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1 SUMMARY

As a result of the constant demand to ensure food security and crop growth, there is an
urgent need of a more sustainable and resilient agriculture. Chemical fertilisers and pesticides are
widely used in conventional agriculture and they cause possible environmental impacts. Tomato
(Solanum lycopersicum) is cultivated worldwide under field and greenhouse conditions, requires
an extensive use of chemical fertilisers and is greatly affected by arthropod feeding damages.
Microbial biofertilisers and non-microbial biostimulants can contribute to plant development.
Among them, plant growth promoting endophytic bacteria can internally colonise plant tissues
and promote plant growth. Likewise, humic acids (HA) are organic substances that improve soil
structure and can facilitate plant nutrient uptake. However, scarce information is available on the
synergistic effects of endophytic bacterial strains and HA on the bacteria-mediated plant growth
promotion. Moreover, beneficial insects, including the generalist predators Macrolophus
pygmaeus and Nesidiocoris tenuis, can be used in biological control for the management of crop
arthropods. Despite the significance of insects as vectors of plant pathogens is unguestionable,
the transmission of beneficial microbes by beneficial insects is unknown. The aims of this thesis
were to get insight into the molecular basis of the interaction between endophytic bacterial strains
and tomato plants in the presence of HA, in order to improve the understanding on the
mechanism responsible for plant growth stimulation, and to investigate the possible use of
beneficial insects as vectors to transmit selected endophytic bacterial strains for the further
development of sustainable delivery strategies of bacterial biofertilisers.

In order to understand the complementation effects and cellular pathways activated by
endophytic bacterial strains and HA, three bacterial strains (namely Paraburkholderia
phytofirmans PsJN, Pantoea agglomerans D7G and Enterobacter sp. 32A) that were able to
promote tomato shoot length in the presence of HA were selected. Double labelling of
oligonucleotide probes for fluorescent in situ hybridisation was used to study tomato colonisation
by endophytic bacterial strains. In particular, the colonisation intensity of tomato root and stem
among the tested strains were comparable in the control and HA condition. Moreover,
transcriptomics approach was applied to study the molecular mechanisms activated in tomato
shoots and roots in response to endophytic bacteria and HA. Tomato genes were modulated by

endophytic bacterial strains mainly in roots, indicating major transcriptional regulations in



belowground compared to aboveground tissues. The majority of DEGs was modulated by more
than two strains, involving protein metabolism, transcription, transport, signal transduction and
defence, representing possible common pathways modulated in response to bacterial endophytes.
Moreover, strain-specific tomato responses involved signal transduction, transcription, hormone
metabolism, protein metabolism, secondary metabolism and defence processes, highlighting
specific traits of the endophyte-tomato interaction. In particular, the presence of HA enhanced the
activation of signal transduction, hormone metabolism, transcription, protein metabolism,
transport, defence and growth-related processes in response to P. phytofirmans PsJN, P.
agglomerans D7G and Enterobacter sp. 32A inoculation, in terms of number of modulated genes
and fold change values, indicating additive effects of bacterial endophytes and HA in plant
growth promotion mechanisms.

In relation to the possibility to deliver endophytes by using insects, beneficial mirids of
tomato (namely M. pygmaeus and N. tenuis) were tested as potential vectors to transmit P.
phytofirmans PsJN and Enterobacter sp. 32A between tomato plants. Mirids feeding on seed-
inoculated tomato plants were able to acquire the beneficial bacterial strains. In particular, after
contact with bacterial-inoculated plants, P. phytofirmans PsJN and Enterobacter sp. 32A were
detected on the majority of mirid epicuticle and inside surface-sterilised insects. Moreover, both
tested mirids transmitted the selected bacterial strains between tomato plants and P. phytofirmans
PsJN and Enterobacter sp. 32A could be re-isolated from tomato shoots after mirid-mediated
transmission. Our study demonstrated that P. phytofirmans PsJN and Enterobacter sp. 32A can
move within tomato plants, from shoots to roots after mirid-mediated transmission, indicating
that M. pygmaeus and N. tenuis can acquire non-pytopathogenic microbes and the polyphagous
and mobile nature of mirids could facilitate the transmission of beneficial endophytes among
crops.

