10[4]
Vepris lanceolata (Lam.) G.Don; White ironwood 2H [4,10] 2H [4,10] 2H [4,14] 2H [4,14] 1M [14]
1M[10], 1M[14],
Zanthoxylum capense (Thunb.) Harv. 2L [4,10] 1L [4] 2M [4,14] 1L [4] 1L[14]
Vepris nobilis (Delile) Mziray 1M [16] 1M [16] NA 1H[16] 1M [16]
Vepris bilocularis (Wight & Arn.) Engl. 1L[16] 1H [16] NA 1L[16] 1M [16]
Zanthoxylum asiaticum (L.) Appelhans, Groppo & J.Wen 1L [4] 1L [4] 1L [4] 10 [4] NA
Family: Other than Rutaceae
Daucus carota subsp. sativus (Hoffm.) Schibl. & Martens; Carrot 1L[15] 1L[15] 1L[15] 10 [15] NA
Tropaeolum majus L.; Garden nasturtium 1L[11] NA NA NA NA
Morus alba L.; Mulberry 1L[11] NA NA NA NA
Ficus thonningii Blume NA 10[16] NA NA NA
Ficus sycomorus L. NA 10 [16] NA NA NA
Stephania abyssinica (Dill. & A.Rich.) Walp. NA 10[16] NA NA NA
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1“Total” represents the sum of all comparisons described for each host; it should be noted that the number of comparisons may exceed those specified in the
aforementioned subgroups, as some studies do not specify the assayed cultivar or variety; 2 NA means “Not Applied”; 3 OLMH nomenclature: “O” represents a value
of zero, “L” represents low comparative values, “M” represents intermediate comparative values, and “H” represents high comparative values. The number preceding
the OLMH nomenclature represents the number of hosts classified. This number is sometimes higher than the number of references, as some studies compared
more than one variety of the same species. * “Citrus” represents studies where the host was mentioned as “citrus miscellaneous crosses” References in this table
are as follows: 1 - (Tamesse, 2000); 2 - (Tamesse and Messi, 2002); 3 - (Quintana-Gonzalez de Chaves et al., 2024); 4 - (Aubert, 1987); 5 - (Van den Berg et al., 1991a);
6 - (Kalyebi et al., 2016); 7 - (Hernandez-Suarez et al., 2021); 8 - (Samways and Manicom, 1983); 9 - (Aidoo et al., 2019c); 10 - (Moran, 1968a); 11 - (Moran and Brown,
1973); 12 - (Cook et al., 2014); 13 - (Benhadi-Marin et al., 2021); 14 - (Moran, 1968b); 15 - (Quintana-Gonzalez De Chaves et al., 2020); 16 - (Aidoo et al., 2019a)
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The attraction of T. erytreae to Citrus xlimon has been well documented
(Bové, 2006). In an orchard of sour oranges (C. aurantium), a single C. xlimon tree
was found to have twice the number of psyllids in yellow sticky traps compared to
the other traps placed near sour oranges (Cook et al., 2014). In contrast to C.
xsjnensis and C. reticulata cultivars, different C. xlimon cultivars have been
observed to consistently exhibit high levels of attraction and oviposition rates
(Tamesse, 2000; Tamesse and Messi, 2002). The ‘Fino 49’ lemon was the sole
exception, as despite the high oviposition rate when grafted onto the Carrizo
citrange (C. trifoliata x C. xsinensis) rootstock, there was a low oviposition rate when
grafted in other tested rootstocks (Quintana-Gonzéalez de Chaves et al., 2024) (Table
2.2). It can be inferred that for certain citrus species, the attraction and oviposition
by the psyllid are less dependent on the cultivar, probably due to a lower genetic

variability of these species (Uzun and Yesiloglu, 2012).

The host’s characteristics and the signals they release to either attract or
repel the psyllid can also be explored through choice experiments. The results of
choice test studies, performed in a controlled environment have provided insights
into the characteristics of psyllids that influence their preference and attraction. The
study revealed that the sex of the psyllid may exert an influence on its attraction
towards a host. In adual-choice settlement assay, the probability of selecting a sour
orange (C. aurantium) was 39% for males and 19% for females (Benhadi-Marin et

al., 2021).

A choice experiment study showed that leaf softness affects the oviposition
rates of T. erytreae, however it had no impact on the settling behaviour of the psyllid
(Moran, 1968a; Moran and Buchan, 1975). Furthermore, choice experiment studies
revealed that no oviposition occurred on leaves with a hardness rating exceeding 90
g/mm (Moran and Buchan, 1975). Hardness values represent the weight required for
a 0.254 mm diameter flat-tipped pin to puncture 1 mm of leaf tissue (Moran and

Buchan, 1975; Pollard, 1971).

A choice test and a no-choice test were used to compare the attraction and
oviposition of T. erytreae on ungrafted rootstocks. The results showed C.

macrophylla as the most appealing host, while ‘Carrizo’ citrange (C. trifoliata x C.
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xsinensis) exhibited the highest oviposition rate (Hernandez-Suarez et al., 2021).
The lowest incidence of oviposition was observed in C. trifoliata, which was
identified as the least attractive host (Hernandez-Suarez et al., 2021). The available
evidence indicates that citrus rootstocks may affect the volatile profiles of the host
scion, which may, in turn, affect the attraction of psyllid pests to them (Jones and
Killiny, 2021). It can also affect the suitability of the scion for T. erytreae, affecting
both attractiveness and oviposition rate. Some cultivars appear to be more affected,
as evidenced by the case of ‘Fino 49’ C. xlimon (Quintana-Gonzalez de Chaves et

al., 2024).

The use of no-choice experiments, in which the insect is presented with a
single host option, enables the study of the host’s suitability, as well as the survival
and behaviour patterns of the insects after settlement. This approach provides
valuable data for epidemiological studies, including the number of adults that form
in a new generation (Moran, 1968b) and the number of generations that form in a

year (Catling, 1969).

In a no-choice experiment, Aidoo et al. (2019a) observed oviposition
differences among eight non-citrus hosts from the Rutaceae family. Clausena
anisata hadthe highest percentage of flushes with eggs (52%), while C. capense had
the lowest values (24%). Ficus thonningii, F. sycomorus, and S. abyssinica showed
no oviposition. The carrot (D. carota subsp. sativus) was found to be unsuitable as
no nymphs were able to reach the adult stage (Quintana-Gonzalez De Chaves et al.,

2020).

Studies on the morphometrics of T. erytreae developing in different hosts
have provided insights into the host species’ impact on the development of the
psyllid. A comparative analysis was conducted on five non-citrus hosts from the
Rutaceae family. The results showed that C. capense yielded the fewest and
smallest adults of T. erytreae, Clausena anisata the second highest number and the
largest adults, and Murraya koenigii the highest number of emerged adults with sizes
similar to those formed in Clausena anisata (Aidoo et al., 2019a). Additionally, the

morphology and size of T. erytreae wings (Aidoo et al., 2019c) also differed across
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distinct host species, which could potentially influence the psyllid’s ability for flight

and dispersal.

The attraction of psyllids to hosts is influenced by plant volatiles. Valterova
et al. (1997) conducted a study on the psyllid Dyspersa apicalis Foerster, which
belongs to the Triozidae family, across a diverse range of host species. The study
examined the psyllid’s feeding and oviposition preferences in relation to the
volatiles derived from the hosts and concluded that the least attractive host species
exhibited a higher limonene content. In citrus, the concentration of volatiles in
young leaves was higher than in mature leaves, despite the absence of any change
in their attractiveness when assessed using a choice test (Antwi-Agyakwa et al.,
2019). Nevertheless, these findings suggest that the higher concentration of
volatiles in young leaves may increase the likelihood of T. erytreae detecting them in
field settings. Among the volatiles produced by the hosts, the terpenes appear to
play a role in their attractiveness to T. erytreae (Antwi-Agyakwa et al., 2019). The
volatile profile of both young and mature leaves of C. xjambhiri, specifically (S)-(-)-
limonene, sabinene, and B-ocimene, was used as synthetic blends, isolated and in
various ratios, in choice tests. These volatiles were more effective at attracting T.
erytreae when combined with others from the plant’s volatile profile, rather than
when used alone (Antwi-Agyakwa et al., 2019). The leaves of Vepris lanceolata
(Lam.) G. Don have a lemony scent similar to that of C. xlimon (L.) Burm. f., which
may be linked to the high attractiveness and high rate of T. erytreae oviposition
observed in this plant species (Aubert, 1987; Moran, 1968a) (Table 2.1). In light of
these promising results, plant-based volatiles (acetic acid, (R)-(+)-limonene,
sabinene, an ocimene isomer mix comprising cis-ocimene and B-, myrcene, ethyl
butyrate, methyl salicylate and p-cymene) have been incorporated into yellow-
sticky traps to attract T. erytreae. However, in field conditions, this addition proved

ineffective (Pullock et al., 2024).

An analysis of the volatiles of non-host plants revealed that T. erytreae
avoided the volatiles of guava (Psidium guajava L.), garlic (Allium sativum L.) and
lemongrass [Cymbopogon citratus (DC.) Stapf] (Antwi-Agyakwa et al., 2021).
Studies suggested that the practice of interplanting citrus trees with guava (P.
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guajava), in open fields decreased the populations of D. citri in the orchards.
However, the effects were not evident under controlled greenhouse conditions
(Gottwald et al., 2010; Hall et al., 2008). It would be interesting to study the impact
of intercropping guava, garlic, and/or lemongrass in citrus orchards on T. erytreae,

to ascertain the repelling effect in field conditions.

The majority of studies on the interaction of T. erytreae with its hosts have
been focused on the analysis of plant volatiles. Nevertheless, a recent study
performed by our research group that used a no-choice experimental design and
proteomic analysis found that the proteomic response of lemon and sweet orange
plantsto T. erytreae was distinct. The proteomic response of sweet orange plants to
the psyllid was more pronounced and extensive (Magalhaes et al., 2024). This study
suggests that citrus host plants adjust their proteome in response to T. erytreae

infestation, which may be related to host suitability.

2.8. Final remarks and future perspectives

The objective of this review was to provide a synthesis of the existent
knowledge regarding the hosts of T. erytreae and their interaction with the psyllid.
Despite the extensive research conducted on T. erytreae further researchis required
to elucidate the hostinfluence on nymphal development and adult emergence. This
encompasses the analysis of the quantity and proportion of hatching eggs and
nymphs, nymph development time, adult emergence, and morphometrics of
emerged adults. Understanding insect-host interactions at the molecular level is
essential for developing effective control strategies for the psyllid. The formulation
of efficacious artificial diets for T. erytreae, and the improvement of diets already
tested, such as the one proposed by Russell and Pelz-Stelinsk (2015) for D. citri, may
facilitate the study of the effects of isolated diet compounds on the psyllids. This
could potentially result in the development of an effective strategy for controlling

psyllid populations.

A major challenge identified in this review was the gap in knowledge on the
molecular aspect of this specific insect-host interaction. Omics-based approaches

provide a comprehensive understanding of the interactions between insects and
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plants (Barah and Bones, 2015). The application of omics approaches to the study
of D. citri has facilitated a more profound understanding of the host’s response to
the psyllid infestation (Nehela et al., 2018; Sun et al., 2022). Furthermore, the
identification of characteristic proteins related to psyllid phenotypes
(Hosseinzadeh et al., 2021) and development stages has been made possible (El-
Shesheny et al., 2016). And therefore, a meta-analysis of omics on the molecular
profiles of citrus hosts would also be advantageous in identifying potential
molecular correlations with T. erytreae preferences. This approach has been

employed to study citrus hosts tolerant to HLB (Rawat et al., 2015).

Another major challenge identified in this review was the dispersed nature of
the data and the diverse types of reporting on T. erytreae interaction with its hosts.
Hence, the construction of an accurate database on potential T. erytreae hosts is of
significant importance, as it facilitates informed decision-making regarding citrus
management strategies, including control policies, breeding programs, research
lines, and orchard management (Aidoo, 2023). In addition, the implementation of a
standardised methodology for the reporting of T. erytreae populations to a
centralised repository would contribute to a more complete and accessible
knowledge base of the psyllid populations, behaviour and hosts, improving the
precision of the prediction models, as was already developed for D. citri and HLB

(Benhadi-Marin et al., 2022; Galvan et al., 2023).
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Chapter 3. Proteomic analysis may explain
differences in Citrus xlimon and Citrus
xsinensis susceptibility to Trioza erytreae

This chapter has been adapted from an original research paper accepted in:

Magalhaes, T., Anjos, L., Dandlen, S. A., Power, D. M., Pereira, J. A., Duarte, A.,
Marques, N. T. (2025). Proteomic analysis may explain differences in Citrus xlimon

and Citrus xsinensis susceptibility to Trioza erytreae. Plant Signaling & Behavior.

PLANT Sver
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3.1. Abstract

The Trioza erytreae psyllid is a vector for Huanglongbing, a severe bacterial
disease of citrus. Citrus xlimon is the preferred host, although the reason for this is
unclear. This study compared the responses of C. xlimon ‘Eureka’ and C. xsinensis
‘Valencia’ plants to T. erytreae infestation, specifically to nymph feeding. The
number of successfully developed nymphs observed in ‘Eureka’ was three times
that of ‘Valencia’ plants. The enriched vascular sap proteome of young leaves of
infested and control plants was compared using nanoscale liquid chromatography
coupled to tandem mass spectrometry. This study revealed 48 and 1,265
differentially abundant proteins (DAPs) in infested C. xlimon and C. xsinensis,
respectively. There was marked host specific response, with little overlap in
proteomic features. Shared citrus host responses to the infestation were the
downregulation of “Amino sugar and nucleotide sugar metabolism” and the
upregulation of galactose, vitamin B6, and selenocompound metabolisms. The
downregulation of photosynthesis-related proteins and the activation of defence-
related pathways in C. xsinensis suggest a robust response, which may explain the
low success of nymph development on this host. The lower number of DAPs in C.
xlimon infested with T. erytreae, may provide insights into the psyllids host
preference. Further investigation exploring the identified candidate proteins and
pathways will contribute to explain the interaction between T. erytreae and C.

xlimon.

3.2. Abbreviations
ACN (acetonitrile); AGC (automatic gain control); CoA (coenzyme A); DAPs

(differentially abundant proteins); DTT (dithiothreitol); ER (endoplasmic reticulum);
ERAD (endoplasmic reticulum associated degradation system); EurekaLemonCon
(‘Eureka’ Lemon control); EurekaLemoninf (infested ‘Eureka’ lemon); FA (formic
acid); FDR (false discovery rate); HLB (huanglongbing); JA (jasmonic acid); KEGG
(Kyoto Encyclopedia of Genes and Genomes), nanoLC-MS/MS (nanoscale liquid
chromatography coupled to tandem mass spectrometry); ROS (reactive oxygen
species); SwO (sweet orange, C. xsinensis); ValenciaSwOCon (‘Valencia’ sweet

orange control); ValenciaSwOlInf (infested ‘Valencia’ sweet orange).
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3.3. Introduction

Huanglongbing (HLB) is one of the most devastating diseases of the citrus
industry and is associated with the presence of the phloem-limited bacterium
Candidatus Liberibacter spp.. The primary vectors of this disease are the Asian
citrus psyllid (Diaphorina citri Kuwayama) and the African citrus psyllid (Trioza
erytreae Del Guercio), although it can also be transmitted by grafting (Bove, 2006).
Huanglongbing has no viable treatment, so its management is based on vector
control and the removal of infested plants (Bassanezi et al.,, 2013). The
Mediterranean basin is one of the most important citrus growing areas in the world
and, so far, has remained free of HLB (Alquézar et al., 2022). However, a major
concern for the citrus industry is the recent introduction of T. erytreae into mainland
Europe, and its spread along the north and west coasts of the Iberian Peninsula,
despite not yet carrying the bacterium (Benhadi-Marin et al., 2022; Paiva et al.,
2020). Trioza erytreae thrives on specific hosts, categorized as preferred hosts,
common hosts, and occasional hosts (Aubert, 1987). Preferred hosts are the most
attractive to the psyllid, facilitating optimal development. These include lemon
plants [Citrus xlimon (L.) Burm. f.], white ironwood [Vepris lanceolata (Lam.) G. Don]
and false horsewood [Clausena anisata (Willd.) Hook.f.] (Aidoo et al., 2019a; Aubert,
1987; Benhadi-Marin et al., 2021). Common hosts of intermediate attractiveness to
T. erytreae include sweet orange [C. xsinensis (L.) Osbeck], mandarin (C. reticulata
Blanco) and grapefruit (C. xparadisi Macfad.) (Aubert, 1987; Samways and
Manicom, 1983; Tamesse, 2000). Trifoliate orange (C. trifoliata L.) and cape chestnut
(Calodendrum capense Thunb.) are considered occasional hosts for the psyllids.
These plants have limited attractiveness and provide inadequate support for psyllid

growth and development (Aubert, 1987; Hernandez-Suarez et al., 2021).

Young flushes are critical for T. erytreae oviposition and nymphal
development (Catling, 1972). Oviposition occurs on young shoots, while nymphal
development preferentially occurs on the underside of young leaves, resulting in pit
gall formation (Moran and Blowers, 1967). The annual cycles of shoot growth and
the volatile compounds (limonene, sabinene, and B-ocimene) emitted from the

leaves of lemon trees are the principal factors explaining the psyllid “s preference
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for lemon trees, which have been identified as the most suitable host (Antwi-
Agyakwa et al., 2019). The oviposition rate of T. erytreae is high when the host is
lemon (Moran, 1968a; Tamesse, 2000; Tamesse and Messi, 2002). A comparison of
the growth and size of T. erytreae nymphs on six Rutaceae hosts showed that
nymphs reached their largest size on lemon plants and citrumelo (C. xparadisi x C.
trifoliata), followed by sweet orange and Murraya koenigii (L.) Spreng plants. In
contrast, nymphs developed poorly and were very small on false horsewood and

tangelo (C. reticulata x C. xparadisi) (Aidoo et al., 2019c).

The interaction between sap-sucking insects and their hosts is a complex
process that alters the plants metabolism and distinguishes susceptible and
resistant plant genotypes (Ahman et al., 2019). The role of the plant in T. erytreae
host preference remains underexplored and seems to influence psyllid behaviour in
terms of attractiveness, oviposition, and nymph development. Previous studies
described the impact of plant hosts on insect development in resistant Pisum
sativum L. (pea) cultivars infested with the phloem-feeding insect Acyrthosiphon
pisum (Harris). In these instances, the shoot tips contained fewer photosynthesis-
related proteins, which hindered insect development (Carrillo et al., 2014). The
response of plants to insect infestation involves the vascular system, which is
essential for long- and short-distance transport of nutrients and molecular signals
(Dinant et al., 2010; Dinant and Lucas, 2012; Walker, 2022; Will et al., 2013). Adults
and nymphs of Trioza erytreae feed on phloem sap and sometimes on xylem
(Benhadi-Marin et al., 2021). The vascular system is a site of cross-talk between the
psyllid and their host, particularly during the sedentary nymphal stage of
development. This interaction modifies local plant responses making them

beneficial to the psyllids (Ahman et al., 2019).

Phloem sap partitions photoassimilates and is rich in compounds such as
ions, metabolites, RNA, immune signals, and proteins, some of which travel long
distances in the plant and are part of signalling networks that determine the plants’
response to herbivory (Carella et al., 2016; Dinant et al., 2010; Dinant and Lucas,
2012). Xylem vessels are responsible for the transportation of water and minerals

absorbed by roots from the soil. Additionally, they facilitate the transport of amino
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acids, carbohydrates, organic acids, and proteins, despite partitioning a
significantly lower concentration of proteins than phloem sap (Aki et al., 2008; Kehr
and Rep, 2007; Surano et al., 2024). Furthermore, in plants under stress, the xylem
is also a route for the jasmonic acid (JA) signalling network (Farmer et al., 2020). The
findings of Kienow et al. (2008), Koo et al. (2013), and Ruan et al. (2019) indicate that
the JA signalling system affects how plants respond to insects. Outside of the
plasma membrane, the apoplast, also known as the free diffusional region, is made
up of the fluid inside the intercellular spaces and the cell wall matrix. The
composition of the apoplast provides insight into the mechanisms that underlie the
export and import of chemicals by individual cells. Additionally, it sheds light on the
intricate interplay between the xylem and phloem compartments (Rodriguez-Celma
et al., 2016). Knowledge about the composition of vascular sap proteins may reveal
the influence of the host plant on nymphal development and contribute to explain

the preference of T. erytreae for the specific C. xlimon host.

The present study took advantage of proteomics to compare two citrus hosts
infested by T. erytreae: the preferred host, lemon (C. xlimon ‘Eureka’), and the
common host, sweet orange (C. xsinensis ‘Valencia Midknight Seedless’). The
development of T. erytreae nymphs on these two hosts was monitored over time.
The proteome of the enriched vascular sap, derived from the leaf and petiole
midribs of young leaves of infested and control plants, was compared to analyse the
response of the two citrus host species to T. erytreae. The extraction method, which
employed centrifugation, resulted in the enrichment of the vascular sap proteome
with small amounts of apoplast fluids and the contents of parenchyma and
mesophyll cells. The proteome was analysed using nanoscale liquid
chromatography coupled to tandem mass spectrometry (nanoLC-MS/MS). The
results of the proteomic study revealed that there was minimal overlap in proteome
features between the two citrus hosts infested with psyllids. Furthermore, the
proteome of ‘Valencia’ SwO showed the most significant proteome change

compared to the respective control.
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3.4. Materials and methods

3.4.1. Plant material

The study employed a total of 32 two-year-old citrus plants, comprising 16
‘Valencia Midknight Seedless’ sweet orange [C. xsinensis (L.) Osbeck] (‘Valencia’
SwO) and 16 ‘Eureka’ lemon [C. xlimon (L.) Burm. f] (‘Eureka’ lemon) plants, grafted
on ‘Carrizo’ citrange (C. trifoliata x C. xsinensis) rootstock. The citrus plants were
purchased from the certified nursery “Association of Nurserymen of the District of
Coimbra” (Associacao de Viveiristas do Distrito de Coimbra - AVDC) and were all
from the same batch. This association is responsible for the propagation of certified
material in accordance with European Union legislation (EU, 2008). The plants
acquired for this trial had a phytosanitary passport and were categorised as
"Certified" category. The plants were two years old and between 0.8 mand 1.0 min
height. The experiment was conducted over a period of four months, from May to
July 2021. The plants were cultivated in 5 L tall pots (19 cm in diameterand 25cmiin
height) in an artificial potting mix of pine bark and coconut fibre (50:50), fertilised in
accordance with standard procedures, and maintained in a climate chamber at
23.5 £ 1°C, with a relative humidity of 79 £ 5% and a photoperiod of 14:10 h (L:D).
Two treatment groups, each comprising eight plants, were established for each
citrus species. One group was designated as the control, while the other was
subjected to infestation by T. erytreae. Three weeks prior to infestation, all 32 plants
were prunedin ordertoinduce new shoot growth. The young plants were maintained
in controlled conditions throughout the experiment, from the initial pruning stage to
the leaf harvest, which occurred between 23 and 25 days after infestation. The
number of new shoots exhibited by the plants selected for the experiment was
similar. In the infested groups, each plant was infested with 10 T. erytreae adults,
comprising five males and five females. Prior to leaf harvest, the total number of pit

galls on each of the 16 infested plants was counted.

3.4.2. Insect origin and rearing

In 2021, nymphs and adults of T. erytreae were collected from pesticide-free

lemon orchards in Caracoi (Porto district, Portugal. 41°18 "46.4 " "N 8°38°09.7”’W).
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Whenever T. erytreae was detected in a new area, the Portuguese official authorities
proceeded to test for the presence of Candidatus Liberibacter spp.. A random
sampling strategy was employed to test for the presence of Candidatus Liberibacter
spp. in the Caracoi area and throughout Portugal. The tests were based on a
polymerase chain reaction (PCR) utilising primers that were specific for Candidatus
Liberibacter spp.. The PCR was performed on the insect and the plant samples that
had been taken from the field. To date, no samples of T. erytreae have tested positive
(EPPO, 2021, 2015). Adults of T. erytreae were collected using a hand-held aspirator
and transferred to conical centrifuge tubes (50 mL). Colonies of T. erytreae were
established on ‘Eureka’ lemon and ‘Afin Verna 2’ sour orange (C. xaurantium L.)
plants, which were purchased from the certified nursery AVDC with a phytosanitary
passport. The infested plants were maintained in acrylic cages (40 x 30 x 43 cm)
covered with insect-proof netting, within a climate chamber at 21 £ 1 °C, 50 + 5%
relative humidity, and under a photoperiod of 16:8 h light to dark (L:D). The infested
plants used for T. erytreae rearing were irrigated according to their specific needs,
approximately twice weekly. In order to prevent an overabundance of T. erytreae in
the rearing plant, the insect populations were divided and transferred into new, non-

infested plants when necessary, using a handheld aspirator.

3.4.3. Infestation and nymph development

Sexually mature adult psyllids reared in the acrylic cages were used to infest
‘Valencia’ SwO and ‘Eureka’ lemon plants. Ten adult T. erytreae specimens,
comprising five males and five females, were aspirated from the rearing cages using
a hand-held aspirator and collected in a conical centrifuge tube (50 mL). This tube
was then used to introduce the psyllids to the netted citrus experimental hosts. A
total of eight plants of each species were infested with adult T. erytreae, and a
further eight plants of each species were used as controls. The experimental groups
are hereafter referred to as EurekaLemoninf and ValenciaSwOInf for the infested
plants and EurekaLemonCon and ValenciaSwOCon for the control plants (Fig. 3.1).
Each plant was isolated within a net that was attached to the tree trunk above the
pot to facilitate irrigation and was fixed above the canopy with a wooden frame. The
adult psyllids were retained within the net for the duration of the experiment, which
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spanned 23 to 25 days. The development of the psyllids was monitored over time,

as were the numbers of fourth and fifth instar nymphs and the pit galls they formed

on the leaves (Fig. 3.1). The total number of pit galls and nymphs was counted

immediately prior to the leaf harvest in both the EurekaLemoninf and

ValenciaSwOlInf groups.
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Figure 3.1. Experimental design and an overview of the workflow showing the main steps: infestation

of ci
sap

trus hosts with Trioza erytreae, counting of nymphs and pit galls, extraction of enriched vascular
and proteomics analysis. EurekaLemonCon - control ‘Eureka’ lemon plants; EurekaLemonlnf -

‘Eureka’ lemon plants infested with Trioza erytreae; ValenciaSwOInf - control ‘Valencia’ sweet orange
(SwO) plants; ValenciaSwOlInf - ‘Valencia’ SwO plants infested with T. erytreae.
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3.4.4. Citrus enriched vascular sap protein extraction and
protein profile analysis

Trioza erytreae nymphs were collected from each of the eight infested
EurekaLemonlInf and ValenciaSwOInf plants when they reached the fourth or fifth
instar, which occurred 23-25 days after the infestation. Leaves in which the nymphs
were found were collected together with their petioles intact. All the nymphs were
counted and removed with the subsequent enriched vascular sap extraction
process initiated without delay. Additionally, leaves of a similar size and
developmental stage were collected on the same day as the infested groups from
the non-infested control citrus plants EurekaLemonCon and ValenciaSwOCon. The
vascular sap was extracted from all plants, with a total of 10 leaves being used from
each plantfor analysis. Leaves from the eight infested and eight non-infested plants
of each species were collected and stored at 4 °C until the onset of the protein
extraction procedure. Considering the technical constraints associated with the
collection of pure vascular sap from young citrus leaves, the Hijaz and Killiny
(2014a) protocol was adapted, to facilitate the extraction of enriched vascular sap
from the leaf and petiole midribs by means of centrifugation (Fig. 3.1). The collection
of enriched vascular sap for protein extraction was performed within one hour of the
collection of the leaves. The midribs of leaves and petioles of young leaves were
isolated and chopped into an appropriate size for a 0.5 mL perforated microtube
using a sterilised scalpel. The perforated tube was placed in a 1.5 mL microtube and
subjected to centrifugation at 4 °C and 13,800 x g (12,000 rpm) for 20 min. The
extracted enriched vascular sap was collected at the bottom of the 1.5 mL
microtube and stored at -80 °C. Protein extraction was performed on 10 leaves from
each plant (Fig. 3.1). The centrifugation method, which employs the use of cut plant
material, is primarily effective in the collection of vascular sap and apoplastic fluid.
However, this process may also disrupt the cellular structure of younger cells,
resulting in an enrichment of the vascular sap proteome with the contents of
parenchyma cells, phloem companion cells, and mesophyll cells that were
adjacent to the midrib vein. Accordingly, the extracted sap is hereafter designated

as ‘enriched vascular sap’.
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Acetone, Coomassie blue, trichloroacetic acid (TCA), thiourea, Tris-base,
urea and the chemicals required for sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) were purchased from Merck KGaA (Darmstadt,
Germany), while dithiothreitol (DTT) and hydrochloric acid were purchased from
Thermo Fisher Scientific (Eindhoven, The Netherlands). The methodology for total
protein extraction was based on a modified approach described by Zadraznik et al.
(2013). The enriched vascular sap was extracted from 10 leaves of each sampled
plant. Four pools were prepared for protein extraction from each experimental group
(EurekaLemonlinf, ValenciaSwOInf, EurekaLemonCon and ValenciaSwOCon), with
each pool comprising two sampled plants (Fig. 3.1). Atotal of 100 puL of the extracted
protein from each biological replicate was solubilised in 1.25 mL of extraction buffer
[10% TCA, 60 mM dithiothreitol DTT in acetone], vortexed and stored at -80 °C
overnight. Subsequently, the samples were centrifuged at 14,000 x g for 30 min at 4
°C. Thereafter, the pellet was washed three times in 1 mL of wash buffer (60 mM DTT
in acetone), followed by a centrifugation at 14,000 x g for 5 min at 4 °C.
Subsequently, the pellet was left to dry at room temperature and then resuspended

in 40 yL of denaturing buffer (7 M urea, 2 M thiourea, 30 mM Tris-HCL, pH 8.5).

The total protein content of the extracted sap was quantified using a Quick
Start™ Bradford Protein Assay Kit (Bio-Rad, Hercules, USA) in a Genesys 1Q-S
spectrophotometer (Thermo Electron Corporation, Bremen, Germany), with bovine
serum albumin (BSA) serving as the standard, in accordance with the
manufacturer’s instructions. To evaluate the quality of the protein extracts, 30 ug of
total soluble protein from each sample was analysed by gel electrophoresis in a
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (SDS-PAGE),
according to the Laemmli method (Laemmli, 1970), and then stained with
Coomassie blue. A total of 50 pg of protein from each sample was subjected to a
solid-phase-enhanced sample-preparation (SP3) protocol as described by Hughes
et al. (2018), followed by an enzymatic digestion with trypsin/LysC (2 ug) overnight
at37°C and 1,000 rpm. The concentration of the resulting peptides was determined

by fluorescence measurement.
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3.4.5. Proteomic analysis of citrus enriched vascular sap

3.4.5.1. Proteomics data acquisition

The citrus enriched vascular sap proteome of the four experimental
conditions (EurekalLemonlinf, EurekaLemonCon, ValenciaSwOlInf and
ValenciaSwOCon, n =4 samples per condition) was obtained as described in Osdério
et al. (2021). Protein identification and quantification were performed by nanoscale
liguid chromatography coupled to tandem mass spectrometry (nanoLC-MS/MS) in
an Ultimate 3000 liquid chromatography system coupled to a Q-Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany),
with the assistance of an external service provider (Proteomics Scientific Platform
of i3S, Ipatimup, Porto, Portugal). Five hundred nanograms of the trypsin/LysC
digested samples were loaded onto a trapping cartridge (Acclaim PepMap C18 100
A, 5 mm x 300 pm i.d., 160454, Thermo Scientific) in a mobile phase of 2%
acetonitrile (ACN), 0.1% formic acid (FA) at a flow rate of 10 yL/min. Following a
loading period of three minutes, the trap column was switched in-line to a 50 cm x
75 um inner diameter EASY-Spray column (ES803, PepMap RSLC, C18, 2 um,
Thermo Scientific) at 250 nL/min. The separation was achieved by mixing the mobile
phase, comprising A: 0.1% FA and B: 80% ACN, 0.1% FA, with the following gradient:
5 min (2.5% B to 10% B), 120 min (10% B to 30% B), 20 min (30% B to 50% B), 5 min
(50% B to 99% B), and 10 min (hold 99% B). Subsequently, the column was
equilibrated with 2.5% B for 17 min. The data acquisition process was controlled by
Xcalibur 4.0 and Tune 2.9 software (Thermo Scientific). The mass spectrometer was
operated in the data-dependent (dd) positive acquisition mode alternating between
a full scan (m/z 380-1,580) and subsequent higher-energy collisional dissociation
tandem mass spectrometry (HCD MS/MS). This was established for the 10 most
intense peaks from a full scan (normalised collision energy of 27%). The
electrosprayionisation (ESI) spray voltage was at 1.9 kV and the global settings were
as follows: lock mass best (m/z 445.12003), lock mass injection, full MS and chrom
peak width at a full width half maximum (FWHM) of 15 s. The full scan settings were
as follows: 70 k resolution (m/z 200), automatic gain control (AGC) target 3x10¢,

maximum injection time 120 ms; dd settings: minimum AGC target 8x103, intensity
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threshold 7.3x10%, charge exclusion: unassigned, 1, 8, >8, peptide matches
preferred, exclude isotopes on, and dynamic exclusion 45 s. The MS2 settings were
as follows: microscans - 1, resolution - 35 k(m/z 200), AGC target - 2x105, maximum
injection time - 110 ms, isolation window - 2.0 m/z, isolation offset - 0.0 m/z,

dynamic first mass and spectrum data type profile.

3.4.5.2. Data analysis, protein-label-free quantification and protein
identification

The mass spectrometry (MS) raw data were processed using Proteome
Discoverer 2.5.0.400 software (Thermo Scientific). Protein identification searches
were performed against the UniProt protein sequence database for C. xsinensis
(taxon ID 2711, 44,601 entries) and a common contaminant database from
MaxQuant (version1.6.2.6, Max Planck Institute of Biochemistry, Munich, Germany).
The Sequest HT tandem mass spectrometry peptide database search program was
used to identify tryptic peptides, with an ion mass tolerance of 10 ppm for
precursors and 0.02 Da for fragmented ions and missing cleavage sites was set as
2. Cysteine carbamidomethylation was defined as a constant modification.
Methionine oxidation, asparagine, and glutamine deamidation, peptide N-terminus
Gln->pyro-Glut, protein N-terminus acetylation, and loss of methionine and Met-
loss+Acetyl were defined as variable modifications. Peptide confidence was set to
high and the Inferys rescoring node was considered for this analysis. The Percolator
processing node was enabled with the following settings: maximum Delta
Correlation (deltaCn) 0.05; decoy database search target False Discovery Rate

(FDR) 1%; validation based on g-value.

Protein-label-free quantification was performed with the Minora feature
detector node at the processing step. The following parameters were employed for
precursor ion quantification: 1) peptides unique plus razor; 2) precursor abundance
was based on intensity; 3) normalisation mode was based on the total peptide
amount; 4) the minimum number of replicate files was set to 50% in each sample
group; 5) the pairwise protein ratio calculation and hypothesis test were based on a
t-test (background based). The Feature Mapper node from the Proteome Discoverer

software was used to generate features from unique peptide-specific peaks within
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a narrow retention time and mass range (mapping features from different sample
files was permitted within a maximum shift of 10 min and 10 ppm of mass
tolerance). For the purposes of feature linking and mapping, a signal to noise (S/N)
threshold of 5 was employed for the minimum EurekaLemoninf vs.
EurekaLemonCon comparison and ValenciaSwOlInf vs. ValenciaSwOCon. The mass
spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the
dataset identifier PXD043528 and 10.6019/PXD043528.

3.4.5.3. Bioinformatics analysis

The fold-change in protein abundance was calculated between the
experimental groups EurekalLemoninf and EurekaLemonCon and between
ValenciaSwOInf and ValenciaSwOCon. The peptide medians (log2-transformed)
between relative protein abundances in the experimental groups were used as the
basis for this calculation. The identification of differentially abundant proteins
(DAPs) was undertaken. Functional analysis of DAPs was performed using
Arabidopsis thaliana (L.) Heynh. orthologues of the identified proteins, obtained
with the STRING web tool version 11 (https://string-db.org/) (Szklarczyk et al., 2021),
with protein names and definitions obtained from the Arabidopsis Information
Resource (Berardini et al., 2015). The enrichment analysis was performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(https://www.genome.jp/kegg/) (Kanehisa et al., 2022) and the KOBAS web-based
tool (http://bioinfo.org/kobas/genelist/) (Bu et al.,, 2021). A hypergeometric
test/Fisher’s exact test with a Benjamin and Hochberg (Benjamini and Hochberg,
1995) FDR correction method was applied (adjusted p-value at <0.05). Bubble plots
and Venn diagrams were created with R software (R Core Team, 2020) using the

package ggplot2 (Wickham, 2016).

3.4.6. Statistical analysis

The mean number of nymphs and pit galls per plant was compared between
infested plants, namely EurekaLemonlinf and ValenciaSwOInf, using a Student’s t-

test performed in Rstudio software (R Core Team, 2020). For visualisation of data,
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the package “ggstatsplot” (Patil, 2021) was used in Rstudio, and the standard error
of the mean (SEM) is presented. To determine the DAPs enriched in vascular sap
between infested and control treatments, the following filters were considered: (1)
The minimum number of biological samples in which a protein was identified in an
experimental group was set to 75% (e.g., 3 out of 4); (2) The presence of at least two
unique peptides for protein assignment; and (3) Protein FDR set to a high g-value <
0.01. AStudent’s t-test was performed on the log10 transformed protein abundance
with the p-value adjusted using a permutation-based correction (with 250
randomisations) (FDR <0.05). Preprocessing and univariate hypothesis testing were
performed in Perseus software version 2.0.7.0. (MaxQuant, Germany) (Tyanova et

al., 2016).

Principal component analysis (PCA) was performed in Rstudio software (R
Core Team, 2020) using the built-in “prcomp” function and autoscaled matrices,
while the “factoextra” package was used for visualisation (Kassambra and Mundt,
2020). Two types of data were used for the PCA, one comprising all identified
proteins in each experimental group, with the application of the filters previously
mentioned for the DAP analysis, and the other including only the DAPs. Two
permutations of the PCA were performed for the comparisons between the
EurekaLemoninf vs. EurekaLemonCon groups and the ValenciaSwOInf vs.

ValenciaSwOCon groups.
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3.5. Results

3.5.1. Trioza erytreae nymphs developed better on ‘Eureka’
lemon thanin ‘Valencia’ sweet orange plants

With regards to infestation, the number of new flushes exhibited no
significant difference between the different host plants (Welch's t-test, p =0.15). The
mean number of new flushes per plant was 4.63 for ‘Eureka’ lemon and 6.38 for the
‘Valencia’ SwO. The nymphs of Trioza erytreae developed to the fourth and fifth
instar stage in both the ‘Eureka’ lemon and the ‘Valencia’ SwO plant hosts and
induced the formation of pit galls at the feeding sites (see ‘Fig. 3.2.1, 3.2.2and 3.2.3
for ‘Eureka’ lemon; Fig. 3.2.7 and 3.2.8 for ‘Valencia’ SwO). A more pronounced and
darker colouration of the secondary and tertiary leaf vein was observed in a
significant proportion of the infested ‘Valencia’ SwO leaves (ValenciaSwOlInf, Fig.
3.2,zoom of 3.2.7), whereas the same symptom was rarely seen in infested ‘Eureka’
lemon leaves (EurekaLemonlnf, Fig. 3.2, zoom of 3.2.1), and not at all in the leaves
of control plants. The leaves were deformed when infested with a high number of

nymphs (Fig. 3.2.2, 3.2.3 and 3.2.8).

The mean number of pit galls per plant for the eight infested ‘Eureka’ lemon
plants (EurekaLemoninf) was 330.1 (x 47.5 SEM), whereas the infested ‘Valencia’
SwO plants (ValenciaSwOInf) had a mean number of 246.8 (+ 30.8 SEM) pit galls,
values that were not significantly different (p = 0.16) (Fig. 3.3). However, a significant
difference was found in the mean number of nymphs (fourth and fifth instar) per host
species (p< 0.05, Student’s t-test). The number of developing nymphs was found to
be significantly lower in ValenciaSwOInf hosts, with a mean of 99.3 (+ 27.6 SEM)
nymphs per plant in comparison to EurekaLemonlInf, where 318.5 (+ 47.3 SEM)

nymphs developed (Fig. 3.3).
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Figure 3.2. The images show the appearance of ‘Eureka’ lemon and ‘Valencia’ sweet orange (SwO)
leaves 23 to 25 days after Trioza erytreae infestation. 1, 2 and 3 are infested ‘Eureka’ lemon leaves; 4,
5 and 6 are control ‘Eureka’ lemon leaves; 7 and 8 are infested ‘Valencia’ SwO leaves; 9 and 10 are
control ‘Valencia’ SwO leaves. 1- an Infested ‘Eureka’ lemon leaf where 9 nymphs developed, is
shown in greater detail in the zoom-in image, which highlights the more pronounced and darker
secondary veins; 2- an infested ‘Eureka’ lemon leaf where 51 nymphs developed, is shown in greater
detail in the zoom-in image; 3- an Infested ‘Eureka’ lemon leaf where 127 nymphs developed, is
shown in greater detail in the zoom-in image (Maximum number of nymphs identified on a ‘Eureka’
lemon leaf); 4, 5 and 6- ‘Eureka’ lemon control leaves of a similar size to 1, 2 and 3, respectively; 7-
Infested ‘Valencia’ SwO leaf where 9 nymphs developed, see the the zoom-in. This image highlights
the more pronounced and darker secondary veins; 8- This image shows an infested ‘Valencia’ SwO
leaf where 58 nymphs developed (the maximum number of nymphs identified on an ‘Valencia’ SwO
leaf); 9 and 10- These images show ‘Valencia’ SwO control leaves with similar size to 7 and 8,
respectively.
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Figure 3.3. Violin/boxplots illustrate the distribution of pit galls (A) and nymphs (B) per infested plant
of ‘Eureka’ lemon (EurekaLemoninf) and ‘Valencia’ sweet orange (ValenciaSwOInf). The statistical
analysis applied was a Student’s t-test (t swqent) With 14 degrees of freedom, the p-value (p), the effect
size was assessed by Hedge’s g (8neages), the confidence interval was set at 95% (Clssy), and the
number of observations was 16 (Nops)-

3.5.2. Nymph infestation induces greater proteome changes in
‘Valencia’ sweet orange than in ‘Eureka’ lemon

The protein extracts from the enriched vascular sap were analysed by SDS-
PAGE, which revealed distinct band profiles between infested and control plants
(Fig. S3.1 - Appendix). The proteins identified in the enriched vascular sap by
nanoLC-MS/MS were profiled and compared between the infested plants and their
respective controls with the objective of assessing the molecular response at the
proteome level of ‘Eureka’ lemon and ‘Valencia’ SwO plants infested with T. erytreae
nymphs. A total of 5,050 proteins were identified in the enriched vascular sap. Of
these, 33 were classified as contaminants and 1,471 had less than two unique
peptides and were therefore excluded (Table S3.1 - Appendix). A library comprising
3,141 and 3,370 proteins was generated for ‘Eureka’ lemon and ‘Valencia’ SwO
plants, respectively (FDR g-value <0.01) and used for the following comparisons: a)
EurekaLemonInf vs. EurekaLemonCon; and b) ValenciaSwOInf vs.
ValenciaSwOCon. A total of 48 DAPs were identified between infested and control
‘Eureka’ lemon plants (EurekaLemonlinf vs. EurekaLemonCon). Of these, 22 were
upregulated and 26 were downregulated (Fig. 3.4 and Table S3.2 - Appendix). In
contrast, the comparison of the infested and control 'Valencia' SwO plants
(ValenciaSwOlInf vs. ValenciaSwOCon) revealed that 964 of the 1,265 DAPs were

upregulated, while 301 were downregulated (Fig. 3.4 and Table S3.2 - Appendix).
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Figure 3.4. Overview of the differentially abundant proteins (DAPs) in ‘Eureka’ lemon and ‘Valencia’
sweet orange (SwO) plants infested with T. erytreae compared to the control plants (ValenciaSwOlInf
vs. ValenciaSwOCon and EurekaLemonlnf vs. EurekaLemonCon, respectively). The orange circle in
the centre of the figure shows the 1,265 DAPs found in the comparison between infested and control
'Valencia' SwO plants (ValenciaSwOInf vs. ValenciaSwOCon). Of these, 18 DAPs were common to
the comparison between ‘Eureka’ lemon and ValenciaSwO plants, as represented in the intersection
with the yellow circle. The smaller yellow circle shows the 48 DAPs found in the comparison between
infested and control 'Eureka’ lemon plants (EurekaLemonlinf vs. EurekaLemonCon). The pie charts
display the distribution of upregulated (red slice) and downregulated (blue slice) proteins in each
DAP group. The pie chart on the right-hand side of the figure represents the ‘Eureka’ lemon group
(EurekaLemonDAP), and the one on the left-hand side represents the ‘Valencia’ SwO group
(ValenciaSwODAP).