In summary, the overall work provide in-depth knowledge on the HA-dependent
enhancement of growth-related processes stimulated by endophytic bacterial strains and
demonstrates the potential of beneficial mirids in transmission of beneficial bacteria and paved
the way for the further development of efficient HA- and mirid-mediated strategies for plant

biofertilisation and beneficial bacteria delivery.



2 INTRODUCTION

2.1 SUSTAINABILITY IN AGRICULTURAL PRODUCTION

The constant need to feed the increasing global population and the environmental changes,
including climate change, give rise to new challenges to the agricultural sector (Rouphael and
Colla 2020a). Conventional agriculture largely depends on chemical fertilisers and pesticides to
increase yield and ensure continuous productivity throughout the growing season, providing
farmers with economic stability (Rouphael and Colla 2020a).

Among crop plants, tomato is cultivated under greenhouses and field conditions (Hobson and
Grierson 1993) with 182 million tons harvested from 4.8 million hectares worldwide in 2018
(FAOSTAT Statistics Database 2018). However, tomato growth and yield is highly dependent on
the soil nutrient composition and availability (Gould 1992), requires an extensive use of chemical
fertilisers (Maham et al., 2020) and is greatly affected by arthropod feeding damages (Wakil et
al., 2017). In particular, macronutrients (nitrogen, phosphorus and potassium) are required by
plants in the greatest quantities (Sung et al., 2015). Moreover, the relatively low price of chemical
fertilisers and growers’ attitude to avoid yield loss through excessive fertilisation (Wang and
Xing 2017) results in up to 50% of nitrogen and 90% of phosphate is not absorbed by the plants,
accumulating millions of tons of synthetic nutrients that pollute the atmosphere, salinise the soil
and cause eutrophication of aquatic ecosystems (da Costa et al., 2013; Ye et al., 2020). Besides
nutrient availability, phytosanitary problems are limiting factors in tomato production (Gullino et
al., 2020). Major pests affecting tomato include nematodes of Meloidogyne spp. that cause
problems in nutrient transport, leafminers including Tuta absoluta and Liriomyza spp. reduce the
photosynthetic area, aphids (Myzus persicae, Aphis spp.) thrips (Frankliniella occidentalis,
Thrips tabaci) and whiteflies (Bemisia tabaci, Trialeurodes vaporariorum) cause direct and
indirect damage due to virus transmission, mites (Tetranychus spp.) increase transpiration and
unable plants to regulate the water balance (Gabarra and Besri 1999) (Figure 1.1). Beneficial
insects and mites play essential roles in both native ecosystems and agriculture, including
pollination and biological pest control (Redhead et al., 2020). Several specialist and generalist
natural enemies were identified and applied with success against pests feeding on tomato, such as

the parasitoid wasps Encarsia formosa and Eretmocerus spp. against whiteflies (Liu et al., 2015),



phytoseiid mites against spider mites (Drukker et al., 1997), the bug Orius spp. against thrips (de
Puysseleyr et al., 2011) or beneficial mirid predators, including Macrolophus pygmaeus, against
T. absoluta (Urbaneja et al., 2009), Nesidiocoris tenuis against T. absoluta (Calvo et al., 2012)
and whiteflies (Calvo et al., 2009) (Figure 1.1). In addition, tomato pathogens causes severe
diseases, such as bacterial speck (Pseudomonas spp.), bacterial spot (Xanthomonas spp.),
powdery mildew (Leveillula taurica, Oidium spp., Golovinomyces spp.), leaf mould (Passalora
fulva), late blight (Phytophthora spp.), early blight (Alternaria spp.) gray mould (Botrytis
cinerea), septoria leaf spot (Septoria lycopersici), white mould (Sclerotinia spp.) and soilborne
diseases such as Verticillium wilt (Verticillium dahliae, V. albo-atrum), fusarium wilt (Fusarium
oxysporum f. sp. lycopersici) and fusarium crown and root rot (F. oxysporum f. sp. radicis-
lycopersici) (Gabarra and Besri, 1999; Gullino et al., 2020).
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Figure 1.1 | Important pests and beneficial insects associated with tomato plants. Created with Biorender
(https://biorender.com/). Source of images: https://www.biobestgroup.com.

Pest and disease management relies on the use of large amounts of chemical pesticides,
which have numerous environmental drawbacks, including non-target species loss, ground and
surface water contamination and residue accumulation in the final product (lyaniwura 1991). In
particular, unilateral reliance on pesticides leads to pest resistance (Ruberson et al., 1998).
Therefore, seeking for new, ecologically and economically sustainable technologies is garnering
interest for improving agricultural resource use efficacy, food security and preserving soil
biodiversity (Frison et al., 2011; Jindo et al., 2020).



Microbial biofertilisers (arbuscular mycorrhiza and plant-growth promoting bacteria) and
non-microbial biostimulants (humic substances, animal and plant-based extracts) are defined as
fertilising products that improve nutrient use efficacy, abiotic stress tolerance, resistance
induction and protection against pest and pathogens, product quality and availability of confined
nutrients in the soil or rhizoshpere (Regulation of the European Parliament [EU] No 1069/2009;
No01107/2009 and No 2003/2003). Therefore, microbial biofertilisers and non-microbial
biostimulants are key alternative solutions to reduce the use of harmful synthetic fertilisers and
pesticides in agriculture (Rouphael and Colla 2020b). As a result of the constant need to ensure
food security and crop growth under abiotic stresses, caused by climate changes, biostimulant
market is estimated to value 2.6 billion dollars in 2019 and projected to grow at a compound
annual growth rate of 11.2% (Markets and Markets 2020), indicating the urgent need to render

agriculture more sustainable and resilient (Rouphael and Colla 2020a).

2.2 MICROBIAL PRODUCTS FOR SUSTAINABLE AGRICULTURE

1.1 Plant growth-promoting bacteria

Soil serves as a reservoir for biodiversity and life forms, including bacteria, actinomycetes, fungi,
algae and protozoa, that are unevenly distributed and mainly localised near the plant roots
(rhizosphere) due to the presence of root exudates (Glick 2020) (Figure 1.2). Among the above
mentioned taxa, bacteria are the most abundant (95%) and they form beneficial, neutral or
harmful association with plants (Glick 2012). Plant growth-promoting bacteria (PGPB) can
contribute to plant development, through direct (modulating plant hormone levels, facilitating
nutrient acquisition) and indirect (alleviating biotic or abiotic stress) mechanisms or through the
combination of multiple mechanisms (Bais et al., 2006; Glick 2012) (Figure 1.3). In this
cooperative interaction, plants provide carbon-rich root exudates as nutrient source for the plant-
associated PGPB (Bais et al., 2006; Glick 2012). Bacteria use root exudates as chemical cues to
locate and reach roots by chemotaxis (Walker et al., 2003). Thus, differences in the exuded
compounds in time and space may affect the microbial composition and rate of colonisation

(Compant et al., 2010). In addition, the composition of root exudates determines the gene



expression and metabolic activity of bacteria in the rhizosphere (Musilova et al., 2016; Haskett et
al., 2020).
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Figure 1.2 | Number of organisms found in a typical gram of soil. Created with Biorender (https://biorender.com/).
Modified from Glick 2020.
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Figure 1.3 | Main direct and indirect mechanisms used by plant growth-promoting bacteria (PGPB) to facilitate plant
growth and development. Created with Biorender (https://biorender.com/). Modified from Glick 2020.



Based on their life forms, PGPB can be free-living in the rhizosphere or colonisers of the

interior of plant tissues (plant growth-promoting endophytes; Basu et al., 2017) (Figure 1.4).