Inresponseto T. erytreae, atotal of 18 DAPs were common to both citrus host
species (Fig. 3.4). Of these, nine DAPs were upregulated and four were
downregulated in both hosts, while the remaining five were downregulated in
‘Eureka’ lemon plants and upregulated in ‘Valencia’ SwO plants (Table 3.1). Among
the common proteins that were upregulated in infested ‘Eureka’ lemon and
‘Valencia’ SwO plants were methyl esterase 10 (MES10), 3-o0x0-2(2'-[Z]-pentenyl)
cyclopentane-1-octanoic acid OPC-8:0 CoA ligase (OPLC1), cinnamyl alcohol
dehydrogenase 8 (ELI3-2), chlorophyllase 1 (CHL1), raffinose synthase 6 (DIN10 or
RS6) and catalase 2 (CAT2) (Table 3.1).
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Table 3.1. Differentially abundant proteins (DAPs) in response to infestation by Trioza erytreae
nymphs identified in both the ‘Eureka’ lemon and the ‘Valencia’ sweet orange (SwO). The Arabidopsis
thaliana protein accession codes and protein descriptions were retrieved from the STRING
(https://string-db.org/) and TAIR (https://www.arabidopsis.org/) databases.

C. xsinensis protein  A.
accession number
(www.uniprot.org/)

thaliana protein
accession number
(www.arabidopsis.org/)

EurekaLemoninf ValenciaSwOInf Protein description

Fold Change Fold Change

Subunits of
AOAO67GVT6 CPB (AT1G71790) 0.72 1.33 heterodimeric actin
filament capping protein
Capz superfamily (CPB)
Methylesterase 10
AOAO67EE76 MES10 (AT3G50440) 0.65 0.86
(MES10)
cinnamyl alcohol
AOA067F307 ELI3-2 (AT4G37990) 0.50 0.20 dehydrogenase 8 (ELI3-
2)
Transducin/WD40
AOA067DRF8 AT2G43770 0.46 0.47 repeat-like superfamily
protein (AT2G43770)
Pyridoxal phosphate
(PLP)-dependent
AOA067G2K8 MTO1 (AT3G01120) 0.39 0.31 transferases
superfamily protein
(MTO1)
AOA067DGVS8 CLH1 (AT1G19670) 0.29 0.41 chlorophyllase 1 (CLH1)
Raffinose synthase
AO0A067GDP3 DIN10 (AT5G20250) 0.20 0.58 family protein (DIN10)
OPC-8:0 CoA ligase1
AO0A067H294 OPLC1 (AT1G20510) 0.15 0.92 (OPCL1)
AOA067H2F2 CAT2 (AT4G35090) 0.12 0.65 catalase 2 (CAT2)
GDSL-like
AOA067GDZ0 AT5G45910 (-)0.15 0.23 Lipase/Acylhydrolase
superfamily protein
(AT5G45910)
SGNH hydrolase-type
AOA067FZU2 AT3G11210 (-)0.19 0.33 esterase superfamily
protein (AT3G11210)
NAD(P)-binding
AOAO67ESX7 AT3G51680 (-)0.20 0.64 Rossmann-fold .
superfamily protein
(AT3G51680)
Phosphoglycerate
AO0A067DPTO AT3G05170 (-)0.34 0.26 mutase family protein
(AT3G05170)
alpha/beta-Hydrolases
AOA067CZJ4 AT1G47480 (-)0.38 0.42 superfamily protein
(AT1G47480)
UDP-
AOA067GVX6 AT2G18570 (-)0.18 (-)0.37 Glycosyltransferase
superfamily protein
(AT2G18570)
A0A067D420 CHIA (AT5G24090) (-)0.351 (-)0.75 chitinase A (CHIA)
adenosine-5'-
AOAO067EVR3 APK3 (AT3G03900) (-)0.46 (-)0.27 phosphosulfate  (APS)
kinase 3 (APK3)
AOAO67EPV6 AT5G09880 (1)0.53 (-)0.39 Splicing factor, CC1-like

protein (AT5G09880)
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APCAwas performed using all identified proteins from the enriched vascular
sap samples of infested and control plants of both citrus host species. The results
revealed a clear separation between the two groups along the first principal
component axis. The infested plants clustered independently of the control plants
in both species, namely in ‘Eureka’ lemon and ‘Valencia’ SwO (Fig. 3.5A and 3.5B).
The first two principal components captured 48.9% and 62.9% of the total data
variability for the ‘Eureka’ lemon comparison (Fig. 3.5A) and ‘Valencia’ SwO
comparison (Fig. 3.5B), respectively. It may be inferred that the enriched vascular

sap proteome was affected by T. erytreae.

An additional PCA analysis was conducted using the DAPs from the
EurekaLemonlnf vs. EurekaLemonCon and ValenciaSwOlInf vs. ValenciaSwOCon
comparisons. The results revealed that the first component accounted for 87.6%
(Fig. 3.5C) and 76.1% (Fig. 3.5D) of the data variability, respectively. The scatter plot
of the DAPs showed a clear separation along the first component axis. The top five
proteins with the highest loading values in the two PCA (Table S3.3 - Appendix) are
displayed in the score scatter plots (Fig. 3.5C and 3.5D). Two of these proteins,
CLH1 and AT3G11210, were classified as “common DAPs” and are highlighted in the

‘Eureka’ lemon comparison (Table 3.1 and Fig. 3.5C).

The PCA constructed with the DAPs revealed two proteins that were of
particular relevance among the five proteins displaying the highest loading values in
the EurekaLemonlinfvs. EurekaLemonCon comparison (Fig. 3.5C). The two proteins
are: i) uridine diphosphate glucosyl transferase 76E1 (UGT76E1), which is linked to
the wounding response in plants as well as to the formation of JA (Haroth et al.,
2019); and ii) adenylylsulfate reductase 1 (APR1), which is related to sulfur
metabolism (Bekturova et al., 2021). The proteins with the top five highest loading
values in the ValenciaSwOlInf vs. ValenciaSwOCon comparison (Fig. 3.5D) were
linked to biological processes that will be discussed in more detail later. The
following proteins were identified: sucrose phosphate synthase 1F (SPS1F), which
is related to photosynthesis (Kaiser et al., 2016); pyridoxine/pyridoxamine 5'-
phosphate oxidase 1 (PDXH), which is linked to the metabolism of vitamin B6

(Gonzalez et al., 2007); a protein associated with the membrane trafficking

65



Chapter 3

coatomer (alpha subunit, AT1G62020) (Xia et al., 2020); the protein alpha-
galactosidase 1 (AGAL1) and biotin synthetases superfamily (AT3G02760) (Berg et
al., 2005).
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Figure 3.5. Principal component analysis (PCA) was used to analyse the enriched vascular sap
proteomics data of ‘Eureka’ lemon (EurekaLemonlInf vs. EurekaLemonCon) and ‘Valencia’ sweet
orange (SwO) plants (ValenciaSwOInf vs. ValenciaSwOCon). The data is presented in the form of a
two-dimensional plot, with biological replicates represented by circles (control samples) and
triangles (infested samples). The mean value of each replicate group is represented by the largest
circle or triangle. The orange colour represents the infested ‘Valencia’ sweet orange plants
(ValenciaSwOlInf), while the dark blue represents the control ‘Valencia’ sweet orange
(ValenciaSwOCon). The vyellow colour represents the infested ‘Eureka’ lemon plants
(EurekaLemonlinf) while the turquoise represents the ‘Eureka’ lemon control (EurekaLemonCon). A -
PCA of ‘Eureka’ lemon plants using all identified proteins; B - PCA of ‘Valencia’ sweet orange plants
using all identified proteins; C - PCA of ‘Eureka’ lemon plants using differentially abundant proteins
(DAPs); D — PCA of ‘Valencia’ sweet orange plants using DAPs. The arrows indicate the top five
greatest weighted variables. The percentages on the axes show their contribution to explain variance.
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3.5.3. Functional analysis

Three clusters from the KEGG pathways were identified as significantly
enriched (FDR < 0.05) in DAPs based on comparisons between the EurekaLemonlinf
vs. EurekaLemonCon group and the ValenciaSwOInf vs. ValenciaSwOCon group,
usingA. thaliana orthologues (Table S3.4 - Appendix). These clusters were classified
into three distinct categories: 1) common responses in both groups; 2) opposite
regulation of common pathways; and 3) species-specific responses. The common
responses included all of the significantly enriched pathways with a common
regulation in the ‘Eureka’ lemon and ‘Valencia’ SwO plants. The term “opposite
regulation of common pathways” refers to all the significantly enriched pathways
with opposite regulation between the two citrus host species. The species-specific
responses comprised the KEGG pathways that were significantly and exclusively

enriched in one of the citrus host species under study.

3.5.3.1. Trioza erytreae"s nymphs induce common responses from
both citrus hosts

The KEGG pathways that were common to both citrus hosts may indicate the
general response of these two species to psyllid nymph infestation. The four
pathways that were commonly and significantly enriched (FDR < 0.05) were
“Galactose metabolism”, “Vitamin B6 metabolism” and “Selenocompound
metabolism”, which were upregulated, and “Amino sugar and nucleotide sugar

metabolism”, which were downregulated (Fig. 3.6).

3.5.3.2. Protein biosynthesis related pathways with opposite regulation
in ‘Eureka’ lemon and ‘Valencia’ sweet orange in response to Trioza
erytreae

The analysis of the enriched vascular sap of both citrus host species showed
that there were four common enriched KEGG pathways that displayed opposing
regulation. These were identified as being downregulated (FDR < 0.05) in ‘Eureka’
lemon and upregulated in ‘Valencia’ SwO plants. The pathways included the

“spliceosome”, “mRNA surveillance pathway”, “protein processing in the
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endoplasmic reticulum”, which are related to protein biosynthesis, and

“pantothenate and coenzyme-A (CoA) biosynthesis” (Fig. 3.6).
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Figure 3.6. Common KEGG pathways significantly enriched (FDR < 0.05) in the response of ‘Eureka’
lemon and ‘Valencia’ sweet orange (SwO) to Trioza erytreae infestation. The enrichment was
performed using differentially abundant proteins (DAPs). The bars to the left side of the vertical
dashed line represent the downregulated pathways, while those to the right side represent the
upregulated pathways. The yellow bars represent the fold enrichment of the EurekaLemonlnf vs.
EurekaLemonCon comparison, while the orange bars represent the fold enrichment of the
ValenciaSwOlInf vs. ValenciaSwOCon comparison. KEGG pathways were considered to be enriched
when the false discovery rate (FDR) adjusted p-value was below the 0.05 threshold. Fold enrichment
was calculated using the Arabidopsis thaliana proteome as a reference and log, data transformation.

3.5.3.3. Two specific ‘Eureka’ lemon pathways in response to Trioza
erytreae

In the EurekaLemoninf group only two KEGG pathways were identified as
uniquely enriched: “Sulfur metabolism” and “Sesquiterpenoid and triterpenoid
biosynthesis”. These pathways were downregulated (Table S3.4 - Appendix and Fig.
3.7A).
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Top 10 enriched KEGG pathways in EurekaLemoninf vs EurekaLemonCon
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Figure 3.7. Bubble plot of the top 10 enriched KEGG pathways (based on an FDR-adjusted p-value
threshold of 0.05) of up and downregulated proteins in infested plants. A - Enriched pathways in the
EurekaLemonlinfvs. EurekaLemonCon comparison. B - Enriched pathways in the ValenciaSwOInf vs.
ValenciaSwOCon comparison. The size of the bubbles is indicative of the number of proteins present
in each pathway, while the colour of the bubble represents the FDR-corrected p-value and fold
enrichment, which were calculated using the Arabidopsis thaliana proteome as a reference.

3.5.3.4. Bigger and broader adjustment response of ‘Valencia’ sweet
orange plants towards Trioza erytreae infestation

The ValenciaSwOInf group exhibited a considerably higher number of
significantly enriched pathways (86), in comparison to the 10 that were enriched in

the EurekaLemonlinf group. Of the 86 pathways, 58 were upregulated, and 28 were
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downregulated (Table S3.4 - Appendix). Fifty-one of the upregulated and 27 of the
downregulated pathways were uniquely enriched in ValenciaSwOInf. In the
ValenciaSwOlInf group, the top 10 KEGG pathways enriched with the 964
upregulated proteins were related to biosynthesis, metabolism, and protein
synthesis and processing (Fig. 3.7B), while the top 10 KEGG pathways associated
with the 301 downregulated proteins were related to metabolism, degradation, and
carbon fixation (Fig. 3.7B). The proteomics results suggest that there was a
significant general metabolic adjustment in the ‘Valencia’ SwO plants, which was
characterised by the upregulation of pathways related to respiration, including
“Glycolysis and gluconeogenesis” (Fig. 3.7B and 3.8B), “Pyruvate metabolism”, the
“Citrate cycle”, and the “Propanoate metabolism” (Table S3.4 - Appendix and Fig.
3.8B), as well as “Fatty acid biosynthesis”. Pathways that were negatively affected,
included “Fructose and mannose metabolism”, “Glyoxylate and dicarboxylate
metabolism”, “Starch and sucrose metabolism” and “Carbon fixation in
photosynthetic organisms” (Fig. 3.7B and 3.8B). Trioza erytreae infestation caused
changes in amino acid metabolism, as evidenced by the upregulation of the
“Cysteine and methionine metabolism” pathway and the downregulation of the
“Phenylalanine metabolism” and “Glycine, serine, and threonine metabolism”

pathways (Fig. 3.7B).

It is also noteworthy that two plant defence pathways were found to be
upregulated, namely “a-Linolenic acid metabolism” (Table S3.4 - Appendix and Fig.
3.8A) and “Plant-pathogen interaction”. However, these pathways were not among

the top 10 pathways identified in Table S3.4 - Appendix and Fig. S3.2 - Appendix.
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3.6. Discussion

The high protein levels observed in the samples derived from the leaf and
petiole midribs may be attributed to the vascular sap and apoplastic fluid, in
addition to the cellular contents of various cell types, which may have been
collected during the centrifugation process. Such contents include those of
parenchyma cells, phloem companion cells, and mesophyll cells, which were
adjacent to the midrib vein of the leaf. The sieve elements are expected to facilitate
the transport a considerable quantity of protein. In fact, studies have described
protein synthesis and turnover in the sieve elements, along with the presence of high
levels of small RNAs (sRNA) and proteins that have nuclear functions (Ham and
Lucas, 2017; Lin et al., 2009; Ostendorp et al., 2017; Saplaoura and Kragler, 2016).
The process of centrifugation to enrich our samples with vascular sap was
previously described by Franco et al. (2020) as a method that can also extract

proteins from nuclei.

3.6.1. Trioza erytreae nymphs developed better in ‘Eureka’
lemon in comparison to ‘Valencia’ sweet orange

The sexually mature adult T. erytreae individuals used in this experiment were
randomly reared on sour orange and lemon plants. The use of these plants for psyllid
rearing may induce a preference bias for the lemon tree as a host. A similar bias was
observedin D. citri (Stockton et al., 2017). However, Moran (1968a) reported that the
plant species used for rearing T. erytreae (even after two generations) had no effect
on host preference. Furthermore, it has been reported that the intensity of flushing
affects the development of T. erytreae (Catling, 1969). However, the present study
revealed no statistically significant differences in the number of new flushes
between the two citrus host species assayed, thereby suggesting that this trait is

unlikely to serve as a differentiating factor.

It was anticipated that the number of nymphs per citrus host would be
comparable, given that each citrus host was exposed to the same number of female
and male adult insects. Additionally, a single T. erytreae nymph is responsible for

the formation of a single pit gall, which typically occurs within the initial days
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following oviposition (early instars) (Van den Berg et al., 1991d). The number of pit
galls formed on the ‘Eureka’ lemon and the ‘Valencia’ SwO hosts was comparable.
However, the observation of a reduced number of nymphs developing in ‘Valencia’
SwO plants, in conjunction with the presence of numerous leaves exhibiting a
darker colour in the secondary and tertiary leaf veins, suggests that the ‘Valencia’
SwO host plant response may have had a detrimental impact on nymph
development. The response of the two citrus host species to psyllid infestation was
expected to be revealed in the composition of the enriched vascular sap, which
transports nutrients and metabolites in response to biotic stress, including

molecules of the immune response (Will et al., 2013).

3.6.2. Nymph infestation induces greater proteome changes in
‘Valencia’ sweet orange than in ‘Eureka’ lemon

Of the nine common proteins that were upregulated in both citrus hosts
(Table 3.1), of particular note was MES10 and OPLC1, which are both related to JA
metabolism and the “JA signalling pathway”. This pathway represents one of the
plant responses to insect infestation (Kienow et al., 2008; Koo et al., 2013; Ruan et
al., 2019). Additionally, other upregulated proteins were associated with the
response to herbivory and bacteria, respectively ELI3-2, encoded by the gene
AT4G37990, and CHL1 (Kariola et al., 2005; Klauser et al., 2015). The proteins DIN10
and CAT2 are involved in the response of plants to oxidative stress (Lelarge-Trouverie
et al., 2023; Molassiotis and Fotopoulos, 2011). The upregulation of CAT2 and
phosphatase 2A (PP2A) in the citrus plants may indicate that these proteins play a
pivotal role in the response to the psyllid infestation. Indeed, wild-type A. thaliana
exhibited a reduction in the population of phloem-feeding insects in comparison to
mutant plants lacking one of the aforementioned proteins (Rasool et al., 2020).
Among the set of downregulated proteins, chitinase A (CHIA), was identified as one
of the four proteins that were downregulated in both citrus hosts (Table 3.1). This
protein has previously been described to be a common constituent of phloem and
xylem sap (Rodriguez-Celma et al., 2016). Furthermore, diverse chitinases were
modified in response to insect infestation in tea plants [Camellia sinensis (L.) O.

Kuntze] (Bordoloi et al., 2021).
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The higher number of DAPs in the ‘Valencia’ SwO in comparison with the
‘Eureka’ lemon plants (Fig. 3.4) points to a higher adjustment of the former’s
proteome to T. erytreae nymph infestation. It is noteworthy that exposure to the
bacteria that causes HLB disease revealed that the ‘Lisbon’ lemon exhibited a lower
number of DAPs than the ‘Washington Navel’ SwO (Chin et al., 2021). The reduced
reprogramming of the defence response may explain why lemon plants are the
preferred host of T. erytreae and nymphs develop more successfully. Indeed, it has
been demonstrated that nymphs that developed in lemon plants exhibited a larger
size (Aidoo et al., 2019c; Aubert, 1987), and that the psyllid had a higher intensity of
settlement, probing, and feeding (Benhadi-Marin et al., 2021). Conversely, the
interaction between the psyllid and the lemon plant may result in the activation of
additional responses that are not covered in a proteomic approach. One potential
avenue for further investigation would be to study the transcription of regulatory
genes that impact host vulnerability. Another mechanism to be studied may be the
induction of the salicylic acid (SA) pathway, which is commonly induced by aphids
and sap-sucking insects. This pathway prevents the plant from fully activating the
JA and ethylene plant defence pathways (Ahman et al., 2019). Nevertheless, this

pathway was not identified in ‘Eureka’ lemon plants in the present study.

3.6.3. Functional analysis

3.6.3.1. Trioza erytreae "s nymphs induce common responses in both
citrus host species

In response to the infestation of T. erytreae, both citrus host species
exhibited an upregulation of proteins involved in "Galactose metabolism" and
"Vitamin B6 metabolism" pathways (Fig. 3.6). The only protein from the “Galactose
metabolism” pathway that was upregulated in both species was raffinose synthase
6 (DIN10 or RS6) (Tables S3.2 and S3.4 - Appendix). In general, the response of
plants to stress involves raffinose synthases (Yan et al., 2022) and the “Galactose
metabolism” pathway has been related to ascorbate biosynthesis (Bulley and Laing,
2016), which scavenges reactive oxygen species (ROS) and so protects plant cells

(Lisko et al., 2014). Additionally, both citrus host species exhibited an upregulation
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of proteins related to vitamin B6 synthesis (Fig. 3.6). In particular, aldolase-type
triosephosphate isomerase (TIM) barrel family protein (RSR4) was upregulated in
the ‘Eureka’ lemon, whereas in ‘Valencia’ SwO, bifunctional pyridoxine
(pyridoxamine) 5’-phosphate oxidase (PDXH) and pyridoxamine 5-phosphate
oxidase (AT2G46580) were found to be upregulated (Tables S3.2 and S3.4 -
Appendix). Vitamin B6 has been described as having antioxidant properties and to
regulate redox balance during the defence response of tobacco (Nicotiana tabacum
L.) to bacteria (Denslow et al., 2005). A deficiency of vitamin B6 has been shown to
render plants more susceptible to biotic stress (Havaux et al., 2009; Shi et al., 2002).
Moreover, the regulation of the sink and source dynamics in plants may also explain
the enrichments of both pathways. This phenomenon may be attributed to the fact
that insects that feed on the phloem can act as additional sinks for the plant while
infesting it (Schultz et al., 2013). The phloem-feeding psyllid, D. citri, has been
described to ingest galactose (Hijaz et al., 2016a; Hijaz and Killiny, 2014b). We
hypothesise that T. erytreae might act as a galactose sink, which would explain the
upregulation of proteins from the "Galactose metabolism” pathway. Additionally, B-
complexvitamins are essential forinsect nutrition due to their inability to synthesise
these compounds de novo (Douglas, 2017). The downregulation of the “Amino sugar
and nucleotide sugar metabolism” pathway in both citrus host species (Fig. 3.6), is
consistent with the description of an adjustment in amino acid balance in plants
affected by phloem feeders (Douglas, 2006). Indeed, a distinct amino acid profile
was observed in mandarin plants in response to infestation by D. citri (Malik et al.,

2014).

3.6.3.2. Protein biosynthesis related pathways with opposite regulation
in ‘Eureka’ lemon and ‘Valencia’ sweet orange in response to Trioza
erytreae

» o«

The upregulation of proteins from the “spliceosome”, “mRNA surveillance

» (3 » [

pathway”, “protein processing in endoplasmic reticulum”, “nucleocytoplasmic

» 6

transport”, “ribosome” and “pantothenate and coenzyme-A (CoA)” pathways in
'Valencia' SwO plants is indicative of an increased flux of proteins and possible

enhanced protein synthesis rate (Fig. 3.6 and 3.7B). Pathways related to protein
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biosynthesis were identified as being enriched in maize (Zea mays L.), and limabean
(Phaseolus lunatus L.) in response to herbivory and other biotic stressors (Arimura
et al., 2000; Asters et al., 2014). Notably none of these pathways were upregulated
in ‘Eureka’ lemon plants. Furthermore, the “mRNA surveillance pathway” and the
endoplasmic reticulum (ER) associated degradation system (ERAD) were
significantly different between the two citrus host species. The proteins in question
were downregulated in EurekaLemoninfand upregulated in ValenciaSwOInf (Fig. 3.6
and Fig. S3.3 - Appendix). As the ERAD addresses misfolded and unfolded
polypeptides (Liu and Howell, 2010), an increase in protein synthesis is typically
associated with the plant“s response to biotic stress and the synthesis of stress-

related proteins (Sharma and Dubey, 2016).

In summary, the different proteomic fingerprints of the common functional
pathways with opposing regulation identified in the enriched vascular sap proteome
appear to be related with the suitability of the two citrus host species to T. erytreae.
It is noteworthy that the ‘Eureka’ lemon, which is the most suitable host, and

‘Valencia’ SwO plants seem to exhibit dissimilar responses to the psyllid infestation.

3.6.3.3. Two specific downregulated ‘Eureka’ lemon pathways in
response to Trioza erytreae

The proteins that were uniquely enriched and downregulated in
EurekalLemonlInf belong to the “Sulfur metabolism” and the “Sesquiterpenoid and
triterpenoid biosynthesis” pathways (Table S3.4 - Appendix D and Fig. 3.7A).
Interestingly, the “Sulfur metabolism” pathway was enriched in SwO and two
additional Rutaceae hosts infested with D. citri, namely Murraya paniculata (L.) Jack
and C. japonica Thunb.. However, this pathway was not enriched in the more
attractive mandarin host (Zhong et al., 2019). The downregulation of proteins from
the “Sulfur metabolism” pathway may provide an explanation for the preference of
T. erytreae nymphs for lemon hosts. Sulfur metabolism plays a pivotal role in plant
growth, survival, and defence (Capaldi et al., 2015). In addition, the downregulation
of proteins from the “Sulfur metabolism” pathway may be related with the
upregulation of proteins from the “Selenocompound (Se) metabolism” pathway

(Fig. 3.7A), as Se and sulfur isolog compounds compete in biochemical processes
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(Abdalla et al., 2020; Trippe and Pilon-Smits, 2021). Terpene synthase 21 (TPS21)
from the “Sesquiterpenoid and triterpenoid biosynthesis” pathway was
downregulated in EurekaLemoninf and upregulated in ValenciaSwOInf (Fig. 3.7A
and Table S3.2 - Appendix). This enzyme is involved in the formation of
sesquiterpenes (Tholl and Lee, 2011), and in mandarin plants infested by the psyllid
D. citri, sesquiterpene concentrations as leaf volatiles increases (Jones and Killiny,
2021). These findings also suggest that the detected compounds were not derived

solely from the vascular sap.

In conclusion, the limited number of significantly and uniquely enriched
pathways in infested ‘Eureka’ lemon seems to indicate that their defence
mechanism is very distinct from that of ‘Valencia’ SwO. This may also explain the
higher survival rate of T. erytreae nymphs in ‘Eureka’ lemon compared to ‘Valencia’
SwO (Fig. 3.3). It is plausible that additional defensive mechanisms may have been
triggered in the ‘Eureka’ lemon that were not identified in enriched vascular sap

using proteomics.

3.6.3.4. Bigger and broader adjustment of ‘Valencia’ sweet orange
plants towards Trioza erytreae infestation

Of particular interest among the pathways that were uniquely enriched and
upregulated in ValenciaSwOInf was the “fatty acid biosynthesis” pathway (Fig.
3.7B). This pathway is associated with the synthesis of structural barriers to the
external environment and the adjustment of cell membrane fluidity, which is a
useful stress response (Upchurch, 2008). Furthermore, the “fatty acid biosynthesis”
and "a-Linolenic acid metabolism" pathways (Table S3.4 - Appendix and Fig. 3.8A),
were upregulated. Proteins involved in the “a-Linolenic acid metabolism” pathway
are associated with the synthesis of JA (Fig. 3.8A), a general pattern activated in
plants exposed to insect herbivory (Ruan et al., 2019; Upchurch, 2008). For
example, ‘Valencia’ SwO variety exposed to D. citri exhibited increased jasmonic
acid (JA) levels (Nehela et al., 2018). The same insect-host system also showed
upregulated lipoxygenase (LOX), allene oxide cyclase (AOC) and oxophytodienoate-
reductase 3 (OPR3) gene transcripts, which are affected to the JA signalling pathway

(Erb and Reymond, 2019; Sun et al., 2022). Both LOX2 and AOC3 were upregulated
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in T. erytreae infested ‘Valencia’ SwO plants (Table S3.2 - Appendix) and these
proteins were previously reported as common constituents of the phloem sap
defence response (Kehr, 2006). The current findings suggest that the JA signalling

pathway is triggered in SwO in response to the two psyllids.

The upregulation of respiration metabolism-related pathways, including
“Pyruvate metabolism”, “Citrate cycle”, “Glycolysis/Gluconeogenesis”, the
“Propanoate metabolism”, and the concomitant downregulation of photosynthesis-
related pathways, such as the “Carbon fixation in photosynthetic organisms” (Table
S3.4 - Appendix, Fig. 3.7B and 3.8B) represents a general pattern of plant response

to stress (Kerchev et al., 2012).

With regard to the downregulation of the “Carbon fixation in photosynthetic
organisms” pathway, it is represented by the alanine aminotransferase 2 (ALAAT2),
aspartate aminotransferase 3 (ASP3), triosephosphate isomerase (TPl), and two
fructose-bisphosphate aldolases (FBA2 and FBA5) (Tables S3.2 and S3.4 -
Appendix). Similarly, SwO ’Madam Vinous’ and tomato (Solanum lycopersicum L.)
plants showed a downregulation of photosynthesis-related pathways and TPI
proteins, respectively, in response to sap-feeding insects (Coppola et al., 2013;
Mozoruk et al., 2006). The observed phenotypic alterations in the secondary and
tertiary veins of ‘Valencia’ SwO leaves may be attributed to alterations in protein

pathways, the disassembly of chloroplasts, and the reallocation of nutrients.

A considerable number of proteins related to the “Photorespiration” pathway
module, such as the alanine:glyoxylate aminotransferase (AGT) and serine
hydroxymethyltransferase 1 and 3 (SHM1 and SHM3), were negatively regulated
(Tables S3.2 and S3.4 - Appendix, and Fig. S3.2 - Appendix). Given that
photorespiration affects several primary metabolic pathways, it is plausible that
these proteins exert an influence on the growth and development of the ‘Valencia’
SwO host. On the opposite, the exposure to phloem-feeding insects led to the high
expression of photorespiration-linked pepper (Capsicum annuum L.) proteins
(Florencio-Ortiz et al., 2021), whereas proteins SHM1 and SHM3 of olive (Olea

europaea L.) were downregulated (Corrado et al., 2012). Therefore, it may be
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concluded that the type of stress experienced and the specific host are determining

factors in the regulation of this pathway.

The present study identified a wide range of proteins from the “plant-
pathogen interaction” pathway (outside of the top 10 KEGGs) that were upregulated
in ‘Valencia’ SwO plants (Tables S3.2 and S3.4 - Appendix and Fig. S3.2 - Appendix).
To the best of our knowledge, this pathway has only been observed to be
upregulated in citrus plants in response to fungi (Zhang et al., 2021) and bacteria
(Peng et al., 2021; Sharma et al., 2021), but not when exposed to a psyllid. In
particular, the hypersensitive response seems to be activated in ‘Valencia’ SwO
plants by the upregulation of the protein kinases 3 and 4 (MPK3 and MPK4),
cysteine- and histidine-rich domain-containing protein RAR1 (PBS2 or PPHB
susceptible 2) and calcium-dependent protein kinases 6 and 9 (CPK6 and CPK9)
(Tables S3.2 and S3.4 - Appendix and Fig. S3.2 - Appendix)Although bacteria and
fungi are commonly identified as the primary agents responsible for the
hypersensitive response, recent research suggest that insects may also elicit this
response (Balint-Kurti, 2019). Calcium-related protein kinases (CPK6 and CPK9),
which serve as sensors of wounding and feeding (Erb and Reymond, 2019) have
been identified in ‘Valencia’ SwO in response to D. citri, being described as phloem
sap defence proteins (Kehr, 2006; Wei et al., 2021). According to Sun et al. (2022),
the ‘Succari’ SwO response to D. citri resulted in the downregulation of CPK9
transcripts, a response that was not observed in ‘Valencia’ SwO. Proteins of the
“Salicylic acid (SA) pathway”, which are frequently upregulated during a plant
defensive response, were not identified in the responses of the two citrus host
species to the psyllid. In contrast, the ‘Succari’ SwO responded to D. citri by

upregulating gene transcripts associated with the SA pathway (Sun et al., 2022).

Overall, the fact that more enriched pathways were found in the infested
‘Valencia’ SwO plants than in the infested ‘Eureka’ lemon plants indicates that the
former exhibited a more pronounced response to the T. erytreae infestation. The
response was characterised by metabolic, protein synthesis, and defence

adjustments. Furthermore, the present results seem to indicate that the ‘Valencia’
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SwO triggers the hypersensitive response. The collective effect of these proteomic

modifications may hamper the development of T. erytreae nymphs.

3.7. Conclusion

This study provides an in-depth analysis of the enriched vascular sap
proteome of ‘Eureka’ lemon and ‘Valencia’ SwO when infested with T. erytreae
nymphs. The results reveal that nymphs caused a significant modification of the
proteome of the enriched vascular sap of young leaves. Upon exposure to T.
erytreae, the ‘Valencia’ SwO showed the most noticeable alterations, which
included upregulation of proteins related to respiration, protein biosynthesis, and
stress-specific responses, such as the hypersensitive response, antioxidant
proteins, and JA signalling pathways. The downregulation of proteins associated
with photosynthesis, photorespiration, and carbohydrate synthesis in the enriched
vascular sap of ‘Valencia’ SwO suggests that these proteins are part of a defensive
response, as such responses are commonly observed in plants infested by sap-
feeding insects. Furthermore, proteins that form structural barriers and alter the
fluidity of cell membranes were found to be upregulated. These modifications are
typical responses to biotic stress and may be indicative of a defensive mechanism
that renders this host less suitable for the growth of T. erytreae. The proteomic
response of ‘Eureka’ lemonto T. erytreae infestation was less pronounced than that
observed in the ‘Valencia’ SwO response. Of particular note was the downregulation
of sulfur metabolism, which plays a pivotal role in plant defence. In conclusion, the
proteomic analysis of the enriched vascular sap of the two citrus host species
revealed distinct responses to psyllid infestation. The present results prompt further
investigation into alternative defence responses that may have been activated and
not captured in the proteomic study. The current findings identify promising new
areas for research and emphasise the need for further studies into the cross-talk
between T. erytreae and citrus species, with the aim of defining the factors that

affect the choice of host plant by the psyllids.
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Chapter 4. A comparative metabolomic and
proteomic study of sweet orange and lemon
trees infested by Trioza erytreae (Del Guercio,
1918)

In preparation:

Magalhaes, T., Bento-Silva, A., Anjos, L., Pereira, J. A., Duarte, A., Dandlen, S. A.,
Bronze, M. R., Power, D. M., Duarte, N., Marques, N. T. A comparative metabolomic
and proteomic study of sweet orange and lemon trees infested by Trioza erytreae

(Del Guercio, 1918)
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4.1. Abstract

The psyllid Trioza erytreae (Del Guercio, 1918) (Hemiptera: Triozidae) is the
vector of Huanglongbing (HLB), a highly harmful bacterial disease caused by
Candidatus Liberibacter spp.. Trioza erytreae has recently incurred in the Iberian
Peninsula, albeit not carrying the bacteria. In this study sweet orange [Citrus
xsinensis (L.) Osbeck] (SwQO), a common host, and lemon [Citrus xlimon (L.)
Osbeck], the preferred host were infested by T. erytreae. The number of nymphs that
developed on lemon trees was found to be three times higher than on sweet orange.
A multi-omics comparative approach was employed for analysis of infested and
uninfested samples of both citrus hosts. Enriched vascular sap was analysed by
high-performance liquid chromatography coupled with tandem mass spectrometry
(HPLC-MS/MS) for the metabolomic profile, and by nanoscale liquid
chromatography coupled to MS/MS (nanoLC-MS/MS) for the proteomic profile.
Although the number of differentially abundant metabolites (DAMs) was
comparable, i.e., 10 DAM in SwO and 12 DAM in lemon, differences were evident in
the number of differentially abundant proteins (DAPs). The 1,265 DAPs in SwO
yielded 53 enriched pathways, which overlapped with the three DAM enriched
pathways, all related to primary metabolism. Furthermore, pipecolic acid and
jasmonic acid were upregulated in SwO. In lemon, the 48 DAPs enriched three
pathways, which did not overlap with the pathways enriched by DAMs. In lemon, the
phenylpropanoid biosynthesis pathway was upregulated with metabolites, such as
the phenylalanine and p-coumaric acid. Our findings indicate the potential for a
resistance-based response towards T. erytreae in SwO, while the lemon host

adopted a tolerance-based response.
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4.2. Abbreviations

CoA (coenzyme A); DAMs (differentially abundant metabolites); DAPs
(differentially abundant proteins); FDR (false discovery rate); HLB (huanglongbing);
HPLC (high-performance liquid chromatography); HPLC-DAD-MS/MS (high-
performance liquid chromatography coupled with a diode array detector and
tandem mass spectrometry); HPLC-MS/MS (high-performance liquid
chromatography coupled with tandem mass spectrometry); KEGG (Kyoto
Encyclopedia of Genes and Genomes); LemonCon (‘Eureka’ Lemon control);
Lemonlnf (infested ‘Eureka’ lemon); MRM (multiple reaction monitoring); MS (mass
spectrometry); nanolLC-MS/MS (nanoscale liquid chromatography coupled to
tandem mass spectrometry); SwO (sweet orange, C. xsinensis); SwOCon
(‘Valencia’ sweet orange control); SwOInf (infested ‘Valencia’ sweet orange). TCA

(tricarboxylic acid).
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4.3. Introduction

Huanglongbing (HLB) is a bacterial citrus disease associated with the
phloem-limited bacteria Candidatus Liberibacter (da Gragca et al.,, 2016). The
disease has resulted in a 74% reduction in citrus production in Florida (Singerman
and Rogers, 2020) and has prompted a transformation in the citriculture
management practices in Brazil (Bassanezi et al., 2020). At present, there is no
known cure for this disease, and its management is based on the elimination of the
inoculum and on vector control (Alquézaretal., 2022). The vectors of HLB have been
identified as Trioza erytreae (Del Guercio, 1918) (Hemiptera: Triozidae) and
Diaphorina citri (Kuwayama, 1908) (Hemiptera: Psyllidae) (Aubert, 1987). These two
vectors have recently been introduced to the Mediterranean region, T. erytreae from
the western side (EPPO, 2021) and D. citrifrom the eastern side (EPPO, 2023, 2022),
despite not currently harbouring the bacterium. Trioza erytreae is expanding within
the citrus-producing regions of Spain and Portugal, which are among the top four

citrus producers in the European Union (EU) (Duarte et al., 2024; FAO, 2021).

The psyllid Trioza erytreae exhibits a marked preference for trees and shrubs
of the Rutaceae family, with lemon tree [Citrus xlimon (L.) Osbeck] representing the
preferred host. Common hosts include sweet orange (SwO) trees [Citrus xsinensis
(L.) Osbeck] and occasional hosts include Citrus trifoliata L. (Aubert, 1987;
Magalhaes et al., 2025). The feeding and oviposition rates of T. erytreae, as well as
its development and morphology, are influenced by the host (Aidoo et al., 2019c;
Benhadi-Marin et al., 2021). Trioza erytreae life cycle includes five nymphal instars.
These nymphal stages of psyllids are mainly sedentary, and their activity is focused
on feeding and developing (Van den Berg et al., 1991d). This behaviour makes the
fourth and fifth nymphal instars a desirable study object for a high feeding
interaction with its host. Until now there is a paucity of studies about the molecular
mechanisms underlying host preference of the psyllid, as well as the impact of the
hostonthe psyllid. Although there is evidence that terpenes influence the behaviour
of T. erytreae (Antwi-Agyakwa et al., 2019), it is anticipated that there are numerous
molecular-level interactions in the plant that may contribute to host choice, and

which remain to be elucidated. HLB vectors exhibit a preference for feeding on
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phloem sap, although the xylem sap is also ingested at a reduced rate (Benhadi-

Marin et al., 2021; Ebert et al., 2018).

The response of host plants to biotic stressors, such as insect feeding, can
vary considerably, which is attributed to two distinct yet interrelated possible
reactions: plant resistance and tolerance to stress. The concept of plant stress
resistance entails the allocation of plant resources to deter the stressor, which may
result in reduced plant fitness. In contrast, stress tolerance can be defined as the
ability to endure stress with low expenditure of resources to cope with it, prioritising
the preservation of plant fitness (Leimu and Koricheva, 2006; Simms and Triplett,
1994). The distinct plant defence systems are heritable dynamic mechanisms and
vary between citrus species and between cultivars of the same species (Yu et al.,
2022). The vascular system is the tissue that facilitates the transmission of
molecular signals that modulate tolerance and resistance mechanisms (Dinantand
Lucas, 2012). A plant s response to stress is indicated by a broader molecular
adjustment, and an increase in defence-related compounds, which is suggestive of
an active/resistant plant response to stress (Kosova et al., 2011). We anticipated
that the degree of molecular adjustment in the vascular system in infested plants

may serve as an indicator of the plant’s type of response.

In the vascular system, the xylem sap plays a role in the plant’s defence
responses against biotic stress (Yang et al.,, 2020b). However, the primary
contributors are the phloem, the phloem companion cells and the phloem
parenchyma cells, which provide metabolites to the sieve elements (Hunt et al.,
2023). The diversity of metabolites in the phloem and xylem sap includes amino
acids, carbohydrates, organic acids, nucleosides, phytohormones and secondary
metabolites (Broussard et al., 2023; Surano et al., 2024). Some of these compounds
play important roles in regulating the stress response of plants to phytophagous
insects (Gabrys et al., 2015; Hunt et al., 2023). Carbohydrates that circulate in
phloem sap, including glucose and fructose, and nucleosides which are involved in
both primary and secondary metabolic pathways in plants (Broussard et al., 2023).
Amino acids, such as proline, serve as intermediates for bioactive compounds
implicated in plant stress responses (Banothu and Uma, 2022; Moormann et al.,
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2022). Other compounds that contribute to plant defence mechanisms are the
organic acids, such as citric acid, fumaric acid, and quinic acid, alkaloids like
pipecolic acid, and the phenylpropanoids like p-coumaric acid, and caffeic acid
(Riaz et al., 2018; Vranova et al., 2013; Walsh et al., 1987). The phytohormones
jasmonic acid and salicylic acid circulate in the phloem sap, interact with each
other and orchestrate plant immune responses, including the regulation of plant

defences against insects (Vaishnav and Chowdhury, 2023; Zhu et al., 2014).

An in-depth knowledge of the intricate interactions between psyllids and
their host plants is imperative, and the integration of omics studies has proved
pivotal in advancing the research in this area. In the present study an untargeted
multi-omics (metabolomics and proteomics) approach was used to understand the
molecular adjustments occurring in the enriched vascular sap of ‘Valencia’ SwO
and ‘Eureka’ lemon trees in response to T. erytreae infestation. Enriched vascular
sap, containing phloem sap, xylem sap and adjacent cell debris, was extracted from
the midribs of leaves and petioles from both infested and non-infested trees.
Metabolites were analysed by high-performance liquid chromatography coupled
with tandem mass spectrometry (HPLC-MS/MS) and proteins by nanoscale liquid
chromatography coupled to MS/MS (nanoLC-MS/MS). The modifications that
occurred in the metabolites and proteins of the enriched vascular sap of ‘Valencia’
SwO and ‘Eureka’ lemon trees were analysed and discussed as to their involvement

in the response to T. erytreae.
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4.4. Materials and methods

4.4.1. Citrus host species and psyllid rearing

Trioza erytreae adults were captured with a handheld aspirator into conical
centrifuge tubes (50 mL), from lemon orchards with a pesticide-free management,
in the Porto district in 2021 (Portugal, 41°18 "46.4" "N 8°38°09.7”’W). The adult
psyllids were used to establish colonies on lemon and sour orange (Citrus
aurantium L.) plants, within insect-proof covered acrylic cages (40x30x 43 cm). The
cages were maintained in a climate chamber at 21 = 1 °C, with a relative humidity
(RH) of 50 = 5%, and a photoperiod of 16:8 h light:dark (L:D). Mature adults from

these colonies were used for infestation.

Sixteen two-year old ‘Valencia Midknight Seedless’ sweet orange [C.
xsinensis (L.) Osbeck] (SwO) and 16 two-year old ‘Eureka’ lemon [C. xlimon (L.)
Osbeck] trees, grafted onto ‘Carrizo’ citrange (C. trifoliata L. x C. xsinensis)
rootstocks, were used. All trees were purchased from a certified nursery with a
phytosanitary passport, with 0.8 and 1 m in height and potted in 5L pots (19 cm in
diameter and 25 cm in height). The potting mix used for all potted plants was a mix
of pine bark and coconut fibre (50:50). New shoots were induced by pruning all trees
three weeks before the infestation. The number of new flushes was counted per
tree, and trees with a similar number of new flushes after pruning were selected for
this experiment. For the experiments in this study, all trees and insects were keptin

a climate chamber at 23.5 £ 1 °C, 79 £ 5% RH and a photoperiod of 14:10 h (L:D).

4.4.2. Infestation of citrus host trees

All trees were isolated by covering the canopy with insect-proof nets. Out of
a total of 16 trees per species, eight were used as controls (SwOCon and
LemonCon) and the other eight trees were infested with T. erytreae (SwOInf and
Lemonlnf) (Fig. 4.1A). For infestation, a total of 10 sexually mature adults of T.
erytreae were used per tree, comprising five females and five males. The mature
adults were captured from the rearing cages using a handheld aspirator and

transferred into conical centrifuge tubes (50 mL). A single tube containing the 10
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adult psyllids was left open inside the insect proof net cover of each infested tree.
Forthe remainder of the experiment, which lasted approximately 25 days, the adults
were kept inside the net. Twenty-five days following the initial infestation, the

number of fourth and fifth-instar nymphs was quantified.

4 Treatments A
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SwO‘Con Swglnf Lem‘onCon LenH)nInf
5 A5 oA oY
¥ ¥ ¥ $
’ Enriched vascular sap extraction I
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| 1 2 rep es for Metabol

Figure 4.1. A: Experimental design with 4 Treatments: SwOCon represent ‘Valencia’ sweet orange
control trees; SwOInf represent ‘Valencia’ sweet orange trees infested with Trioza erytreae;
LemonCon represent 'Eureka' Lemon control trees; SwOInf represent 'Eureka’ Lemon trees infested
with Trioza erytreae; Midrib of the leaf and petiole was cut from 10 leaves in each tree form each
treatment and used for enriched vascular sap extraction. B: Scheme for biological replicates for
proteomic and metabolomic analysis used for each treatment.

4.4.3. Enriched vascular sap extraction from leaves

All leaves used for enriched vascular sap extraction were excised from the
flush growth induced by pruning. Leaves from T. erytreae infested and control trees
were of similar size and development time. For each species, a total of 8 trees were
used, with 10 leaves (from randomly selected new flushes) sampled per tree and

per treatment (n=8 trees/treatment, n=10 leaves/tree). Leaves were excised 25 days
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after T. erytreae infestation and were maintained at 4 °C until the extraction of the

enriched vascular sap, performed within 1 h of leaf excision.

The enriched vascular sap extraction protocol was based on Hijaz and Killiny
(2014a), with minor adaptations as follows: the midrib vein of the leaves and petiole
were excised with a sterilised scalpel, diced, and transferred into a perforated 0.5
mL microtube. Subsequently, the perforated tube was inserted into a 1.5 mL
microtube (Fig. 4.1A) and centrifuged at 4 °C and 13,800 x g (12,000 rpm) for 20
minutes. The enriched vascular sap was collected at the bottom of the 1.5 mL
microtube and stored at -80 °C. The centrifugation method has been demonstrated
to be an effective means of collecting vascular sap, containing phloem sap, xylem
sap and apoplastic fluid. However, the process of centrifugation can disrupt the
structure of younger cells, so that the extracted fluid is likely to also contain the
contents of phloem companion cells, parenchyma cells and mesophyll cells that
are in close proximity to the midrib vein. The extracted fluid is henceforth referred to
as enriched vascular sap. The same trees were used for both the metabolomic and

the proteomic analysis.

4.4.4. Metabolomic analysis

The analyses were conducted using a high-performance liquid
chromatography coupled with a diode array detector and tandem mass
spectrometry (HPLC-DAD-MS/MS). A preliminary assay was conducted using four
mixtures, consisting of a mix of enriched vascular sap from infested and control
samples from both citrus trees. This assay consisted of an untargeted approach,
whereby observed peaks from the MS full scan were analysed. The peaks that
exhibited different intensities in control and infested samples were selected for
further quantitation assays. For these assays, eight samples were analysed,
consisting of enriched vascular sap pools from four trees, which were used as

biological replicates (n = 2) for each treatment (Fig. 4.1B).

4.4.4.1. HPLC conditions

The HPLC analyses were performed on a Waters Alliance 2695 (Waters®,

Ireland) equipped with a quaternary pump, solvent degasser, auto sampler and
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column oven, coupled to a photodiode array detector Waters 996 PDA (Waters®,
Ireland). The separation was performed on a reversed-phase column (Mediterranea
Sea 18 5 um 15x0.21 cm, Teknokroma®) at 35 °C using an injection volume of 20 pL.
The mobile phase consisted of Milli-Q water containing 0.1% formic acid (A) and
acetonitrile (B) at a flow rate of 0.30 mL/min. The following gradient of eluents was
used: 0% B over 5 min, 0 to 50% B for 30 minutes, 50 to 90% B for 5 minutes, 90% B
for 4 minutes, followed by an equilibration step of 15 min in order to establish initial
conditions of analysis. A photodiode array detector was used to scan wavelength

absorption from 210 to 780 nm.

4.4.4.2. MS conditions

Tandem mass spectrometry (MS/MS) detection was performed on a
Micromass® Quattro Micro triple quadrupole (Waters® Ireland) using an
electrospray ionisation (ESI) source operating at 120 °C and applying a capillary
voltage of 3.0 kV. High purity nitrogen (N.) was used both as the drying gas and as
the nebulizing gas. Ultra-high purity argon (Ar) was used as the collision gas. For the
preliminary analysis, the compounds were ionised in both positive and negative ion
modes by applying a source voltage of 30 V. The spectra were recorded in the range
m/z 60-1,200 and compounds were identified based on their MS/MS spectral profile,
applying a collision energy of 20 eV. Whenever possible, the compounds were

identified based on commercially available standards (n = 16).

A total of 36 compounds were selected for the quantitation assays. Their
MS/MS conditions were optimised based on commercially available standards (n =
16), when available, or based on fragmentation assays in the mixtures from the
preliminary assays (n = 20) (Table S4.1 - Appendix). Samples were analysed in
multiple reaction monitoring (MRM) mode in order to achieve a higher selectivity and
sensitivity. Whenever possible, two transitions were used to identify and quantitate
the compounds in samples, with a maximum deviation of 15% between
MRM1/MRM2 ratio. The MassLynx software (version 4.1) was used to control the

system, for data acquisition and processing.
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4.4.5. Proteomics analysis

4.4.5.1. Protein extraction from enriched vascular sap and trypsin
digestion

The total protein extraction protocol was based on Zadraznik et al. (2013)
with modifications. Each treatment consisted of eight trees. For each treatment,
four biological replicates were used (n=4) (Fig. 4.1B). Each biological replicate
consisted of a pool of two trees, with 10 leaves per tree, resulting in a total of 20
leaves per biological replicate. A total of 100 yL of enriched vascular sap obtained
from biological replicates was solubilised in 1.25 mL of extraction buffer [10%
trichloroacetic acid (TClA), 60 mM dithiothreitol (DTT) in acetone], vortexed and
stored overnight at - 80 °C. Samples were centrifuged at 14,000 x g for 30 min at 4
°C, and the pellet washed 3 times in 1 mL of wash buffer (60 mM DTT in acetone),
followed by centrifugation at 14,000 x g for 5 min at 4 °C. The pellet was left to dry at
room temperature and resuspended in 40 pL of denaturing buffer [7 M urea, 2 M
thiourea, 30 mM tris-HCL pH 8.5]. Total protein was quantified in a Genesys 1Q-S
spectrophotometer (Thermo Electron Corporation, Bremen, Germany) using a
Quick Start™ Bradford Protein Assay Kit (Bio-Rad, Hercules, USA) according to the
manufacturer’s instructions. Fifty micrograms of protein from each sample were
submitted to a solid-phase-enhanced sample-preparation (SP3) protocol as
described in Hughes et al. (2018) and enzymatic digestion was performed with
trypsin/LysC (2 pg) overnight at 37 °C and 1,000 rpm as described in Osoério et al.

(2021). The concentration of the resulting peptides was measured by fluorescence.

4.4.5.2. NanoLC-MS/MS analysis

The digested peptides from each experimental group (SwOCon, SwOlIlnf,
LemonCon and Lemonlinf) were analysed using nanoLC-MS/MS in an Ultimate 3000
liguid chromatography system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap
mass spectrometer (Thermo Scientific, Bremen, Germany) for protein identification
and quantitation as described in Osério et al. (2021), by an external service provider

(Proteomics Scientific Platform of i3S, Ipatimup, Porto, Portugal).
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4.4.5.3. Protein quantification and identification

The acquired MS raw data were processed using Proteome Discoverer
2.5.0.400 software (Thermo Scientific). Protein identification searches were
performed against the UniProt protein sequence database for C. xsinensis (taxon ID
2711, 44,601 entries) and a common contaminant database from MaxQuant
(version1.6.2.6, Max Planck Institute of Biochemistry, Munich, Germany). The
Sequest HT tandem mass spectrometry peptide database search program was
used to identify tryptic peptides using the parameters reported in Osério et al.
(2021). Briefly, the ion mass tolerance was of 10 ppm for precursors, 0.02 Da for
fragmented ions, and missing cleavage sites were set as 2. Methionine oxidation,
asparagine, and glutamine deamidation, peptide N-terminus Gln->pyro-Glut,
protein N-terminus acetylation, and loss of methionine and Met-loss+Acetyl were
defined as variable modifications. Cysteine carbamidomethylation was defined as
a constant modification. The Percolator processing node was enabled with
maximum Delta Correlation (deltaCn) 0.05, and validation based on g-value.
Protein-label-free quantification was performed as in Osério et al. (2021), with the
Minora feature detector node at the processing step. For precursor ion
quantification the following parameters were used for peptides: unique plus razor;
precursor abundance was based on intensity; normalisation mode was based on
the total peptide amount; the minimum number of replicate files was set to 50% in
each sample group; the pairwise protein ratio calculation and hypothesis test were
based on a t-test (background based). The Feature Mapper node from the Proteome
Discoverer software was used to generate features from unique peptide-specific
peaks within a narrow retention time and mass range (a maximum shift of 10 min
and 10 ppm of mass tolerance of mapping features between different sample files
was permitted). Both peptides and protein identification were considered for a false
discovery rate (FDR) of £ 0.01. The mass spectrometry proteomics data have been
deposited in the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2022) partner repository with the dataset identifier PXD043528 and
10.6019/PXD043528.
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4.4.6. Metabolite and protein bioinformatic analysis

The fold-change in metabolite abundance was determined by calculating the
difference in median peak height (log2-transformed) between the metabolite
abundances in the experimental groups. The differentially abundant metabolites
(DAMs) were considered for functional analysis, using the MetaboAnalyst web-
based tool (https://www.metaboanalyst.ca/MetaboAnalyst/) (Pang et al., 2024) and

a hypergeometric Test (p <0.01), in order to gain insight into their biological roles.

The fold-change in protein abundance was calculated using the peptide
medians (log2-transformed) between relative protein abundance in the
experimental groups. The differentially abundant proteins (DAPs) were considered
for functional analysis, which was performed using Arabidopsis thaliana (L.) Heynh
orthologues of the identified proteins, obtained with the STRING webtool version 11
(https://string-db.org/) (Szklarczyk et al., 2021), with protein names and definitions
obtained from the Arabidopsis information resource (Berardini et al., 2015).
Enrichment analysis was performed using the Plant GeneSet Annotation Database
(PlantGSAD) web-based tool
(http://systemsbiology.cau.edu.cn/PlantGSEAv2/index.php) (Ma et al., 2022). A
hypergeometric test/Fisher’s exact test with a Benjamin and Hochberg (Benjamini
and Hochberg, 1995) FDR correction method was applied (adjusted p-value at
<0.05).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(https://www.genome.jp/kegg/) (Kanehisa et al., 2022) was used for the functional
analysis of metabolites and proteins, with the A. thaliana data set serving as the

background.

4.4.7. Statistics

The mean number of nymphs per tree was compared between infested trees
(SwOlnfvs Lemonlnf), using a Student’s t-test. The mean number of new flushes per
tree was compared between both tree species, using a Welch’s t-test. Both tests

were performed in Rstudio software (R Core Team, 2020).

94



Chapter 4

Preprocessing and univariate hypothesis testing for metabolites and proteins
were performed in Perseus software version 2.0.7.0. (MaxQuant, Germany)
(Tyanova et al., 2016). To determine the DAMs between infested and control
treatments (SwOInf vs SwOCon and Lemonlinf vs LemonCon) a Student’s t-test was
carried out on the metabolite abundance with the p-value adjusted using a
permutation-based correction (with 250 randomisations) (FDR <0.05). To determine
the DAPs between infested and control treatments (SwOInf vs SwOCon and
Lemonlnf vs LemonCon), the following filters were considered: (1) the minimum
number of biological samples in which a protein was detected in an experimental
group was set to 75% (e.g. 3 out of 4); (2) the presence of at least two unique
peptides for protein assignment; (3) Protein FDR set to a high g-value < 0.01. A
Student’s t-test was conducted on log10 transformed protein abundance with the
p-value adjusted using a permutation-based correction (with 250 randomisations)

(FDR < 0.05).
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4.5. Results

4.5.1. Trioza erytreae development on the two citrus host
species

The mean number of new flushes per tree was 4.63 for lemon and 6.38 for
the SwO, with no significant difference between the host trees (Welch's t-test, p
=0.15). Twenty-five days following the infestation, the mean number of fourth and
fifth instar nymphs in SwO and lemon hosts differed significantly (p< 0.05, Student’s
t-test). The mean number of nymphs per SwO tree was 99.3 [+ 27.6 standard error

of the mean (SEM)] while the mean number per lemon tree was 318.5 (= 47 SEM).

4.5.2. Metabolomic analysis of the enriched vascular sap of
citrus inresponse to T. erytreae

4.5.2.1. Compound identification

Atotal of 36 compounds were selected based on the preliminary HPLC-DAD-
MS/MS analysis (Table 4.1). These compounds showed different peak intensities in
both infested and control samples, suggesting that they may be involved in the
response of citrus to T. erytreae. The identity of 16 compounds was confirmed using
commercial standards, which were selected based on a review of the literature on
citrus vascular sap (Hijaz and Killiny, 2014a) and citrus defence metabolites (Chin
et al., 2021; Ibanez et al., 2019). For putative identification of the remaining 20
peaks, their MS/MS spectra were compared with those described in the literature
(Table 4.1) (Horai et al., 2010; Kim et al., 2023; Wishart et al., 2007). This process
assigned a putative identity to 13 compounds, and the remaining seven were
unidentified. The maximum UV absorption and MS/MS fragmentation patterns of
these compounds are presented in Table 4.1 for reference. Of the total 36
compounds, 11 were amino acids, 12 were organic acids, two were nucleosides,
one was a carbohydrate (glucose), and 10 were classified as other compounds

(Table 4.1).

Two of the identified amino acids are imino acids, namely L-pyroglutamic

acid and stachydrine (peaks 4 and 6). Two of the identified organic acids were
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alkaloids, namely L-pipecolic acid and trigonelline (peaks 16 and 17). In addition,
p-coumaric acid and ferulic acids, members of the phenylpropanoid family, were
identified (peaks 21 and 22). Additionally, demethylnobiletin, a flavone (peak 31),
6-methylcoumarin, a coumarin (peak 33), and O-phenylenediamine (OPDA), a
phenylenediamine (peak 35), were within “other compounds” (Table 4.1). Three of
the unidentified compounds, namely peaks 29, 30 and 36, exhibited a maximum
wavelength at 314 and 270 nm, characteristic of hydroxycinnamic acids and their

derivatives (Bengoechea et al., 1995; Wulansari et al., 2023) (Table 4.1).
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Table 4.1. Compounds identified by HPLC-DAD-MS/MS (high-performance liquid chromatography coupled with diode array detector and tandem mass spectrometry)
in the enriched vascular sap mixture of infested and control lemon and orange trees. #Peak humber; Amax (hm): wavelength of maximum height peak in UV spectra
(nm); (+) compounds detected in positive ion mode; (-) compounds detected in negative ion mode, ¥ compounds identified by commercial standards, NQ not selected
for quantitation due to lack of different intensities in control and infested samples in preliminary studies; RT: retention time (minutes); n/d: not determined due to the
peak’s low intensity and/or poor peak resolution; Bold: characteristic fragmentions described in mass spectrometry databases; Underlined: characteristic fragment
ions described by other authors; main MS/MS ions are ordered according to their decreasing intensities; iws: identified with commercial standard.

# 7(\:1"[:))( RT (min) Putative Identification m/z MS/MS ions References
Amino acids

1 n/d 1.81 Arginine (+) ¥ 175 70,116 iws
2 n/d 1.85 L-Serine (+) ¥ 106 60, 88 iws

. . https://massbank.eu/MassBank/RecordDisplay?id=MSBNK-IPB_Halle-
8 265 231 Aspartic acid (+) 134 74,88, 46 PB000453&dsn=IPB_Halle; (Thiele et al., 2008)

. . https://massbank.eu/MassBank/RecordDisplay?id=MSBNK-Keio_Univ-
4 271 2.38 L-Pyroglutamic acid (+) 130 84,82, 42,56 K00036498dsn=Keio Univ
5 271 2.54 Leucine (+) ¥ 132 86, 30 iws
6 266 2.64 Stachydrine (+) 144 58, 84 https://pubchem.ncbi.nlm.nih.gov/compound/115244#section=LC-MS
7 264 2.83 L-Methionine (+) ¥ 150 56,61, 74,104, 87, 102, 133 iws
. https://massbank.eu/MassBank/RecordDisplay?id=MSBNK-BGC_Munich-
8 265 3.46 L-Tyrosine (+) 182 123,91,119,136, 95, 147 RP000302&dsn=BGC_Munich; (Taamalli et al., 2015; Thiele et al., 2008)
9 264 5.78 L-Proline (-) ¥ 114 68, 45 iws
10 264 5.9 L-Phenylalanine (+) ¥ 166 120, 103 iws
11 279/ 312 13.19 Tryptophan (+) ¥ 205 188, 146 iws
Organic acids
12 n/d 1.68 Quinic acid (+) ¥ 195 111,129 iws
13 264 2.08 Malic acid (-) ¥ 133 71,43,73 iws
14 264 2.11 Citric acid (-) ¥ 191 111,87 iws
15 264 2.16 y-Aminobutyric acid (+) 104 60, 45, 58 https://massbank.eu/MassBank/RecordDisplay?id=K0002141&dsn=Keio_Univ
16 271 235 L-Pipecolic acid (+) 130 84, 128 https://pubchem.ncbi.nlm.nih.gov/compound/643474#section=LC-MS; (Kite
and Hughes, 1997)
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# ?nmni))( RT (min) Putative Identification m/z MS/MS ions References
17 271 2.38 Trigonelline (+) 138 92,94,78,67,110 htmsz/lma;gggz;ggg:siEzgklﬁr?&?rfsgfzzlsar\:; Zj:al\l/l.,sg(’)\lle;)Keio o
18 268 3.12 Succinic acid (-) ¥ 117 73,99 iws
19 278/ 312 13.28 Citramalic acid (-) 147 85, 146, 59, 57, 69, 129 https://massbank.eu/MassBank/RecordDisplay?id=PR100770&dsn=RIKEN
20 323/295 17.26 Caffeic acid (-) ¥ 179 135,134 iws
21 310 19.66 p-coumaric acid (-) ¥ 163 119,93 iws
22 324 20.90 Ferulic acid (-) ¥ 193 177,145 iws
23 285 27.61 Jasmonic acid (-) ¥ 209 59, 60 iws
Carbohydrates and nucleosides
24 n/d 1.82 Glucose (-) ¥ 179 89, 119 iws
25 171 2.46 Cytidine (+) 244 | 112,127,187, 129, 125,209 https:// massESRE‘SEQSZZiZL’XE??éi?:f;al‘.’,?;%jg)s BNKCNAIST:
26 264 5.46 Adenosine (+) 268 136 https://massbank.eu/MassBank/RecordDisplay?id=K0008860&dsn=Keio_Univ
Other compounds
27 321 29.47 Unknown 1 (+) 359 326, 344, 298
28 314 30.13 Unknown 2 (+) 704 686, 668, 591
29 314/270 30.28 Unknown 3 (+) 372 270, 336, 194, 314, 120, 298
30 314/270 30.36 Unknown 4 (+) 380 284
31 314/ 286 30.65 Demethylnobiletin (+) 389 359, 374, 341 https://hmdb.ca/spectra/ms_ms/450139; (Liu et al., 2012)
32 299 31.43 Unknown 5 (+) 373 343,358
33 287 32.1 6-Methylcoumarin (+) 161 105, 103, 79, 77 https://hmdb.ca/spectra/ms_ms/444987; (Tine et al., 2017)
34 287 321 Unknown 6 (+) 425 95
35 330 33.95 OPDA (+) 109 67,94, 55, 81 https://pubchem.ncbi.nlm.nih.gov/compound/7243#section=MS-MS
36 331/270 34.28 Unknown 7 (+) 403 373,388
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4.5.2.2. Compound quantitation

A total of 16 compounds were quantitated in at least one treatment, using
commercial standards. Caffeic acid was only detected in the SwOCon treatment, in
all replicates of the other treatments this compound presented levels below the
detection threshold of 0.02 pyg/mL (Table 4.2). Two of the 16 compounds were not
detected in lemon trees (LemonCon and Lemonlinf), namely Unknown 3 and
Unknown 4. Furthermore, demethylnobiletin and Unknown 2 were not detected in
Lemonlnf (Table 4.3). The SwOInf vs SwOCon comparison yielded 10 DAMs, eight of
which were upregulated, while caffeic acid and proline were downregulated (Tables
4.2 and 4.3). The LemonlInf vs LemonCon comparison yielded 12 DAMs, of which
five were upregulated and seven were downregulated (Tables 4.2 and 4.3). The two
comparisons yielded proline and aspartate as common DAMs. Proline was
downregulated in the SwO comparison and upregulated in the lemon comparison,

while aspartate was upregulated in both comparisons (Tables 4.2 and 4.3).
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Table 4.2. Metabolites identified with a commercial standard; MM: Molecular mass (g/mol); RT: Retention time; SwOCon: Control sweet orange trees; SwOInf:
Infested sweet orange trees; SwO comparison: SwOInfvs SwOCon; LemonCon: Control lemon trees; Lemonlinf: Infested lemon trees; Lemon comparison: Lemoninf
vs LemonCon; SD: standard deviation; Log2FC: Fold change transfrormed by log base 2; Sig: Significance of test (+ means significant); Differentially abundant
metabolites are highlighted in bold (in the respective comparisons).

SwOCon SwOInf qu LemonCon Lemoninf Lemo‘n
Compound (g;/lmb:;l) (r:iTn) Mean = SD Mean = SD compprRon Mean = SD Gomperison
(ng/mL) (ng/mL) Log2FC Sig Mean = SD (ug/mL) (ng/mL) Log2FC Sig
Arginine 1742 | 181 30.32+4.10 40.75+ 4.02 0.43 42.66 +0.20 43.18 + 26.05 -0.13
Caffeicacid | 180.16 | 17.26 0.06 % 0.01 <0.02 -2.47 + <0.02 <0.02 0.00
Citricacid | 19212 | 2.21 206.40 = 17.84 298.33 + 26.36 0.53 257.371.79 228.70 £ 13.70 -0.17 +
Ferulicacid | 194.18 | 20.9 15.80 £ 2.82 17.54+1.92 0.16 4.26+0.32 3.23+0.14 -0.40 +
Glucose 180.16 | 1.82 883.61£317.96 | 1603.36+770.00 | 0.82 1512.27 + 639.60 1906.99 + 469.17 0.38
Jasmonicacid | 210.27 | 27.61 0.06 +0.01 0.18 +0.00 1.57 + 0.47 +0.01 0.450.00 -0.07
Leucine 131.17 | 254 35.51+7.14 54.29 + 10.84 0.61 51.424.05 52.9817.57 0.00
Malicacid | 134.09 | 2.08 464.35 + 47.40 2882.98+281.53 | 2.63 + 2319.09 + 56.80 1626.75 +722.51 -0.59
Methionine | 149.21 | 2.23 4.23+0.91 5.89+0.75 0.49 6.23+0.23 4.63+2.31 -0.52
p- cgz::aric 164.16 | 20.78 5.82+0.90 3.01+0.29 -0.83 3.91+0.66 5.85+0.32 0.52 +
Phenylalanine | 165.19 | 5.9 76.31 + 15.42 29.23+6.38 1.39 26.31+2.52 42.71£7.17 0.69 +
Proline 11513 | 5.78 78.78 +4.11 40.83+0.36 -0.95 + 30.031.40 48.93+3.06 0.70 +
Quinicacid | 19217 | 1.97 | 4887.35:1768.42 | 5239.75+1255.55 | 0.13 1266.74  412.02 4705.46 * 623.24 1.93 +
Serine 105.09 | 1.85 73.88+4.16 66.61 +0.05 -0.15 84.13+0.19 82.80 + 46.91 -0.15
Succinicacid | 118.09 | 3.12 3.06 + 0.67 11.14 % 0.64 1.88 + 8.48 +0.65 7.82+0.06 -0.11
Tryptophan | 204.22 | 13.19 8.65+1.78 14.04+2.32 0.70 25.98+0.48 46.31+9.24 0.82 +
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Table 4.3. Putatively identified metabolites; MM: Molecular mass (g/mol); RT: Retention time; SwOCon: Control sweet orange trees; SwOInf: Infested sweet orange
trees; SwO comparison: SwOInf vs SwOCon; LemonCon: Control lemon trees; Lemonlinf: Infested lemon trees; Lemon comparison: Lemonlnf vs LemonCon; SD:
standard deviation, n/d means not detected (minimum peak area was used for statistical tests); Log2FC: Fold change transfrormed by log base 2; Sig: Significance of
test (+ means significant); Differentially abundant metabolites are highlighted in bold (in the respective comparisons).

Compound (g;/lmb:)l) (r:;) SwOCon SwOInf Comsr‘:\:r)ison LemonCon Lemonlnf Co:::;:i';on
Mean = SD (area) Mean = SD (area) Log2FC | Sig Mean = SD (area) Mean = SD (area) Log2FC | Sig
6-Methylcoumarin 160.00 32.10 47058 + 43711 39646 + 32909 -0.14 9390 + 2300 8633 + 1805 -0.12
Adenosine 267.10 5.46 238846 + 23426 98225 + 14649 -1.29 1821703 + 297394 1339 +243 -10.41 +
Aspartic acid 133.04 2.31 394 +106 4211+432 3.44 + 2215+ 365 7350 + 1189 1.73 +
Citramalic acid 148.04 13.28 13047 + 7542 10281 +5848 -0.34 2816 681 2751 +180 -0.01
Cytidine 243.09 2.46 1023 + 193 53147 + 5554 5.71 + 76578 + 5133 89650 + 10711 0.22
Demethylnobiletin 388.00 30.65 172409 = 43094 71716 +23034 -1.28 81021 n/d -16.31 +
L-Pyroglutamic acid | 129.04 2.38 84941 + 25297 580227 + 26771 2.80 + 382921 + 54479 421776 = 41303 0.14
L-Pipecolic acid 129.08 2.35 88272 + 23961 581625 + 23492 2.75 + 386382 + 56640 435030 = 59015 0.17
OPDA 108.07 33.95 1111+ 551 5062 + 1969 2.23 3399 + 144 1519 + 257 -1.17
Stachydrine 143.09 2.64 465367 + 210082 7301729 + 2105878 4.02 6064976 + 1447053 5130823 + 742080 -0.23
Trigonelline 137.00 2.38 358069 + 76906 138840 + 28507 -1.37 244133 £ 57923 182361 + 18650 -0.40
Tyrosine 181.00 3.46 107037 + 14862 556695 + 17519 2.39 + 498949 * 38895 620350 + 136926 0.30
y-Aminobutyric acid 103.00 2.16 1130+ 623 439950 + 67603 8.72 416407 + 85985 371441 + 28906 -0.15
Unknown 1 (+) 358.00 29.47 648037 + 157119 408123 + 133943 -0.69 6647 + 1109 1168 + 169 -2.51 +
Unknown 2 (+) 703.00 30.13 578739 + 153545 360013 + 119519 -0.70 5326 £ 1514 n/d -5.90
Unknown 3 (+) 371.00 30.28 4361+ 1744 2802 =750 -0.60 n/d n/d 0.00
Unknown 4 (+) 379.00 30.36 311+ 30 160+ 53 -1.00 n/d n/d 0.00
Unknown 5 (+) 372.00 3143 825043 + 224770 469887 + 157969 -0.83 5458 +939 1477 +29 -1.88 +
Unknown 6 (+) 424.00 32.10 38308 £ 24737 34628 + 20284 -0.11 12612 + 1697 11645 +520 -0.11
Unknown 7 (+) 402.00 34.28 | 4071835+1180473 2358652 + 799187 -0.80 40482 + 1839 8479 +533 -2.26 +
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Functional analysis of identified DAMs yielded three enriched pathways (p <
0.01) in the SwOInf vs SwOCon comparison. These were the “citrate cycle (TCA
cycle)”, the “carbon fixation in photosynthetic organisms”, and the “alanine,
aspartate and glutamate metabolism” pathways (Table S4.2 - Appendix). Functional
analysis of the DAMs in the Lemonlinf vs LemonCon comparison identified three
enriched pathways (p < 0.01), namely the “phenylpropanoid biosynthesis”, the
“phenylalanine, tyrosine and tryptophan biosynthesis” (Fig. 4.2) and the
“cyanoamino acid metabolism” pathways, by the DAMs phenylalanine and aspartic

acid (Table S4.2 - Appendix).
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Figure 4.2. KEGG pathways identified based on identified DAMs in lemon infested with Trioza
erytreae. The red colour indicates molecules with an increased concentration; the cyan blue colour
indicates molecules with a reduced concentration; and the green colour represents the molecules
described for Arabidopsis thaliana in this pathway (and that were not DAMs in this study).
Metabolites (DAMs) are highlighted in the circular nodes and by an external rig of the same colour. A:
“phenylpropanoid biosynthesis” pathway, the “flavanone biosynthesis” module is highlighted by the
addition of pink outlines to the arrows and forms. B: “phenylalanine, tyrosine and tryptophan
biosynthesis” pathway, the “tryptophan biosynthesis” and the “phenylalanine biosynthesis” are

highlighted with pink outlines on arrows, boxes and circular nodes.
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4.5.3. Proteomic analysis of the enriched vascular sap of citrus
in response to T. erytreae

A total of 5,050 proteins were identified in the enriched vascular sap (Table
S4.3 - Appendix). Of these, 1,471 were excluded since less than two unique peptides
were identified, and an additional 33 classified as contaminants were excluded.
Based on the identification of at least three of the four replicates of each treatment,
a library of 3,370 and 3,141 proteins was generated for SwO and lemon trees,

respectively.

The SwOInf vs SwOCon proteome comparison yielded 1,265 DAPs, of which
964 were upregulated and 301 were downregulated (Table S4.4 - Appendix). The
LemonInf vs LemonCon comparison, yielding 48 DAPs, of which 22 were

upregulated and 26 were downregulated (Table S4.4 - Appendix).

Functional analysis based on the DAPs obtained in the SwOInf vs SwOCon
comparison identified 53 enriched KEGG pathways (FDR < 0.05) (Table S4.5 -
Appendix). The results of the metabolic and proteomic analysis indicated that the
‘Valencia’ SwO underwent a significant reallocation of molecular resources related
to carbohydrate metabolism and lipid metabolism, in response to infestation by T.
erytreae. The proteomic findings corroborated the metabolomics results since 10 of
the 53 identified DAP-enriched pathways in ‘Valencia’ SwO trees were related to the
carbohydrate metabolism. These included “glycolysis/ gluconeogenesis”,

» &

“galactose metabolism” “pyruvate metabolism” and the “pentose phosphate
pathway” pathways, among others. The seven enriched pathways associated with
lipid and energy metabolism included, “fatty acid biosynthesis”, “fatty acid

degradation” and the “methane metabolism” (Table S4.5 - Appendix).

4.5.3.1. The metabolomic and proteomic analysis revealed an overlap
in SwO response to Trioza erytreae

Three of the 53 enriched KEGG pathways in SwO were enriched in both the
metabolomic and proteomic analysis. These pathways were the “citrate cycle (TCA

»

cycle)” (Fig. 4.3A), the “carbon fixation in photosynthetic organisms” pathway and
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the “alanine, aspartate and glutamate metabolism” pathways. Proteins associated
with aspartic acid biosynthesis, namely aspartate aminotransferases (ASP3 and
ASP5), as well as proteins related to aspartic acid catabolism/metabolism, such as
asparagine synthetases (ASN1 and ASN3) and L-aspartase (AT5G10920), were
downregulated in proteomic analysis (Tables S4.5 and S4.4 - Appendix).
Additionally, the “alpha-linolenic acid metabolism” pathway was found to be
enriched. This pathway is related with the jasmonic acid biosynthesis, and therefore
with the plant’s response to insect infestation (Fig. 4.3B), and the metabolite

jasmonic acid was upregulated in ‘Valencia’ SwO trees.

Differentially abundant proteins related with amino acid metabolism, such
as the proline biosynthesis-related protein deltal1-pyrroline-5-carboxylate synthase
1 (P5CS1) were upregulated while the aldehyde dehydrogenase 12A1 (ALDH12A1)
was downregulated (Tables S4.5 and S4.4 - Appendix). Both are related to the
metabolite proline which was downregulated in SwO (Table 4.2). In the context of
organic acids synthesis, the upregulation of isopropylmalate dehydrogenase
(AT5G14590) and dihydrolipoamide succinyltransferase (AT4G26910) was
observed. These enzymes are linked to the steps preceding succinic and malic acid
biosynthesis (Tables S4.5 and S4.4 - Appendix). Both the succinic and malic acid

metabolites were upregulated in SwO trees (Table 4.2).

Proteins related to the polyphenol caffeic acid catabolism/metabolism were
upregulated, namely 4-coumarate:CoA ligase (AT4G05160) and the Caffeoyl-CoA
O-methyltransferase 1 (CCoAOMT1) (Tables S4.5 and S4.4 - Appendix). And the
metabolite caffeic acid was downregulated in SwO trees (Table 4.2). The defence
related sulfur containing glutathione synthetase 2 (GSH2, AT5G27380), methionine
sulfoxide reductase B2 (MSRB2, AT4G21860) were found to be upregulated in
‘Valencia’ SwO trees (Table S4.5 - Appendix).
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Figure 4.3. Selected KEGG pathways highlighted in SwO: the red colour indicates molecules that are
upregulated; the cyan blue colour indicates molecules that are downregulated; and the green colour
represent the molecules described for Arabidopsis thaliana in this pathway (and that were not
differential in this study). Metabolites (DAM) are highlighted by the circular nodes and by an external
ring of the same colour; proteins (DAP) are highlighted by rectangular boxes. A: “citrate cycle (TCA
cycle)” pathway, the “pyruvate oxidation” module is highlighted with pink outlines on arrows and
forms. B: “alpha-linolenic acid metabolism pathway”, the “jasmonate biosynthesis” module is

highlighted with pink outlines on arrows, boxes and circular nodes.
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4.5.3.2. Minimal overlap between the proteomic and metabolomic
analysis with respect to lemon hosts

Only three KEGG enriched pathways (FDR < 0.05) were obtained with the
DAPs identified in the Lemonlinf vs LemonCon comparison (Table S4.5 - Appendix).

» <

The identified pathways were “sulfur metabolism”, “selenocompound metabolism”
and the “amino sugar and nucleotide sugar metabolism”. Interestingly, the same
three pathways were also enriched in the SwOInf vs SwOCon comparison.
Moreover, the “assimilatory sulfate reduction” module of the “sulfur metabolism”
pathway, was predominantly enriched by downregulated proteins in lemon hosts
and by upregulated proteins in SwO hosts (Fig. 4.4). It is noteworthy that the three
pathways were not enriched by the metabolomic analysis. The only pathway
enriched by both DAMs and DAPs was the phenylpropanoid biosynthesis pathway,
and only one protein, the upregulated cinnamyl alcohol dehydrogenase 8 (ELI3-2),

was related to this pathway.

Although no DAPs were found to be related to the “phenylalanine, tyrosine,
and tryptophan biosynthesis” pathway (enriched by DAMs), one DAP was found to
be related to the biosynthesis of the amino acid methionine, namely the methionine

overaccumulation 1 (MTO1), which was upregulated.
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Figure 4.4. Regulation of the “Sulfur metabolism” KEGG pathway in SwO (A) and lemon trees (B): the
red colour boxes indicate molecules that are upregulated; the cyan blue colour boxes indicate the
molecules that are downregulated; and the green colour boxes indicates the molecules described
for Arabidopsis thaliana in this pathway (and that were not differential in this study). Metabolites
(DAM) are highlighted by in the circular nodes and by an external ring of the same colour; proteins
(DAP) are highlighted by rectangular boxes. The “assimilatory sulfate reduction” module is
highlighted by pink outlines on arrows, boxes and circular nodes.
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4.6. Discussion

Moran (1968a) showed that the future host preference of T. erytreae was not
influenced by the plant host species used for rearing. The sour orange and lemon
plants used for rearing T. erytreae in cages should therefore not introduce any bias
in the current study. The lack of a significant difference in the mean number of new
flushes when comparing both hosts, indicates that plant growth should not be a
major factor affecting the differences observed in T. erytreae development. The
lower number of nymphs that successfully developed in ‘Valencia’ SwO trees
relative to ‘Eureka’ lemon trees corroborate the results of Tamesse (2000), who
observed a higher number of nymphs in lemon trees (cultivars ‘Lisbon’ and ‘Eureka’)
relative to SwO trees (cultivars ‘Hamlin’, ‘Pineapple’, and ‘Valencia’ cultivars).
Furthermore, this outcome is consistent with the evidence indicating that T. erytreae
has a preference for lemon trees as a host (Aidoo et al., 2019¢c; Aubert, 1987). The
molecular response to T. erytreae in ‘Valencia’ SwO and ‘Eureka’ lemon trees
exhibited significant differences, as identified by the metabolomic and proteomic
analysis. In addition, numerous points of convergence between both omics
analyses were identified. The following discussion will focus on the metabolic
response, and the metabolite families that were affected, integrating and
highlighting the convergence and divergence with the proteomics results. The high
nymphal infestation on lemon trees would suggest a high metabolic adjustment,
and defence-related response from this host. However, as will be discussed in the
following sections, it was the SwO trees with the lower nymphal infestation that

showed a severe response.

4.6.1. Citrus hosts adapt their primary metabolism in response
to I. erytreae infestation

Primary metabolites play an integral role in the processes of hormal growth,
development and reproduction. In the present study, both citrus host species
adapted their primary metabolism, in distinct ways, in response to T. erytreae

infestation.
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In ‘Valencia’ SwO trees, the upregulation of malic acid and succinic acid, and
the downregulation of citric acid was observed (Table 4.2). Organic acids are a
common class of metabolites found in phloem sap (Broussard et al., 2023). The high
production of malic acid and succinic acid as “citrate cycle (TCA cycle)”
intermediates seemto be a response necessary for growth and survival under stress
(Panchal et al.,, 2021). These metabolites enriched also the
“glycolysis/gluconeogenesis” pathway, and the “carbon fixation in photosynthetic
organisms” pathway (Table S4.2 and S4.5 - Appendix). In addition, the TCA cycle is
part of a strategy used by plants to combat the oxidative stress related with biotic
stress (MaclLean et al., 2023). Succinic acid may act as a signalling molecule related
to detoxification through reactive oxygen species (ROS), and in this way the TCA-
cycle is engaged to fortify defence mechanisms targeted in an oxidative

environment (MacLean et al., 2023) (Table S4.2 and S4.5 - Appendix) (Fig. 4.2A).

The increase in TCA-cycle intermediates was previously described to be
related to the catabolism of proteinogenic amino acids in citrus infested by the
bacterium C. Liberibacter (Killiny and Nehela, 2017). Therefore, the upregulated TCA
cycle pathway in ‘Valencia’ SwO, and the “glycolysis/gluconeogenesis” pathway,
suggest an important activity in the cells towards the synthesis of amino acids. In
fact, aspartic acid and tyrosine were upregulated during the adaptation of this host
to the biotic stress caused by T. erytreae (Table 4.3), while proline was
downregulated (Table 4.2). Another compound produced by the TCA cycle, proline
was found to be dowregulated in ‘Valencia’ SwO, which may reflect the high demand
in the stressed host (MaclLean et al., 2023). In an oxidative environment, proline as
well as tyrosine, are also precursors for the synthesis of secondary metabolites

(Banothu and Uma, 2022; Yang et al., 2020c).

The metabolic and proteomic results related to the metabolism of malic and
succinic acid in ‘Valencia’ SwO trees show convergence. DAPs like isopropylmalate
dehydrogenase (AT5G14590) and dihydrolipoamide succinyltransferase
(AT4G26910) that are in the pathways of succinic and malic acid biosynthesis, were
upregulated (Klodmann et al., 2011; Lee et al., 2008a). Conversely, divergence is
suggested in the metabolism/catabolism of aspartate, as the proteins ASN1 and
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ASN3 and L-aspartase AT5G10920 were upregulated, while proteins linked to
aspartate biosynthesis were downregulated (ASP3 and ASP5) (Viola, 2000; de la
Torre et al., 2014). In addition, divergence was also found in DAPs related to proline
with upregulation of delta1-pyrroline-5-carboxylate synthase 1 (P5CS1), whichisin
the initial stages of proline biosynthesis, and downregulation of aldehyde
dehydrogenase 12A1 (ALDH12A1), which is involved in the catabolism of proline to
glutamate (Rizzi et al.,, 2015). The upregulation of the “TCA cycle”,
“glycolysis/gluconeogenesis” and “carbon fixation in photosynthetic organisms”
pathways contribute to mitochondrial metabolism, ATP production and
carbohydrate synthesis. These results provide an insight into the physiological
response of ‘Valencia’ SwO to T. erytreae infestation stress: the plant strives to

sustain its metabolic activity and adapt to the imposed challenge.

The response of ‘Eureka’ lemon trees to the infestation by T. erytreae,
resulted in the upregulation of the amino acid phenylalanine and tryptophan (Table
4.2), thereby enriching the “phenylalanine, tyrosine and tryptophan biosynthesis”
pathway (Fig. 4.1). Arise in tryptophan levels has previously been reported in SwO
‘Valencia’ in response to D. citri (Killiny and Nehela, 2017), while ‘Owari’ mandarin
trees had reduced phenylalanine in response to D. citri (Malik et al., 2014). In HLB-
tolerant citrus species, both tryptophan and phenylalanine were more prevalent
(Rao et al., 2018b) and it is tempting to speculate that the upregulation of both
amino acids in ‘Eureka’ lemon trees in the present study indicate high levels of
protein synthesis, and specialised compounds involved in plant defence (Yoo et al.,
2013). The lemon tree proteomics results did not converge with the metabolomics
results, as the pathways enriched by DAMs were different from those enriched by
DAPs, and proteins related to the biosynthesis or catabolism of the identified amino

acids were not differentially abundant.

4.6.2. Trioza erytreae infestation induces defence responses in
both citrus host species

The plant defence hormone jasmonic acid was upregulated in ‘Valencia’
SwO inresponse to T. erytreae. Jasmonic acid plays a role in several plant signalling

pathways and is involved in regulating the defence against herbivorous insects
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(Vaishnav and Chowdhury, 2023). Interestingly, jasmonic acid was identified in
‘Valencia’ SwO in response to D. citri (Patt et al., 2018). In the present study DAMs
and DAPs in plants infested with T. erytreae converged and the “jasmonate
biosynthesis” module was represented in the DAPs (Fig. 4.3B and Table 4.2). In
addition, the upregulation of the sulfur-containing defence proteins (GSH2,
AT5G27380 and MSRB2, AT4G21860) (Table S4.5 - Appendix) and the upregulation
of the pathway module “assimilatory sulfate reduction” (Fig. 4.4) were also
observed. The enrichment of these pathways is probably related to the activity of
jasmonic acid, since it induces the assimilation of sulfur and the production of
sulfur-containing defence compounds like glutathione and methionine related

compounds (Capaldi et al., 2015).

The infested ‘Valencia’ SwO trees showed increased levels of the
antioxidants pyroglutamic acid, tyrosine, and L-pipecolic acid (Table 4.3). These
compounds have previously been identified in the phloem sap and increase in trees
exposed to biotic stresses (Fiehn, 2003; Killiny, 2017; Teixeira et al., 2023). In
contrast to our findings with T. erytreae infestation, in ‘Valencia’ SwO trees infested

with D. citri, pyroglutamic acid was downregulated (Nehela and Killiny, 2019).

The amino acid tyrosine is the precursor for the biosynthesis of flavonoids,
alkaloids, and phytoalexins, secondary metabolites with antioxidant properties and
involved in plant defence against herbivorous insects (War et al., 2012; Xu and Fu,
2022). Tyrosine was found to increase in C. aurantium (sour orange) in response to
the mite Tetranychus urticae Koch (Acari: Prostigmata) (Agut et al., 2014). Pipecolic
acid is the precursor of the immune regulatory metabolite N-hydroxypipecolic acid
(NHP) and induces systemic acquired resistance (SAR) in distant leaf tissue
(Bernsdorff et al., 2016; Yildiz et al., 2021). Vranova et al. (2013) found that pipecolic
acid negatively impacted growth and development of insects that feed on plants.
The upregulation of pipecolic acid detected in ‘Valencia’ SwO may explain the
significantly lower number of fourth and fifth instar nymphs of T. erytreae compared

to the ‘Eureka’ lemon trees.

)

The secondary metabolite caffeic acid was downregulated in the ‘Valencia

SwO inresponseto T. erytreae (Table 4.2). Similarly, caffeic acid was downregulated
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in the mandarin ‘Owari’ infested with D. citri. The psyllids seem to have the ability to
reduce caffeic acid levels in plants to make them more vulnerable to feeding (Malik
et al., 2015). The proteomic analysis in the present study was aligned with the
metabolomic findings, with the upregulation of proteins that catabolise caffeic acid
through esterification with CoA (AT4G05160) and methylation (CCoAOMT1) (Cao et
al., 2016; Do et al., 2007).

The stress responses of ‘Eureka’ lemon trees against T. erytreae differed
significantly from those of ‘Valencia’ SwO trees. As described in section 4.6.1, the
upregulated amino acids phenylalanine and tryptophan point to a high level of
synthesis of plant defence compounds (Yoo et al., 2013). Both amino acids are
formed by the shikimic acid pathway and phenylalanine is a precursor for
phenylpropanoid pathway-derived compounds such as hydroxycinnamic acids,
previously identified in the phloem sap, which include ferulic and p-coumaric acids,
which have functions in plant defence (Banothu and Uma, 2022; Killiny, 2016;
Kumar et al.,, 2023). Furthermore, the “flavanone biosynthesis” module of the
“phenylpropanoid biosynthesis” pathway was also upregulated in ‘Eureka’ lemon
trees (Fig. 4.2A). The secondary metabolites identified in ‘Eureka’ lemon trees were
mainly phenolic compounds, which is indicative of a specific host response to T.

erytreae infestation.