Endophytic colonisation is a finely tuned process, which is determined by several genetic and

environmental factors (Brader et al., 2017). In more details, endophytes possess a set of genes,

(e.g. encoding transporter proteins, secretion proteins, plant polymer degradation/modification

enzymes, transcriptional regulator proteins and detoxification enzymes) that enable them to enter

and alter their metabolism inside the plant tissues (Ali et al., 2014). Considering that rhizosphere

is a highly competitive environment, bacterial endophytes could possess an ecological advantage,

as internal tissues are thought to be more uniform and protective compared to the plant surfaces

(Hallmann et al., 1997).

Vascular cylinder

568 Rt
1 R
i

1 [ Elongation zone

*_L" Xylem

(https://biorender.com/). Modified from Compant et al., 2010.

Secondary root
emergency site

Root hair zone

@B Plant growth-promoting endophyte

Root ti
P -“/.> Other epi- and endophytic microorganism

Figure 1.4 | Sites of plant colonisation by plant growth-promoting endophytes.

M :
Vascular cylinder

Created with Biorender



1.1.1 Direct mechanisms of microbial-mediated plant growth-promotion

1.1.1.1 Nitrogen fixation by plant growth-promoting bacteria

Nitrogen is a key nutrient for plants as it has a central role in protein and nucleic acid metabolism
(Novoa and Loomis 1981). Despite the fact that approximately 80% of the atmosphere consist of
nitrogen gas that plants cannot assimilate, nitrogen is limiting factor in crop production (Santi et
al., 2013). In particular, to find an optimal balance between nitrogen availability and plant
nitrogen demand is a challenging task (Hoyle and Murphy 2011). For example, nitrogen excess in
the first part of the plant growing season enhances vegetative growth and delays generative
growth (Gould 1992). Moreover, anthropogenic nitrogen emission, mainly through nitrogen
fertiliser use in intensive agriculture (Winiwarter et al., 2018), has negative impacts on
biodiversity, ecosystem, human health and climate (Stevens 2019). In particular, increasing
nitrate concentrations in groundwater due to leaching is responsible for eutrophication and
degradation of water quality (Tribouillois et al., 2020). Nitrogen fixing bacteria (diazotrophic
bacteria) are able to fix atmospheric nitrogen thanks to the activity of the nitrogenase enzyme,
which converts nitrogen gas to ammonia (Nag et al., 2020) (Figure 1.5). Likewise, some PGPB
can perform nitrogen fixation, such as the endophyte Gluconacetobacter diazotrophicus Pal5 that
lives in association with sugarcane plants (Bertalan et al., 2009) and fixes atmospheric nitrogen
inside the plant tissues (Cavalcante and Dobereiner 1988). Similarly, biological nitrogen fixation
in symbiotic legume-rhizobia interactions is well documented (Andrews and Andrews 2017).
More specifically, after endophytic colonisation the formation of root nodules occurs and they
provide suitable environment for nitrogen fixation (Oldroyd et al., 2011). Even though, nitrogen
fixation in nodules has the highest efficacy, it is mainly restricted to legumes (Werner et al.,
2014; Nag et al., 2020). Recently, genetic engineering methods are under development for
building PGPB strains that could deliver fixed nitrogen to other crops, such as cereals (Ryu et al.,
2020).
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Figure 1.5 | Biological nitrogen fixation. Created with Biorender (https://biorender.com/). Modified from
https://phys.org/news/2018-06-exploring-greener-approaches-nitrogen-fixation.html.

1.1.1.2 Phosphate solubilisation by plant growth-promoting bacteria

Phosphorus is a key component in cell membranes, nucleic acids and ATP, making up
approximately 0.2% of plant dry weight (Schachtman et al., 1998). In particular, phosphorus
influences tomato fruit quality, through increasing lycopene content (Liu et al., 2011). Even
though phosphorus is abundant in soil, it is generally not available to plants due to precipitation
(Alaylar et al., 2020). PGPB can solubilise phosphate by synthesising low molecular weight
organic acids, such as Azospirillum brasilense Cd, A. brasilense 8-1 and A. lipoferum JA4 that
produce gluconic acid to reduce the pH of calcium phosphate medium and to release soluble
phosphate (Rodriguez et al., 2004). Other PGPB promote the mineralization of organic
phosphate, such as Rhizobium leguminosarum biovar. viciae TAL 1236 that produces acidic and