Tryptophan plays a direct role in regulating the defence response to insect
herbivory in plants (Radwanski and Last, 1995). Additionally, other compounds
such as quinic acid and coumaric acid, which were both upregulated, also play a
role in protecting against biotic stress caused by insect herbivory (Islam et al.,
2024). In agreement with our findings in ‘Eureka’ lemon trees, an increase in
coumaric phenylpropanoids levels was observed in cotton plants (Gossypium

hirsutum L.) in response to insect feeding (Li et al., 2016).

In infested ‘Eureka’ lemon trees, ferulic acid was found to be downregulated
whichis consistent with the results of ‘Valencia’ SwO trees exposed to D. citri (Killiny
and Nehela, 2017). The observed decrease in citric acid levels in ‘Eureka’ lemon
trees may be linked to an increased activity within the shikimate pathway potentially

influencing the synthesis of phenylalanine and tryptophan, which were both
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upregulated in enriched vascular sap (Fig. 4.2B) (Walsh et al., 1987). In accordance
with our results, quinic acid levels increased in ‘Valencia’ SwO infested with D. citri,
although contrary to our results citric acid levels also increased (Killiny and Nehela,

2017).

The three unidentified metabolic compounds (peaks 29, 30 and 36) exhibited
aAmax of 314/ 270 (Table 4.1), which is characteristic of hydroxycinnamic acids and
their derivatives (Bengoechea et al., 1995; Wulansari et al., 2023). The compounds
of peaks 29 and 30 showed very low intensity in ‘Eureka’ lemon trees, and the
compound of peak 36 was downregulated in infested ‘Eureka’ lemon trees (Table
4.3). Considering the putative identity of peaks 29, 30 and 36 and potential role in
plant defence mechanisms, a follow-up study will be important to identify these
compounds and elucidate their role. Overall, a minimal overlap existed between the
metabolomic and proteomic results in ‘Eureka’ lemon trees infested with T
erytreae. However, the upregulated protein cinnamyl-alcohol dehydrogenase 8
(ELI3-2) suggests that lignin biosynthesis may have been stimulated instead of

flavanol biosynthesis (Sibout et al., 2005).

Only aspartic acid and proline were identified as common metabolites in
both citrus host species infested with T. erytreae. In both cases, aspartic acid was
upregulated, while proline was upregulated only in the lemon host (Table 4.2 and
4.3). Proline is an amino acid that contributes to stress tolerance and serves as a
link between primary and secondary metabolism. It facilitates the oxidative pentose
phosphate pathway and thereby increases phenolic metabolism through the
phenylpropanoid biosynthesis pathway (Caretto et al., 2015). This suggests that the
upregulation of proline contributed to the vascular sap enrichment of the
aforementioned phenylpropanoid compounds. Our findings in ‘Eureka’ lemon are in
accordance with those of Banothu and Uma (2022), who described proline as a

metabolite produced in response to sap-sucking insects.

Overall, it is evident that there are significant differences in the response of
the two citrus host species to infestation by T. erytreae, with alterations occurring in
both primary and secondary metabolism. Primary metabolic processes were

identified as the most altered in ‘Valencia’ SwO, followed by the modification of
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specific secondary metabolites. The upregulation of TCA-cycle intermediates and
jasmonic acid-related responses was identified at both the metabolomic and the
proteomic level. In contrast, the metabolomic adjustments in ‘Eureka’ lemon trees
pointed to a targeted response, involving the synthesis of amino acids towards the
synthesis of secondary metabolites, mainly phenylpropanoids. In agreement with
our results, compounds of primary metabolism were unaltered or decreased in
infested ‘Valencia’ SwO in response to D. citri (Killiny and Nehela, 2017). The
observed increase in levels of phenylalanine and tryptophan in ‘Eureka’ lemon trees
is consistent with the increased tolerance of certain citrus cultivars to HLB (Rao et

al., 2018b).

4.7. Conclusion

Distinct stress response mechanisms were identified in the enriched
vascular sap of two infested citrus host species, ‘Valencia’ SwO and ’Eureka’ lemon
trees. ‘Valencia’ SwO trees showed a broader functional enrichment of metabolic
pathways related with primary metabolism, along with activation of the jasmonic
acid signalling pathway, even at lower nymphalinfestation intensities. This suggests
that the ‘Valencia’ SwO trees employed a resistance-based response towards T.
erytreae. Itis proposed that this type of response may have a negative effect on the
development of the psyllid and may explain the low number of developed psyllidsin
‘Valencia’ SwO. In contrast, specific resistance responses were discernible in
‘Eureka’ lemon trees, accompanied by a lower molecular adjustment and
tolerance-related responses. This suggests that the citrus host primarily adopted a

tolerance-based response towards T. erytreae.
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Chapter 5. Comparative proteomic analysis of

Trioza erytreae nymphs developed on Citrus
xlimon and Citrus xsinensis plants

This chapter has been adapted from the submitted article:

Magalhaes, T., Anjos, L., Power, D. M., Pereira, J. A., Duarte, A., Marques, N. T.

Comparative proteomic analysis of Trioza erytreae nymphs developed on Citrus

xlimon and Citrus *sinensis plants
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5.1. Abstract

Trioza erytreae is a vector of the highly damaging citrus disease
Huanglongbing (HLB). The citrus hosts have a significant influence on the
development of the psyllid, with lemon plants (Citrus xlimon) being the preferred
host. The present study analysed T. erytreae oviposition, and nymphal development
on ‘Eureka’ lemon and ‘Valencia Midknight Seedless’ sweet orange (SwO) (C.
xsinensis) hosts. A comparative proteomic analysis was performed on the fourth
and fifth instar nymphs developing on each citrus host. In parallel a 24 h sucrose
feeding study was undertaken on nymphs reared on lemon and SwO, along with a
comparative proteome analysis, aiming to evaluate the impact of feeding in each
citrus host on nymphal development and its biology. The proteomes were examined
by nanoscale liquid chromatography coupled to tandem mass spectrometry
(nanoLC-MS/MS). Trioza erytreae exhibited significant variations in oviposition and
infestation patterns depending on the host, with a high number of nymphs
developing on lemon plants. Nymphs that developed on lemon exhibited a
heightened energy metabolism revealed by proteome analysis, and an increase in
initiation translation factors. Nymphs that developed on SwO showed a high
abundance of proteins associated with “muscle” and “neuronal muscle
development”. Feeding on sucrose and on SwO induced an enrichment of “semi-
sterile” and “abnormal development” phenotype groups. In conclusion, the
nutrients obtained through feeding on lemon was conducive to the successful
development of T. erytreae, whereas feeding on SwO seemed to be suboptimal.
Furthermore, a diet comprised solely of sucrose induced a stress response and

potential hinderance of psyllid development.

5.2. Abbreviations

AGC (automatic gain control); ATP (adenosine triphosphate); Ckllbeta
(casein kinase Il beta subunit); DAl (days after infestation); DAP (differentially
abundant proteins); FA (formic acid); FDR (false discovery rate); HLB
(huanglongbing); “Lemon” (a treatment group formed by Trioza erytreae nymphs
developed exclusively on lemon plants); LemonSuc (a treatment group comprised

by Trioza erytreae nymphs developed on lemon plants that underwent a 24 h
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sucrose feeding treatment); nanoLC-MS/MS (nanoscale liquid chromatography
coupled to tandem mass spectrometry); SDM (standard deviation of the mean);
SEM (standard error mean); SwO (sweet orange, C. xsinensis); “SwQ” (a treatment
group formed by Trioza erytreae nymphs developed exclusively on sweet orange
plants); SwOSuc (a treatment group comprised by Trioza erytreae nymphs

developed on sweet orange plants that underwent a 24 h sucrose feeding treatment)
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5.3. Introduction
Huanglongbing (HLB) is a highly destructive citrus disease transmitted by the

psyllids Trioza erytreae (Del Guercio, 1918) and Diaphorina citri (Kuwayama, 1908)
and the causal agent is the phloem-limited bacterium Candidatus Liberibacter spp.
(Bové, 2006). As there is currently no effective treatment against this disease, vector
control and the removal and elimination of infected plants are the only control
measures (Alquézar et al., 2022). Since Europe is one of the few continents that
remains free of HLB (Alquézar et al., 2022), the implementation of diversified vector
control measures is needed to prevent the introduction and spread of HLB disease.
Interaction analysis between vector and host plant is a crucial field that may assist
in identifying critical points for the management of the psyllid vector as well as for
the development of novel management practices (Magalhaes et al., 2025). Trioza
erytreae and D. citri, are hemimetabolous hemiptera insects (Mito et al., 2010). Prior
to the emergence of the alate adult, the nymphs undergo five nymphal instars that
feed on plant sap (Aubert, 1987). The emergence of young flushes and the presence
of young leaves is a necessity for oviposition and nymphal development in both

psyllid species (Catling, 1969; Cifuentes-Arenas et al., 2018).

Spain and Portugal, the first and fourth largest citrus producing countries in
Europe, respectively, have recently reported the spread of T. erytreae in their
continental territories. This pest was introduced to mainland Portugal and Spain in
2015, specifically in the Porto and Galicia regions, respectively (Duarte et al., 2024;
EPPO, 2023, 2022, 2021; FAO, 2021). Trioza erytreae exhibits specific
developmental symptoms, characterised by the formation of pit galls on the leaves
of the infested plants, with one nymph developing in each pit gall (Van den Berg,

1990).

Rutaceae species constitute the functional hosts for this psyllid, with the
subfamily Aurantioideae, which includes the genus Citrus, containing most of the
highly suitable hosts for T. erytreae (Aubert, 1987). Lemon plants [Citrus xlimon (L.)
Osbeck] have been identified as a preferred host for T. erytreae (Aidoo et al., 2019a;
Benhadi-Marin et al., 2021; Magalhaes et al., 2025). According to Aubert (1987), the

sweet orange (SwO) [Citrus sinensis (L.) Osbeck] is a common host. Compared to
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other hosts, T. erytreae development on lemon hosts yields larger nymphs and
adults (Aidoo et al., 2019c). The volatile profile and flushing rhythm of lemon plants
have been identified as the primary factors influencing the selection of these hosts
by adult T. erytreae (Antwi-Agyakwa et al., 2019; Catling, 1969). Nonetheless, the
underlying mechanisms driving the psyllid “s development on lemon plants remain

to be elucidated.

Proteomics studies have yielded insights into the developmental biology of
insects (Shashank and Bollineni, 2014; Si et al., 2020). The fruit fly, Drosophila
melanogaster, (Meigen, 1830) (Casas-Vila et al., 2017; Roberts, 2006), is the ideal
ortholog model for the functional analysis of insect development. Even though the
fruit fly undergoes holometabolism, while T. erytreae exhibits hemimetabolism
(Mito et al., 2010), and although development differs, several metabolic pathways,
such as the “hedgehog (Hh) signalling pathway” are conserved and play a crucial
role in insect development (Lin and Smagghe, 2019; Villarreal et al., 2015;
Yamanaka et al., 2013). The nutritional intake and dietary habits of insects exert a
significant influence on their developmental processes (Delisle and Hardy, 1997;
Layalle et al., 2008). These dietary factors affect the insect’s proteome causing
increased energy metabolism, upregulation of initiation translation factors and
protein synthesis, as well as affecting its growth potential (Arrese and Soulages,
2010; Nagarajan and Grewal, 2014). Proteomics studies facilitate the identification
of essential molecular interactions between the insect and plant hosts.
Furthermore, Hunter et al. (2017) patented a molecular approach that promotes the
expression of a specific gene in citrus plant hosts that impairs D. citri development
when it feeds on them. This patent was based on omics studies that showed the
importance of the identified gene in insect development and on studies that showed
itinterfered on normalD. citridevelopment (Liu et al., 2020; Shukla et al., 2015; Yang
et al., 2020a).

As demonstrated by Franco et al. (2020) and Killiny (2017), the sap content
of different citrus species varies. Consequently, the diet of T. erytreae differs based
on the specific host citrus species. Furthermore, hosts exhibit different responses
to sap feeding insects, which likewise exhibit distinct responses to these pests. The
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diversity of defence mechanisms and the ability to adjust the sap composition to
create a less conducive environment for the insect, underscores the complexity of
insect-plant interactions (Kehr, 2006; Thompson and Goggin, 2006). Moreover, sap
feeding insects have developed different strategies to circumvent the plant’s
defence mechanisms. These include the use of salivary effectors that alter plant
metabolism, and the avoidance of detection by plants (Walling, 2008; Will et al.,
2013). Furthermore, the phloem sap is characterised by a rich sugar content, which
has led to the evolution of adaptations that enable these insects to cope with high
sugar diets (Dinant et al., 2010; Sharma and Raman, 2017). Omics studies have
proven effective in explaining the interactions between sap-feeding insects and
their plant hosts (Oates et al., 2016; Zogli et al., 2020). A proteome adjustment in
the vascular sap has been observed in sweet orange plant hosts in response to T.
erytreae infestation, which is less pronounced in lemon hosts (Magalhaes et al.,
2024). The use of artificial diets has proven instrumental in the identification of
dietary components that influence insect development (Catalani et al., 2021; Chen
et al., 2017a). However, research employing artificial diets for psyllid vectors of HLB
remains limited. To the best of our knowledge, there is a paucity of research studies
conducted on D. citri (Hall et al., 2010; Russell and Pelz-Stelinski, 2015) and no

studies have been undertaken on T. erytreae.

The present study employed proteomics to analyse the proteome of fourth
and fifth instar nymphs of T. erytreae reared on the preferred host, lemon (C.
x[imon), and the common host, SwO (C. sinensis), aiming to better understand the
host effect on psyllid development. The oviposition, infestation behaviour and
development of T. erytreae on these two hosts were monitored over time.
Furthermore, an artificial sucrose feeding treatment protocol was established to
ascertain the impact of a 24 hour dietary transition to a sucrose-only regimen on
nymphs that developed and emerged on lemon or SwO plants. The proteome was
analysed using nanoscale liquid chromatography coupled to tandem mass
spectrometry (nanoLC-MS/MS). This study aimed to better understand the
influence of the host plant on T. erytreae metabolism and development and the

effect of a sucrose only diet on these insects.
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5.4. Materials and methods

5.4.1. Insect origin and rearing

Adults of Trioza erytreae were captured using a handheld aspirator from
pesticide-free lemon orchards in Caracoi, district of Porto, Portugal (41°18'46.4"N
8°38’09.7"W), in 2021. The captured psyllids adults were collected in conical
centrifuge tubes (50 mL) and were then released onto the lemon and sour orange
(C. aurantium L.) plants within acrylic cages (40 x 30 x 43 cm) covered with insect-
proof nets. The rearing cages were maintained within a climate chamber at 21°C = 1

°C with a relative humidity of 50 £ 5% and a photoperiod of 16:8 h of light: dark (L:D).

5.4.2. Infestation and psyllid development

Adult specimens from the rearing cages were used to infest ‘Valencia
Midknight Seedless’ sweet orange [C. xsinensis (L.) Osbeck] (SwO) and ‘Eureka’
lemon [C. xlimon (L.) Osbeck] (lemon) plants, both of which were grafted onto
‘Carrizo’ citrange (C. trifoliata x C. xsinensis) rootstock. A total of 16 plants were
used in the study, eight lemon plants and eight SwO plants. The plants used for
infestation experiments (two-year-old plants with 0.8 to 1 min height) were acquired
from a certified nursery with a phytosanitary passport. All plants were potted in5 L
tall pots (19 cm diameter and 25 cm high) and were maintained in a climate
chamber with controlled conditions of temperature (23.5 = 1 °C), humidity (79 = 5%)
and photoperiod [14:10 h (L:D)]. Three weeks prior to the infestation, the citrus
plants were pruned to stimulate new shoot formation, and the plants selected for
the experiment exhibited a comparable number of new shoots. Plants were isolated
within a cylindrical insect-proof net, which was fixed above the canopy with a
wooden structure and secured to the tree trunk above the pot, enveloping the entire
canopy. Trioza erytreae mature adults were aspirated from the rearing cages with a
handheld aspirator and collected into a conical centrifuge tube (50 mL). The psyllids
were then introduced onto the netted citrus hosts using the conical centrifugal
tubes. Ten (five males and five females) T. erytreae mature adults were used per

plant.
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The intensity of egg-laying per leaf was categorised using the following scale:
AO- no eggs; BO- 1to 10 eggs; CO- 11 to 20 eggs; DO- 21 to 40 eggs; EO- 41 to 100
eggs; FO- more than 100 eggs. The intensity of nymphs per leaf was categorised
using the following scale: A- no nymphs; B- 1to 10 nymphs; C- 11 to 20 nymphs; D-
21 to 40 nymphs; E- 41 to 100 nymphs; F- more than 100 nymphs. The egg-laying
and nymphal intensity was evaluated two days after infestation (DAI) and then at
three-day intervals throughout the experiment. Plant hosts were observed daily, and
the first appearance of each developmental stage was recorded (from first instar

nymphs to new adult emergence).

Upon attaining the fourth and fifth instar developmental stage, nymphs were
removed from the leaves and divided into two groups: one group for protein
extraction and the other group underwent sucrose feeding followed by protein
extraction. The nymphs were counted as they were removed from the leaves, along
with the pit galls that had formed on the leaves. Dead nymphs attached to the leaves

were not counted and were not used in the aforementioned protocols.

5.4.3. Treatment groups and sucrose feeding

The study comprised four distinct treatment groups: a) two treatment groups
consisted of nymphs collected directly from the citrus host plants and were
designated as “Lemon” and “SwO”, for nymphs that exclusively developed on lemon
and SwO plants, respectively; b) two treatment groups consisted of nymphs that
underwent a 24 h sucrose feeding regimen after being detached from the citrus host
plant and these groups were designated as “LemonSuc” and “SwOSuc”, for nymphs
that developed on lemon and SwO plants, respectively. Each treatment group was
represented by four biological replicates (n= 4) and each biological replicate

contained 100 nymphs, randomly collected from plants within the same treatment
group.

The fourth and fifth instar nymphs from the “Lemon” and “SwO” treatments
were removed from the leaves, weighed in 2 mL microcentrifuge tubes and

immediately frozen in liquid nitrogen and stored at -80 °C until the protein extraction

protocol. The fourth and fifth instar nymphs from the “LemonSuc” and “SwOSuc”
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treatments were removed from the leaves and subjected to a 24 h sucrose feeding

regimen (Fig. 5.1).
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Figure 5.1. An overview of the experimental workflow: infestation of citrus hosts with T. erytreae,
nymphal development and sucrose feeding. “Lemon”: a treatment group formed by nymphs
developed exclusively on lemon plants. “LemonSuc”: a treatment group composed of nymphs
developed on lemon plants and then fed for 24 h on sucrose. “SwO”: a treatment group formed by
nymphs reared exclusively on sweet orange (SwO). “SwOSuc”: a treatment group composed of
nymphs developed on SwO plants and then fed for 24 h on sucrose. The following comparisons were
made SwO vs Lemon; LemonSuc vs Lemon; SwOSuc vs SwO and SwOSuc vs LemonSuc.

For the 24 h sucrose feeding regimen nymphs were removed from their hosts
and placed on a Petri dish with filter paper (Whatman Grade 1), soaked in 1 mL of a
0.5 M sucrose solution. The nymphs were maintained in the Petri dish for a period of
24 h, using the same climatic conditions used for the infestation of host plants and
nymphaldevelopment. Nymphs were observed to quickly settle and new honeydew
excretions were observed, which indicated active feeding by the nymphs (Urbaneja-
Bernat et al., 2023; Van den Berg et al., 1991d). The nymphs were removed from the
Petri dishes, weighed in 2 mL microcentrifuge tubes, frozen in liquid nitrogen and

stored at -80 °C until the protein extraction protocol.

The 24 h feeding regime on the sucrose diet was selected based on
preliminary studies, which demonstrated a nymphal survival rate of 94%, while after
48h it decreased to 82%. After a period of sucrose feeding for more than 48h, most
of the surviving nymphs emerged as new adults. In fact, after 72h an average of 60%

of the nymphs were either dead or morphed into adults.
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5.4.4. Trioza erytreae nymphs’ protein extraction and analysis

Total protein was extracted from the fourth and fifth instar nymphs collected
from the four experimental groups: “Lemon”, “SwO”, “LemonSuc” and “SwOSuc”
(Fig. 5.1). The protein extraction method was adapted from Cilia et al. (2009) using
the TCA-Acetone method for protein extraction from aphids. Modifications were
made to the homogenisation procedure and centrifugation force, based on the D.
citri protein extraction protocol (Ramsey et al., 2015). Briefly, frozen samples (of 100
nymphs each in 2 mL microcentrifuge tubes) were mechanically homogenised
using a 3 mm stainless steel ball in a TissuelLyser Mixer Mill 400 (Retsch, Haan,
Germany). The first cycle was set to last for 1 min and was executed without the
addition of any buffer (dry cycle) to guarantee the destruction of the samples.
Subsequently, 500 upL of protein extraction buffer (10% TCA with 2% B-
mercaptoethanol in acetone) was added to each sample, and four homogenisation
cycles, (of 1 min, except the second cycle, which was 2 min) with 5 min incubation
pauses on ice between each cycle were performed. All cycles (wet and dry) were
configured at 30 Hz. The steel balls were removed, and the samples were vortexed,
stored at -80 °C for 5h and centrifuged at 14,000 x g for 30 min at 4 °C. The resulting
pellets were washed with 1 mL of acetone at 4 °C and centrifuged at 14,000 x g for 5
min at 4 °C (this step was repeated two more times). Pellets were dried and
resuspended in 200 yL of protein solubilisation buffer [7 M Urea, 2 M Thiourea, 4%
3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate hydrate (CHAPS)]
and stored at -20 °C overnight. Samples were centrifuged at 14,000 x g for 20 min at
4 °C and the soluble protein fraction was recovered as the final extraction product
(Fig. 5.1) and was stored at -80°C. The total soluble protein extracted from Trioza
erytreae nymphs was quantified using a Genesys 1Q-S spectrophotometer (Thermo
Electron Corporation, Bremen, Germany) with a Quick Start™ Bradford Protein Assay
Kit (Bio-Rad, Hercules, USA), according to the manufacturer’s instructions and
using bovine serum albumin (BSA) as the standard. The quality of the nymph protein
extract was evaluated (30 g of total soluble protein/ sample) by electrophoresis
using 12% sodium dodecyl-sulphate polyacrylamide gels (SDS-PAGE), according to

the Laemmli method (Laemmli, 1970), and stained with Coomassie blue. Prior to
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nanoLC-MS/MS proteomic analysis, 50 ug of soluble protein from each sample
underwent a solid-phase-enhanced sample-preparation (SP3) protocol (Hughes et
al., 2018), followed by overnight enzymatic digestion with trypsin/LysC (2 pg) at 37
°C and 1,000 rpm. The concentration of the resulting peptides was then quantified

using fluorescence.

5.4.5. Proteomic analysis of nymphs

5.4.5.1. Proteomics data acquisition

The proteome of the nymphs from the four experimental conditions (Lemon,
LemonSuc, SwO and SwOSuc, n = 4 samples of 100 nymphs/ condition) was
obtained based on the protocol described by Osério et al. (2021). Protein
identification and quantification were carried out using a nanoscale liquid
chromatography coupled with tandem mass spectrometry (nanoLC-MS/MS) on an
Ultimate 3000 liquid chromatography system coupled to a Q-Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany),
by an external service provider (Proteomics Scientific Platform of i3S, Ipatimup,

Porto, Portugal).

In summary, 500 ng of trypsin/LysC-digested samples were loaded into a
trapping cartridge (Acclaim PepMap C18 100 A, 5mm x 300 pmi.d., 160454, Thermo
Scientific) in a mobile phase of 2% acetonitrile (ACN), and 0.1% formic acid (FA) at
a flow rate of 10 pL/min. Following a 3 min loading interval, the trap column was
switched in-line to a 50 cm x 75 pm inner diameter EASY-Spray column (ES803,
PepMap RSLC, C18, 2 um, Thermo Scientific) at a flow rate of 250 nL/min. The
separation was achieved by employing a solvent mixture of A: 0.1% FA and B: 80%
ACN, 0.1% FA with a gradient elution program: 5 min (2.5% B to 10% B), 120 min
(10% B to 30% B), 20 min (30% B to 50% B), 5 min (50% B to 99% B), and 10 min (hold
99% B). Subsequently, the column was subjected to a 17 min equilibration period
with 2.5% B. Data acquisition was controlled by Xcalibur 4.0 and Tune 2.9 software

(Thermo Scientific).

The mass spectrometer was operated in data-dependent (dd) positive

acquisition mode, alternating between a full scan (m/z 380-1,580) and subsequent
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higher-energy collisional dissociation tandem mass spectrometry (HCD MS/MS).
This method was established for the 10 most intense peaks from a full scan
(normalised collision energy of 27%). The electrospray ionisation (ESI) spray voltage
was set to 1.9 kV, with the global settings configured as follows: optimal lock mass
(m/z 445.12003), lock mass injection, full MS, and chromatographic peak width at a
full width half maximum (FWHM) of 15 s. The full scan settings were as follows: 70 k
resolution (m/z 200), automatic gain control (AGC) target 3x108, maximum injection
time 120 ms; dd settings: minimum AGC target 8x103, intensity threshold 7.3x10%,
charge exclusion: unassigned, 1, 8, >8, peptide matches preferred, exclude
isotopes on, and dynamic exclusion 45 s. The MS2 settings were as follows:
microscans - 1, resolution - 35 k (m/z 200), AGC target - 2x10°, maximum injection
time - 110 ms, isolation window - 2.0 m/z, isolation offset - 0.0 m/z, dynamic first

mass and spectrum data type profile.

5.4.5.2. Data processing, protein-label-free quantification and
identification

The mass spectrometry (MS) raw data were processed using Proteome
Discoverer 2.5.0.400 software (Thermo Scientific). Protein identification searches
were conducted using the UniProt protein sequence database for D. citri (taxon ID
121845, 21,517 entries) and for C. xsinensis (taxon ID 2711, 44,601 entries) and a
common contaminant database from MaxQuant (version1.6.2.6, Max Planck
Institute of Biochemistry, Munich, Germany). The Sequest HT tandem mass
spectrometry peptide database search program was employed to identify tryptic
peptides, with an ion mass tolerance of 10 ppm for precursors and 0.02 Da for
fragmented ions and missing cleavage sites was set as 2. Cysteine
carbamidomethylation was defined as a constant modification. Methionine
oxidation, asparagine, and glutamine deamidation, peptide N-terminus Gln->pyro-
Glut, protein N-terminus acetylation, and loss of methionine and Met-loss+Acetyl
were defined as variable modifications. The peptide confidence was set to high and
the Inferys rescoring node was considered for this analysis. The Percolator

processing node was enabled with the following settings: maximum Delta
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Correlation (deltaCn) 0.05; decoy database search target False Discovery Rate

(FDR) 1%; validation based on the g-value.

Protein-label-free quantification was conducted using the Minora feature
detector node at the processing stage. The following parameters were employed for
precursorion quantification: 1) Unique peptides plus razor; 2) Precursor abundance
was determined based on intensity; 3) Normalisation mode was based on total
peptide amount; 4) The minimum number of replicate files was set to 50% in each
sample group; 5) Pairwise protein ratio calculation and hypothesis testing were
based on a t-test (background based). The Feature Mapper node in Proteome
Discoverer software was employed to generate features from distinctive peptide-
specific peaks within a narrow retention-time and mass range (a maximum shift of
10 min and 10 ppm of mass tolerance was permitted for the mapping of features
from different sample files). For the purpose of feature linking and mapping, the
signal to noise (S/N) threshold was set at 5 for each comparison. Libraries of
proteins and peptides confidently identified and quantified for each experimental
condition were generated and the mass spectrometry proteomics data were
deposited in the ProteomeXchange Consortium via the PRIDE
(www.ebi.ac.uk/pride) (Perez-Riverol et al., 2022) partner repository with the dataset
identifier PXD059807 and 10.6019/PXD059807. Fold-change in protein abundance
was calculated in each established comparison (SwO vs Lemon; LemonSuc vs
Lemon; SwOSuc vs SwO and SwOSuc vs LemonSuc) using the medians (log2-
transformed) between relative protein abundance in the experimental groups and

differentially abundant proteins (DAPs) were considered.

5.4.5.3. Bioinformatics analysis

Functional analysis of the proteome was performed using Drosophila
melanogaster Meigen, with 1,830 orthologues of the identified proteins, obtained
with the STRING webtool version 12.0 (https://string-db.org/) (Szklarczyk et al.,
2023). Enrichment analysis was performed using the webtool PANGEA, PAthway,
Network and Gene-set Enrichment Analysis a multi-species enrichment tool,

version 1 beta 1 (https://www.flyrnai.org/tools/pangea/) (Hu et al.,, 2023). A
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hypergeometric test/Fisher’s exact test was conducted with a Benjamin and
Hochberg (Benjamini and Hochberg, 1995) FDR correction, considering an adjusted
p-value of <0.05. The following databases were used for all the enrichment analysis:
Gene Ontology (Aleksander et al., 2023; Ashburner et al., 2000), FlyBase (Oztiirk-
Colak et al., 2024) and Reactome (Milacic et al., 2024). Bubble plots were created
using R software (R Core Team, 2020) with the ggplot2 package (Wickham, 2016).
Venn diagrams were created wusing the Venny 2.1 web tool

(https://bioinfogp.cnb.csic.es/tools/venny/) (Oliveros, 2015).

5.4.6. Statistical analysis

Statistical tests were performed using Rstudio software (R Core Team, 2020),
unless otherwise specified in this section. The normality of all data was assessed
using a Shapiro-Wilk test, while homoscedasticity was evaluated with Levene's test
for normally distributed data and the Brown-Forsythe test for non-normally

distributed data.

A Welch's t-test was employed to compare the mean number of flushes per
plant between SwO and lemon plants. A Wilcoxon-Mann-Whitney test was
employed to compare the average development time of T. erytreae on the two hosts.
A x? (Chi-squared) test was used to compare leaves containing eggs and those
devoid of eggs in both citrus hosts. Each egg intensity class on the oviposited leaves
was compared among citrus hosts using a Fisher's exact test. Finally, the mean
number of nymphs and pit galls per plant was compared between SwO and lemon
plants, using a Student’s t-test. In proteomic analysis and to determine the DAPs,
the following criteria were considered: (1) a minimum number of biological samples
in which a protein was detected in an experimental group was set to 75% (e.g. 3 out
of 4); (2) the identification of at least two unique peptides for protein assignment; (3)
a stringent FDR with the g-value set at <0.01. Protein intensities were log2-
transformed and were normalised based on the quantile method. Protein-wise
linear models for paired samples combined with empirical Bayesian statistics were
employed for differential abundance analysis, using the R Bioconductor package
limma (Ritchie et al., 2015). FDR correction was achieved using the Benjamini-

Hochberg (BH) method, and DAPs were identified with an adjusted p-value of <0.05.
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5.5. Results

5.5.1. Trioza erytreae exhibited a citrus host-specific
oviposition pattern and nymphs developed better on lemon
than on SwO plants

The psyllids and the citrus hosts exhibited signs of growth and development
throughout the course of the experiment. Regarding the host plant, at the onset of
the experiment, the mean number of new flushes per plant was 4.6 for ‘Eureka’
lemon and 6.4 for the ‘Valencia’ SwO and were not significantly different (Welch's t-
test, p =0.15). The increase in the number of new leaves from 5 DAl and 23 DAl was
of 9.4% for lemon and 9.6% for SwO plants (Table 5.1), indicating that the citrus

plants had a similar growth pattern.

Table 5.1. Total number of oviposited and infested leaves of citrus plants at 5 DAl and 23 DAI,
respectively. Increase in new leaves and new infested leaves of citrus plants from 5 DAI to 23 DAI.
“SwO” refers to sweet orange plants. “Available leaves” refers to the quantity of new leaves from the
growth induced by pruning, which were the ones available for infestation. “Oviposited leaves”
denotes the number of leaves harbouring Trioza erytreae eggs, with the percentage of these leaves in
relation to the “Available leaves” indicated in brackets. “Infested leaves” denotes the number of
leaves containing T. erytreae nymphs and/or eggs with the percentage of these leaves in relation to
the “Available leaves” indicated in brackets. The emergence of “New leaves” was determined by
calculating the difference between the “Available leaves” at 5 DAl and the “Available leaves” at 23
DAl, with the percentage increase in new leaves indicated in brackets. Similarly, the calculation of
“New infested leaves” involved the subtraction of “Oviposited leaves” at 5 DAl from “Infested leaves”
at 23 DA, with the percentage increase of new infested leaves indicated in brackets.

Increase from
Host > DAl 23 DAl 5 DAl to 23 DAI
citrus | Available | Oviposited | Available Infested New New infested
leaves leaves leaves Leaves leaves leaves
SwO | 251 106 (42.2%) | 275 158 (57.5%) | 24 (9.6%) | 52 (49.1%)
Lemon | 181 25(13.8%) | 198 128 (64.6%) | 17 (9.3%) | 103 (412%)

Henceforth the term “available leaves” refers to the new leaves from the
growth induced by pruning, as these are the young leaves that the psyllid requires
for a successful infestation. The first indications of oviposition were observed at 2.6
and 2.5 DAl on average in lemon and SwO, respectively. The peak oviposition period
on the lemon host was recorded at 5 DA, with 13.8% of the available leaves having
eggs. In contrast, over the same 5 DAI, a more dispersed pattern was observed on

SwO, with 42.2% of the available leaves having eggs (Table 5.1). The peak oviposition
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on SwO was recorded at 8 DAI, and eggs were found on 45.7% of the available
leaves. In contrast, 12.5% of the available leaves had eggs at 8 DAl in lemon. The
citrus host influenced the proportion of available leaves with eggs (p- value <0.05,

Chi squared test) for all DAls evaluated except at 23 DAI.

The egg intensity, number of eggs per available leaf, categorised as AO (no
eggs per leaf), BO (1-10 eggs per leaf) and FO (more than 100 eggs per leaf) was
influenced by the citrus host (p <0.05) at both 5 and 8 DAI, although EO (50-100 eggs
per leaf) was only influenced by the citrus host at 8 DAI. The present study revealed
higher levels of oviposition intensity per leaf on lemon, in comparison to SwO. At 5
DAI, 52% of the leaves with eggs in lemon plants exhibited more than 20 eggs, and
24% had over 100 eggs (Fig. 5.2A). Conversely, at 5 DAl the SwO plants had a low egg
intensity, and 27.4% of leaves with eggs had more than 20, and 5.7% had over 100
eggs (Fig. 5.2A). A difference in egg intensity between the citrus hosts was also
observed at 8 DAI. In lemon 66.67% of leaves with eggs had more than 20 and this
fell to 28.19% in SwO.

The quantity of infested leaves increased notably from 5 DAI to 23 DAI and
was more notable for lemon (412%) than SwO (49.1%), although at 23 DAI a similar
number of infested leaves was recorded (128 on lemon and 158 on SwO) (Table 5.1).
The evaluation of infestation intensity at 23 DAI showed the nymph intensity class
distribution was nothost dependent (p > 0.05, Chi squared test). Although, a greater
proportion of the infested leaves in the lemon (5.5%) had more than 100 nymphs,
compared to the infested leaves of SwO (2.5%, Fig. 5.2B). The average number of pit
galls per plant which varied between 330.1 [(+ 47.5 standard error mean (SEM)] for
lemon and 246.8 (+ 30.8 SEM) for SwO plants did not differ significantly between
plant hosts (p-value=0.16, Students t-test). A significantly higher number of nymphs
(fourth and fifth instar) developed on lemon compared to SwO (p< 0.05, Student t-
test). The average number of fourth and fifth instar nymphs per plant was 318.5 (*

47.3 SEM) for lemon plants and 99.3 (+ 27.6 SEM) for SwO plants.
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Figure 5.2. A: Pie charts depicting the presence and intensity of eggs deposited per leaf five days
after infestation (DAI); B: Pie charts illustrating the presence and intensity of nymphs per leaf at 23
DAl (B); C: First observation of each psyllid developmental stage in each host. The leaf egg-laying
intensity scale is as follows: AO- no eggs; BO- 1 to 10 eggs; CO- 11 to 20 eggs; DO- 21 to 40 eggs; EO-
41-100 eggs; FO- more than 100 eggs. The nymph intensity scale is as follows: A- no nymphs; B- 1 to
10 nymphs; C- 11 to 20 nymphs; D- 21 to 40 nymphs; E- 41-100 nymphs; F- more than 100 nymphs.
The yellow colour background represents data recorded from lemon plants. The orange colour
background represents data recorded from sweet orange plants.

The duration of the psyllid development was similar in both hosts (Fig. 5.2C).
Although the time required (DAI) for the initial fifth instar nymph to mature (p-value=
0.013) and for the first adult to emerge (p-value= 0.018) was significantly higher in
SwO (25.1 DAI = 1.46 standard deviation of the mean SDM) compared to the lemon
plants (23.1 DAI £ 0.64 SDM). The time required for the first adult emergence was
25.1 DAl (= 0.64 SDM) on lemon and 26.8 DAI (+ 1.28 SDM) on SwO.
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5.5.2. Citrus host plant and sucrose feeding affected Trioza
erytreae protein identification

The soluble protein extracts of fourth- and fifth-instar T. erytreae nymphs
from the four experimental groups were first resolved by Coomassie blue one-
dimensional SDS-PAGE and showed consistent high-quality protein extracts (Fig.
S5.1- Appendix). Similar protein band profiles between the four different

experimental groups were observed by visual inspection of gels.

Protein libraries that were confidently identified/quantified in the nymphs at
the fourth and fifth instar by nanoLC-MS/MS, were profiled and compared between
those that developed on lemon and those that developed on SwO, with and without
sucrose treatment. A total of 2,777 proteins were identified in the nymph samples,
of which 2,617 were identified as belonging to D. citri, and 161 were identified as
belonging to C. xsinensis. Following the exclusion of 25 proteins classified as
contaminants, a total of 1,500 proteins confidently identified/quantified were
filtered based on the following rigorous criteria’s: a) proteins with a high FDR (g-
value < 0.01); b) more than two unique peptides and c) proteins identified in at least
75% of the samples from each independent treatment group. Of these, 1,477 were
identified as D. citri, and 23 were identified as C. xsinensis (Fig. 5.3A and Table S5.1-

Appendix).

The global comparative proteome analysis exhibited substantial overlap
among the detected proteins in the four experimental groups. Among the 23 citrus
host plant proteins and 1,477 psyllid proteins identified, 15 and 1,410, respectively,

were common across all four experimental groups (Fig. 5.3A).
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Figure 5.3. Venn diagrams illustrating the comparison of the number of proteins identified between
the four experimental groups. A: Confidently identified/quantified “host plant proteins” (proteins
identified as belonging to the Citrus xsinensis, UniProt protein sequence database) and as “psyllid
proteins” (proteins identified as belonging to the Diaphorina citri UniProt protein sequence
database). B: Differentially abundant proteins (DAP “s, p <0.05) between the specified comparisons.
“Lemon”: refers to the nymphs that developed on lemon plants. “LemonSuc”: refers to the nymphs
developed on lemon plants followed by 24 h sucrose feeding. “SwO”: refers to the nymphs that
developed on sweet orange (SwO). “SwOSuc”: refers to the nymphs developed on SwO plants
followed by 24 h sucrose feeding. The Venn diagrams were generated using the webtool
https://bioinfogp.cnb. csic.es/tools/venny/.

5.5.2.1. Citrus hosts proteins identified on Trioza erytreae nymphs

Of the 15 common citrus host plant proteins identified in the nymphs from
all the treatment groups (Fig. 5.3A). Five of these proteins are related to protein
metabolism, AOA067GTS6 (KH type-2 domain-containing protein), AOAO67EVGS
(26S protease regulatory subunit 6B), AOA0O67DE71 (Isoleucine--tRNA ligase),
AOA067DP37 (60S ribosomal protein L23), AOAO67EFK3 (Peptidyl-prolyl cis-trans

isomerase) (Table S5.1- Appendix); and four proteins were associated with the plant
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stress response, comprising two heat shock proteins, i.e., AOAO67FWR4 (heat shock
cognate 70 kDa protein) and HO9NHJ9 (Hsp90). In addition, two proteins were
identified that are associated with the oxidative stress response: AOAO67F9T7
(Peroxidase) and AOA067DDL8 (Superoxide dismutase family protein) (Table S5.1-
Appendix). Two additional citrus host proteins associated with antioxidant activity
and the plant stress response were identified: one exclusive to nymphs from lemon,
(AOAO67H2F2, Catalase) and the other exclusive to nymphs from SwO
(AOA067H6DA4, Peroxidase) (Table S5.1- Appendix).

5.5.2.2. Treatment-specific psyllid proteins

In nymphs fed sucrose irrespective of the plant host (LemonSuc and
SwOSuc) 11 common proteins were identified, and included “MRP” (Multidrug-
Resistance like protein 1, isoform A), “Mi-2” (Chromodomain-helicase-DNA-binding
protein Mi-2 homolog), “SMC1” (Structural maintenance of chromosomes 1), “bt”
(Bent, isoform F), “Nedd4” (E3 ubiquitin-protein ligase Nedd-4) and “wrd” (Well-
rounded, isoform B) (Table S5.1- Appendix). Four proteins were identified both in
SwO and SwOSuc and were not identified in lemon fed nymphs (Fig. 5.3A), namely
“bw” (Brown), “CG13185” (Midasin), and “Klp61F” (kinesin-like protein Klp61F)
(Table S5.1- Appendix).

5.5.3. Citrus host plant and sucrose feeding affect the Trioza
erytreae proteome

A total of 173 DAPs were identified across the four comparisons of the four
experimental groups (p <0.05, Limma, with Benjamin-Hochberg correction). The
SwO vs Lemon comparison yielded the highest number of DAPs (101), followed by
the LemonSuc vs Lemon comparison (92 DAPs), the SwOSuc vs SwO comparison
(26 DAPs), and finally, the SwOSuc vs LemonSuc comparison (1 DAP) (Table S5.2-
Appendix, Fig. 5.3B and 5.4).
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Figure 5.4. Differentially abundant proteins (DAP) identified in nymphs from the four experimental
groups. Each pie chart represents one of the 4 comparisons performed and the numbers inside the
pie charts represent the DAPs that were most abundant in the different experimental groups. The
yellow colour denotes the lemon plant treatment groups. The orange colour denotes the sweet
orange (SwO) plant treatment group. Dashed lines and striped colouring in pie charts represent
nymphs that were fed sucrose (24 h). Solid lines and solid colours in pie charts represent nymphs
that were not exposed to sucrose feeding. “Lemon”: nymphs that developed exclusively on lemon
plants. “LemonSuc”: nymphs that developed on lemon plants and were then fed sucrose for24 h
before sampling. “SwO”: nymphs exclusively developed on SwO. “SwOSuc”: nymphs that developed
on SwO plants and were then fed sucrose for 24 h before sampling.

5.5.3.1. The citrus host effect: lemon plants modify nymph energy
metabolism while SwO plants hinder nymph fertility and development

Among the 101 DAPs identified in the SwO vs Lemon comparison, 81 were
found to be more abundant in SwO nymphs, whereas 20 were more abundant in
Lemon (Fig. 5.4). The 20 proteins identified were mainly related with energy
metabolism, and enriched pathways were “generation of precursor metabolites and
energy”, “carbohydrate metabolism process”, “formation of ATP by chemiosmotic
coupling”, “mitochondrial fatty acid beta-oxidation”, among other energy-related
pathways (Fig. 5.5). Two specific ATP synthases were identified, namely “blw” (ATP
synthase subunit alpha, mitochondrial) and “ATPsynbeta” (ATP synthase subunit
beta, mitochondrial) (Table S5.2- Appendix).
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In the SwO vs Lemon comparison, nymphs that developed on SwO exhibited
an enrichment of the semi-sterile phenotype groups (Fig. 5.5). Two proteins that
contributed to this enrichment were: “Ckllbeta” (Casein kinase Il beta subunit) and

“Abi” (Abelson interacting protein) (Table S5.2- Appendix).
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Figure 5.5. Bubble plots of the enriched parameters identified when differentially abundant proteins
(DAPs) in nymphs from the SwO and Lemon comparison were used to interrogate different databases
(FDR adjusted p-value threshold of 0.05). The size of the bubbles indicates the number of proteinsin
each pathway, whereas the colour denotes the FDR corrected p-value and fold enrichment. The
Drosophila melanogaster proteome was used as the reference. “Lemon”: nymphs that developed
exclusively on lemon plants. “SwO”: nymphs exclusively developed on SwO. GO BP: Gene ontology
biological process database; GO CC: Gene ontology cellular component database
(https://geneontology.org/); FlyBase phenotype or FB ph: Flybase phenotype database
(https://flybase.org/); REACTOME: reactome pathway database (https://reactome.org/).

The results of the proteomic profiles of SwO and Lemon revealed that the
most abundant proteins identified in SwO were associated with the biological
processes “actin cytoskeleton organisation”, and “signal transduction” and
“transmission across chemical synapses” pathways (Fig. 5.5). This was coherent
with the higher abundance of “Syn” (synapsin-1) and “sls” (titin) observed in SwO
(Table S5.2- Appendix). These two proteins also enriched the phenotype groups
“paralytic” and “abnormal locomotor behaviour”. Additionally, the “abnormal
neuroanatomy” and “abnormal neurophysiology” were enriched by “Dap160”
(dynamin associated protein 160) and “CadN” (neural-cadherin) (Table S5.2-

Appendix).
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A comparison of the SwO and lemon bubble plots (Fig. 5.5) revealed a
significant disparity in the enriched pathways between the two infested citrus host
plants. The lemon plants exhibited enriched pathways related to growth,
development and energy metabolism, including “organelle biogenesis and
maintenance”, “mitochondrial biogenesis” and “cuticle development” (Fig. 5.5). In

contrast, none of these pathways were enriched in the SwO plants, which had

enriched pathways linked to abnormal development (Fig. 5.5).

5.5.3.2. Sucrose feeding had a higher impact on nymphs that developed
on lemon plants, with the hedgehog signhalling pathway affected

The proteome analysis of nymphs in the SwOSuc vs SwO comparisonyielded
a similar outcome, and 15 proteins were more abundant in SwOSuc nymphs and 11
were more abundant in SwO nymphs. In the LemonSuc vs Lemon comparison, 74
proteins were more abundant in LemonSuc nymphs, while 18 were more abundant
in Lemon nymphs (Fig. 5.4). Comparison of nymphs exposed to sucrose feeding
revealed an enrichment of the “Hh signalling pathway” in nymphs that developed on
lemon plants (Fig. 5.6 and 5.7). The three DAPs that enriched the pathways in both
sucrose feeding treatments were “Tnpo” (Transportin, isoform A), “wdb”
(Widerborst) and “CG5504” (Protein tumorous imaginal discs, mitochondrial) (Table
S5.2- Appendix). Three proteins were exclusively enriched in this pathway in
LemonSuc, namely “UbcE2M” (Nedd8-conjugating enzyme UbcE2M), “flw”
(Serine/threonine-protein phosphatase beta isoform) and “Gbeta76C” (Guanine

nucleotide-binding protein subunit beta-2).

The 18 proteins with increased abundance in the Lemon nymphs, in the
LemonSuc vs Lemon comparison (Fig. 5.4), were predominantly associated with
protein translation-related functions, including “translational regulator activity”,
“translation initiation complex formation”, and “ribosomal scanning and start
codon recognition”, among others (Fig. 5.6). Proteins with high abundances that
enriched these pathways included “elF3b” (Eukaryotic translation initiation factor 3
subunit B) and “RpS28b” (40S ribosomal protein S28) (Table S5.2- Appendix). The
semi-sterile phenotype groups were also enriched by the more abundant proteins

in the SwOSuc (Fig. 5.7) and LemonSuc (Fig. 5.6) treatment groups.
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Figure 5.6. Bubble plots of the enriched parameters identified when differentially abundant proteins
(DAPs) in nymphs from the SwO and Lemon comparison were used to interrogate different databases
(FDR adjusted p-value threshold of 0.05). The size of the bubbles indicates the number of proteins in
each pathway, whereas the colour denotes the FDR corrected p-value and fold enrichment. The
Drosophila melanogaster proteome was used as the reference. “Lemon”: nymphs that developed
exclusively on lemon plants. “LemonSuc”: nymphs that developed on lemon plants and were then
fed sucrose for 24 h before sampling. GO BP: Gene ontology biological process database; GO CC:
Gene ontology cellular component database (https://geneontology.org/); FlyBase phenotype or FB
ph: Flybase phenotype database (https://flybase.org/); REACTOME: reactome pathway database

(https://reactome.org/).
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Figure 5.7. Bubble plot of the enriched parameters identified when differentially abundant proteins
(DAPs) in nymphs from the SwOSuc and SwO comparison were used to interrogate different
databases (FDR adjusted p-value threshold of 0.05). The size of the bubbles indicates the number of
proteins in each pathway, whereas the colour denotes the FDR corrected p-value and fold
enrichment. The Drosophila melanogaster proteome was used as the reference. “SwO”: nymphs
exclusively developed on SwO. “SwOSuc”: nymphs that developed on SwO plants and were then fed
sucrose for 24 h before sampling. FB signalling: Flybase signalling pathways database
(https://flybase.org/); FB phenotype: Flybase phenotype database (https://flybase.org/); REACTOME:
reactome pathway database (https://reactome.org/).

The biological processes related with the response to external stimuli,
chemicals and stress were enriched in LemonSuc nymphs in the LemonSuc vs
Lemon comparison (Fig. 5.6). Higher abundance was observed in proteins such as
“Hrb87F” (heterogeneous nuclear ribonucleoprotein at 87F), “Letm1”
(mitochondrial proton/calcium exchanger protein), “coro” (coronin), and “NUCB1”
(calcium-binding protein) (Table S5.2- Appendix). Additionally, abnormal phenotype
groups were enriched in LemonSuc nymphs including “abnormal behaviour”,
“abnormal neurophysiology” and “abnormal neuroanatomy” (Fig. 5.6). The proteins
thatwere found to enrich the abnormal and the paralytic phenotype groups included
“shot” (short stop), “twz” (Tiwaz, isoform B), “tau” (Microtubule-associated protein),

and the previously mentioned “Dap160” and “Syn”.

In the transition of T. erytreae nymphs from lemon plants to a sucrose diet,

pathways that were enriched between LemonSuc vs. Lemon, were suggestive of
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”

reactive adaptation since they included “response to external stimulus”, “response
to chemical”, “response to stress”, “actin cytoskeleton organisation” and

“microtubule cytoskeleton organisation” (Fig. 5.6).

5.6. Discussion

This section will discuss potential explanations for the observed lower
success of nymphal development on SwO plants in comparison to lemon plants.
This discussion will centre on the observed disparities of the hosts impact on the
nymphs’ proteome and elucidates the potential mechanisms underpinning the
variations in nymphal developmental success. Additionally, the greater proteome
adjustment observed in the nymphs that developed on lemon plants in response to
the dietary shift to sucrose complements our understanding of this plant-insect

interaction.

5.6.1. Trioza erytreae exhibited a citrus host-specific
oviposition pattern and nymphs developed better on lemon
than on SwO plants

The presence of young flushes and their young leaves has been
demonstrated to be essential for oviposition by T. erytreae (Catling, 1969). The
consistency observed in the initial number of flushes and new leaf development
among the citrus hosts in the current study suggests that flushing should not be

used as a differentiating factor among the two citrus hosts.

The oviposition behaviour exhibited by adult females of T. erytreae differed
markedly when infesting lemon or SwO plants. Amore dispersed oviposition pattern
characterised by a reduced egg count per leaf, was observed on SwO plants.
Conversely, a denser pattern with a high number of eggs per leaf was observed on
lemon plants (Table 5.1 and Fig. 5.2A). Previous studies have demonstrated that the
number of T. erytreae eggs laid per shoot differs according to the host plant. In
contrast to the findings of the present study, two other studies reported that hosts
with a high number of oviposited flushes in relation to the total available flushes,
generally tended to have a greater number of eggs per flush (Aidoo et al., 2019a;

Hernandez-Suarez et al., 2021). In accordance with the patterns of oviposition
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identified in the current study, it seems that T. erytreae females appear to initiate
oviposition on a leaf of SwO, but subsequently seek alternative leaves since they
consider this leaf suboptimal for oviposition. Conversely, the observed behaviour of
T. erytreae on lemon plants suggests that the initial leaf encountered is perceived as

optimal, with the majority of the eggs deposited on the same leaf.

The duration of the life cycle observed in the current study (25 to 27 days)
(Fig. 5.2C) is closely aligned with the optimal development time (23,9 days)
identified by Pérez-Otero et al. (2024), who tested the effect of climatic conditions
on T. erytreae development. Moran (1968b) showed that the host plant exerts an
influence on the duration of T. erytreae development, and that the psyllid has a
longer development time in some hosts compared to others, which was also
observed in the current study. The markedly greater increase in newly infested
leaves in lemon plants from 5 to 23 DAI (Table 5.1) is likely to be closely related to
the highly concentrated oviposition pattern observed in this host. Trioza erytreae are
known to disperse more when encountering already infested flushes (Van den Berg
etal., 1991b). Therefore, it seems that the emerging nymphs were compelled to seek
new leaves with fewer competing nymphs and sufficient space to complete their full

development.

The greater number of empty pit galls and dead fourth and fifth instar
nymphs, that remained attached to the leaf (classified as vacant galls) on SwO
plants, indicate that a high number of the nymphs were unable to complete their
development. In agreement with this observation, Tamesse (2000) observed a
comparable number of T. erytreae in the initial stages (eggs and first instar nymphs)
per flush in ‘Eureka’ lemon and ‘Valencia’ SwO, and a significantly lower number of

fourth and fifth instar nymphs on ‘Valencia’ SwO.

5.6.2. Citrus host plant and sucrose feeding affected Trioza
erytreae protein identification

5.6.2.1. Citrus host plant proteins identified in Trioza erytreae nymphs

The present study identified host plant proteins in T. erytreae nymphs,

suggesting that they are ingested and retained by the nymphs. The relatively low
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number of identified host plant proteins (Fig. 5.3A) in T. erytreae nymphs was
expected, as although insects are known to ingest and utilise plant proteins, they
also metabolise them and affect their conformation, leaving only a few highly stable
plant proteins intact (Chen et al., 2007; Salvucci et al., 1998). The identified host
plant proteins were associated with the heat shock, and oxidative stress response,
and with protein metabolism. Heat shock proteins importantin the response of SwO
to stress (Shafgat et al., 2020). Additionally, plant protein metabolism increases in
response to infestation by phloem feeding insects, and specifically in the response
of SwO to T. erytreae (Du et al., 2015; Magalhaes et al., 2024; Wu et al., 2019).
Furthermore, oxidative proteins present in plants can reduce the digestibility of
plant food by the insects (Wang and Constabel, 2004) and this supports emerging
concepts about the host plants response to psyllid feeding. The same plant proteins
were found in nymphs growing on both hosts. Except for two enzymes, catalase
(AOAO67H2F2) and a peroxidase (AOA0O67H6D4) that were exclusively identified in
nymphs developing on lemon and SwO, respectively (Table S5.1- Appendix). In a
previous study of tomato (Solanum lycopersicum L.) plants catalase and
peroxidase were induced in response to phloem-feeding insects, and catalase
activity was positively correlated with the hosts resistance to aphids (Zhao et al.,
2016). A similar number of total plant proteins was identified between the
treatments in our study (Fig. 5.3A), and this may be related to the relatively small
number of stable plant proteins that resist digestion by insects (Chen et al., 2007;

Salvucci et al., 1998).

5.6.2.2. Treatment-specific psyllid proteins

Three of the four proteins that were exclusively identified in the nymphs that
developed on SwO plants (SwO and SwOSuc), namely “bw”, “CG13185” and
“Klp61F” (Table S5.1- Appendix), are associated with the molecular function of ATP
binding (Garbarino and Gibbons, 2002; Mackenzie et al., 1999; Van den Wildenberg
et al., 2008). The nymphs subjected to the sucrose feeding treatment (LemonSuc
and SwOSuc) produced four proteins that are also associated with the molecular
function of ATP binding, namely “MRP”, “Mi-2”, “SMC1” and “bt” (Bent, isoform F)

(Table S5.1- Appendix) (Cole, 2014; Dege and Hagman, 2014; Yi et al., 2017). ATP-
145



Chapter 5

binding proteins have been shown to be essential for development and the ability to
cope with xenobiotic stress (Broehan et al., 2013). However, ATP-binding proteins
were not detected in nymphs that developed exclusively on lemon plants. This may
indicate that lemon host plants do not induce xenobiotic stress in the nymphs, or
alternatively, the stress experienced by the nymphs in the lemon plants was of a

lower intensity when compared to the other three groups.

The unique proteins detected on the sucrose-fed nymphs, “Nedd4” and
“wrd”, are required for proper synaptic growth (Viquez et al., 2006; Zhong et al,,
2011), and sucrose diets have been shown to initially increase synaptic currents in
D. melanogaster embryos (Suzuki et al., 2002), which may explain the presence of

these proteins in the sucrose-fed nymphs in the current study.

5.6.3. Citrus host plant and sucrose feeding affect Trioza
erytreae proteome

The greater number of DAPs in the SwO vs Lemon comparison (101 DAPs) in
relation to the other comparisons (Fig. 5.4) showed that the citrus host has a higher
influence over the T. erytreae proteome than the diet shift. A comparable pattern
was observed in a study involving D. citri, where the proteomes of the psyllids that
remained on one diet throughout the experiment were more divergent than psyllids

that underwent dietary alterations (Ramsey et al., 2022).

The sucrose feeding treatment had a more pronounced impact on nymphs
that developed on lemon plants (92 DAPs), than on nymphs that developed on SwO
plants (26 DAPs) (Fig. 5.4). Lemon and SwO plants leaves have different nutritional
profiles (Galvez-Sola et al.,, 2015). Furthermore, in response to T erytreae
infestations, a greater proteome adaptation of the leaf-enriched vascular sap was
observed in ‘Valencia’ SwO in relation to ‘Eureka’ lemon’ plants (Magalhaes et al.,
2024). The divergent nutritional content and proteome response of ‘Valencia’ SwO
and ‘Eureka’ lemon’ to T. erytreae infestation may explain the divergent proteome

response of the nymphs when transitioning from the host to the sucrose diet
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5.6.3.1. The citrus host effect: lemon plants modify nymph energy
metabolism while SwO plants hinder nymph fertility and development
A comparison of the enriched pathways in nymphs from the SwO and lemon
plants, suggests that the latter are more conducive to the development of T. erytreae
than the former. The enriched pathways in nymphs from the SwO plants were
related to protein metabolism, whereas in the lemon plants, the enriched pathways
are related to growth, development, and energy metabolism (Fig. 5.5). As
demonstrated by Chen et al. (2017b), an increase in protein metabolism occurred

in insects subjected to nutrition deprivation.

In nymphs that developed on lemon plants, the developmental and energy
metabolism-related pathways were enriched (Fig. 5.5). The pathways involved are
vital for insect development and for periods of nutrient scarcity (Arrese and
Soulages, 2010; Fraga et al., 2013). The knockdown of ATP synthases causes
developmental arrest in the early stages of the insect life cycle (Tsang and Lemire,
2003). Furthermore, D. citri had higher abundance of ATP synthases when
developing on Murraya paniculata, a highly suitable plant host compared to when
developing on a less suitable host (Ramsey et al., 2022). The higher abundance of
the ATP synthases (“blw” and “ATPsynbeta”) and the induction of energy-related
pathways in nymphs that developed on lemon suggests that psyllid development

was facilitated by this host compared to SwO.

Inthe SwO vs Lemon comparison, the nymphs that developed on SwO plants
were enriched in semi-sterile phenotype groups (Fig. 5.5). The “Ckllbeta” and “Abi”
proteins that enriched this phenotype are known to affect oogenesis (Squarr et al.,
2016; Wongetal., 2011), and in the psyllid, Bactericera cockerelli (Sulc) (Hemiptera:
Triozidae), the plant host affected fertility rates (Mustafa et al., 2015). The diet
contents were identified as a potential factor influencing fertility, as observed in
other insects, where lower quality diets resulted in lower fertility rates (Chen et al.,
2017b; Wanget al., 2013), and insects feeding on low quality diets prioritise survival
over reproduction (Parthasarathy and Palli, 2011). The semi-sterile phenotype
groups include proteins in D. melanogaster phenotypes that have a decreased (by
at least 50%) capacity to produce fertilised eggs in comparison to the wild-type. In
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the current study nymphs that developed on SwO plants, within the SwO vs Lemon
comparison, the semi-sterile phenotype groups were enriched, and a high
abundance of the “Ckllbeta” and “Abi” proteins (Table S5.2- Appendix), was
observed. These proteins are known to affect oogenesis (Squarr et al., 2016; Wong
et al., 2011). In T. erytreae a lower number of fourth and fifth instar nymphs on the
SwO plants, may indicate that SwO has a detrimental effect on fertility. In the psyllid
B. cockerelli plant host also influenced psyllid fertility, and divergent fertility rates
occurred with development on different plant hosts (Mustafa et al., 2015). Further
investigation of “Ckllbeta” and “Abi” proteins will contribute to improve

understanding of T. erytreae fertility and may yield strategies for control.

In SwO-developed nymphs the “signal transduction” and “transmission
across chemical synapses” were enriched (Fig. 5.5) by “Syn”, a protein known to
modify locomotor behaviour (Godenschwege et al., 2004), and “sls”, a protein
related to muscle development (Burkart et al., 2007) (Table S5.2- Appendix). The
latter protein was identified in higher abundance in D. citri developed on a host
where psyllids present narrower wing shapes (Paris et al., 2016; Ramsey et al.,
2022). This finding suggests a potential impact of SwO on the nymph's development
and behaviour. Furthermore, the “abnormal neuroanatomy” and “abnormal
neurophysiology” phenotype groups were found to be enriched (Fig. 5.5) by
“Dap160”, which induces endocytosis (Tang et al., 2005), and “CadN”, which is
crucialforinsect development (Hummeland Zipursky, 2004) (Table S5.2- Appendix).
In the present study, T. erytreae infestation patterns observed in SwO were found to
be abnormally dispersed (Table 5.1). Furthermore, the number of nymphs that
developed successfully was found to be three times lower than the number of
nymphs that developed on lemon plants. The settling and oviposition behaviours of
psyllids have been demonstrated to be influenced by host-feeding and probing
activities(Horton and Krysan, 1990; Moran and Buchan, 1975). We suggest that the
SwO plant host diet may have induced production of proteins linked to abnormal

behaviour and development phenotypes in the psyllid.
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5.6.3.2. Sucrose feeding effect had a high impact on nymphs that
developed on lemon plants, with hedgehog signalling pathway affected

The results of the present study revealed that the proteome of nymphs fed
sucrose after developing on lemon was enriched in the “Hh signalling pathway” (Fig.
5.6 and 5.7). Furthermore, negative regulators of the “Hh signalling pathway” were
dominant (Fig. 5.6). In contrast, in SwOSuc, the “Hh signalling pathway” was
enriched in positive and negative regulators (Fig. 5.7). The three common DAPs
enriched in both SwOSuc and LemonSuc have different regulatory roles. “Tnpo”, is
a positive regulator, “wdb” is a context-dependent regulator and “CG5504” (Table
S5.2- Appendix) is a negative regulator (Canamasas et al., 2003; Jia et al., 2009; Shi
etal., 2014; Su et al., 2011). The negative regulators of Hh signalling, “UbcE2M” and
“Gbeta76C”, were more abundantin LemonSuc nymphs (Table S5.2- Appendix) (Du
et al.,, 2011; Li et al.,, 2018). Both negative and positive regulators of the “Hh
signalling pathway” can cause developmental malformations in insects (Villarreal
et al., 2015). The knockdown of the hedgehog (hh) gene (GenBank accession
number NM_001114365), and the subsequent negative regulation of the “Hh
signalling pathway” in the red flour beetle Tribolium castaneum (Herbst, 1797)
resulted in the development of severe limb abnormalities (Villarreal et al., 2015).
Increased levels of “Tnpo” protein cause lethality in early stages of fruit fly
development, which is accompanied by abnormalities in the eyes and wings of adult
flies (Goodman et al., 2021). The proteome results obtained linked to the “Hh
signalling pathway” in T. erytreae nymphs after 24 h sucrose feeding suggests
development may have been modified and also revealed that the plant host can

influence the outcome.

The proteome analysis revealed high abundance of the “elF3b” and
“RpS28b” proteins (Table S5.2- Appendix) in lemon-developed nymphs that were
not submitted to sucrose feeding, in the LemonSuc vs Lemon comparison. Both
these translation-related proteins are crucial for cell proliferation and cell division
(Dong and Zhang, 2006; Marygold et al., 2007). The results suggests that sucrose
feeding hinders cell growth and division in T. erytreae nymphs. Similarly, a significant

reduction in the number of translation transcripts was observed in D. melanogaster
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larvae when transitioned from a full food diet to a state of starvation, or to a diet

consisting exclusively of sugar, (Nagarajan and Grewal, 2014).

The sucrose feeding treatment appears to have exerted a more pronounced
influence on the proteome of nymphs that developed on lemon, as revealed by the
enrichment of active responses (stress response, response to chemical, response
to external stimulus) (Fig. 6). The protein “Hrb87F”, present in higher abundance is
associated with active responses and enhanced tolerance of insects to starvation
(Singh and Lakhotia, 2012). Additionally, in LemonSuc a higher abundance of
proteins linked to biotic and abiotic stress response was observed, namely “Letm1”,
“coro” (coronin) and “NUCB1” (Table S5.2- Appendix) (Berkey et al., 2009; Jin et al.,
2008; Lee et al., 2008b). It has been shown that insects that feed on more restricted
diets are more resilient to external pressures, attributable to the priming of stress
responses (Chen et al., 2017b, 2017a). Furthermore, a stress response was also
observed in Spodoptera exigua (Lepidoptera: Noctuidae) when feeding on an

artificial diet or a less suitable host (Breeschoten et al., 2019).

The findings of the present study indicate that the sucrose feeding treatment
is eliciting stress responses, which could possibly result in developmental
deficiencies and behavioural alterations in T. erytreae. This hypothesis is consistent
with the documented reduction in the size of D. melanogaster with leaner bodies
that developed on protein-deficient diets (Henry et al., 2020). The impact of high
sucrose diets on the development of various organs in insects has been
demonstrated to be detrimental (Catalani et al., 2021; Rani et al., 2020). Further
functional studies are required to elucidate the impact of the proteins induced by

sucrose feeding on T. erytreae homeostasis and development.

5.7. Conclusions

The experimental results showed that T. erytreae exhibited divergent
oviposition and infestation behaviour patterns on the SwO and lemon plants. The
developmental time was slightly prolonged and the number of nymphs thatreached
the fourth and fifth instars was significantly diminished when the psyllids were

developing on SwO. The proteome analysis of nymphs indicates that their growth
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and development were facilitated by the lemon plants. This was evidenced by the
proteome enrichment analysis, which revealed greater enrichment in
developmental and energy-metabolism related pathways, such as “generation of
precursor metabolites and energy”, “formation of ATP by chemiosmotic coupling”,
“mitochondrial biogenesis” and “cuticle development”. Furthermore, anincrease in
initiation translation factors was observed in nymphs that developed on lemon
compared to the nymphs that developed on SwO or that were submitted to sucrose
feeding. The sucrose and SwO diets resulted in the enrichment of “semi-sterile”
phenotypes, as well as “abnormal development” and “abnormal behaviour”
phenotypes. These findings suggest that the diet from lemon is more conducive to
successful T. erytreae development. The observation that nymphs that developed
on lemon exhibited a greater proteome adjustment to the sucrose feeding treatment
than the nymphs that developed on SwO lend support to this hypothesis. Some of
the proteins highlighted in this study may serve as potential targets for the control

of T. erytreae infestation.
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Chapter 6. Jasmonic acid spray affects Citrus
xlimon (L.) Burm. f. volatiles and hinders Trioza
erytreae (Del Guercio) development

In preparation:

Magalhaes, T., Ruano, D., Rodrigues, N., Duarte, A., Marques, N. T., Pereira, J. A.
Jasmonic acid spray affects Citrus xlimon (L.) Burm. f. volatiles and hinders Trioza

erytreae (Del Guercio) development
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6.1. Abstract

Exogenous jasmonic acid (JA) application triggers plant defences and influences
plant volatile organic compounds (VOCs) emission. Determining the JA spray effect on
lemon (Citrus xlimon ((L.) Burm. f.) plants' VOC profile and on Trioza erytreae (Del
Guercio), a vector of the citrus Huanglongbing pathogen, could help develop novel
control strategies against this vector. Exogenous JA application reduced T. erytreae
oviposition by 69% in lemon plants. It also affected egg success with 94.9% of the eggs
resulting in successfully developed nymphs for non-JA sprayed plants (Psyll) and only
53.6% on JA sprayed plants (JAsp_Psyll). Lemon plant VOCs were identified using
headspace solid-phase microextraction (HS-SPME) in combination with gas
chromatography-mass spectrometry (GC-MS). Lemon plant VOC emissions and
endogenous JA levels were affected by JA spray and T. erytreae infestation. The isolated
effect of adult psyllid feeding and oviposition had a greater impact on lemon plants five
days after spray (DAS). The combined effect of JA spray and continuous nymphal feeding
had a higher impact on lemon plants 25 DAS. Monoterpenes, sesquiterpenes, alcohols,
esters and aldehydes were involved in lemon plants’ response to JA spray and T. erytreae
infestation. Exogenous application of JA induced VOCs and JA related responses on
lemon plants and greatly hindered T. erytreae infestation, demonstrating the great
potential of JA against the pest. Nevertheless, JA application in field conditions should be

further investigated.

6.2. Abbreviations

ANOVA (analysis of variance); “Control” (lemon plants sprayed with control spray
mix and without T. erytreae infestation); DAS (days after spray); ELISA (enzyme-linked
immunosorbent assay); HS-SPME-GC/MS (headspace solid phase microextraction gas
chromatography coupled to mass spectrometry); HLB (huanglongbing); JA (jasmonic
acid); “JAsp” (lemon plants sprayed with JA spray mix and without T. erytreae infestation);
; “JAsp_Psyll” (lemon plants sprayed with JA spray mix and infested with T. erytreae); PCA
(principal component analysis); “Psyll” (lemon plants sprayed with control spray mix and
infested with T. erytreae); SA (salicylic acid); TIC (total ion chromatogram); VOC (volatile

organic compounds)
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6.3. Introduction
Huanglongbing (HLB), caused by the bacterium Candidatus Liberibacter

africanus, Candidatus Liberibacter americanus and Candidatus Liberibacter asiaticus is
the most devastating citrus disease in the world (Bové, 2006; Gottwald et al., 2007). This
disease is spread by two psyllid vectors, Trioza erytreae (Del Guercio) and Diaphorina citri
(Kuwayama), which in the last decade have reached countries of the Mediterranean
basin, specifically, T. erytreae has reached mainland Portugal and Spain (Benhadi-Marin
et al., 2022; EPPO, 2021, 2015), and D. citri Israel and Cyprus (EPPO, 2023, 2022). The
Mediterranean basin is currently still HLB-free (EPPO, 2025). However, the introduction
of the vector usually precedes subsequent outbreaks of HLB, and in recent years, the
time between these two events has been progressively reduced (Alquézar et al., 2022;
Bové, 2006). This poses a significant threat to European citriculture, and governmental
authorities have deemed both the vectors and the causal agents of HLB as priority
quarantine pests (EPPO, 2025).

Vector control is a major factor in HLB management, given that there are no
available curative measures or resistant cultivars of citrus for this disease (Alquézar et
al., 2022; Galvan et al., 2023). The three-pronged strategy, that consists of (1) planting of
certified healthy citrus material; (2) removal of inoculum sources-infected trees; and (3)
application of insecticide treatments to control psyllid populations is the main strategy
to manage HLB (Galvaf et al., 2023). Successful examples for HLB management have
relied on intense pesticide spray applications (Galvan et al., 2023; Singerman et al.,
2017). This can lead to the development of pesticide resistance by the vectors and other
pests, with risks for the environment and human health (Chen et al., 2022; Garcia-
Méndez et al., 2019). Therefore, alternatives to conventionalinsecticide sprays for vector
control are needed for the sustainable management and prevention of HLB.

Preparing and enhancing the plants’ response for future stress, also known as
priming, has been shown to be an effective alternative insect control method (Frost et al.,
2008; Kim and Felton, 2013). Specific chemical stimuli can successfully prime plants'
defences, and an effective elicitor is needed (Mauch-Mani et al.,, 2017). A holistic
approach to discover these elicitors includes the exploration of the plant-insect

interaction (Balmer et al., 2015; Enders and Begcy, 2021). Phytohormone signalling
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response is a known layer of plants’ response to insects, in particular the JA
phytohormone (Enders and Begcy, 2021; Schuman and Baldwin, 2016). Previous studies
demonstrated that JA levels and JA signalling pathways of citrus plants have been
affected by T. erytreae and D. citri infestation (Gao et al., 2023; Patt et al., 2018). And the
psyllids development has been hindered in hosts where the JA signalling pathways were
upregulated, and/or JA levels were higher (Gao et al., 2023; Patt et al., 2018). In D. citri, JA
priming has shown promising results as a potential alternative control method (Rao et
al., 2018a).

It is known that, in conditions with low levels of JA, the jasmonate ZIM-domain
(JAZ) proteins bind and limit the activity of various transcription factors of JA response
genes. While with high levels of JA, a degradation of the JAZ proteins occurs through the
26S proteasome pathway, leading to an activation of JA response genes (Fig. 6.1) (Chini
et al., 2007; Ruan et al., 2019).

The JA response genes activate a myriad of responses, including the activation of
JA biosynthesis that creates a positive feedback loop of the JA signalling pathway.
Additionally, JA response genes activate specific plant defence mechanisms and induce
the biosynthesis of many secondary metabolites, including volatile organic compounds
(VOCs) (Chini et al., 2007; Luo et al., 2023). VOCs are emitted by plants and serve as a
communicating agent within the plant and other living organisms, like other plants,
microorganisms and biological agents present in their environment (Dudareva et al.,
2004; Paré and Tumlinson, 1999). These compounds have a crucial role in plant-insect
interactions, acting as repellents for plant pests, as attractants of pollinators and natural
enemies. Insects have the ability to interpret these compounds and identify their
preferred plant host (Antwi-Agyakwa et al.,, 2019; Paré and Tumlinson, 1999). The
influence of VOCs on the behaviour of HLB vectors had been demonstrated (Mann et al.,
2012; Patt et al., 2018). Lemon plants Citrus xlimon (L.) Burm. f. are classified as highly
suitable hosts of T. erytreae, and the host VOCs emission profile has been shown to

influence the psyllid preference (Antwi-Agyakwa et al., 2019; Magalhaes et al., 2025).
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Low level of JA

JAZ + TPL + NINJA

Transcription Factor
NIV NI

DA DA DA DADA DADADADA DA DADA DA DADA DA X
Expression of JA response genes NOT activated

High level of JA

Expression of JA response genes activated v/

Figure 6.1. Summarised representation of the JA signalling pathway trigger; SCF: Skp1, Cullin and F-box
proteins; COIl: coronatine insensitive; JAZ: jasmonate ZIM-domain protein; TPL: Topless protein; NINJA:
Novel interactor of JAZ, JA-Ile: jasmonoylisoleucine

In this study, JA was applied exogenously to lemon plants that were subsequently
infested with T. erytreae. The main hypothesis being tested was “Does an exogenous JA
application induce lemon plants’ defence for T. erytreae infestation?”. Two other
hypotheses were also being tested, namely i) “do the exogenous JA application and T.
erytreae influence JA levels in the plant?” and ii) “do the exogenous JA application and T.
erytreae influence the plants’ VOCs profile?”. These three hypotheses were tested in
different time points after the exogenous JA application. JA levels in the plant were
ascertained via enzyme-linked immunosorbent assay (ELISA). VOCs profiles were
obtained via headspace solid phase microextraction gas chromatography coupled to
mass spectrometry (HS-SPME-GC/MS). An integrative analysis of the results along the
different time points was performed to better understand the effect of the exogenous JA
application on the C. xlimon-T. erytreae interaction. The direct effect of the JA application
and the indirect effect on the plants’ VOCs profile have the potential to be used for further

studies for the development of alternative control methods against T. erytreae.
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6.4. Materials and methods

6.4.1. Plant and insect material

Certified two-year-old ‘Eureka’ lemon [C. xlimon (L.) Burm. f.] plants grafted on
Citrus macrophylla Wester, from the same batch, were purchased in “Viveiros Citriplant”
nursery. The plants, 0.8 to 1.0 m height, were cultivated in 5 L pots and were maintained
in a climate chamber under controlled conditions [T=23.0 = 1°C, RH: 55+ 5% and 13:11
h (L:D)]. Plants were irrigated according to their specific needs, and three weeks before
the exogenous spray applications, all plants were pruned to induce new shoot growth.

The adults of T. erytreae preceeded from an established colony and were
maintained on ‘Eureka’ lemon and ‘Afin Verna 2’ sour orange (Citrus aurantium L.) plants,
in acrylic cages (40 x 30 x 43 cm) at controlled temperature [T= 21.0 = 1°C, RH: 50 £ 5%
and 16:8 h (L:D)].

6.4.2. Experiment design and phytohormone spray application

Fourtreatment groups were defined namely: “Control” plants sprayed with control
spray mix and without T. erytreae infestation; “Psyll” plants sprayed with control spray
mix and infested with T. erytreae; “JAsp” plants sprayed with JA spray mix and without T.
erytreae infestation; and “JAsp_Psyll” plants sprayed with JA spray mix and infested with
T. erytreae. Each group comprised five lemon plants (n = 5).

Control spray mix consisted of 0.025% Tween ® 20 and 1% ethanol in distilled
water, while JA spray mix was the same as the control spray mix with the addition of 5 mM
of methyl jasmonate.

Tween ® 20, ethanol and methyl jasmonate were purchased from Sigma-Aldrich®
(San Louis, Missouri, USA) and. All plants were sprayed with a hand-held sprayer (500 mL

in volume capacity) uniformly and to avoid dripping (approximately 30 mL per plant).

6.4.3. Trioza erytreae infestation
Plants from the Psyll and JAsp_Psyll treatments were infested 24h after the spray.

Each plant was isolated within a cylindrical insect-proof net and infested with 10 adult T.
erytreae specimens (five males and five females). After 96h, the adults were removed,

and oviposition was evaluated by counting the eggs in each plant immediately. Insect
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development was assessed every third day after oviposition evaluation up to 25 days

after spray (DAS), registering the number of psyllids and their development stage.

6.4.4. Plants’ endogenous JA concentrations

Leaves were sampled at four time periods: TO) prior to spray; T1) 24h after spray;
T2) five DAS; and T3) at 25 DAS. Sampling consisted in removing the third leaf counting
from the tip of a developed branch of the plant. Then 120 mg from the centre of this leaf,
including its midrib vein, were excised and enwrapped in aluminium foil, frozen in liquid
nitrogen, and then stored at -80 °C. Homogenised and grounded into a fine powder in
liguid nitrogen. Then 1TmL of phosphate buffer saline (PBS) (pH 7.4) buffer solution was
added to the samples. Samples were placed in a 1.5 mL microtube and centrifuged at 4
°C, 3,000 rpm, for 20 min. The supernatant was then used for plants’ endogenous
jasmonic acid concentrations evaluation by enzyme-linked immunosorbent assay
(ELISA) using a plant jasmonic acid (JA) ELISA kit (Sunlong Biotech, Hangzhou, Zhejiang,
China) following the manufacturers’ instructions, with five biological replicates (n = 5),

each of which with three technical replicates.

6.4.5. Volatile organic compound characterisation

Volatile organic compounds (VOCs) were analysed at each time of sampling
periods (TO; T1; T2 and T3). The analysed plant material was not excised from the plant.
Only new growth (growth that developed after pruning) was used for VOCs analysis. At
TO, T1 and T2 a single young flush was used per plant, while at T3 a single young leaf was
used. For each plant, the flush used for TO was used for T1 and T2, and the leaf used in T3
was from the same flush used in the previous timings. Each treatment group was
comprised of five plants (n =5). The leaf area was measured for all plant material used in
the VOCs analysis. Leaf areas were measured by positioning the leaves on a millimetric
paper and photographing the leaf. The area was measured in cm? through scaling and
area measurement tools on Inkscape (Inkscape Project, 2020) (Fig. S6.1 - Appendix). In
the time points TO through T2 all the areas of leaves on the flush were measured, in T3 the
single leaf used for analysis was measured.

Volatile organic compounds were analysed by HS-SPME-GC/MS. A glass Schott

bottle (100 mL capacity) with a small hole in the centre of the bottom sealed with a silicon
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septum, was used to isolate the plant material. The bottle cap was removed, and the
plant material (new flush or new leaf) was inserted into the Schott bottle through the cap
side, which was then isolated with aluminium foil and scotch tape. Once placed it was
left for 5 min to release volatile compounds, after which 5 pL of 4-methyl-2-Pentanol at a
0.127 mg/mL concentration (internal standard) were inserted into the Schott bottle, via
syringe through the septum. Five minutes after the SPME fibre
(divinylbenzene/carbonex/polydimethylsiloxane) (DVB/CAR/PDMS 50/30 pm) (Supelco,
Bellefonte, PA, USA) was inserted through the septum of the bottle and exposed for 30
min for adsorption of the volatile compounds in the headspace. Volatile organic
compounds were removed from the fibre by thermal desorption (220 °C) for 1 min in the
chromatograph injection port. The fibre was kept in the injection port for 10 min for
cleaning and conditioning for further analysis. The gas chromatograph used was a
Shimadzu GC-2010 Plus equipped with a Shimadzu GC/MS-QP2010 SE mass
spectrometer detector. A TRB-5MS column (30 m x 0.25 mm x 0.25 x m) (Teknokroma,
Spain) was used. The injector was set at a temperature of 220 °C, and the manual
injection was performed in spitless mode. The mobile phase consisted of helium 5.0
(Linde, Portugal), at a linear velocity of 30 cm/s and a 24.4 mL/min flow rate. The oven
temperature was 40 °C for 1 min, followed by an increase of 2 °C /min until reaching 178
°C. A holding time of 5 min was used once the final temperature was reached, total run
time was of 75 min. The ionisation source was maintained at 250 °C with an energy of 70
eV and a current of 0.125 kV. All mass spectra were obtained by electronic ionisation in
the m/z range 35-500. Compounds were identified by comparing the mass spectra and
through the Kovats index using databases such as NIST 69, PubChem and ChemSpider.
Retention indices were obtained using a commercial n-alkane series, C7-C30 (Sigma-
Aldrich, St. Louis, MS, USA), by direct spitless liquid injection (1 yL), while all further
conditions of GC and MS were settled for the volatile analysis. Retention indices were
calculated according to the Kovats index. The identified volatile compounds were
expressed based on the areas determined by TIC (total ion chromatogram) integration.
The internal standard concentration was measured in relation to leaf area. Each

VOC TIC area was multiplied by the internal standard concentration and then divided by

161



Chapter 6

the mean TIC area of the internal standard. The mean TIC area of the internal standard

was calculated based on 165 measurements.

6.4.6. Data analysis

Statistical tests were performed using Rstudio software R version 4.3.3 (R Core
Team, 2020). The normality of all data was assessed using the Shapiro-Wilk test, while
homoscedasticity was evaluated with Levene's test for normally distributed data and the
Brown-Forsythe test for non-normally distributed data. All statistical tests p-value was
setat<0.05.

A Wilcoxon-rank sum test was employed to assess the differences in egg success
ratio of T. erytreae on Psyll and JAsp_Psyll plants. A two-way mixed analysis of variance
(ANOVA) was employed to examine the effect JA spray effect on the mean number of
psyllids per plant over time (T2 and T3), with JA spray as a between-subjects factor and
time point as a within-subjects factor. Post hoc Student's t-tests were conducted: paired
t-tests for the within-subjects factor (time point) and unpaired t-tests for the between-
subjects factor (JA spray).

To examine the time point effect on endogenous JA concentration, a one-way
ANOVA was employed to each treatment group separately. Post hoc paired Student's t-
tests were conducted.

To examine the treatment group effect on endogenous JA concentration for the T1
timing an unpaired Student's t-tests was conducted on JAsp and Control. For the T2 and
T3 timings a two-way mixed ANOVA was employed with JA spray and infestation status as
the two between-subjects factors. Post hoc pairwise multiple comparisons were run with
unpaired Student's t-tests and a Bonferroni p-value adjustment.

To examine the time point effect on plants’ VOCs, a one-way ANOVA was
employed to each treatment group separately. To examine the treatment group effect on
plants’ VOCs was employed to each time point separately. VOCs ANOVAs were followed
by the Tukey’s post-hoc multi-comparison test. When only two groups were compared,
a Student's t-test was applied.

To identify the most influential VOCs within this study, a Random Forest (RF)
analysis was conducted using the randomForest package (Breiman et al., 2024). The

importance of each VOC was determined based on the Gini Importance Measure (GIM),
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where higher values indicate a greater impact of treatment and time on plant VOCs.
VOCs with a GIM greater than 0.5 were selected for heatmap and principal component
analysis PCA analysis (Table S6.1 — Appendix).

A heatmap was used to visualise the correlations between the most influential
VOCs and the treatment groups, facilitating the identification of relationships between
different parameters. This type of map, often combined with clustering algorithms, is
useful for grouping similar data and visualising these groupings.

Principal component analysis (PCA) was applied to see if the most influential
VOCs could be used to identify the treatment groups within each time point, and the
timings within each treatment group. This analysis was visualised using a 2D-biplot
graph, which simplifies the interpretation of multivariate data by projecting it in two

dimensions to facilitate visualisation.
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6.5. Results

6.5.1. Trioza erytreae infestation

Exogenous JA application significantly reduced the number of eggs and nymphs
on lemon plants. Plants with no JA application (Psyll) harbouring 327 + 25.8 [mean =
standard error mean (SEM)] eggs/plant and plants with JA application (JAsp_Psyll)
harbouring 101.4 = 16.6 eggs/plant (Fig. 6.2A). Exogenous JA application also reduced the
egg success ratio, 94.6 = 1.1 and 46.8 = 17.8 for Psyll and JAsp_Psyll plants, respectively
(Fig. 6.2B). The exogenous JA application affected T. erytreae oviposition behaviour and
lowered the number of eggs/plant. Combined with the lower egg success rate, thisresults
in alower number of successfully developed fourth and fifth instar nymphs, namely 310.4

+ 25.4 and 54.4 = 20.5 for Psyll and JAsp_Psyll plants, respectively (Fig. 6.2A).
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Figure 6.2. Trioza erytreae development on lemon plants treated with JA and without JA. Psyll: lemon trees
sprayed with a 1% ethanol and 0.025% Tween in a water base solution and infested 24h after spray.
JAsp_Psyll: lemon trees sprayed with a 5 mM of jasmonic acid and 0.025% Tween in a water base solution
and infested 24h after spray. A: Mean number of eggs per tree five days after spray (DAS) (T2) and mean
number of nymphs per tree 25 DAS (T3). Lower case letters represent the comparison between the two
groups within the T2 time point. Upper case letters in the comparison between the two groups within the
T3 time point. If treatments do not share a common letter in their respective comparisons, they are
significantly different at p < 0.05. Asterisks represent the significantly different comparisons within the
same group between the two time points (T2 and T3) at p < 0.05. B: Egg success rate, obtained by dividing
the number of nymphs 25 DAS by the number of eggs at five DAS. Asterisk represents the significantly
different comparison at p < 0.05. Standard error bars are shown for each bar chart.

The number of eggs is a major determinant of the final number of nymphs in this
experiment. As a one-way ANOVA with no covariates indicated that there was a
significant effect of the exogenous JA spray (F =49.24, p = 1.11 x 10%) on the number of
nymphs. However, when egg number was included as a covariate, the effect of the
exogenous JA spray became non-significant (F =0.06, p = 0.82) and the egg number effect

was significant (F = 35.46, p =5.67 x 10%).
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Our results showed that the exogenous JA spray treatment negatively affected T.
erytreae infestation. This treatment had its highest impact on the oviposition behaviour
and a subsequent number of eggs laid. Moreover, the egg success ratio was also

hindered, and both effects resulted in a significantly lower number of nymphs.

6.5.2. Exogenous JA application and Trioza erytreae infestation
effect on plants’ endogenous JA levels

Control plants’ endogenous JA concentration did not differ at any time point. The
short-term effect of the exogenous JA spray on the plants endogenous JA was negligible
with no significant differences between control and JAsp plants at 1 DAS (T1). However,
there was a clear tendency for higher values in all the timings in JAsp plants in relation to
control, in particular at 5 DAS (T2) and at 25 DAS (T3) (Fig. 6.3). Furthermore, JAsp plants’
endogenous JA concentration increased from 1 DAS (T1) to five days after exogenous JA

spray (T2) (Fig. 6.3).
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Figure 6.3. Plants’ endogenous JA concentration measured before spray (BS) (T0), one day after spray (DAS)
(T1), five DAS (T2) and at 25 DAS (T3). Orange coloured lines represent plants treated with exogenous JA,
blue coloured lines represent plants not treated with exogenous JA. Full lines with circular points represent
plants that were not infested. Dashed lines with square points represent plants infested with T. erytreae.
Gray dashed lines represent the theoretical evolution of the treatments after spray and infestation if the
same start point was assumed. Lowercase letters represent the comparison within the groups and along
the different time points (effect of time). Uppercase letters represent the comparison between the groups
within the specific time point (treatment effect). When there is no common letter between points (compare
letters within the same case type only), they are significantly different, at a Bonferroni adjusted p < 0.05.