alkaline phosphatases when grown on different organic phosphorus compounds (Abd-Alla 1994).
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Recently, PGPB strains Pseudomonas sp. 42P4 and Enterobacter sp. 64S1, isolated from tomato
rhizosphere, exhibited plant growth promoting traits, including phosphate solubilisation,
suggesting that re-inoculation with native bacteria could increase tomato growth (Pérez-
Rodriguez et al., 2020).

Currently, the market of biofertilisers based on phosphate solubilising strains, mainly
Bacillus spp., is considerably lower (14%) compared to the market of biofertilisers based on
nitrogen-fixing bacteria (79%), indicating the need for further research in mechanisms involved
in phosphate solubilisation and appropriate formulation for quality and stability of the selected

strains (Soumare et al., 2020).

1.1.1.3 Iron mobilization by plant growth-promoting bacteria

Iron is required for vital metabolic processes of plants, such as respiration, photosynthesis and
amino acid biosynthesis (Hénsch and Mendel 2009). Although iron is abundant on earth’s
surface, it exists mainly in insoluble, oxidised ferric state (Guerinot and Yi 1994). For this
reason, some graminaceous plants and PGPB synthesise low molecular weight siderophores that
solubilise and sequester iron from the soil (Guerinot and Yi 1994) (Figure 1.6). Besides directly
supplying iron to the plant, siderophore-producing PGPB compete with phytopathogens by
reducing available iron from the rhizosphere (Loper and Buyer 1991). Moreover, the most
effective PGPB competitors utilise a broad range of siderophores and produce specific
siderophores, unavailable for other microbes (Lemanceau et al., 2009; Butaite et al., 2017).
Recently, the application of microbial siderophores is increasing (Ghosh et al., 2020), for
example pyoverdines or ferrioxamines produced by Pseudomonas spp. could be adapted in

phytoremediation strategies (Thiem et al., 2018).
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from Guerinot and Yi 1994.

1.1.1.4 Phytohormone production by plant growth-promoting bacteria

Most physiological activities in plants are regulated by phytohormones, including auxin,

cytokinin, gibberellin, abscisic acid, ethylene, salicylic acid, jasmonic acid and brassinosteroids

(Davies 2010) (Figure 1.7). Phytohormones are present in plants at very low concentrations and

enable plants to regulate their growth or respond to the changing environment (Davies 2010;

Glick 2020). In addition to plants, PGPB are capable of both synthesising and consuming

phytohormones, thus interfering with plant phytohormone levels (Glick 2020).
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Figure 1.7 | Main roles of phytohormones in plants. Created with Biorender (https://biorender.com/). Modified from
Davies, 2010.

Auxins are responsible for several physiological functions in plants, including cell
enlargement, cell division, vascular tissue differentiation, root initiation, tropistic response, apical
dominance, leaf senescence, leaf and fruit abscission, fruit setting and growth, assimilate
partitioning, fruit ripening, flowering and growth of flower parts (Davies 2010). Among auxins,
indole-3-acetic acid (IAA) is the most common, naturally occurring plant hormone (Keswani et
al., 2020). IAA is synthesised in multiple pathways by plants and 80% of bacteria from the
rhizosphere, mainly starting from the precursor tryptophan (Naveed et al., 2015; Keswani et al.,
2020). Several PGPB, including the well-studied Paraburkholderia phytofirmans PsJN, are able
to produce and degrade IAA and interfere with the auxin levels with direct effects on plant

13



growth processes (Zuniga et al., 2013; Naveed et al., 2015). Moreover, the presence of auxin
interferes with PGPB diversity and activity by increasing the amount of organic carbon exudation
(Talboys et al., 2014).