Five DAS (T2) psyllid-infested plants without exogenous JA application (Psyll)

showed a significantly higher endogenous JA concentration than the control plants. The
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JA sprayed plants (JAsp and JAsp_Psyll) show a tendency for higher endogenous JA
contentin relation to the control plants in T2, albeit not significantly different. This would
suggest that the plants with both exogenous JA application and infestation (JAsp_Psyll)
should show the highest endogenous JA concentration of the four groups. However, this
was not observed (Fig. 6.3). There was a significant decrease in plants’ endogenous JA
concentration in Psyll plants from 5 DAS (T2) to 25 DAS (T3), which was not observed in
the JA_Psyll plants (Fig. 6.3).

At 25 DAS (T3), the plants that were infested with T. erytreae and had an exogenous
JA application (JAsp_Psyll) had a higher endogenous JA concentration than control
plants. Demonstrating that continuous stress induced by nymphal feeding and
development coupled with the JA spray increases the plants’ endogenous JA levels. While
the isolated effect of exogenous JA application, or the isolated effect of continuous

feeding did not significantly affect plants’ endogenous JA levels (Fig. 6.3).

6.5.3. Volatile organic compound characterisation

A total of 132 volatile organic compounds were identified in this study, belonging
to 17 compound families (Tables 6.1 and 6.2). A general decrease of total VOC intensity
was observed over time in all treatments (Fig. 6.4A and Table 6.2). Monoterpenes were
the most represented compound family in terms of percentage of the total profile in all
treatments and timings (Fig. 6.4B). Monoterpenes also had the highest number of
identified compounds, and D-limonene was the most abundant VOC (Table 6.1). A
marked increase in the percentage of monoterpene aldehydes was evident in all

treatment groups at 25 DAS (T3) (Fig. 6.4B).
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Table 6.1. Volatile profile and treatment effect comparisons of lemon plants measured before spray (BS) (TO), one day after spray (DAS) (T1), five DAS (T2) and at 25
DAS (T3). Control- plants not sprayed with jasmonic acid (JA) and not infested by Trioza erytreae; JAsp- plants sprayed with JA and not infested; Psyll- plants not
sprayed with JA and infested; JA_Psyll- plants sprayed with JA and infested. The results are expressed as nanograms per cm? leaf area (mean * standard error, n =5).
LRI =Linear Retention Index. ND = Not detected. NA = Not applicable. Comparisons with significant differences (p-value< 0.05) are highlighted in bold. One-way
ANOVA was employed, followed by the Tukey’s post-hoc multi-comparison test. When only two groups were compared, a Student's t-test was applied.

To T T2 T3

Compound LRI Control Control JAsp p-value| Control JAsp Psyll JAsp_Psyll p-value| Control JAsp Psyll JAsp_Psyll p-value
Monoterpenes
Monoterpene hydrocarbons
Thujene 977  22.50+2.97 10.45+1.93 10.26+3.70 0.97 5.03+1.38B  6.85+1.84B 27.79+9.38A  5.56+0.91B 0.01 2.26+0.37B 1.97+0.16B 3.62+0.82B  8.84+2.36A 4.75E-03
alphaPinene 982  24.27+2.77 14.12£1.73 16.11+£4.47 0.69 6.46+154B 10.06+213B 30.04+7.89A 11.22+2.90B 7.10E-03 3.75+0.51B  4.45+0.53B 5.92+1.06AB 14.74+451A  0.02
Camphene 994 0.93+0.09 NDB 0.71x0.21A 9.82E-03 0.26+0.04B  0.48+0.09AB  1.27+0.28A  0.67+0.32AB  0.03 0.18+0.03B 0.22+0.02B 0.27+0.06B  0.85+0.21A 1.70E-03
beta Phellandrene 1014 59.32+8.56 28.75+7.67 28.46+11.3 098 16.62x558B 18.24x355B 76.07:239A 16.72+2.64B 8.24E-03 7.86:+0.41B NDB 14.07+1.85AB 28.60+8.36A 1.78E-03
(-)-beta Pinene 1016 166.1+£25.6 88.98+12.3 128.9+44.0 0.41 50.86+13.4B 76.33+15.8AB 180.5+47.0A 81.62+15.8AB 0.02  40.62+550B 50.54+597B 60.09+9.18AB 149.9+46.4A  0.02
beta Myrcene 1028  149.7+31.7 84.19+17.4 52.40+19.1 0.25 43.10+10.9 52.55+8.02 101.6+28.2 52.20+15.2 0.1 20.41+3.18 34.54+4.82 27.81+2.72 48.04+18.5 0.27
alpha Phellandrene 1050 24.21+£3.39 NDB 8.36+1.76A 1.47E-03 4.05+0.89B 6.90+1.26AB 19.38+573A 9.58+347AB  0.03 1.91+£0.20B 3.16+0.30B  6.80+0.98AB 12.12+3.60A 6.25E-03
3-Carene 1057  113.8+18.8 54.63+8.23 30.75+8.95 0.09 15.34%4.02B 29.22+5.72B 107.6+35.7A 20.10+3.00B 7.74E-03 6.95+0.66 15.97£2.56 22.27+3.70 51.55+25.1 0.12
alphaTerpinene 1063  9.19+1.39 6.38+2.40 4.76+1.15 0.56 3.19+0.82B  3.12+0.53B  9.99+2.95A  3.17+1.05B 0.02 0.88+0.14B 1.14+0.13B NDB 8.40+1.95A 4.82E-05
0-Cymene 1068 ND NDB 6.12+0.80A 6.05E-05 NDB 6.17+1.80B  44.60+10.5A NDB 4.18E-05 NDB NDB 555+1.38B  15.49+2.83A 7.32E-06
D-Limonene 1078  2739+482 1724+256 1025+344 0.14 804+160B 1005+184B 2752+701A  916.5+225B 7.55E-03 207.4+19.5B 282.7+38.3B 534.3+57.6AB 868.6+256A 0.01
trans beta Ocimene 1084  81.75+£22.0 71.46+26.3 34.40+16.4 0.27 34.80+6.69 38.39+5.37 54.82+13.6 42.40+19.5 0.70 7.66+1.62 12.30+£2.58 8.91+0.89 11.32+£2.60 0.38
cis beta Ocimene 1093  343.9+88.3 348.3+106 140.8+67.7 0.14 158.8+28.6 182.7+25.2 227.0+53.2 176.7+£76.3 0.80 31.23+6.32 49.59+11.1 4551+8.93 48.69+9.71 0.48
gamma Terpinene 1101 22.13+£3.08 8.92+1.88 11.47£4.95 0.64 579+192B 6.81+1.96AB 20.56+6.36A 8.92+1.77AB  0.04 3.93+0.87B 254+0.27B  4.00+0.57B  8.28+1.80A 8.03E-03
1,3,8-p-Menthatriene 1118  0.66+0.16 0.42+0.06 0.44+0.11 0.89  0.27+0.08AB  0.35:0.04A NDB 0.37+0.12A 0.01 0.05+0.02AB  0.10+0.03A  0.11+0.01A NDB 1.89E-03
4-Methyl-3-(1-
methylethylidene)-1- 1120 ND ND ND NA 0.18+0.02BC  0.30+0.04AB NDC 0.47+0.13A 1.36E-03 0.07+0.02 0.18+0.04 ND 0.98+0.53 0.06
cyclohexene
Terpinolene 1125  21.63+4.39 8.81+1.86 5.78+1.91 0.29 3.87+x1.01B 5.76+1.05AB 13.88+4.44A 5.18+0.80AB  0.03 1.86+0.29 4.46+0.73 3.34+0.56 8.43+3.35 0.09
Cosmene 1167  1.86+0.22 1.39£0.36A NDB 5.07E-03 0.61+0.16B  0.85+0.08AB  3.02+0.85A 1.67+0.73AB  0.03 NDB 0.21+£0.03A NDB NDB 6.63E-09
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T0 ™ T2 T3

Compound LRI Control Control JAsp p-value| Control JAsp Psyll JAsp_Psyll p-value| Control JAsp Psyll JAsp_Psyll p-value
Allo-Ocimene 1174 15.13+3.85 13.35+£3.98 6.93+£2.87 0.23 6.01£1.11 8.20+1.13 15.65+3.74 8.86+3.02 0.08 1.44+0.30 2.71+0.61 2.25+0.25 3.06+0.56 0.11
Neo-allo-Ocimene 1185  12.34+3.07 11.24£2.77 5.76+2.24 0.16 4.69+0.82B 7.56+1.13AB 14.30+3.24A 8.84+264AB  0.05 1.44+0.31 3.12+0.74 2.14+0.31 3.10+0.58 0.10
;Sgilo?;;?:;penes NA 3809+69%4 2475+418 1517+503 0.18 1165+235B 1466+249B 3700936 A 1371+£336B 0.01 339.9+394B 469.9+68.0B 747.0+74.3AB 1291+379A 0.02

Monoterpene alcohols
Verbenol 1206  3.77+0.67 1.15+0.26 1.18+0.37 0.95 0.77£0.20 1.29+0.16 2.70+0.69 221+0.73 0.07 0.73+0.12B  1.07+0.13AB  1.21+0.30AB  2.62+0.73A 0.02
trans-Sabinene hydrate 1107 2.42+0.48 0.79+0.25 0.92+£0.29 0.73 0.59+0.15 0.69+0.09 249+1.03 0.77+0.11 0.06 0.20+0.03B 0.32+0.06B 0.44:+0.10AB  0.83+0.21A 0.01
beta Linalool 1146  53.44+11.6 46.33+10.1 24.38+8.57 0.14 23.58+3.10 32.60+6.31 38.59+10.5 32.36+£9.81 0.63 4.25+0.44B 6.99+1.47B 13.11+1.14B 23.28+4.53A 2.50E-04
trans-3-Caren-2-ol 1156 2.42+0.57 1.78£0.52A  0.41+0.09B 0.03 0.44+0.17B 0.59+0.15B 2.25+0.63A 0.52+0.13B  4.26E-03 0.07+0.00B 0.09+0.01B 0.78+0.15A 1.00+0.21A 8.11E-05
Isocarveol 1177 ND ND ND NA 0.17+0.05A  0.11+0.03AB NDB 0.22+0.05A 2.90E-03 0.04+0.01B 0.05+0.00B 0.18+0.05AB  0.33+0.07A 2.76E-04
Levomenthol 1212 5.28+1.68 3.94+1.40 0.74+0.20 0.05 0.85+0.36B 0.53+0.10B 7.36£2.61A 0.54+0.21B 4.54E-03 0.02+0.01A 0.03+0.01A 1.97+0.74A 1.89+0.70A 0.02
Terpinen-4-ol 1216 1.17£0.12 1.14+0.27A  0.35%0.07B 0.02 0.24+0.05 0.58+0.15 1.22+£0.15 1.38+£0.56 0.05 0.10+0.01 0.07+0.01 1.74£1.16 0.38+0.10 0.18
Carveol 1217 1.78+0.47 1.24+0.59 0.64+0.06 0.34 0.16+0.03B 0.39+0.10B  1.49+0.27AB  4.55%+1.95A 0.02 0.29+0.08AB  0.19+0.04B 0.52+0.07AB  1.61+0.64A 0.03
alphaTerpineol 1227  38.40+6.52 15.16£3.32 12.43+3.85 0.61 11.47+£3.15 10.53+1.68 26.25+11.6 15.04+3.31 0.31 3.77+0.67 3.35+0.39 3.26+0.60 5.43+0.97 0.13
trans-Geraniol 1299  24.45+7.21 10.26+3.15 6.78+2.74 0.43 6.00+1.20 6.43+0.81 6.12+224 4.81+0.97 0.86 1.80+0.51B 8.94+1.16A  4.27+1.28B 1.91+0.27B 1.22E-04
cis-Geraniol 1274 29.97+9.13 11.69+£3.14 6.67+2.48 0.25 6.64+1.13 8.18+1.05 5.66+3.46 6.97+1.46 0.85 3.83+1.08B  14.83+2.17A 6.38+x1.51B 2.62+0.41B 7.71E-05
Total monoterpene alcohols NA 163.1+£354 93.47+20.0 54.51+17.6 0.18 50.90+8.89 61.91+9.59 94.12+28.8 69.38+16.1 0.39 15.11+240B 35.92+5.00A 33.85+358A 41.91+4.19A 1.14E-03
Monoterpene aldehydes
Citral 1188  9.86+1.68 2.64+0.56 3.07+0.96 0.71 1.80£0.51 3.57+0.49 4.07+1.31 4.59+1.53 0.31 1.54+0.26B 2.05+0.26B 2.44+0.61AB 5.89+1.67A 0.02
(R)-(+)-Citronellal 1196  5.35%1.16 1.84+0.35 1.18+0.39 0.24 1.29+0.53 1.06+£0.14 220+0.71 2.10+0.58 0.36 0.72+0.15B  1.18+0.28AB 1.89+0.51AB  2.88+0.84A 0.05
beta Citral 1286 206.6+34.51 59.76+15.1 62.14+20.2 0.93 43.88+12.7 68.52+8.57 96.88+40.8 131.9+43.1 025  45.83+8.46B 62.40+8.43AB 76.18+20.9AB 161.2+47.7A  0.03
Geranial 1313 374.3+63.9 98.77+23.6 120.3+38.4 0.65 71.72+21.0 136.2+£17.2 165.0£75.1 211.1+64.8 0.31 84.57+15.9B 100.2+13.9AB 124.7+34.6AB 283.2+81.2A  0.03
Zf;::];ndoezo'(erpene NA 5061101  1630:305 18675508 075  1187+346  209.4%263  2681+117  3497:109 029 1327+247B 165822.1AB 2053+565AB 4532+131A  0.03
Monoterpene esters

Methyl geranate 1371 0.62+0.09 0.31+0.08A NDB 3.17E-03 0.14+0.02B 0.19+0.04B 0.86+0.29A 0.17+0.03B  7.49E-03 0.12+0.03 0.23+0.03 0.20+0.03 0.49+0.22 0.14
Isobornyl acetate 1326  0.66+0.08 0.51+0.10A NDB 7.87E-04 0.11+0.02B NDB 1.38+0.21A 0.29+0.19B  1.23E-05 NDB NDB 0.28+0.06AB  0.58+0.25A 0.02
Citronellyl propionate 1400  0.47+0.10 0.36+0.11 0.15+0.03 0.10 0.20+0.03 0.15+0.02 0.27+0.07 0.24+0.08 0.53 0.07+0.01 0.12+0.02 0.15+0.02 0.29+0.11 0.10
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Nerol acetate 1410 9.90+2.60 451+1.81 4.93+£243 0.89 4.08+1.30 7.42£1.31 2.58+1.03 6.69+2.24 0.13 5.31+0.67 6.03+0.30 2.61+0.86 5.43+1.64 0.11
Geranyl acetate 1427  23.45+5.70 8.07+3.41 10.76£4.01 0.62 6.81+2.21 14.71+2.65 6.99+3.74 9.49+3.05 0.24 455+0.81B 7.36+1.09AB 3.30+0.94B 11.27+2.82A  0.02
Total monoterpene esters NA 35.11£8.47 13.76£5.37 15.83+6.42 0.81 11.33+3.56 22.47+398 12.07+5.10 16.88+5.26 031 10.05+1.25AB 13.74+1.32AB 6.55+1.79B  18.06+4.05A  0.02
Monoterpene epoxides
4,5-Epoxycarene 1221 7.45+1.28 2.22+0.50 2.44+0.75 0.81 1.46+0.43 2.78+0.40 3.39+1.37 5.05+1.33 0.12 1.37+x021B  211+0.27B  2.33+0.52B  6.26+1.22A 5.06E-04
Limonene 1,2-epoxide 1181 0.40+0.03 0.20£0.02B  0.13+0.02A 0.04 0.08+0.02B  0.23+0.06AB  0.40+0.08A 0.17+0.05AB  0.01 ND 0.08+0.01 0.10+0.03 0.20+0.09 0.05
lgt(;’::igﬁec;noterpene NA 7.85+1.28 243+0.52 2.57+0.76 0.88 1.54+0.45 3.00+0.42 3.78+1.44 5.22+1.35 0.13 1.37£0.21B  2.19+0.27B  243+051B  6.47+1.20A 2.98E-04
Monoterpene ketones

2-Ox0-1,8-cineole 1259  0.73+0.14 0.51+0.16A NDB 0.01 0.21+0.08AB 0.17+0.04B 1.10x044A  0.11+0.01B 0.02 0.05+0.01B  0.07+0.02AB  0.36+0.15A  0.19+0.04AB  0.04
(-)-Carvone 1287 ND ND ND NA NDB NDB 3.95+0.97A NDB 3.66E-05 ND ND ND ND NA
Total monoterpene ketones  NA 0.73+0.14 0.51+0.16A NDB 0.01 0.21+0.08B  0.17+0.04B  5.05+1.19A  0.11+0.01B 3.39E-05 0.05+0.01B  0.07+0.02AB  0.36+0.15A  0.19+0.04AB  0.04
Total monoterpenes NA 4612+828 2748+481 1777+585 0.24 1348+282B 1763+281AB  4083+1087A 1812+354AB  0.02  499.1+41.7B 687.6+86.8B 9954+78.7AB 1811+493A 0.01
Sesquiterpenes

Sesquiterpene

hydrocarbons
alpha Cubenene 1396  1.03+0.36 0.69+0.23 1.16+0.38 0.32 0.89+0.40 0.58+0.23 ND 0.20+0.06 0.07 0.07+0.02 0.13+0.02 0.92+0.49 0.64+0.30 0.15
Copaene 1420  0.13+0.01 ND ND NA 0.07+0.01AB  0.06+0.01AB NDB 0.11+0.03A 5.19E-03 0.06+0.02 0.10+0.01 0.07+0.01 0.36+0.17 0.07
betaElemene 1435  0.33+0.08 0.30+0.07 0.22+0.10 0.54 0.21+0.05 0.22+0.02 0.31+0.05 0.42+0.13 0.20 0.12+0.02 0.19+0.02 0.13+0.02 0.26+0.11 0.30
4,11,11-Trimethyl-8-
methylenebicyclo[7.2.0Jund 1458  0.89+0.25 0.66+0.21 0.21+0.06 0.07 0.39+0.17 0.28+0.03 0.67+0.07 0.51+0.22 0.31 0.06+0.01B 0.09+0.02B  0.45+0.14A  0.31+x0.01AB 3.45E-03
ec-4-ene
alphaBergamotene 1467  3.87+0.92 240+1.01 0.86+0.36 0.19 2.39+0.45 2.01£0.22 2.23+0.52 1.93+0.22 0.82 0.63+0.10 1.04+0.09 0.66+0.13 0.73+0.17 0.13
Caryophyllene 1471 52.80+13.8 41.13+17.8 39.87+21.2 0.96 46.17+8.30 45.72+7.93 40.69+8.07 73.12+23.9 0.37 17.45+£2.17 28.28+6.48 18.47+3.21 22.27+5.32 0.37
trans alpha Bergamotene 1487  58.82+13.8 37.76+15.6 22.29+10.4 0.43 35.83+6.45 30.64+3.34 36.59+8.50 42.08+14.3 0.85 9.22+1.34 18.65+£4.58 10.21£2.00 10.50+2.45 0.11
Alloaromadendrene 1489  0.85+0.20 0.48+0.13 0.37+0.11 0.55 0.45+0.17 0.37+0.08 0.67+0.14 0.34+0.05 0.23 0.32+0.05 0.47+0.04 0.44+0.10 0.71+0.30 0.42
delta Guaiene 1492 0.32+0.02 0.13+0.05A NDB 0.04 0.14+0.01A  0.14+0.02A NDB 0.16+0.04A 9.81E-04 0.10+0.02 0.18+0.03 0.07+0.01 0.12+0.05 0.13
Humulen-(v1) 1500  2.15+0.86 214+0.70A  0.13+0.03B 0.02 0.62+0.48 0.30+0.16 ND 0.50+0.18 0.41 0.05+0.01AB  0.06+0.01AB NDB 0.29+0.12A 0.02
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alphaHumulene 1503  11.60+3.11 9.35+4.38 9.24+5,07 0.99 10.82+1.95 10.44+1.69 8.29+1.63 17.27+£5.66 0.27 4.22+0.54 7.44+1.68 3.85+0.67 4.23+0.96 0.09
beta Farnesene 1506  3.25+0.79 2.38+1.19 1.47+0.56 0.51 221041 1.71+0.17 1.07+0.21 1.80+0.62 0.27 0.36+0.05 0.68+0.20 0.36+0.08 0.73+0.31 0.38
gamma Muurolene 1524 ND ND ND NA ND ND ND ND NA 0.02+0.01A  0.04+0.00A NDB NDB 1.56E-05
beta Curcumene 1527 311+1.12 2.38+0.98 1.25+0.33 0.31 1.69+0.91 1.31+0.38 2.07£0.71 0.57+0.14 0.38 0.09+0.01B 0.17+0.04B  2.43+1.08A 1.00+0.31AB  0.03
alpha Curcumene 1529  0.56+0.10 0.38+0.09 0.23+0.07 0.21 0.23+0.04B  0.28+0.03AB  0.52+0.07AB  0.67+0.19A 0.03 0.10+0.01B  0.22+0.04A  0.08+0.00B  0.14+0.01AB 4.13E-03
beta Sesquiphellandrene 1532 2.43+0.59 1.63+0.69 0.88+0.40 0.37 1.48+0.29 1.24+0.14 1.28+0.32 1.32+0.48 0.96 0.30+0.04 0.66+0.15 0.75+0.25 0.38+0.04 0.13
beta Chamigrene 1535 ND 0.44+0.14A NDB 0.02 0.07£0.02B  0.19+0.03A NDC 0.04+0.01BC 7.42E-06 0.02+0.00B 0.04+0.00B  0.17+0.04A NDB 3.16E-05
Dysoxylonene 1537 ND ND ND NA 0.04+0.01A NDB NDB 0.05+0.01A 4.46E-05 0.03+0.01A  0.06+0.01A  0.06:0.01A NDB 8.83E-05
beta Germacrene 1542 3.74+0.74 1.97+0.63 2.02£0.91 0.97 2.31£0.61 2.02+£0.29 2.28+0.78 3.22+0.78 059  2.07+0.27AB  3.52:047A  1.73x0.41B 1.36£0.32B  4.75E-03
beta Bisabolene 1562 41.16+9.48 34.43+13.54 14.96+6.61 0.23 24.46+4.49 21.68+1.93 17.65+3.68 21.64+6.06 0.74 4.43+0.49 7.58+1.44 5.22+0.91 5.07+0.48 0.12
(--Gamma-cadinene 1567 ND 0.37+0.11A NDB 0.01  0.20£0.02AB 0.17+0.01AB NDB 0.50+0.19A 0.02 0.10+0.03A  0.16+0.02A NDB NDB 3.25E-06
delta Cadinene 1576  0.40+0.11 0.75£0.13A  0.27+0.03B 7.33E-03  0.25+0.09 0.22+0.03 0.33+0.01 0.18+0.04 024  0.13+0.03AB  0.20+0.02A NDB 0.17+0.07A 0.02
alpha Muurolene 1590  0.16+0.01 0.35+0.08A NDB 2.16E-03 ND ND ND ND NA 0.02+0.01BC  0.03+0.00AB  0.05:0.01A NDC 4.83E-04
Elixene 1385  0.88+0.17 0.33+0.09 0.55+0.19 0.31 0.49+0.12 0.48+0.07 0.83+0.16 0.65+0.18 0.27 0.46+0.06 0.79+0.10 0.37+0.10 0.76+0.33 0.29
beta Santalene 1509  4.03+0.93 2.56+1.08 1.71+0.58 0.51 2.40+0.42 2.04+0.20 2.64+0.48 3.38+0.91 0.42 0.63+0.09 1.30+0.30 0.65+0.12 1.45+0.61 0.25
alphaBisabolene 1556  4.82+1.17 3.67+1.55A NDB 0.05 2.95+£0.50 242+0.25 2.04+0.52 2.73+0.84 0.70 0.77+0.10 1.47+0.26 1.61+0.49 0.75+0.05 0.10
;sgilcfczsrgz:zrpe ne NA 197.3+46.0 146.7+£56.4 97.70+46.4 0.52 136.8+25.5 124.5+14.7 120.2+23.6 173.4+53.3 0.66 41.85+5.38 73.56+16.0 48.77+7.73 52.23+7.74 0.18

Sesquiterpene alcohols

cis-Nerolidol 1613 0.44+0.08 1.13+0.25A NDB 1.98E-03 ND ND ND ND NA 0.02+0.00B 0.03+0.01B  0.15+0.03A NDB 1.56E-05
Epiglobulol 1668 ND 0.10+0.03A NDB 4.78E-03 0.08+0.02A  0.09+0.01A NDB NDB 6.46E-06 0.02+0.01 0.02+0.00 0.05+0.03 ND 0.09
alpha Bisabolol 1738 ND ND ND NA ND ND ND ND NA 0.01+0.00A  0.01+0.00A  0.15+0.07A NDA 0.03
E’;gzzesqwsablnene 1585  0.36+0.04 0.27+0.08 0.20+0.01 0.39 0.18+0.06 0.13+0.03 0.22+0.03 0.15+0.04 0.47 0.03+0.01 0.06+0.01 0.15+0.05 0.21+0.09 0.10
Total sesquiterpene NA 0.80+0.09 150+0.30A  0.20+0.01B 2.43E-03 0.26+0.07 0.23+0.03 0.22+0.03 0.15+0.04 0.46 0.08+0.01B 0.12+0.02B  0.51+0.15A  0.21+0.09AB  0.02

170




Chapter 6

T0 T T2 T3

Compound LRI Control Control JAsp p-value| Control JAsp Psyll JAsp_Psyll p-value| Control JAsp Psyll JAsp_Psyll p-value
Other sesquiterpenes
3-Methyl-4-
methylenebicyclo[3.2.1Joct 1002 0.98+0.10 ND ND NA 0.25+0.04AB  0.46:+0.08A NDB 0.46+x0.11A 1.00E-03 0.07+0.02BC 0.18+0.04AB  0.25+0.04A NDC 1.86E-04
-2-ene
Caryophyllene oxide 1632 0.24+0.02 NDB 0.10£0.01A 7.26E-06 0.05%0.01 0.08+0.02 ND 0.27+0.16 0.12 0.03+0.00B 0.03+0.00B 0.07+0.01B 0.11£0.02A 9.61E-05
Clovene 1403 ND ND ND NA 0.49+0.23A NDA NDA 0.29+0.12A 0.04 0.03+0.00B  0.03+0.01AB NDB 0.32+0.14A 0.02
(-)-Aristolene 1424 ND ND ND NA ND ND ND ND NA 0.01+£0.00B 0.03+0.00A NDB NDB 7.44E-08
1-(2,6,6-Trimethylcyclohex- o o 0,08 ND ND NA NDB NDB NDB 027:008A 258E-04  NDB NDB 0.32£0.15A NDB 0.02
2-en-1-yl)pent-1-en-3-one
1,599 Tetra m.ethyl-1 AT 1595 1.40+0.33 1.08+0.48 0.55+0.19 0.34 0.78+0.13 0.67+0.07 0.59+0.09 0.96+0.22 0.33 0.20+0.02 0.36+0.06 0.13+0.02 0.34+0.15 0.17
cycloundecatriene
Total other sequiterpenes NA 3.17+047 1.08+0.48 0.65+0.18 0.43 1.57+0.38AB 1.22:+0.15AB  0.59+0.09B 2.25+0.51A 0.02 0.33+0.04 0.64+0.12 0.77+0.15 0.77+0.29 0.28
Total sesquiterpes NA 201.3+46.5 149.3+56.8 98.56+46.6 0.51 138.6+25.9 126.0+14.8 121.0+23.7 175.8+53.8 0.65 42.25+5.44 74.31+£16.1 50.04+7.79 53.20+7.46 0.18
Acetates
(£)-3-Hexenol acetate 1055 67.20+10.0 61.46+5.03A 24.73+4.89B 7.85E-04 33.27+6.67A 3.54+0.78BC 20.31+5.54AB NDC 1.75E-04 NDB 0.62+0.177B 13.18x2.78A 1.96+0.22B 1.24E-05
:'Ct:t':tBe”tylcydOheXy l 1333 766+183  591:199A 0930298 004 145:064B  0.64:0.15B 1289:211A 1.87:099B 478E-06 004:001B 0.03+001B 334:1.16AB 4.42+120A 2.62E-03
Total acetates NA 7486+9.65 67.37+x413A 25.65+4.92B 1.90E-04 34.72+7.05A 4.18:+0.76B 33.20:519A 1.87+0.99B 3.91E-05 0.04+0.01B 0.65+0.177B 16.52+3.32A 6.38+1.16B 1.70E-05
Alcohols
2-n-Butoxyethanol 957 13.56+4.25 10.76+3.90 4.92+0.35 0.17 3.70+1.68 3.21x0.71 32.70£16.9 7.97+3.14 0.08 0.38+0.05B 0.52+0.06B 10.69+3.77A 7.24+2.53AB 0.01
2-Methyl-6- 1111 21.87+5.25 17.07£517A 2.64%0.73B 0.02 3.11+£1.38B 1.07£0.21B 22.89+4.55A 4.85+1.96B 5.89E-05 0.15+0.04B 0.16+0.04AB 7.72+285AB 9.30+3.52A 0.02
methyleneoctan-2-ol
(E)-2-Hexen-1-ol 916 5.07£0.45 18.20+4.00A 6.01x0.92B 0.02 3.43%0.27 2.28+0.33 ND 6.20+£2.92 0.06 0.44+0.03B 0.52+0.06B 4.10+1.18A 3.76£1.02A 4.26E-03
1-Dodecanol 1521 0.97+0.30 0.75+£0.29 0.40+0.10 0.28 0.56+0.33 0.55+0.11 ND 0.20+£0.04 0.09 0.09+0.01B 0.10+0.02B 0.59+0.22A  0.24+0.02AB 0.02
(2)-3-Hexen-1-ol 908 13.17+1.68 17.76+298A 4.08:1.01B 244E-03 3.64:0.42 1.37+0.38 11.37+6.69 1.93+0.39 0.17 0.04+0.01B 1.03+0.44AB 252+0.66A 1.28+0.27AB 6.20E-03
Total alcohols NA  5465+11.10 64.54+954A 18.04+1.85B 1.38E-03 14.44+3.67B 8.48+1.38B 66.97+21.1A 21.16+7.79AB 9.08E-03 1.10+0.06B 2.32+0.57B 25.62+7.98A 21.82+6.66AB 5.89E-03
Aldehydes
(E)-2-Hexenal 906 0.70+0.08 1.05+0.31A NDB 9.51E-03 0.24+0.04B 0.25%0.03B 1.22+0.42A NDB 4.19E-03 NDB NDB 0.05+0.02A NDB 5.12E-03
Heptanal 954 0.28+0.06 0.35+£0.02 0.50+0.07 0.07 0.11+0.01B 0.33+0.04B 1.02£0.20A NDB 1.28E-05 0.02+0.00BC NDC 0.35+0.06AB  0.37+0.15A 6.24E-03
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Nonanal 1149 7.47+1.08 6.24+1.84 2.02+0.59 0.06 1.50+0.46 B 155+0.56B 15.11+3.91A 2.33+1.10B 4.72E-04 0.12+0.02B 0.14+0.02B 1.69+047A  3.06x0.51A 3.70E-05
Decanal 1251 3.24+0.61 250+0.79A  0.59+0.15B 0.04 056+0.21B  0.44+0.16B  3.88+1.00A 1.32+0.52B 2.13E-03 0.08+0.02B 0.06+0.01B  0.84+0.23A 1.34+0.11A 3.59E-06
Undecanal 1355  0.94+0.19 0.62+0.16 0.27+0.05 007 0.36+0.16AB  0.31+0.06B  0.94+0.22A  0.24+0.06B 0.01 0.07+0.01B 0.04+0.01B  0.40+0.11A  0.32+0.04A 8.77E-04
Total aldehydes NA 1262+1.87 10.76+2.80A 3.38+0.67B 0.03 277+0.83B  2.88+0.78B  22.16+5.09A 3.89+1.55B 2.09E-04 0.29+0.03B 0.24+0.03B  3.34*0.83A  5.09+0.74A 2.06E-05
Alkanes
Decane 1047  4.08+1.29 3.47+0.56 2.30+£1.04 0.35 1.25£0.40B 1.34+0.50B 6.11+193A 3.14*1.11AB  0.03 NDB NDB 1.74£051B  4.19+0.94A 1.00E-04
Dodecane 1247  2.11+0.30 0.86+0.14 0.69+0.15 0.42 0.40+0.06 0.93+0.14 1.48+0.31 1.74+0.98 0.30 0.46+0.11 0.34+0.06 0.54+0.08 0.61+0.09 0.20
4,6-Dimethyldodecane 1322 0.30+0.03 0.29+0.05 0.20+0.07 0.35 0.12+0.05B  0.10+0.02B  0.47+0.08A  0.17+0.10B  5.40E-03 NDC 0.03+0.00BC  0.10+0.02AB  0.13+0.03A 2.31E-04
Tridecane 1338  0.35+0.03 0.26+0.04 0.25+0.04 0.79 0.17+0.04B  0.15+0.04B  0.70+0.13A  0.12+0.03B 5.63E-05 0.03+0.01 0.07+0.01 0.20+0.06 0.19+0.08 0.06
i’s&f{’:;:ﬁ;s{nonane 1368  2.53+0.31 265+0.35A 1.11+0.21B 5.28E-03 0.29+0.04B NDB 5.88+1.39A  0.85+0.43B 7.80E-05 0.08+0.02B 0.04+0.00B  1.03+0.35AB  1.40+0.39A 3.41E-03
Tetradecane 1375  0.56+0.09 0.46+0.13 0.30+0.01 0.26 0.23+0.09B  0.20+0.03B  0.77+0.08A  0.22+0.14B 1.28E-03 0.03+0.00B 0.05+0.01B  0.30+0.07A  0.18+0.05AB 9.55E-04
Pentadecane 1450  1.39+0.34 1.33+0.53 0.58+0.11 0.20 043+0.17B  0.39+0.13B 1.33+0.23A  0.46+0.18B 5.38E-03 0.13+0.03B  0.19:+0.02AB 0.27+0.03AB  0.33+0.06A 6.73E-03
Hexadecane 1602  0.57+0.11 0.79+0.30A NDB 0.03 0.09+0.02B  0.13+0.02B  042+0.06A  0.22+0.07B 8.32E-04 0.03+0.01B 0.01+0.00B  0.15+0.02A  0.11+0.02A 1.85E-05
Heptadecane 1647  3.24+0.82 4.58+1.93 0.84+0.30 009 0.72+0.31AB 0.89+0.38AB  1.90+0.20A  0.55+0.26B 0.02 0.05+0.01B 0.04+0.01B  0.39+0.05A  0.58+0.13A 9.22E-05
Octadecane 1810  0.48+0.10 0.67+0.25A NDB 0.03 0.23+0.09AB  0.17+0.02B  0.45+0.08A  0.07+0.01B 3.17E-03 0.02+0.00B 0.01+0.00B  0.16+0.04A  0.12+0.02A 5.37E-04
Nonadecane 1853  1.47+0.33 2.05+0.78A  0.22+0.05B 0.05 0.53+0.22 0.32+0.07 0.65+0.08 0.18+0.07 0.08 0.02+0.00B 0.01£0.00B  0.29+0.05A  0.31+0.04A 4.06E-06
Totalalkanes NA 17.08£2.13 17.41£4.70 6.49+1.16 0.05 4.46+137B  4.62+0.88B  20.17+4.12A  7.73+3.20B 2.49E-03 0.85+0.13B 0.78+0.10B  517+1.03A  8.17+1.40A 3.19E-05
Benzene derivatives
p-Propyltoluene 1097 ND ND ND NA NDB NDB 2.03+0.59A NDB 2.67E-04 0.09+0.02A  0.11+0.01A NDB NDB 5.26E-06
Ethylbenzene 912 ND ND ND NA ND ND ND ND NA 0.09+0.01A NDB NDB NDB 1.18E-09
o-Xylene 933 ND ND ND NA NDB 0.47+0.08B  3.43+0.47A 1.09+0.60B 4.66E-05 0.10+0.01AB  0.08+0.01B  0.70+0.19A  0.70+0.23A 8.44E-03
1,2,4-trimethylbenzene 1009 ND ND ND NA ND ND ND ND NA 0.14+0.03AB  0.18+0.02A  0.28+0.07A NDB 6.87E-04
p-Diethylbenzene 1115  0.56+0.10 0.18+0.02 0.27+0.06 0.24 0.12+0.05B  0.25+0.03AB  0.64+0.15A 0.41+0.18AB  0.04 0.14+0.05 0.23+0.07 0.32+0.04 0.93+0.39 0.06
4-Methylindane 1190 ND ND ND NA ND ND ND ND NA 0.06+0.01B  0.12+0.02AB  0.28+0.09A NDB 2.46E-03
Prehnitene 1192 ND ND ND NA ND ND ND ND NA 0.09+0.02B  0.18+0.03AB NDB 0.55+0.21A 9.96E-03
m-Xylene 1121 ND NDB 19.58+7.96A  0.04 ND ND ND ND NA 0.20+0.05B 0.38+0.05B 1.67£0.37A NDB 3.77E-05
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TO T T2 T3

Compound LRI Control Control JAsp p-value| Control JAsp Psyll JAsp_Psyll p-value| Control JAsp Psyll JAsp_Psyll p-value
TotalBenzenederivatives ~ NA 056010  0.18+0.02B 19.85¢7.93A 004  0.12¢005B 072#0.11B  6.10:108A 149:078B 351E-05 091:0.19B 1.29:020AB 327:051A 2.18+0.83AB  0.02
Esters
Methyl salicylate 1230 1207:335 2597¢411A 090:026B 204E-04 318114 040012  252¢081 142076 011  0.06%0.01B NDB 0.67£0.07A NDB  3.14E-10
Butyl Acrylate 935 ND ND ND NA NDB NDB 8.03:204A 372¢276AB  0.01 ND ND 2104116  1.30%055 009
n-Butyl butanoate 1031 ND ND ND NA NDB NDB 1.01:022A NDB 625606  NDA NDA 0.73£0.38A NDA 0.03
Methyl benzoate 1129 3058:090 3560295A 1262+¢1.32B 1.01E-04 831151 323057  699+1.83  1261¢754 044  0.15002B  0.30£0.07A NDB NDB  7.66E-05
i; Ei:ﬁﬁ'o?:rzg’;:ewl Z M7 137053 1045033  117:048 083  087:050  078+028  102¢028 011003 023  0.02:000A 0.10:003A 121:058A 054:018A 005
Methylesteroctanoicacid 1170  085%0.12  1.47+0.47A NDB 001  0.18:004AB 0.19:003AB  NDB 053020A 0,01 NDB NDB 0.25+0.09A NDB  3.37E-03
(3E)-3-Hexenylbutyrate 1224 ND 127:020  102¢033 058  0.06:001A NDB NDB NDB  123E08  NDB 0.05£0.02A NDB NDB  3.05E-03
f;;i/'?gjggi’e‘alpha’ 1278 035¢006  065:0.13A 026:008B 003  0.08:0.01A  0.11:0.02A NDB 015£003A 167E04  NDB NDB 0.08£0.01A NDB  1.24E-07
2-Methyl-1-{1,1-
dimethylethyl)-2-methyl- 1644 157032  098+024  155:037 023  098:045A  0.850.26A NDA NDA 0.02 ND 015004 1412076  047:008 008
1,3-propanediyl propanoate
Total esters NA  4679+4.16 66.98+7.63A 17.53:209B 246E-04 1366:299  556:057 1956484  1855:+960 031  022:003B 060:0.14B 6.44+176A 2310628 8.87E-04
Ketones
2-Hexanone 816 596:101  307:084  177¢028 018  0.40:0.08B NDB  1498+372A 392:¢168B 258E-04 070018 028005  403+151  585:266 006
6-Methyl-5-hepten-2-one 1024 3142028  256:050  098+045 006  040:0.09B 071:024B 838+118A 205¢1.35B 3.11E-05 0.06:0.01B  007:001B 070:0.11AB 328+151A 002
S_'Zﬁ;i’éiigootan'z'one’ 1264 404141  219+080 2252043 095 1455064 172061  246%075  095:031 038  021%#0.04B  020:0.02B 085:025B  1.94:029A 231E-05
Total ketones NA 1313246  783:186  500£070 019 225:070B 243:083B 25.82+418A 693:212B 7.24E06 098:017B  055:006B 558+172AB 11.08:303A 1.84E-03
Miscelaneous
Indole 1331 ND 10.13+170A 455¢1.35B 003  1.39:0.32B  481:105A NDB  253:088AB 1.44E03  NDB 0.02£0.00A NDB NDB  252E-06
Geranylnitrile 1162 28158123 9462¢31.9A 295:150B 002 26172567  2142:614  518+157 2042582 006  133:094 043007 361226 321104 031
2-Methyl-4-pentenal 847  398:096  242:045  161:056 029  1.00:008B 061:007B 17.85:456A 091¢020B 102E-04  NDB NDB 0.85£0.27A NDB  7.47E-04
(3E)4-Ethyl-3-nonen5yne 1159  260:041  079:013  117¢030 028 050020 1032011  244:102  186:091 024  038:004B 061:004B 1.20:0.16AB 1.93:0.38A 3.22E-04
tans-(+-)-2metyl2d- o7 505+105  185:0.41A  045:013B 001  025:0.098 NDB 209+018A  058:0.33B 3.94E-06 0.04:001A NDA 0.17£002A 1.39:070A 0.4

methyl-3-
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T0 ™ T2 13

Compound LRI Control Control JAsp p-value| Control JAsp Psyll JAsp_Psyll p-value| Control JAsp Psyll JAsp_Psyll p-value
pentenyl)cyclopropanecarb
oxaldehyde
3,3,7,11-tetramethyl-
tricyclo[6.3.0.0(2,4)jundec- 1439 0.11+0.02 NDB 0.06+0.01A 2.09E-03 0.05+0.01B 0.05+0.01B NDC 0.10+0.02A 5.30E-05 0.05+0.01B 0.09+0.01A 0.04+0.01B NDC 2.62E-06
8-ene
4-methylene-2,8,8-
trimethyl-2-vinyl- 1462 ND ND ND NA 0.07+0.01B  0.10+0.01AB NDB 0.20+0.06A 3.17E-03 0.04:0.01B 0.06+0.01A NDC NDC 3.98E-08
bicyclo[5.2.0]nonane
10,10-Dimethyl-2,6-
dimethylenebicyclo[7.2.0lu 1479 1.99+0.52 1.51+£0.58 1.50£0.73 1.00 1.54+0.23 1.94+0.33 0.76+0.14 1.81+0.65 0.18 0.49+0.08 0.89+0.20 0.40£0.07 0.46+0.10 0.05
ndecane
Phenol 1022 2.88+0.08 1.65+0.16A NDB 7.43E-06 NDB NDB 12.20+£3.00A NDB 3.72E-05 NDB NDB 1.61£051AB 3.48+1.42A 0.01
Total miscelaneous NA 42.75+139  113.0+331A 12.29+3.80B 0.02 30.97+6.23 29.97+7.37 40.53+7.28 28.42+7.71 064 233+0.88BC 211%+0.32C 7.89+1.96AB 10.47+1.82A 1.26E-03
TotalVOC NA 5076+903 3246+ 566 1983627 0.17 1589+324B  1948+302AB 4439+1132A 2078+411AB 0.02 548.1£46.3B 770.5:x102B 1119+80.1AB 1932+491A 7.69E-03
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Table 6.2. Volatile profile and time effect comparisons of lemon plants measured before spray (T0), one day after spray (DAS) (T1), five DAS (T2) and at 25 DAS (T3).
Control- plants not sprayed with jasmonic acid (JA) and not infested by Trioza erytreae; JAsp- plants sprayed with JA and not infested; Psyll- plants not sprayed with JA
and infested; JA_Psyll- plants sprayed with JA and infested. The results are expressed as nanograms per cm? leaf area (mean standard error, n =5). LRI =Linear
Retention Index. ND = Not detected. NA = Not applicable. Comparisons with significant differences (p-value< 0.05) are highlighted in bold. One-way ANOVA was
employed, followed by the Tukey’s post-hoc multi-comparison test. When only two groups were compared, a Student's t-test was applied.

Control JAsp Psyll JAsp_Psyll
Compound Family T0 ™ T2 T3 p-value T T2 T3 p-value T2 T3 p-value T2 T3 p-value
Monoterpenes
Monoterpene
hydrocarbons 3809+694a 2475+418ab  1165:235bc  339.9+39.4c 1.49E-04 1517+503 1466+249 469.9+68.0 0.07 3700+936a 747.0+743b  0.04 1371+336 1291+379 0.91
Monoterpenealcohols 163.1+35.4a 93.47£20.0ab 50.90+8.89b  15.11£2.40b 8.46E-04 54.51+17.6 61.91+9.59 35.92+5.00 0.32 94.12+28.8 33.85+3.58 0.12 69.38+16.1 41.91+4.19 0.18
Monoterpene
aldehydes 596.1+101a 163.0£39.5b 118.7+34.6b 132.7+24.7b 5.34E-05 186.7+59.8 209.4+26.3 165.8+22.1 0.75 268.1+118 205.3+56.5 0.72 349.7+110 453.1+£131 0.33
Monoterpeneesters  35.11+847a 13.76+5.37ab 11.33£3.56b  10.05£1.25b  0.01 15.83+6.42 22.47+3.98 13.74£1.32 0.38 12.07£5.10 6.55+£1.79 043 16.88+5.26 18.06+4.05 0.56
Monoterpeneepoxides  7.85¢1.28a  2.43t052b  1.54:0.45b  1.37:0.21b 265605 257:076  3.00:042 219027 057  378x144  243:051 050  522¢135  647:120 041
Monoterpeneketones  0.73+0.14a  0.51+0.16ab  0.21+0.08b 0.05+0.01b  3.00E-03 NAb 0.17+0.04a  0.07+0.02ab 4.03E-03 5.05+1.19a 0.36+0.15b 0.01 0.11+0.01 0.19+0.04 0.06
Total monoterpenes 4612+828a  2748+481ab 1348+282bc  499.1+41.7c 1.50E-04 1777+585 1763+281 687.6+86.8 0.11 4083+1087 995.4+78.7 0.05 1812+354 1811+493 1.00
Sesquiterpenes
Sesquiterpene
197.3+£46.0 146.7+£56.4 136.8+25.5 41.85+5.38 0.07 97.70+46.4 1245+14.7 73.56+16.0 0.50 120.2+23.6a 48.77+7.73b  0.05 173.4+£53.3 52.23+7.74 0.08
hydrocarbons
Sesquiterpene alcohols  0.80+0.09b 1.50£0.30a 0.26+0.07bc  0.08:+0.01c 4.71E-05 0.20+0.01ab  0.23%0.03a 0.12+0.02b 0.01 0.22+0.03 0.51+0.15 0.09 0.15+0.04 0.21+0.09 0.62
Othersesquiterpenes ~ 3.17£0.47a  1.08£0.48b  157:0.38b  0.33:0.04b 7.06E-04 0.65:0.18ab 1.22:0.15a  0.64x0.12b 003  059:009 077015 012  225:051  077:029  0.10
Total sesquiterpenes 201.3+46.5 149.3+£56.8 138.6+£25.9 42.25+5.44 0.07 98.56+46.6 125.96+14.8 74.31+16.1 0.49 121.0+23.7a 50.04+7.79b  0.05 175.8+53.8 53.20+7.46 0.08
Acetates 74.86+9.65a 67.37+4.13a 34.72+7.05b  0.04:+0.01c 9.73E-07 25.65%*4.92a 4.18+0.76b 0.65+0.17b 9.44E-05 33.20+5.19a 16.52+3.32b 4.11E-03 1.87+0.99b 6.38%£1.16a 0.04
Alcohols 54.65+11.1a 64.54+9.54a 14.44+367b 1.10+0.06b 3.70E-05 18.04+1.85a 8.48+1.38b 2.32+0.57¢ 1.29E-05 66.97+21.1a 25.62+7.98b  0.04 21.16+7.79 21.82+6.66 0.94
Aldehydes 12.62+1.87a 10.76+2.80a 2.77+0.83b  0.29+0.03b 2.31E-04 3.38+0.67a 2.88+0.784a 0.24+0.03b 6.11E-03 22.16+5.09a 3.34+0.83b 0.01 3.89+1.55 5.09+0.74 0.52
Alkanes 17.08+213a 17.41+4.70a 4.46+1.37b  0.85%+0.13b 5.25E-04 6.49+1.16a 4.62+0.88a 0.78+0.10b  1.38E-03 20.17+4.12a 5.17+1.03b 0.02 7.73£3.20 8.17+1.40 0.92
Benzene derivatives 0.56+0.10ab  0.18+0.02b 0.12+0.05b 091+0.19a 3.79E-04 19.85+7.93a 0.72%0.11b 1.29+0.20b 0.02 6.10+1.08a 3.27+0.51b 0.02 1.49+0.78 2.18+0.83 0.63
Esters 46.79+4.16b 66.98+7.63a 13.66+x299c¢  0.22+0.03c 5.91E-08 17.53+x2.09a 5.56+0.57b 0.60+0.14c 1.89E-06 19.56+4.84a 6.44=1.76b 0.02 18.55+9.69 2.31+0.62 0.17
Ketones 13.13+2.46a 7.83+1.86ab 2.25+0.70bc  0.98+0.17c 1.90E-04 5.00+0.70a 2.43+0.83b 0.55+0.06b 1.15E-03 25.82+4.18a 5.58+1.72b 545E-03 6.93+2.12 11.08+3.03 0.22
Miscelaneous 42.75+139ab 113.0+33.1a 30.97+6.23b  2.33+0.88b 4.00E-03 12.29+3.80ab 29.97+7.37a 2.11+0.32b 4.69E-03 40.53+7.28a 7.89+1.96b 9.49E-03 28.42+7.71 10.47+1.82 0.10
TotalVOC 5076+903a 3246+566ab 1589+324bc 548.1+46.3c 1.71E-04 1983+627 1948+302 770.5+102 0.09  4439+1132a 1119+80.1b 0.05 2078+411 1932+491 0.86
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Figure 6.4. Plants’ total VOCs emission and its profile. measured before spray (BS) (T0), one day after
spray (DAS) (T1), five DAS (T2) and at 25 DAS (T3). Control- plants not sprayed with jasmonic acid (JA)
and not infested by Trioza erytreae; JAsp- plants sprayed with JA and not infested; Psyll- plants not
sprayed with JA and infested; JA_Psyll- plants sprayed with JA and infested. A: Plants total VOCs
emission. Orange coloured lines represent plants treated with exogenous JA; blue coloured lines
represent plants not treated with exogenous JA. Full lines with circular points represent plants that
were not infested. Dashed lines with square points represent plants infested with Trioza erytreae.
Gray dashed lines represent the theoretical evolution of the treatments after spray and infestation if
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the same start point was assumed. Lowercase letters represent the comparison within the groups
and along the different time points (effect of time). Uppercase letters represent the comparison
between the groups within the specific time point (treatment effect). When there is no common letter
between points (compare letters within the same case type only), they are significantly different, at
a Bonferroni adjusted p <0.05. B: Pie charts for each VOC measurement group and timing, each slice
represents a specific compound family described on the legend in the bottom left. The percentage
values lower than 1.5% were not displayed in the figure.

6.5.3.1. Time effects on lemon plants' VOCs

In control plants, the majority of the VOCs families exhibited a tendency to
decrease through time, being more pronounced from TO to T2 (Fig. 6.4A and Table
6.2). Furthermore, within this group, only the monoterpene ketones and the benzene
derivatives compound families did not differ significantly from TO to T3 (Table 6.2).
Within the control plants, the VOCs emissions in T2 and T3 are not separated by any
of the principal axes in the PCA analysis. However, a clear separation was observed
between T3 and T1 along the first principal component axis, which accounted for
51% of the variability in this comparison. Furthermore, T3 is separated from TO along
the first and second principal component axes that capture 73.2% variability for this
comparison (Fig. 6.5). As the time frame increases, there is a concomitantrise in the
differences in VOCs concentrations.

In the case of JAsp plants, a clear separation was observed between T3 and
T1 alongthe first principal component axis, and between T3 and T2 along the second
principal component axis. The first and second axis accounted for 44.1% and 31%
variability for this comparison, respectively (Fig. 6.5). Consequently, in this
treatment group, as in the control group, an increase in the differences in VOC
concentrations was observed as the time frame increased.

In both the infested treatments, the T2 and T3 groups separated along the
first principal component axis, which captured 67.8% and 46.4% variability within

the Psyll and JAsp_Psyll comparison, respectively.
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Figure 6.5. Principal component analysis (PCA) on the most influential VOCs data of lemon plants
measured before spray (BS) (T0), one day after spray (DAS) (T1), five DAS (T2) and at 25 DAS (T3).
Control represents plants not sprayed with jasmonic acid (JA) and not infested by Trioza erytreae,
JAsp represents plants sprayed with JA and not infested, Psyll represents plants not sprayed with JA
and infested, JA_Psyllrepresent plants sprayed with JA and infested. The datais presented in the form
of a two-dimensional plot, with biological replicates represented by circles (non-infested samples)
and squares (infested samples). The mean value of each replicate group is represented by the largest
circle or square. The orange colour represents the plants sprayed with JA. The blue colour represents
the plants that were not sprayed with JA. The lighter colours represent the earlier timings, and the
darker colours represent the later timings. The percentages on the axes show their contribution to
explain variance.

The passage of time and plant development exerted an influence on the
plants’ VOCs emission in all of the treatments, albeit with slight differences
between them. Ester levels were reduced with time in all groups, and this
decreasing tendency was observed, but was not significantly different in JAsp_Psyll
and in control plants from T2 to T3 (Table 6.2). Acetates demonstrated a significant
decrease in all treatment groups, with the exception of the JAsp_Psyll group, where
there was a significant increase in T3 (Table 6.2), highlighted by the (Z)-3-hexenol
acetate (Table S6.2 - Appendix). From T2 to T3 the quantity of VOC remained
relatively stable in all groups, with the exception of the Psyll group, which exhibited

a marked decrease in the VOC levels across the majority of compound families (Fig.
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6.4A and Table 6.2). The alcohols, aldehydes and alkanes decreased from T2 to T3

in both the Psyll and the JAsp treatment groups (Table 6.2).

6.5.3.2. Exogenous JA spray short-term effects on lemon plants VOC

Exogenous JA spray exhibited a clear short-term effect on the plant VOC
profile [Control vs JAsp comparison in 1 DAS (T1)] (Fig. 6.6 and Table 6.1).
Furthermore, the PCA analysis shows a clear separation between the two groups
along the first principal component axis, which accounts for 66.2% of the variability
in this comparison (Fig. 6.6). In relation to control plants, the JAsp plants exhibited
reduced levels of monoterpene ketones, sesquiterpene alcohols, acetates,
alcohols, aldehydes and esters. Of particular interest was the sesquiterpene
alcohol cis-nerolidol that was exclusively detected in control plants (Fig. 6.7 and
Table 6.1). Furthermore, we highlight the higher levels of methyl salicylate in control
plants. In addition, a higher level of benzene derivatives was observed in plants from
the JAsp group, particularly m-xylene. Additionally, the sesquiterpene caryophyllene

oxide was only detected in JAsp plants (Fig. 6.7 and Table 6.1).
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Figure 6.6. Principal component analysis (PCA) on the most influential VOCs data of lemon plants
measured before spray (BS) (T0), one day after spray (DAS) (T1), five DAS (T2) and at 25 DAS (T3).
Control represents plants not sprayed with jasmonic acid (JA) and not infested by Trioza erytreae,
JAsp represents plants sprayed with JA and not infested, Psyll represents plants not sprayed with JA
and infested, JA_Psyllrepresent plants sprayed with JA and infested. The datais presented in the form
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of a two-dimensional plot, with biological replicates represented by circles (non-infested samples)
and squares (infested samples). The mean value of each replicate group is represented by the largest
circle or square. The orange colour represents the plants sprayed with JA. The blue colour represents
the plants that were not sprayed with JA. The lighter colours represent the earlier timings, and the
darker colours represent the later timings. The percentages on the axes show their contribution to

explain variance.
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Figure 6.7. Heatmaps on the most influential VOCs data of lemon plants measured one day after
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6.5.3.3. Exogenous JA spray, Trioza erytreae adult feeding and
oviposition effects on lemon plants VOCs

Five DAS (T2), the three non-control treatments affected plant VOCs
emission. The impact T. erytreae adult feeding and oviposition on plants' VOCs was
found to exceed that of the isolated JA spray treatment. The JA spray mainly hindered
plants' acetate emission, as evidenced by the observation that both treatments
devoid of JA spray (Control and Psyll plants) exhibited a higher quantity of acetate
VOCs, in particular the (Z)-3-hexenol acetate (Fig. 6.7 and Table 6.1). In addition, the
PCA analysis revealed thatthe VOCs adjustments in infested plants without JA spray
treatment (Psyll) were the most pronounced, as evidenced by the clear separation
of this group from the other three along the first principal component axis, which
captured 43.9% of the variability (Fig. 6.6). In relation to control plants the total
VOCs and the majority of the compound families were found to be higher on Psyll
plants (Fig. 6.4A and Table 6.1).

The greater VOCs adjustment exhibited by the Psyll plants encompassed an
elevated level of alcohols, aldehydes, alkanes, benzene derivatives, monoterpene
hydrocarbons, monoterpene ketones and other ketones, in comparison to the other
groups (Table 6.1). The monoterpene ketone - (-) carvone, was only detected in the
Psyll treatment, and the ketone 6-methyl-5-hepten-2-one was significantly higherin
this group. The benzene derivate o-xylene exhibited higher levels in the Psyll plants,
in fact, this compound was not detected in control plants. Notably, phenolwas only
detected in the Psyll plants (Fig. 6.7 and Table 6.1).

The exogenous JA spray interfered with the plants VOC adjustment to T.
erytreae adult feeding and oviposition, as evidenced by the higher levels of
compounds of the “other sesquiterpenes” family in plants that were treated with JA
and infested (JA_Psyll) in comparison to plants that were only infested (Psyll). In
particular, caryophyllene oxide was not detected in Psyll plants (Fig. 6.7 and Table
6.1). Additionally, the monoterpene alcohol carveol was found to in higher
abundance in JAsp_Psyll plants 5 DAS (T2) in relation to the non-infested treatment

groups (Table 6.1).
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6.5.3.4. Exogenous JA spray, Trioza erytreae nymphal feeding and
development effects on lemon plants VOCs

All experimental treatments affected plant VOCs emission after 25 DAS (T3).
However, the JA spray treatment (JAsp) with no T. erytreae nymphal feeding and
development only showed significant differences in the monoterpene alcohol
compound family when compared with control. This compound family group had
lower levels in control plants in relation to all groups, in particular cis and trans
Geraniol (Table 6.1). In contrast the T. erytreae nymphal feeding and development
showed a high impacton plants VOCs, with the PCA analysis clearly separating both
infested groups (Psylland JAsp_Psyll) groups from the non-infested groups along the
first principal component axis, which accounted for 41.8% of the variability for this
comparison (Fig. 6.6). The infested groups exhibited higher levels of aldehydes and
alkanes than the non-infested groups (Control and JAsp) (Table 6.1).

At 25 DAS the treatment with the greatest impact on the plants VOCs was the
one involving both infestation and JA exogenous application (JAsp_Psyll). The PCA
analysis revealed a clear separation between the JAsp and Psyll groups by the
second principal component axis, which accounted for 29.6% of the variability for
this comparison. Additionally, a distinction was observed between this group and
the non-infested groups by the first principal component axis, as previously
mentioned (Fig. 6.6). The JAsp_Psyll group showed higher levels of monoterpene
epoxides than the remaining groups (Table 6.1). Furthermore, the JAsp_Psyll plants
showed higher levels of total VOCs, monoterpenes, ketones and miscellaneous
compounds than the non-infested groups (Control and JAsp). From these, we
highlight the higher content of the ketone 6-methyl-5-heptene-2-one and phenol
(Fig. 6.7 and Table 6.1). The monoterpene aldehydes were higher in JAsp_psyll in
relation to control, namely citronellal. The exogenous JA spray had an effect on the
plant's long-term VOCs response to T. erytreae nymphal feeding and development,
as the JAsp_Psyll plants showed higher levels of monoterpene esters in relation to
the plants that were only infested (Psyll), namely geranyl acetate (Table 6.1). The
plants that were infested but not treated with exogenous JA (Psyll) exhibited higher

levels of esters and acetates in relation to all the other treatments, from which we
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highlight the acetate (Z)-3-hexenol acetate. Additionally, the sesquiterpene alcohol
cis-nerolidol showed higher levels than the other groups, and it was not detected in
the JAsp_Psyll group (Fig. 6.7 and Table 6.1). The Psyll treatment also exhibited
higher levels of alcohols than the non-infested groups (Control and JAsp), namely
(E)-2-hexen-1-ol. In relation to control plants the Psyll plants showed higher levels
of benzene derivatives and monoterpene ketones, namely m-xylene and 2-oxo-1,8-

cineole (Fig. 6.7 and Table 6.1).

6.6. Discussion

The exogenous JA spray treatment hindered T. erytreae infestation, greatly
decreasing oviposition on lemon plants. The egg success ratio was also lowered,
and a significantly lower number of successfully developed nymphs in JA sprayed
infested plants (JAsp_Psyll) in comparison to only infested plants (Psyll) (Fig. 6.2).
Exogenous JA spray was also observed to cause an alteration of D. citri infestation
behaviour on ‘Valencia’ sweet orange, and reduced oviposition and nymphal
development on mandarin plants (Patt et al., 2018; Rao et al., 2018a). In the present
study T. erytreae adults contacted the plant at 1 DAS (T1) and proceeded with
oviposition until they were removed 5 DAS (T2). The higher impact of the JA spray on
the oviposition suggests that the JA spray effect on the plant endogenous JA and
VOC profile at 1 DAS (T1) and of the four treatments at 5 DAS (T2) is of critical
importance. The long-term effects of 25 DAS (T3) of all the treatments will help
better understand the egg success ratio and the lower number of successfully

hatched nymphs on JA-sprayed lemon plants.

6.6.1. Lemon plants general VOCs profile

In this study the majority of identified VOCs were mono and sesquiterpenes,
which is in line with the fact that terpenes are one of the largest classes of plant
secondary metabolites with many volatile representatives (Dudareva et al., 2004).
In another HS-SPME-GC-MS study, limonene was shown to be the most represented
volatile in ‘Eureka’ lemon and the monoterpene aldehyde citronellal percentage
increased in mature leaves compared to young leaves (Azam et al., 2013). Both

these observations are concordant with the present study, as D-limonene was the
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major volatile compound and a general increase in percentage of monoterpene
aldehydes was observed from T2 to T3.

The general decrease of total VOCs emissions in more mature leaves, as
observed in this study, has been described in other citrus plants and poplar
(Populus tremula L.) plants (Antwi-Agyakwa et al., 2019; Portillo-Estrada et al.,
2017). This decrease may be associated with the reduction in the quantity of
essential oil droplets (which contain concentrated forms of VOCs) in the secretory
cavities of mature citrus leaves in relation to young citrus leaves (Mejri et al., 2022).
The general decrease in VOCs has also been attributed to an evolutionary defence
against herbivory, as younger leaves are usually more subjected to infestation and
herbivory (Portillo-Estrada et al., 2017). The decrease of (Z)-3-hexenol acetate, a
compound involved in plant defence against herbivory, observed in the more
developed leaves of the present study, is consistent with this hypothesis (Schuman,

2023).

6.6.2. Exogenous JA spray short-term effect on lemon plants
and its effect Trioza erytreae infestation

A tendency for higher endogenous JA levels in JAsp plants was observed.
Furthermore, the psyllid infestation was hindered by the exogenous application of
JA, and the VOCs profile in JAsp plants 1 DAS (T1) showed significant differences
compared to control plants. These variations in VOCs may have influenced the
psyllids’ behaviour and subsequent infestation, as it was on 1 DAS (T1) that the
plants were infested by the adult T. erytreae.

The sesquiterpene alcohol nerolidol has been shown to induce higher levels
of plant endogenous JA (Chen et al., 2020). In the present study, the exogenous JA
spray may have rendered this function of cis-nerolidol redundant, which may have
led to a lower emission of this VOCs on JAsp plants (Fig. 6.7 and Table 6.1). The JA
and salicylic acid (SA) signalling pathways are known to be mutually antagonistic,
and methyl salicylate is a known agent of the SA signalling pathway (Kunkel and
Brooks, 2002). The findings of the current study suggest that the exogenous JA spray
induced of the JA signalling pathway, which in turn may have led to a reduction of

methyl salicylate abundance observed in JAsp plants. Furthermore, methyl
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salicylate has been shown to be a key attractant of D. citri to citrus hosts (Mann et
al., 2012; Patt et al., 2018). Consequently, the lower abundance of methyl salicylate
JAsp plants may have resulted in a diminished attractiveness of the lemon host for
T. erytreae, potentially leading to reduced feeding and oviposition activity. The
toxicity of certain benzene derivatives, such as m-xylene, has been demonstrated
for insects (Adebambo et al., 2020). This compound has been identified in insect
repellents and has been shown to affect insect attraction to plant hosts (Lu et al.,
2020; Lv et al., 2024). Caryophyllene oxide has been shown to hinder insect activity
and have effective insecticidal properties (Plata-Rueda et al., 2018; Yang et al.,
2018). The m-xylene and caryophyllene oxide compounds were exclusively detected
in the JA sprayed plants observed in this study. The detectable presence of these
compounds may have induced a behavioural change in T. erytreae adults and

contributed to the lower oviposition numbers observed in JA sprayed plants.

6.6.3. Exogenous JA spray, Trioza erytreae adult feeding and
oviposition effect on lemon plants and their interaction with
the psyllid

Five DAS (T2) the plants that were infested without JA spray (Psyll) had higher
endogenous JA and VOC levels than the JA sprayed and infested plants (JAsp_Psyll).
The exogenous JA application affected T. erytreae oviposition behaviour, leading to
a lower egg number in the JAsp_Psyll plants than in the Psyll plants. We suggest that
the exogenous JA application may have also affected the T. erytreae adult feeding
behaviour and possibly lowered the number or intensity of probing and feeding in
JAsp_Psyll plants relative to the Psyll plants. In a separate study, the exogenous
application of JA resulted in a decrease in D. citri offspring, accompanied by a
reduction in their probing and effective feeding time (Gao et al., 2023). If a similar
effect took place in the current study, the lower activity of the T. erytreae adults
could account for the lower content of endogenous JA and total VOC in the
JAsp_Psyllinrelation to the Psyll plants 5 DAS (T2). This hypothesis should be further
investigated by implementing an electrical penetration graph (EPG) study, applying

the same spray solutions.
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At 5 DAS (T2), xylene (the previously discussed m-xylene or the isomer o-
xylene) was only detected in defence induced plants (excluding the control plants).
As discussed in the previous section xylene is known to affect insect attraction
(Chen et al.,, 2017c; Lv et al., 2024). Our results suggest that xylene is activated in
the lemon plant defence response and may have a behavioural impact on T.
erytreae. In the current work, the previously mentioned and defence related (Z)-3-
Hexenol acetate showed lower levels in exogenous JA treated plants (JAsp and
JAsp_Psyll) in relation to plants without JA spray (Control and Psyll) (Fig. 6.7 and
Table 6.1). In contrast, this compound emission has been shown to increase after
applying JAto plants (Luo et al., 2023; Patt et al., 2018).

The monoterpene ketone - (-) carvone has been shown to affect oviposition
in insects, namely a short-term effect of reducing oviposition but a long-term effect
of increasing oviposition substantially, 1.5 to 1.9 times more in relation to insects
not exposed to carvone (den Ouden et al., 1993). The compound 6-methyl-5-
hepten-2-one was found to be induced by sap feeding aphids on eggplants
(Solanum melongena L.) and was then shown to increase oviposition numbers of an
aphid predator (Higashida et al., 2022). Carvone was only detected on Psyll plants
at 5 DAS (T2) and 6-methyl-5-hepten-2-one content was higher in this group. Both of
these compounds seem to have been induced by the feeding and oviposition
activity of T.erytreae and could have promoted psyllid oviposition. This should be
further investigated, by exposing T. erytreae adults to both compounds and
observing the psyllid oviposition behaviour. The free form of phenol has been
identified in different organs of plants including the leaves (Coen et al., 1995; Sheu
et al., 2001). Phenolic compounds, comprising simple phenols, have a crucial role
in plant response to herbivory (Luo et al., 2023). In the current study at 5 DAS (T2)
phenol was exclusively identified in the Psyll plants, which could indicate an
increase in phenolic compounds of lemon in response to T. erytreae adult feeding
and oviposition.

A higher VOCs adjustment at 5 DAS (T2) was observed on Psyll plants,
nevertheless the JA spray also affected the lemon plant VOC response to the

psyllids and may help explain the differences in T. erytreae behaviour. For example,
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caryophyllene oxide, discussed in the previous section, was not detected in Psyll
plants at 5 DAS (T2), showing a higher contentin JAsp_Psyll plants (Fig. 6.7 and Table
6.1). The insecticidal properties and the effect of lowering insect activity of
caryophyllene oxide (Plata-Rueda et al., 2018; Yang et al., 2018) may be part of the
reason for the lower oviposition numbers observed in JAsp_Psyll plantsin relation to
Psyll plants. The monoterpene alcohol carveol has shown to have a repelling effect
on sap feeders and to attract pest predators (Ling et al., 2023). Carveol was higher
in JAsp_Psyll plants in comparison to all the other treatment groups. This suggests
that the JA spray priming and the T. erytreae feeding and oviposition have increased

carveol emission, and it could have a repelling effect on the psyllid.

6.6.4. Exogenous JA spray, Trioza erytreae nymphal feeding and
development effects on the lemon plants and their interaction
with the psyllid

At 25 DAS (T3), the long-term isolated effect of JA spray priming and the
isolated effect of long-term T. erytreae nymphal feeding and development did not
significantly affect plants’ endogenous JA levels nor the total VOCs emission in
lemon plants. However, the conjunction of both effects, increased the plants’
endogenous JA concentrations and total VOCs (Fig. 6.3 and Fig .6.4A). Interestingly
the plants that were only infested (Psyll) showed a significant decrease in
endogenous JA concentrations from 5 DAS (T2) to 25 DAS (T3), in contrast to the JA
sprayed and infested plants (JAsp_Psyll), were this decrease was not observed. The
JA signalling pathway is known to induce JA biosynthesis in a form of positive
feedback loop (Ruan et al., 2019). The JA spray could have initiated this loop, and
the continuous nymphal feeding may have perpetuated it maintaining the
endogenous JA and total VOC levels higher than in the other groups.

Control and JAsp plants showed similar endogenous JA and VOCs
compound levels at 25 DAS (T3) (Fig. 6.3 and Table 6.1), which indicates a loss of the
primed state. However, there are differences between these two groups. Namely
geraniol, known to have insecticidal and insect repellent effects, was higher in JAsp
plants. JA spray has shown to increase geraniol levels in other plants (Chen and

Viljoen, 2022; Khetsha et al., 2024). This suggests that in our experiment even after

188



Chapter 6

25 days after the JA spray the priming effect is low, however, there are still some
remnants of induced defence in lemon plants. At 25 DAS (T3) the JAsp_Psyll plants
showed higher content of 6-methyl-5-hepten-2-one and phenol than the non-
infested groups. Likewise, citronellal and geranyl acetate were higher in JAsp_Psyll
plants than in control and Psyll plants, respectively. This indicates a heightened
defence status in the JAsp_Psyll plants, as the 6-methyl-5-hepten-2-one acts as an
insect pheromone known to attract natural predators and parasitoids (Higashida et
al., 2022; Mdaller and Buchbauer, 2011). Phenol, as discussed in the previous
section, is related with the phenolic compounds, crucial for the response against
herbivory (Luo et al., 2023). Citronellal has been observed to increase in eureka
lemon plants and has shown to have fungicidal and fungistatic properties (Azam et
al., 2013; Yamasaki et al., 2007). Geranyl acetate was found to be correlated with
citrus hosts that are more tolerant to HLB and has shown to have antibacterial
properties (Dorman and Deans, 2000; Hijaz et al., 2016b). Methyl salicylate was not
detected in any of the JA sprayed plants (JAsp and JAsp_Psyll) at 25 DAS. Suggesting
an inhibition of methyl salicylate as a long-term effect of JA spray, and possibly an
inhibition of the SA signalling pathway, which acts antagonistically from the JA
signalling pathway (Kunkel and Brooks, 2002).

Even though Psyll plants showed a lower VOC adjustment than JAsp psyll
plants at 25 DAS (T3), there were still particular defence related responses to be
observed. Psyll plants showed higher content of (Z)-3-hexenol acetate and cis-
nerolidol than the other plants and a higher content of (E)-2-hexen-1-olin relation to
non-infested plants. (Z)-3-Hexenol acetate is related with plantindirect response to
herbivory, by attracting natural enemies, and its highly induced by wounding and
insectfeeding (Chehab etal., 2010; Schuman, 2023). Nerolidolincreases JA content
in the plants as discussed before, and it also increases the expression of plant
defence genes (Chen et al., 2020). The fact that it was not detected in JAsp_Psyll
plants (Fig. 6.7 and Table 6.1) suggests that the JA spray inhibits this specific
response to T. erytreae nymphal feeding. (E)-2-Hexen-1-ol has shown to induce
citrus general defence responses and genes related with the JA signalling pathway

(Gomi et al., 2003). As 2-hexen-1-ol content was not statistically different in Psyll
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and JAsp_Psyll plants it seems to be only attenuated by the JA spray, while showing
a clear trend of being induced by T. erytreae nymphal feeding. The nymphal feeding
effect and the adult feeding effect on Psyll plant volatiles have similarities, namely
the increase in xylene content and in an increase in a monoterpene ketone, in
relation to the control plants. M-xylene and the monoterpene ketone 2-oxo-1,8-
cineole emissionincreased in Psyll plants at 25 DAS (T3). The higher levels of xylene
in at least one of the non-control treatments throughout our experiment suggest it
has animportantrole in lemon plants' response to psyllids feeding and JA spray, and
it should be further investigated. The volatile 2-Oxo-1,8-cineole has shown to have
arepelling effect oninsects (Joubert et al., 2023), and could therefore be a tentative
of the Psyll plants to avoid more T. erytreae infestation. This compound should be

tested for its effect on the psyllid behaviour.

6.7. Conclusion

The exogenous spray with a solution of 5 mM of methyl jasmonate on lemon
plants hindered T. erytreae infestation. The psyllid showed higher oviposition on
lemon plants with no JA spray, and these plants showed greater endogenous JA and
VOC adaptations right after the adult feeding and oviposition. In the long-term plant
response, the combination of JA spray and continuous T. erytreae nymphal feeding
had a higher impact on plant endogenous JA and VOCs. The lower amount, or non-
detection, of xylene in control plantsin different timings suggests thatitis important
in lemon plant defence activation by T. erytreae and JA spray. Caryophyllene oxide
and cis-nerolidol were affected by JA spray in the short-term and adult feeding
response. Geranyl acetate and methyl salicylate were affected by JA spray in the
nymphal feeding response. Lemon VOCs response to T. erytreae infestation is
complex, and this study suggests that the compounds 6-methyl-5-hepten-2-one,
phenol, (Z)-3-hexenol acetate, 2-hexen-1-ol and carveol are crucial agents of this
interaction. The VOCs highlighted in this work should be further investigated for their
direct effect on T. erytreae behaviour. Moreover, the applicability and economic
viability of an exogenous JA spray application for T. erytreae control should be tested

in field and semi-field conditions.
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European citriculture is on high alert due to the impending threat of HLB, a
highly impactful citrus disease for which there is currently no viable curative method
(Cocuzza et al., 2017; Ellis et al., 2025; Urbaneja-Bernat et al., 2020). There is an
urgent need to improve the prevention and management practices for HLB, with a
focus on the improvement of vector management and the development of novel
vector control methods (Aidoo, 2023; Ayres et al., 2015). This thesis addressed this
challenge by studying the interaction of T. erytreae with its citrus hosts, from a
systems biology perspective. The objective of the thesis was to identify the key
proteins, metabolites and/or metabolic pathways that were implicated in the
interaction of the psyllid with lemon and orange plants using a proteomics and

metabolomics approach.

For this thesis, host selection was informed by a comprehensive analysis of
host suitability for T. erytreae (see host classifications in Table 2.1). Specifically,
lemon plants (C. xlimon) which produce volatile organic compounds that attract T.
erytreae (Antwi-Agyakwa et al., 2019) were chosen as hosts due to their high level of
suitability. The other host plants were sweet orange plants (C. xsinensis), which
were chosen due to their good suitability, nonetheless, inferior to that of lemon
trees. Both citrus hosts are of considerable significance in the context of global
citriculture (FAO, 2025). The host suitability review (Chapter 2) describes that most
studies on the host-T. erytreae interaction focused on adult preference and
oviposition. The present studies focused on the plant—insect interaction when the
psyllid was in the latter stages of nymphal development (fourth and fifth instars).
Nymphs are characterised by a sedentary behaviour with high feeding activity (Van
den Berg et al., 1991d), which informs on host responses subjected to a continuous

and intense infestation.

With regard to the findings of this thesis, in the first trial conducted under its
scope, the infestation by T. erytreae was observed in both lemon and sweet orange
plants. The number of nymphs that developed on the sweet orange plants (the less
suitable host) was found to be three times lower than that observed in the lemon

plants.

193



Chapter 7

The proteomic approach to compare the enriched vascular sap proteomes
of infested and non-infested lemon and sweet orange plants revealed a significant
modification of the proteome in the sweet orange plants upon infestation. This
modification included the downregulation of pathways related to photosynthesis
and the upregulation of pathways related to respiration. This is a common plant
stress response, also observed in plants responding to herbivory (Coppola et al.,
2013; Kerchev et al., 2012; Mozoruk et al., 2006). The hypersensitive response and
the JA signalling pathway were found to be upregulated in the proteome of infested
sweet orange plants. The latter pathway has also been observed to be induced in
sweet orange plants in response to D. citri (Nehela et al., 2018). In contrast, the
proteome modifications in lemon plants as a consequence of infestation were

much less pronounced.

Several host responses were identified in both the proteomic and
metabolomic analyses of sweet orange plants that had been infested with T.
erytreae. Abroader metabolic adjustment of this host plantwas observed, including
a resistance-type response. The metabolite JA was found to be upregulated, a
finding that corresponded to the proteomic results. In contrast, modifications in the
lemon plants' metabolome and proteome due to infestation exhibited minimal
overlap. The metabolomic results in the lemon plants indicated a tolerance-type
response, with the upregulation of defence-related phenylpropanoids. The
phenylpropanoids are known to have an important role in plant response to
herbivory (Li et al., 2016; Mathesius, 2018). The findings of the integrated
metabolomic and proteomic analysis underscore the importance of examining the
diverse layers of plant response in order to better understand the plant-insect

interaction, in concordance with Barah and Bones (2015).

With respect to the proteomic approach that was employed on fourth and
fifth instar nymphs that developed on lemon plants, the results revealed anincrease
in energy metabolism and translation factors. This finding was associated with the
identification of growth and developmental pathways. The energy metabolism has
also been observed to be induced in D. citri developing in highly suitable hosts
(Ramsey et al., 2022). In contrast, nymphs developing in sweet orange exhibited the
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upregulation of proteins associated with semi-sterile, abnormal development and
behaviour. The effect of a shift of T. erytreae nymphs to a sucrose-only diet was also
analysed, as insect development and fertility have been shown to decrease in less
suitable diets (Chen et al., 2017b; Wang et al., 2013). The proteomes of nymphs that
developed on lemon plants exhibited greater proteome adjustment in response to
the transition to a sucrose-only diet than the nymphs developing on sweet orange
plants. The present findings suggest that the diet of the lemon plant may offer a

more effective means of supporting the development of T. erytreae.

The findings of the metabolomic and proteomic analysis prompted the
formulation of the research question “Does the activation of the JA signalling
pathway by the citrus host hinder T. erytreae development on them?”.
Consequently, a subsequent trial was performed in order to evaluate this
hypothesis. For this trial, lemon plants were sprayed with a control solution or with

exogenous JA, followed by infestation with T. erytreae.

The findings of the JA foliar spray analysis demonstrated that the exogenous
JA application significantly hindered the psyllid infestation, reducing oviposition and
affecting nymphal development. The exogenous JA application exhibited a
pronounced impact on T. erytreae oviposition behaviour. It has been demonstrated
that the JA phytohormone exerts a detrimental influence on the development of D.
citri (Rao et al.,, 2018a). The identification of Potential new targets for the
interference in this plant-insect interaction was achieved through the
characterisation of the lemon plants volatile organic compound profiles. Lemon
plants affected by exogenous application of JA and T. erytreae infestation produced
higher emissions of 6-methyl-5-hepten-2-one and (Z)-3-hexenol acetate,
compounds that are known to attract parasitoids and predators (Higashida et al.,
2022; Schuman, 2023). Phenol, a pivotal component of the phenolic response to
herbivory (Luo et al.,, 2023) and 2-hexen-1-ol, which induces the JA signalling
pathway (Gomi et al., 2003), were both produced in greater quantities in lemon
plants subjected to JA spray and T. erytreae infestation. Additionally, the induction
of carveolin infested lemon plants was detected and is acompound that possesses
insect repellent properties (Ling et al., 2023).
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The present thesis characterises the interaction between the citrus hosts
and T.erytreae, with a particular emphasis on characterising the role of proteins,
metabolites and volatiles within this interaction. According to the findings, JA is a
potential solution for the control of T. erytreae through the utilisation of exogenous
JA sprays. Further studies are required to ascertain the efficacy of exogenous JA
spray as a potential novel control strategy. To establish additional perspectives,
further studies should employ choice tests and electrical penetration graph
analysis to examine the direct effect of exogenous JA application, via foliar spray, on
the host selection and feeding intensity of T. erytreae. In addition, larger-scale semi-
field and field experiments, along with economic studies should be conducted, to
ascertain the applicability and viability of exogenous JA spray applications in
commercial citrus orchards. It is also important to investigate this plant host-T.
erytreae interaction using less suitable hosts such as Citrus trifoliata or
Calodendrum capense (see host classifications in Table 2.1). The study of their
interaction could lead to the potential identification of highly detrimental
biomolecules, chemicals and/or metabolic pathways for the psyllid. Further
transcriptomic analysis would be a valuable addition to the research, with the aim
of identifying the regulatory genes involved in this plant-insect interaction (Zogli et
al., 2020). This analysis could broaden the identification of molecular targets that
interfere in this interaction. Genetic engineering studies, transient expression
systems (Ahman et al., 2019; Sun et al., 2019) and RNA interference represent other
significant approaches with the potential to contribute to control strategies against
T. erytreae. The efficacy of RNA interference techniques has already been

demonstrated in the context of D. citri control (Kishk et al., 2017).

The present thesis underscores the importance of studying the plant-insect
interactions in order to develop management strategies for the psyllid T. erytreae.
Furthermore, the acquired knowledge may serve as a valuable foundation for the
advancement of management and control strategies for the pest and HLB vector T.

erytreae.
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Figure S3.1 Protein profile of expressed proteins in the enriched vascular sap of lemon and orange
plantsin control and infested condition, analysed by SDS-Page (12%), one gel per condition. The gels
named “EurekaLemonCon” and “EurekaLemoninf” represent 4 vascular samples of control and
infested ‘Eureka’ lemon plants, respectively. The gels named “ValenciaSwOCon” and
“ValenciaSwOInf” represents the 4 vascular samples of control and infested ‘Valencia’ sweet orange
(SwO) plants, respectively. Thirty ug protein extracts were run in each well. Arrows highlight the areas
with visible differences between infested and control profiles.

227



Appendix Chapter 3

| PLANTPATHOGEN INTERACTION _| 1
Apoplast
Furgal PAMP PAMP-tiggered irununity
P g S fve response (HR)
e //)' RS~ o Gallval mibrenen
v - > Stomat closue
Ca? =~ g No
-
————— >0l
Bacterial flagellin b
\
By
o Deferse-related gene induction
_____ > fiz o,
Bacterial EF-Tu ; DNA oL
/
/ Phytalexin sccumulation
Vi xiRNA production
/
/
,,,,,,,,,,,,,,, »
~2a
-b SGT) | ———————1 3 Hypersensitive response (HR)
B -—| =
—(i oo B P
- 7
//
@I—> - .
e
/
SGT1
T
e E— -
DNA
O———#D
DNA
hnBS B3 |- Cell death
DNA DNA
-O—»[UPs20 -O——[ Upa? |- ——» Cellular hypertrophy
DNA
FopF2 RRS1.] Defe lated gene induction
VLCFA related genes
Dy [Kesu10
| _ . Suppession of plant HR
G} ) WG] Supmsnct it
Fungal effector
[Ba10 [MLALD ! o +PD;nf§m= rehtedgens induction
L6 7 e esponse
04626 11118119
) Kanehisa Laboratories

Figure S3.2 Representation of the enriched pathways that resulted from ‘Valencia’ sweet orange
(SwO) in response to Trioza erytreae, (ValenciaSwOInf vs ValenciaSwOCon) comparison. Red
highlighted forms represent the upregulated proteins, and blue highlighted proteins represent the
downregulated proteins. 1: “Plant-pathogen interaction” pathway; 2: “Glyoxylate and dicarboxylate
metabolism” pathway, with pink highlighted arrows representing the “photorespiration” module; 3:
“Pyruvate metabolism” pathway with the pink highlighted arrows representing the “pyruvate
oxidation” module; 4: “Citrate cycle (TCA cycle)” pathway with the pink highlighted arrows

representing the “pyruvate oxidation” module.
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Figure S3.2 Representation of the enriched pathways that resulted from ‘Valencia’ sweet orange
(SwO) in response to Trioza erytreae, (ValenciaSwOInf vs ValenciaSwOCon) comparison. Red
highlighted forms represent the upregulated proteins, and blue highlighted proteins represent the
downregulated proteins. 1: “Plant-pathogen interaction” pathway; 2: “Glyoxylate and dicarboxylate
metabolism” pathway, with pink highlighted arrows representing the “photorespiration” module; 3:
“Pyruvate metabolism” pathway with the pink highlighted arrows representing the “pyruvate
oxidation” module; 4: “Citrate cycle (TCA cycle)” pathway with the pink highlighted arrows
representing the “pyruvate oxidation” module.
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Figure S3.2 Representation of the enriched pathways that resulted from ‘Valencia’ sweet orange
(ValenciaSwOInf vs ValenciaSwOCon) comparison. Red
highlighted forms represent the upregulated proteins, and blue highlighted proteins represent the
downregulated proteins. 1: “Plant-pathogen interaction” pathway;
metabolism” pathway, with pink highlighted arrows representing the “photorespiration” module; 3:
“Pyruvate metabolism” pathway with the pink highlighted arrows representing the “pyruvate
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(SwO) in response to Trioza erytreae,

oxidation” module; 4:

representing the “pyruvate oxidation” module.
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Figure S3.2 Representation of the enriched pathways that resulted from ‘Valencia’ sweet orange
(SwO) in response to Trioza erytreae, (ValenciaSwOInf vs ValenciaSwOCon) comparison. Red
highlighted forms represent the upregulated proteins, and blue highlighted proteins represent the
downregulated proteins. 1: “Plant-pathogen interaction” pathway; 2: “Glyoxylate and dicarboxylate
metabolism” pathway, with pink highlighted arrows representing the “photorespiration” module; 3:
“Pyruvate metabolism” pathway with the pink highlighted arrows representing the “pyruvate
oxidation” module; 4: “Citrate cycle (TCA cycle)” pathway with the pink highlighted arrows

representing the “pyruvate oxidation” module.
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Figure S$3.3 Representation of the up and downregulated proteins in the “Protein processing in endoplasmic reticulum” pathway in response to Trioza erytreae. Red
highlighted forms represent the upregulated proteins, and blue highlighted proteins represent the downregulated proteins A - Represents the regulation in the ‘Eureka’
lemon plants (EurekaLemoninf vs EurekaLemonCon) comparison. B - Represents the regulation in the ‘Valencia’ sweet orange (SwO) (ValenciaSwOInf vs
ValenciaSwoCon) comparison.
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Table S3.1. Protein library resulting from the nano LC-MS/MS analysis of the
EurekaLemonlinf, EurekaLemonCon, ValenciaSwOInf and ValenciaSwOCon
samples. Available online at:
https://www.dropbox.com/scl/fi/gbmprvgluieyv5j2evkv8/Table-S3_1-Protein-

library-resulting-from-the-nano-LC-MSMS-analysis-of-the-EurekalLemonlnf-

EurekalLemonCon.xlsx?rlkey=xzssjha7ql50e2pd6b27iewtp&st=v6w5dxut&dl=0

Table S3.2. Differentially abundant proteins (DAPs) found in lemon and orange
plants in response to Trioza erytreae infestation as compared to the respective
controls. Available online at:

https://www.dropbox.com/scl/fi/ab0kj7Ingsgiks0s1k37x/Table-S3_2-Differentially-

abundant-proteins-DAPs-found-in-lemon-and-orange-plants-in-response-to-

Trioza-erytreae-

infestatio.xlsx?rlkey=4uvg48lgcwj98mlu7fux21uta&st=h59lbabw&dl=0

Table S3.3. Loading values of the differentially abundant proteins (DAPs) related to
the first component of the principal component analysis (PCA). Available online at:

https://www.dropbox.com/scl/fi/852m7obcooaogaelvsb8y/Table-S3_3-Loading-

values-of-the-differentially-abundant-proteins-DAPs-related-to-the-first-

component-of-the-principal-

com.xlsx?rlkey=w3i14727zx9a6lszr5vn29bqz&st=n9241eke&dl=0

Table S3.4. KEGG pathway enrichment analysis for the response of ‘Eureka’ lemon
and ‘Valencia® SwO to Trioza erytreae. Available online at:

https://www.dropbox.com/scl/fi/cejma3b2s5r6rbdlutd4ol/Table-S3_4-KEGG-

pathway-enrichment-analysis-for-the-response-of-Eureka-lemon-and-Valencia-

SwO-to-Trioza-

erytreae.xlsx?rlkey=wk49q7s34kréxglolpyldgvOh&st=gi0zmzhu&dl=0
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Table S4.1. Compound identification and quantitation. Available online at:

https://www.dropbox.com/scl/fi/cb9zv6vji5cd6ggkwvij96/Table-S4 1-Compound-

identification-and-

quantitation.xlsx?rlkey=fk6p7iwrmjy9ycmd4yheaco6n&st=al1ujyvy&d(=0

Table S4.2. Differentially Abundant Metabolites Enriched KEGGs. Available online

at: https://www.dropbox.com/scl/fi/wh9w31vzydpka8ptieir6/Table-S4 2-

Differentially-Abundant-Metabolites-Enriched-

KEGGS.xlsx?rlkey=72fu55u2aymncprptzepl3vaa&st=46qoazws&d(=0

Table S4.3. Protein library resulting from the nano LC-MSMS analysis of the
enriched vascular sap. Available online at:

https://www.dropbox.com/scl/fi/bxt240jbv4v5gk7v7g17a/Table-S4_3-Protein-

library-resulting-from-the-nano-LC-

MSMS.xlsx?rlkey=aj9d81em5s8d82sjyg3yni2su&st=5cgvfad8&d(=0

Table S4.4. Differentially abundant proteins (DAPs) found in lemon and orange
plants in response to Trioza erytreae. Available online at:
https://www.dropbox.com/scl/fi/9ktoko68gjf4nv2bzrr35/Table-S4_4-Differentially-

abundant-proteins-DAP-

s.xlsx?rlkey=4t339hnnd89tfgbhekwpqo2tb&st=09220g0t&dl=0

Table S4.5. Differentially abundant proteins (DAPs) enriched KEGGs. Available

online at: https://www.dropbox.com/scl/fi/t8plawnz68v5v1t46pnwx/Table-S4 5-

Differentially-abundant-proteins-DAP-s-enriched-

KEGGs.xlsx?rlkey=ci3syzjqobp8330ynp7eei2k9&st=yia33u1c&dl=0
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Figure S5.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-Page) results of the
Trioza erytreae nymphs’ protein extraction from the Lemon, LemonSuc, SwO and SwOSuc samples.
Stacking gel at 5% and separating gel at 12% acrylamide, 30 pg of protein of each sample was used.
PageRuler Plus Prestained Protein Ladder 10 to 250 kDa (Thermo Scientific, Bremen, Germany) was
used as the protein ladder. “Lemon”: nymphs that developed exclusively on lemon plants.
“LemonSuc”: nymphs that developed on lemon plants and were then fed sucrose for24 h before
sampling. “SwO”: nymphs exclusively developed on SwO. “SwOSuc”: nymphs that developed on
SwO plants and were then fed sucrose for 24 h before sampling
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Table S5.1. Protein library resulting from the nano LC-MSMS analysis of the Trioza
erytreae nymphs. Available online at:

https://www.dropbox.com/scl/fi/mkaf8dz21zak4wut5rwwo/Table-S5_1-Protein-

library-resulting-from-the-nano-LC-

MSMS.xlsx?rlkey=uj370ndaapi21w9lp6whd18ud&st=hxmvorhh&dl=0

Table S5.2. Differentially abundant proteins (DAPs) found in nymphs that developed
on lemon and orange plants. Available online at:

https://www.dropbox.com/scl/fi/c2s1g95k2g1hwwbmyg303/Table-S5 2-

Differentially-abundant-proteins-

DAPs.xlsx?rlkey=d0634cxriy85msbgbdeiwbjda&st=bf3epcem&d(=0
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Figure S6.1. Examples of leaf areas measurement. The area was the measured in cm? through
scaling and area measurement tools on Inkscape (Inkscape Project, 2020). A: Measurements from
time point TO B: Measurements from time point T1 C: Measurements from time point T2 D:
Measurements from time point T3
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Table S6.1. Most influential VOCs. Determined by a Random Forest (RF) analysis, conducted using
the randomForest package (Breiman et al., 2024). The importance of each VOC was determined
based on the Gini Importance Measure (GIM). Blue represents compounds with a GIM greater than
0.5. Red represents compounds with a GIM lower than 0.5.

Gini Importance

Measure (GIM) Compound

1.1079 (2)-3-Hexenol acetate

1.0155 2-Hexanone

0.9096 Methyl benzoate

0.8863 2,2,4,4,6,8,8-Heptamethylnonane

0.8090 Clovene

0.8024 0-Cymene

0.7914 o-Xylene

0.7744 cis-Nerolidol

0.7733 alpha Muurolene

0.7587 Methyl salicylate

0.7570 Heptanal

0.7538 3-Methyl-4-methylenebicyclo[3.2.1]oct-2-ene

0.7265 beta Chamigrene

0.7199 Prehnitene

0.7030 4-methylene-2,8,8-trimethyl-2-vinyl-bicyclo[5.2.0]nonane

0.6881 (3E)-3-Hexenyl butyrate

0.6782 m-Xylene

0.6731 Nonadecane

0.6384 Indole

0.6248 alpha Bisabolene

0.6193 1,3,8-p-Menthatriene

0.6141 Caryophyllene oxide

0.6115 delta Cadinene

0.6103 alpha Phellandrene

0.6078 Phenol

0.6073 Octadecane
trans-(.+-.)-2-methyl-2-(4-methyl-3-

0.5909 pentenyl)cyclopropanecarboxaldehyde

0.5908 2-Methyl-4-pentenal

0.5898 (2)-3-Hexen-1-ol

0.5820 Hexadecane

0.5748 Epiglobulol

0.5670 3,3,7,11-tetramethyl-tricyclo[6.3.0.0(2,4)Jundec-8-ene

0.5496 (E)-2-Hexenal

0.5155 delta Guaiene

0.5130 1-(2,6,6-Trimethylcyclohex-2-en-1-yl)pent-1-en-3-one

0.5090 (E)-2-Hexen-1-ol

0.4955 alpha Terpinene

0.4925 4-Methyl-3-(1-methylethylidene)-1-cyclohexene

0.4876 Butyl Acrylate
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0.4821
0.4743
0.4703
0.4688
0.4686
0.4618
0.4603
0.4531
0.4507
0.4350
0.4314
0.4229
0.4067
0.4067
0.4007
0.4004
0.3962
0.3872
0.3861
0.3686
0.3566
0.3556
0.3516
0.3503
0.3399
0.3351
0.3338
0.3325
0.3320
0.3189
0.3109
0.3096
0.3080
0.3080
0.2999
0.2950
0.2934
0.2933
0.2877
0.2852
0.2784
0.2772
0.2618
0.2561
0.2549
0.2481
0.2471

2-Methyl-1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl
propanoate

Methyl ester octanoic acid
Methyl geranate

Dysoxylonene
cis-3-Hexenyl-.alpha.-methylbutyrate
(-)-Gamma-cadinene

Isocarveol
4,6-Dimethyldodecane
Camphene
6-Methyl-5-heptene-2-one
Carveol

alpha Bisabolol

p-Propyltoluene

(-)-Aristolene

1-Dodecanol

Isobornyl acetate

Limonene 1,2-epoxide
Levomenthol

beta Phellandrene

n-Butyl butanoate

Humulen-(v1)

2-0Oxo0-1,8-cineole

Copaene

Heptadecane

4-Methylindane

alpha Cubenene

Nonanal
(3E)-4-Ethyl-3-nonen-5-yne
1,5,9,9-Tetramethyl-1,4,7-cycloundecatriene
trans-Sesquisabinene hydrate
trans-3-Caren-2-ol

Decanal

Geranyl nitrile

(-)-Carvone
2-Ethyl-3-hydroxyhexyl 2-methylpropanoate
2-Methyl-6-methyleneoctan-2-ol
Cosmene

Ethylbenzene

alpha Terpineol

Terpinen-4-ol
1,2,4-trimethylbenzene
Tetradecane

Thujene

Undecanal

alpha Curcumene

3-Carene

cis-Geraniol
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0.2406
0.2319
0.2252
0.2194
0.1979
0.1844
0.1843
0.1802
0.1683
0.1676
0.1605
0.1562
0.1559
0.1533
0.1512
0.1502
0.1485
0.1472
0.1454
0.1412
0.1335
0.1307
0.1208
0.1203
0.1187
0.1172
0.1136
0.1109
0.1089
0.1029
0.1000
0.0965
0.0959
0.0948
0.0947
0.0918
0.0837
0.0831
0.0814
0.0760
0.0669
0.0647
0.0593
0.0589
0.0511
0.0231

beta Bisabolene
Tridecane
4-tert-Butylcyclohexyl acetate
2-n-Butoxyethanol
Neo-allo-Ocimene
Decane
Bicyclo[3.3.0]octan-2-one, 7-ethylidene-
alpha Pinene

beta Linalool
4,5-Epoxycarene

gamma Terpinene
D-Limonene

gamma Muurolene
trans-Sabinene hydrate
p-Diethylbenzene
4,11,11-Trimethyl-8-methylenebicyclo[7.2.0]Jundec-4-ene
10,10-Dimethyl-2,6-dimethylenebicyclo[7.2.0Jundecane
trans-Geraniol

alpha Bergamotene
Allo-Ocimene

trans beta Ocimene

beta Curcumene

trans alpha Bergamotene
beta Farnesene
Pentadecane
Terpinolene

beta Santalene

beta Sesquiphellandrene
Dodecane

Citral

Geranyl acetate

cis beta Ocimene
Geranial
(R)-(+)-Citronellal

beta Myrcene

(-)-beta Pinene

beta Citral
Caryophyllene

Verbenol

beta Elemene

Citronellyl propionate
Nerol acetate

Elixene

beta Germacrene

alpha Humulene
Alloaromadendrene
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Table S6.2. Volatile profile and time effect comparisons of lemon plants measured before spray (BS) (T0), one day after spray (DAS) (T1), five DAS (T2) and at 25 DAS
(T3). Control- plants not sprayed with jasmonic acid (JA) and not infested by Trioza erytreae; JAsp- plants sprayed with JA and not infested; Psyll- plants not sprayed
with JA and infested; JA_Psyll- plants sprayed with JA and infested. The results are expressed as nanograms per cm? leaf area (mean * standard error, n =5). LRI =Linear
Retention Index. ND = Not detected. NA = Not applicable. Comparisons with significant differences (p-value< 0.05) are highlighted in bold. One-way ANOVA was
employed, followed by the Tukey’s post-hoc multi-comparison test. When only two groups were compared, a Student's t-test was applied.

Control JAsp Psyll JAsp_Psyll
Compound LRI TO ™ T2 T3 p-value ™ T2 T3 p-value T2 T3 p-value T2 T3 p-value
Thujene 977 2250+297a 10.45+1.93b  5.03+1.38bc  2.26+0.37c 6.44E-06 10.26+3.70 6.85+1.84 1.97+0.16 0.09 27.79+9.38 362+0.82 0.06 5.56+0.91 8.84+2.36 0.32
alphaPinene 982 2427:277a 1412:173b  646%154c  375:051c 248E06 16.11:447a 1006+2.13ab 445:053b 004  30.04:7.89a 592+1.06b 003 1122290  1474:451  0.61
Camphene 994  0.930.09a NDc 0.26+0.04b  0.18+0.03bc 6.19E-09 0.71+0.21 0.48+0.09 0.22+0.02 0.07 1.27£0.28a 0.27+0.06b 0.03 0.67+0.32 0.85+0.21 0.71
beta Phellandrene 1014 50.32¢856a 28.75:7.67b 1662t558b  7.86:041b 193E-04 2846:11.3a 18.24:355ab NDb 004 7607239  1407¢185 006  1672¥264 2860836  0.30
(--betaPinene 1016 166.1+25.6a 88.98+12.3b 50.86+134b  40.62+550b 1.63E-04 128.9+44.0 76.33+£15.8 50.54+5.97 0.16 180.5+47.0 60.09+9.18 0.05 81.62+15.8 149.9+46.4 0.27
beta Myrcene 1028 149.7+31.7a 84.19+174ab 43.10+109b 2041+3.18b 1.02E-03 52.40+19.1 52.55+8.02 34.54+4.82 0.51 101.6+28.2 27.81+2.72 0.07 5220+15.2 48.04+18.5 0.89
alpha Phellandrene 1050 24.21+3.39a NDb 4.05+0.89b 1.91+x0.20b 9.70E-08 8.36+1.76a 6.90+1.26ab  3.16+0.30b 0.04 19.38+5.73 6.80+0.98 0.06 9.58+3.47 12.12+£3.60 0.70
3-Carene 1057 113.8+18.8a 54.63+8.23b 15.34+4.02bc  6.95+0.66¢c 6.73E-06 30.75+8.95 20.22+5.72 15.97+2.56 0.23 107.6+35.7 22.27+3.70 0.09 20.10+3.00 51.55+25.1 0.32
alphaTerpinene 1063 9.19%+1.39a  6.38+240ab  3.19:0.82b  0.88:0.14b 499E-03 476+1.15a 3.12#053ab  1.14%0.13b 002  9.99+295a NAb 003 317105 840£195  0.07
0-Cymene 1068 ND ND ND ND NA 6.12+0.80a 6.17+1.80a NDb 3.05E-03 44.60+10.5a  5.55+1.38b 0.02 NDb 15.49+2.83a 5.42E-03
D-Limonene 1078  2740+483a  1724+256ab  804.9+161bc  207.4%+19.5c 6.31E-05 1025+344 1005+184 282.7+38.3 0.06 2752+x701a  534.3+57.6b 0.03 916.5+225 868.6+256 0.92
trans beta Ocimene 1084 81.75:220a 71.46:263ab 34.80:6.69ab 7.66:1.62b 003 3440164  3839:537  1230%258  0.18  54.82¢136a  891x0.89b 003 4240195  11.32:260  0.21
cis beta Ocimene 1093 3439%883a  3483%106a 158.8+28.6ab 31.23:632b 001 1408677  1827¢252  4959+11.1 012  227.0%#532a 4551+893b 004 1767763  4869+971  0.19
gammaTerpinene 1101 2213%3.08a 892:1.88b  579:192b  3.93:087b 548E-05 1147:495 68119 254:027 017  2056%636  400:057 007  892%177 828+1.80  0.83
1,38p-Menthatriene 1118 066%0.16a  042:0.06ab  027:0.08b  005:0.02b 262E03 044:0.11a  0.35:0.04a  0.10:0.03b 9.47E-03 NDb 0.11£0.01a 178E-03 0.37:0.12a NDb 0.04
4-Methyl-3-(1-
methylethylidene)-1- 1120 NDc NDc 0.18+0.02a 0.07+0.02b  4.17E-07 NDb 0.30£0.04a 0.18+0.04a 1.52E-04 ND ND ND 0.47+0.13 0.98+0.53 0.44
cyclohexene
Terpinolene 1125 21.63+4.39a  8.81+1.86b 3.87+1.01b 1.86x0.29b 1.34E-04 578+191 5.76+1.05 4.46+0.73 0.73 13.88+4.44 3.34+0.56 0.10 5.18+0.80 843+3.35 0.46
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Limonene 1,2-epoxide

Control JAsp Psyll JAsp_Psyll

Compound LRI T0 ™ T2 T3 p-value T T2 T3 p-value T2 T3 p-value T2 T3 p-value
Cosmene 1167 1.86+0.22a  1.39%0.36ab  0.61+0.16bc NDc 1.44E-04 NDc 0.85+0.08a 0.21+0.03b 1.73E-07 3.02+0.85a NDb 0.02 1.67+0.73 ND 0.08
Allo-Ocimene 1174 1513+3.85a 13.35+398a 6.01x1.11ab  1.44%0.30b 0.01 6.93+2.87 8.20£1.13 2.71+0.61 0.12 15.65+3.74a 2.25+0.25b 0.03 8.86+3.02 3.06+0.56 0.17
Neo-allo-Ocimene 1185 12.34%3.07a 11.242277a 469:0.82ab  1.44:031b 566E-03 576+224 756+1.13 312:074 015  1430%324a 2142031b 003  8.84+264 310058  0.14
Verbenol 1206 3.77+0.67a 1.15+0.26b 0.77+0.20b 0.73+0.12b  6.70E-05  1.18+0.37 1.29+0.16 1.07£0.13 0.81 2.70+0.69 1.21£0.30 0.19 221+£0.73 262+0.73 0.54
trans-Sabinenehydrate 1107~ 242:048a  0.79+025b  059:0.15b  020:0.03b 214E04 092029 0.69+0.09 032:006 010  249+1.03 044:010 013  0.77%0.11 0.83+0.21 0.81
beta Linalool 1146 5344+*116a 46.33+10.1a 23.58+3.10ab 4.25+0.44b 1.59E-03 24.38+857ab 32.60+6.31a 6.99+1.47b 0.04 38.59+10.5 1311+1.14 0.08 32.36+9.81 23.28+4.53 0.52
trans-3-Caren-2-ol 1156  242*0.57a  1.78+0.52ab  0.44%0.17bc  0.07+0.00c 1.87E-03 0.41+0.09ab  0.59+0.15a 0.09+0.01b 0.01 2.25+0.63 0.78+0.15 0.05 0.52+0.13 1.00+0.21 0.10
Isocarveol 177 NDb NDb 0.17£0.05a  0.04:0.01b 1.66E-04 NDb 0.11:003a  0.05:0.00b 9.36E-04 NDb 0.18£0.05a 002  022+0.05 033:007  0.24
Levomenthol 1212 528+1.68a  3.94+140ab 0.85+0.36ab  0.02:0.01b 0.01 0.74£0.20a 0.53£0.10a 0.03+0.01b  5.87E-03 7.36+2.61a 1.97+0.74b 0.05 0.54+0.21 1.89+0.70 0.13
Terpinen-4-ol 1216 1.17%0.12a 1.14£0.27a 0.24+0.05b 0.10+0.01b  7.38E-05 0.35+0.07ab  0.58%0.15a 0.07+0.01b 9.15E-03  1.22+0.15 1.74£1.16 0.67 1.38+0.56 0.38+0.10 0.18
Carveol 1217 1.78+047a  1.24+059ab  0.16+x0.03b  0.29+0.08ab 0.02 0.64+0.06a  0.39+0.10ab  0.19+0.04b 341E-03 149%0.27a 0.52+0.07b 0.01 455+1.95 1.61+0.64 0.23
alphaTerpineol 1227 38.40+6.52a 15.16+3.32b  11.47+3.15b  3.77+x0.67b 1.01E-04 1243+3.85 10.53+1.68 3.35+0.39 0.05 26.25+11.6 3.26+0.60 0.13 15.04+x3.31a  543%0.97b 0.04
trans-Geraniol 1299 24.45%*7.21a 10.26+3.15ab  6.00+1.20b 1.80+0.51b 575E-03 6.78+2.74 6.43+0.81 8.94+1.16 0.58 6.12+2.24 427+1.28 0.54 4.81+0.97a 1.91x0.27b 0.03
cis-Geraniol 1274 29.97+9.13a 11.69+3.14ab  6.64+1.13b 3.83+1.08b 7.12E-03 6.67+248b  8.18+1.05ab  14.83*2.17a 0.03 5.66+3.46 6.38+1.51 0.88 6.97+1.46a 2.62+041b 0.02
Citral 1188  9.86+1.68a 2.64+0.56b 1.80£0.51b 154+£0.26b 2.16E-05 3.07+0.96 357+0.49 205+0.26 0.27 4.07+1.31 2.44+0.61 042 459+1.53 5.89+1.67 0.42
(RH(+)-Citronellal 1196 5.35%1.16a  1.84x0.35b  1.29:053b  0.72:0.15b 6.35E-04  1.18+0.39 1.060.14 118+028 094  220%0.71 1.89+0.51 079 210058 283+0.84  0.42
beta Citral 1286 206.6+34.5a 59.76+15.1b 43.88+12.7b  45.83+846b 6.53E-05 62.14+20.2 68.52+8.57 62.40+8.43 0.93 96.88+40.8 76.18+20.9 0.73 131.9+431 161.2+47.7 0.46
Geranial 1313 3743+639a 98.77+x236b  71.72+21.0b  84.57+159b 4.84E-05 120.3+384 136.2£17.2 100.2+13.9 0.62 165.0+75.1 124.7+346 0.71 211.1+64.8 283.2+81.2 0.27
Methylgeranate 1371 062%0.09a  0.31x008b  0.14:0.02b  0.12+0.03b 9.98E-05 NDb 0.1920.04a  0.23:0.03a 3.39E-04 0.860.29 0202003 010  0.17%0.03 0494022 0.21
Isobornyl acetate 1326  0660.08a  051:0.10a  0.11:0.02b NDb  3.23E06 ND ND ND NA  138£021a  028:006b 001  029:0.19 058025  0.45
Citronellyl propionate 1400 047%0.10a  0.36+0.11ab  0.20+0.03ab  0.07+0.01b 9.82E-03  0.15+0.03 0.15+0.02 0.12+0.02 0.57 0.27+0.07 0.15+0.02 0.22 0.24+0.08 0.29+0.11 0.76
Nerol acetate 1410 9.90+2.60 451+1.81 4.08+1.30 5.31+0.67 0.109 4.93+243 742131 6.03+0.30 0.56 2.58+1.03 261+0.86 0.99 6.69+2.24 543+1.64 0.27
Geranyl acetate 1427 23.45+5.70a 8.07+341b 6.81x2.21b 455+0.81b 6.19E-03 10.76+4.01 14.71+£2.65 7.36+1.09 0.23 6.99+3.74 3.30+0.94 0.44 9.49+3.05 11.27+£2.82 0.25
4,5-Epoxycarene 1221 7.45%1.28a 2.22+0.50b 1.46+0.43b 137£0.21b 4.63E-05 244075 2.78+0.40 211+0.27 0.67 3.39+1.37 2.33+0.52 0.58 5.05+1.33 6.26+1.22 0.42

1181  0.40%0.03a 0.20+0.02b 0.08+0.02¢ NDc 4.64E-09 0.13:+0.02ab  0.23+0.06a 0.08+0.01b 0.04 0.40+0.08a 0.10+0.03b 0.02 0.17+0.05 0.20+0.09 0.79
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Control JAsp Psyll JAsp_Psyll
Compound LRI T0 ™ T2 T3 p-value T T2 T3 p-value T2 T3 p-value T2 T3 p-value
2-Oxo-1,8-cineole 1259 073%0.14a  051:0.16ab  0.21:0.08b  0.05:0.01b 3.00E-03 NDb 0.17+0.04a  0.07:0.02ab 4.03E-03 1.10:044 036+015 014 0112001 019004  0.06
(--Carvone 1287 ND ND ND ND NA ND ND ND NA  395:097a NDb 0.02 ND ND NA
alpha Cubenene 139 1.03+0.36 0.69+0.23 0.89+0.40 0.07+0.02 0.14 1.16+0.38a 0.58+0.23ab  0.13+0.02b 0.05 ND 0.92+0.49 0.13 0.20+0.06 0.64+0.30 0.22
Copaene 1420  0.13=0.01a NDc 0.07+0.01b 0.06+0.02b  1.45E-05 NDc 0.06+0.01b 0.10+0.01a  2.52E-05 NDb 0.07+0.01a 854E-03  0.11+0.03 0.36+0.17 0.25
beta Elemene 1435 033008 0.300.07 0.2120.05 012£002 008  0.22:0.10 0.22+0.02 019002 095  031%005a  0.132002b 002  042+0.13 0.26+0.11 0.49
4,11,11-Trimethyl-8-
methylenebicyclo[7.2.0] 1458 0.89+0.25a  0.66+0.21ab  0.39+0.17ab  0.06+0.01b 0.03 0.21+0.06ab  0.28+0.03a 0.09+0.02b 0.01 0.67+0.07 045+0.14 0.10 0.51+0.22 0.31+0.01 0.42
undec-4-ene
alpha Bergamotene 1467 387:092a  240+101ab 239:0.45ab  0.63x0.10b 004  0.86x0.36b  201:0.22a  1.04:x009b  0.01 223052 066013 005  193%0.22a  073x017b  0.02
Caryophyllene 1471 52.80+13.8 41.13+£17.8 46.17+8.30 17.45+2.17 0.22 39.87+21.2 45.72+7.93 28.28+6.48 0.66 40.69+8.07 18.47+3.21 0.07 7312+239 22.27+5.32 0.09
gz:gsaiﬂjczne 1487 58.82+13.8a 37.76+15.6ab 35.83+6.45ab 9.22+1.34b 0.04 2229104 30.64+3.34 18.65+4.58 047 36.59+8.50a 10.21+2.00b 0.05 42.08+14.3 10.50+2.45 0.09
Alloaromadendrene 1489 0.85%0.20 048+0.13 045+0.17 032005 010  0370.11 0.37+0.08 047+004 065  067:0.14 0442010 009  0.34%0.05 071030  0.33
delta Guaiene 1492 032%0.02a  0.13x005b  0.14x0.01b  0.10%0.02b 4.36E-04 NDb 0.14£002a  0.18x0.03a 8.23E-05 NDb 0.07x0.01a 7.75E03  0.16+0.04 0.12£0.05 0.60
Humulen-(v1) 1500  2.15+0.86 2.14£0.70 0.62+0.48 0.05+0.01 005  0.13:003 0.30£0.16 0.06+0.01 023 ND ND NA 050+0.18 029:012  0.38
alphaHumulene 1503  11.60+3.11 9.35+4.38 10.82+1.95 422054 0.30 9.24+5,07 10.44+1.69 7.44+1.68 0.81 8.29+1.63 3.85+0.67 0.07 17.27+5.66 4.23+0.96 0.07
beta Farmnesene 1506 325079 2.38+1.19 2212041 036005 008 1.47+056 1712017 068020 015  1.07%021a  036%0.08b 005  1.80+0.62 0.730.31 0.22
gammaMuurolene 1524 NDb NDb NDb 0.02:001a 396E04  NDb NDb 0.04:000a 1.33E-07 ND ND NA ND ND NA
beta Curcumene 1527 3.11+£1.12 2.38+0.98 1.69+0.91 0.09+0.01 0.13 1.25+0.33ab 1.31£0.38a 0.17+0.04b 0.03 207+0.71 243+1.08 0.68 0.57+0.14 1.00+0.31 0.29
alpha Curcumene 1529  0.56+0.10a  0.38+0.09ab  0.23+0.04b 0.10+0.01b  244E-03  0.23+0.07 0.28+0.03 0.22+0.04 0.60 0.52+0.07a 0.08+0.00b 3.10E-03  0.67+0.19 0.14+0.01 0.05
EZZZuiphella ndrene 1532 243+0.59a  1.63%0.69ab 1.48%0.29ab  0.30+0.04b 0.04 0.88+0.40 124+0.14 0.66+0.15 0.33 1.28+0.32 0.75+0.25 0.06 1.32+0.48 0.38+0.04 0.12
beta Chamigrene 1535 NDb 0440142  0.07:0.02b  0.02%0.00b 1.58E-03 NDb 0.19£0.03a  0.04:0.00b 3.96E-06 NDb 0.17£004a 001  0.04:0.01a NDb 2.98E-03
Dysoxylonene 1537 NDb NDb 0.04:001a  003:0.01a 1.31E-05 NDb NDb 0.06:0.01a 2.03E-07 NDb 0.06:0.01a 802E03 0.05:0.01a NDb 9.06E-03
beta Germacrene 1542 3.74+0.74 1.97+0.63 2.31+0.61 2.07+0.27 0.16 2.02+091 202+0.29 3.52+0.47 0.18 2.28+0.78 1.73+0.41 0.61 3.22+0.78a 1.36+0.32b 0.02
beta Bisabolene 1562 41.16+9.48a 34.43+135ab 24.46+449ab  4.43+0.49b 0.04 14.96+6.61 21.68+1.93 7.58+1.44 0.09 17.65+3.68a  522+0.91b 0.05 21.64+6.06a  5.07+0.48b 0.05
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methyleneoctan-2-ol

Control JAsp Psyll JAsp_Psyll
Compound LRI T0 ™ T2 T3 p-value T T2 T3 p-value T2 T3 p-value T2 T3 p-value
(Gamma-cadinene 1567 NDb 037:011a  020:0.02ab  0.10:003b 362E03  NDb 017£001a  016:002a 1.49E-07 ND ND NA 0504019 ND 0.06
delta Cadinene 1576 040:0.11ab  075:0.13a  025:009b  013:003b 217E03 027003  022:003 020002 028  033%001a NDb  G649E06 0184004  017:007  0.93
alpha Muurolene 1590 016£001b  0.35:0.08a NDc 002¢001bc 382E05  NDb NDb 003£000a 286E07  NDb 005£001a 6.13E03 ND ND NA
Elixene 1385 088£017a  033:009b 049:012ab 046:006ab 002  055:¢019  048+007 0794010 024 083016  037:010 013  065:018  076+033  0.81
beta Santalene 1509 403£093a 256+1.08ab 240+042ab  063:009b 004 1712058  204+020 130030 043  264%048a  065:012b 002  338:091 145061  0.20
alpha Bisabolene 155 482117  367+155 295050  077:010 007 NDc 242:025a  147:026b 124E05 204+052  161:049 030  273:084 075005  0.08
cis-Nerolidol 1613 044£008b  1.13:0.25a NDb 002¢000b 422E05  NDb NDb 003£001a 274E06  NDb 015£003a 7.97E-03 ND ND NA
Epiglobulol 1668 NDc 010£0.03a  008:0.02ab 002:001bc 1.18E03  NDb 009:001a  002+000b 2.23E-07 ND 0054003 012 ND ND NA
alpha Bisabolol 1738 NDb NDb NDb 001£000a 318E06  NDb NDb 001£000a 002 ND 015007 0.1 ND ND NA
E;gztiesq“'sabmene 1585 036:0.04a  027:008a 018+006ab 003:001b 458E03 020:001a  013£003b  006:001c 1.85E04 022:¢003  015:005 008 015004 021009  0.62
3-Methyl-4-
methylenebicyclo[3.2.1] 1002  0.98+0.10a NDc 025:004b  0.07:002bc 430E09  NDb 046:008a  018+004b 195604  NDb 025:004a 420E03 046:0.11a NDb 0.02
oct-2-ene
Caryophylleneoxide 1632 02420.02a NDc 005:001b  0.03:000bc 379E-10 0.10£001a  008:002a  0.03:000b 578E03  NDb 007£001a 560E03 027+016 0112002  0.37
Clovene 1403 NDb NDb 049:023a  003:000b 184E02  NDb NDb 0.03£001a 7.06E-05 ND ND NA 029012  032+014  0.90
(-FAristolene 1424 NDb NDb NDb 001£000a 36311  NDb NDb 0.03£0.00a 2.03E-06 ND ND NA ND ND NA
1-(2,6,6-
Trimethylcyclohex-2-en- 1570  055:0.08a NDb NDb NDb  283E08 ND ND ND NA ND 0324015 010  027:0.08a NDb 0.03
1-ypent-1-en-3-one
1599 Tetamettyl- o004 0i033 108048 078013 020£002 007 055019  067¢007  036£006 023  059£009a  013:002b 93E03 096022 034015  0.09
1,4,7-cycloundecatriene
@)3Hexenolacetate 1055 6720+100a 614645032  3327+667b NDc  597E06 2473:489a 354:078b  062:017b 116E04 2031:554 1318278 009 NDb 196:0.22a 8.27E-04
:::;;Be”tylcycmhexy ' 13 76621832 591:199ab 145:06dbc  0.04:001c 384E03 0930292  064:015ab  003:001b 002  1289¢211a  334+116b 25203 187:099  442¢120 017
2-n-Butoxyethanol 957 1356:425a 10.76:390ab 370+168ab  038£005b 002  492:035a  321:071a  052+006b 757E-05 3270:1685 1069+377 022  797+314 7242253  0.82
2-Methy-6- 1111 2187:¢525a 1707:517ab 311:138bc  0.15:004c 1.84E-03 264:073a 107:021ab  0.16:004b 577E03 2289:455a 7.72+285b 694E-03 485:196 9304352  0.32
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Control JAsp Psyll JAsp_Psyll

Compound LRI T0 ™ T2 T3 p-value T T2 T3 p-value T2 T3 p-value T2 T3 p-value
(E)-2-Hexen-1-ol 916  5.07+045b  18.20+4.00a  3.43+0.27b 044+0.03b 6.13E-05 6.01+0.92a 2.28+0.33b 0.52+0.06b  5.48E-05 NDb 4.10+1.18a 0.03 6.20+2.92 3.76£1.02 0.51
1-Dodecanol 1521 0.97+0.30 0.75+0.29 0.56+0.33 0.09+0.01 0.15 0.40+0.10ab  0.55*0.11a 0.10+0.02b  8.85E-03 ND 0.59+0.22 0.05 0.20+0.04 0.24+0.02 0.44
(2)-3-Hexen-1-ol 908 13.17+1.68a 17.76+2.98a  3.64+0.42b 0.04+0.01b 5.10E-06 4.08+1.01a 1.37+0.38b 1.03+0.44b 0.01 11.37+6.69 2.52+0.66 0.27 1.93+0.39 1.28+0.27 0.28
(E)-2-Hexenal 906 070:0.08ab  1.05:0.31a  0.24:0.04hc NDc 1.34E-03 NDb 0.25+0.03a NDb 5.96E-08  1.22+0.42 005:002 005 ND ND NA
Heptanal 954  0.28+0.06a 0.35+0.02a 0.11+0.01b 0.02+0.00b 6.17E-06 0.50+0.07a 0.33+0.04a NDb 1.54E-05 1.02:x0.20a 0.35+0.06b 0.01 ND 0.37+0.15 0.07
Nonanal 1149  7.47%1.08a 6.24+1.84a 1.50+0.46b 0.12+0.02b  4.14E-04 2.02+0.59a 1.55+0.56ab  0.14+0.02b 0.04 15.11+£391a 1.69+0.47b 0.02 2.33+1.10 3.06+0.51 0.61
Decanal 1251 324*0.61a  250+0.79ab 0.56+0.21bc  0.08+0.02c 1.07E-03 0.59+0.15a  0.44%0.16ab  0.06+0.01b 0.03 3.88+1.00a 0.84+0.23b 0.02 1.32+0.52 1.34+0.11 0.97
Undecanal 1355 0.94+0.19a  0.62+0.16ab  0.36+0.16ab  0.07+0.01b 4.83E-03 0.27%0.05a 0.31+0.06a 0.04+0.01b  1.69E-03 0.94+0.22a 0.40+0.11b 0.02 0.24+0.06 0.32+0.04 0.32
Decane 1047  4.08+1.29a 347+056a 1.25+0.40ab NDb 3.69E-03 2.30+1.04 1.34+0.50 ND 0.09 6.11+1.93 174051 0.08 3.14+£1.11 4.19+0.94 0.57
Dodecane 1247  211+0.30a 0.86+0.14b 0.40+0.06b 046+0.11b 1.19E-05 0.69+0.15ab  0.93%0.14a 0.34+0.06 b 0.02 1.48+0.31a 0.54+0.08b 0.04 1.74+0.98 0.61+0.09 0.32
4,6-Dimethyldodecane 1322  030:0.03a  0.29%0.05a  0.12£0.05b NDb 142604 020:0.07a  0.10£0.02ab  0.03x000b 004  047:0.08a  0.10%0.02b 0.1 0.17%0.10 0.130.03 0.75
Tridecane 1338  0.35+0.03a  0.26+0.04ab  0.17+0.04b 0.03+0.01c 3.95E-05 0.25+0.04a  0.15+0.04ab  0.07+0.01b 9.51E-03 0.70+0.13a 0.20+0.06b 7.78E-03  0.12+0.03 0.19+0.08 0.52
2H’§;:frf§r§-lnona ne 1368 2.53%=0.31a 2,65+0.35a 0.29+0.04b 0.08+0.02b 2.68E-07 1.11+0.21a NDb 0.04+0.00b 3.76E-05 5.88+1.39a 1.03+0.35b 0.02 0.85+0.43 1.40+0.39 0.46
Tetradecane 1375  0.56+0.09a 046+0.13a  0.23+0.09ab  0.03+0.00b 4.17E-03 0.30%+0.01a 0.20+0.03b 0.05+0.01c 4.61E-06 0.77+0.08a 0.30+0.07b 0.01 0.22+0.14 0.18+0.05 0.84
Pentadecane 1450 1.39%0.34a 1.33£0.53a 043£0.17a 0.13£0.03a 0.03 0.58+0.11 0.39+0.13 0.19+0.02 0.06 1.33£0.23a 0.27+0.03b 7.90E-03  0.46+0.18 0.33+0.06 0.59
Hexadecane 1602 0.57+0.11ab  0.79+0.30a 0.09+0.02b 0.03+0.01b  9.44E-03 NDb 0.13£0.02a 0.01+0.00b 4.52E-05 0.42+0.06a 0.15+0.02b 298E-03  0.22+0.07 0.11+0.02 0.19
Heptadecane 1647 3.24+0.82ab  4.58+1.93a  0.72+0.31ab  0.05+0.01b 0.03 0.84+0.30 0.89+0.38 0.04+0.01 0.09 1.90+£0.20a 0.39+0.05b 1.03E-03  0.55+0.26 0.58+0.13 0.92
Octadecane 1810 0.48=0.10ab  0.67+0.25a  0.23+0.09ab  0.02:0.00b 0.03 NDb 0.17£0.02a 0.01+0.00b 7.68E-07 0.45+0.08a 0.16£0.04b 2.97E-03  0.07+0.01 0.12+0.02 0.12
Nonadecane 1853 147%0.33ab  205:0.78a 053:0.22ab  0.02:000b 002  0.22:005a  032+0.07a  0.01:0.00b 226E-03 0.65:0.08a  029+0.05b 002  0.18+007 031004  0.25
p-Propyltoluene 1097 NDb NDb NDb 0.09+0.02a 1.76E-05 NDb NDb 0.11£0.01a 249E-07 2.03:0.59a NDb 0.03 ND ND NA
Ethylbenzene 912 NDb NDb NDb 0.09£0.01a 1.18E-09 ND ND ND NA ND ND NA ND ND NA
o-Xylene 933 NDb NDb NDb 0.10£0.01a 2.67E-10 NDb 0.47+0.08a 0.08+0.01b 447E-05 3.43+0.47a 0.70+0.19b 5.18E-03  1.09+0.60 0.70+0.23 0.61
1,2,4-trimethylbenzene 1009 NDb NDb NDb 0.14:0.03a  3.44E-06 NDb NDb 0.180.02a  2.00E-08 NDb 028:0.07a  0.01 ND ND NA

1115  0.56+0.10a 0.18+0.02b 0.12+0.05b 0.14+0.05b 3.32E-04 0.27+0.06 0.25+0.03 0.23+0.07 0.90 0.64+0.15 0.32+0.04 0.14 0.41+0.18 0.93+0.39 0.35

p-Diethylbenzene
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2-Methyl-4-pentenal

Control JAsp Psyll JAsp_Psyll

Compound LRI TO ™ T2 T3 p-value ™ T2 T3 p-value T2 T3 p-value T2 T3 p-value
4-Methylindane 1190 NDb NDb NDb 0.06:0.01a 3.60E-05 NDb NDb 0.12:002a 365E06  NDb 028:009a 0.3 ND ND NA
Prehnitene 1192 NDb NDb NDb 0.09+0.02a  3.99E-05 NDb NDb 0.18+0.03a  5.03E-06 ND ND NA ND 0.55+0.21 0.06
m-Xylene 1121 NDb NDb NDb 0.20+0.05a 6.33E-05 19.58+7.96a NDb 0.38+0.05b 0.02 NDb 1.67+0.37a 0.01 ND ND NA
Methyl salicylate 1230 1207+335b 2597+4.11a 3.18:1.14bc  0.06+0.01c 200E-05 090:0.26a  0.40:0.12ab NDb 8.11E03  2.52+0.81 067007 009  142%076 ND 0.13
Butyl Acrylate 935 ND ND ND ND NA ND ND ND NA  803+204a  210+1.16b 003 372276 130055  0.46
n-Butyl butanoate 1031 ND ND ND ND NA ND ND ND NA 1.0120.22 073:038 050 ND ND NA
Methyl benzoate 1129 3058+0.90a 3560+295a 831x151b  0.15:0.02c 149E-10 1262:1.32a  323:057b  0.30:0.07b 5.88E-07 6.99+1.83a NDb 002 1261754 ND 0.17
2-Ethyl-3-hydroxyhext 1417 1.37+0.53 1.04+0.33 0.87+0.50 0.02+0.00 0.15 1.17+048 0.78+0.28 0.10+0.03 0.10 1.02+0.28 1.21+0.58 0.62 0.11+0.03 0.54+0.18 0.07
2-methylpropanoate
Methyl ester octanoic
acid Y 1170  0.85+0.12ab 147+047a 0.18+0.04b NDb 2.17E-03 NDb 0.19+0.03a NDb 1.10E-05 ND 0.25+0.09 0.06 0.53+0.20 NA 0.05
(3E)-3-Hexenylbutyrate 1224 NDb 127+029a  0.06:0.01b NDb 198E05 1.020.33a NDb 0.05:0.02b  3.85E-03 ND ND NA ND ND NA
cis-3-Hexenyl-.alpha.-

W-alp 1278  0.35+0.06b 0.65+0.13a 0.08+0.01bc NDc 414E-05 0.26+0.08a 0.11+0.02ab NDb 5.02E-03 NDb 0.08+0.01a 3.26E-03 0.15+0.03a NDb 7.86E-03
methylbutyrate
2-Methyl-1-(1,1-
?I?’i::);l:;f;ﬁ)ij-methyl- 1644  1.57+0.32a 0.98+0.24ab  0.98+0.45ab NDb 0.02 1.55+0.37a 0.85+0.26ab 0.15+0.04b  8.57E-03 ND 1.41+0.76 0.14 NDb 047+0.08a 5.22E-03
propanoate
2-Hexanone 816 5.96+1.01a 3.07+0.84b 0.40+0.08b 0.70+0.18b 6.72E-05 1.77+0.28a NDb 0.28+0.05b 1.19E-05 14.98+3.72a 403+151b 0.03 3.92+1.68 5.85+2.66 0.23
6-Methyl-5-heptene-2-
one Y P 1024  3.14+0.28a 2.56+0.59a 0.40+0.09b 0.06+0.01b 6.81E-06  0.98+0.45 0.71+£0.24 0.07+0.01 0.13 8.38+1.18a 0.70+0.11b 2.68E-03 2.05+1.35 3.28+1.51 0.59
Bicyclo[3.3.0]octan-2-

. 1264 4.04x141a 219+0.80ab  1.45+0.64ab 0.21+0.04b 0.05 2.25+0.43a 1.72+0.61ab 0.20+0.02b 0.01 2.46+0.75 0.85+0.25 0.08 0.95+0.31 1.94+0.29 0.08
one, 7-ethylidene-
Indole 1331 NDb 10.13£1.70a 1.39£0.32b NDb 5.42E-07 4.55+1.35a 4.81+1.05a 0.02+0.00b  8.06E-03 ND ND NA 2.53+0.88a NDb 0.05
Geranylnitrile 1162 28.15+12.3ab 94.62+31.9a 26.17+5.67ab  1.33+094b 9.89E-03 2.95+1.50b 21.42+6.14a 043+0.07b 2.95E-03 5.18+157 361+2.26 0.61 20.42+5.82a 3.21+1.04b 0.03

847 3.98+0.96a 242+0.45ab  1.00+0.08 bc NDc 4.44E-04 1.61:0.56a 0.61+0.07ab NDb 0.01 17.85+4.56a 0.85+0.27b 0.02 0.91+0.20a NDb 0.01
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Control JAsp Psyll JAsp_Psyll
Compound LRI TO ™ T2 T3 p-value ™ T2 T3 p-value T2 T3 p-value T2 T3 p-value
i/?;\li)-4-Ethyl-3-nonen-5- 1159  260%0.41a  079+013b  050:0.20b  0.38+0.04b 163E-05 1.17:0.30 1.030.11 061004 013 244102 120:016 033 1.86+0.91 1.93+0.38 0.95
trans-(.+-.)-2-methyl-2-
(4-methyt-3- 1267 3.05%1.05a 1.85x041ab  0.25+0.09b 0.04+0.01b 5.06E-03 0.45+0.13a NDb NDb 1.37E-03 2.09%0.18a 0.17+0.02b 4.30E-04 0.58+0.33 1.39£0.70 0.36
pentenyl)cyclopropanec
arboxaldehyde
3,3,7,11-tetramethyl-
tricyclo[6.3.0.0(2,4)Jund 1439  0.11+0.02a NDc 0.05+0.01b 0.05+0.01b 2.75E-06  0.06+0.01 0.05+0.01 0.09+0.01 0.12 NDb 0.04+£0.01a 2.86E-03 0.10x0.02a NDb 4.11E-03
ec-8-ene
4-methylene-2,8,8-
trimethyl-2-vinyl- 1462 NDc NDc 0.07+0.01a 0.04+0.01b  3.99E-08 NDc 0.10+0.01a 0.06+0.01b  4.06E-06 ND ND NA 0.20+0.06a NDb 0.03
bicyclo[5.2.0Jnonane
10,10-Dimethyl-2,6-
dimethylenebicyclo[7.2. 1479 1.99+0.52 1.51+0.58 1.54+0.23 0.49+0.08 0.1 1.50£0.73 1.94+0.33 0.89+0.20 0.33 0.76+0.14a 0.40+0.07b 0.03 1.81+£0.65 0.46+0.10 0.09
OJundecane
Phenol 1022  2.88+0.08a 1.65+0.16b NDc NDc 1.41E13 ND ND ND NA 12.20+3.00a 1.61£0.51b 0.02 ND 3.48+1.42 0.07
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