Cytokinins modulate both developmental processes, including gametogenesis, seed
germination, apical dominance, root elongation, xylem and chloroplast differentiation, transition
to reproductive growth phase, flower and fruit development, leaf senescence and adaptive
responses to a changing biotic and abiotic stress conditions, such as nutritional signalling,
osmotic stress, cold stress and plant-pathogen interaction (Zwack and Rashotte 2015; Ziircher
and Miiller 2016; Glick, 2020). Likewise, PGPB can stimulate plant growth by cytokinins
production, interacting with cytokinin-signalling pathway, as demonstrated in Arabidopsis plants
inoculated with Bacillus sp. LZR2016 (Wang et al., 2018).

Gibberellins are involved in shoot and root growth, germination, flowering, leaf and fruit
senescence (Davies 2010; Glick 2020). For example, Sphingomonas sp. LK11 enhanced tomato
growth through production of physiologically active gibberellins and IAA (Khan et al., 2014).
Likewise, Bacillus pumilus and B. licheniformis increased growth of Alnus glutinosa dwarf
phenotype inhibited in gibberellin biosynthesis (Gutiérrez-Maiiero et al., 2001), suggesting that
growth promotion by PGPB can be explained, at least in part, by gibberellin production (Bottini
et al., 2004).

1.1.1.5 ACC-deaminase activity of plant growth-promoting bacteria

The majority of environmental stresses (biotic and abiotic) trigger ethylene production in plants
(Sapre et al., 2019). Ethylene interferes with metabolic processes including seed germination,
tissue differentiation, root and shoot primordial formation, root branching and elongation and can
be either stimulatory or inhibitory depending on its concentration in the tissue (Johnson and
Ecker 1998; Glick, 2020). Thus, managing ethylene production is becoming an alternative
solution to increase crop yield (Sapre et al., 2019). Moreover, it has been demonstrated that
PGPB can improve plant growth under abiotic and biotic stress conditions by exhibiting 1-
aminocyclopropane-1-carboxylate (ACC) deaminase activity that reduces the ethylene
concentration (Sapre et al., 2019). In more details, after successful colonisation, PGPB synthesise
auxin (indole-acetic acid; IAA) that stimulate plant growth and/or induce the transcription of the

gene encoding plant ACC-synthase, which converts the precursor of ethylene, S-

14



adenosylmethionine (SAM) to ACC (Glick et al., 1998). Since auxin increases root exudation, a
portion of the newly synthesised ACC is exuded and taken up by the bacteria and subsequently
degraded by the bacterial ACC-deaminase to ammonia and a-ketobutyrate (Glick et al., 1998)
(Figure 1.8). The ACC deaminase activity lowers ethylene levels, thereby reducing the growth
inhibition effects of ethylene and facilitating plant growth, especially under biotic or abiotic
stress conditions (Glick et al., 1998). For example, ACC-deaminase producing Pseudomonas sp.
UW4 and Bacillus subtilis Rhizo SF 48 mitigated salinity and drought stress by reducing the
ethylene levels in tomato plants (Orozco-Mosqueda et al., 2019; Gowtham et al., 2020).
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response +— [|AA < IAA
/ factors production

SAM

l ACC-synthase

ACC ACC
l l ACC-deaminase
Ammonia +
Ethylene \ a-ketobutyrate
Stress
response

Figure 1.8 | Schematic representation of mechanisms involved in ACC deaminase-producing plant growth-promoting
bacteria. Created with Biorender (https://biorender.com/). Modified from Glick 1998.

1.1.2 Indirect mechanisms of microbial-mediated plant growth-promotion

1.1.2.1 Biological control activity of plant growth-promoting bacteria

Several PGPB exhibit antagonistic properties against plant pathogens and arthropods (e.g.
nematodes, insects, mites) through competition, protective biofilm formation or releasing
bioactive compounds (Ruiu 2020). More specifically, PGPB produce allelochemicals that inhibit

15



pathogen growth, including antibiotics, hydrogen cyanide (HCN), cell wall degrading enzymes,
lipopeptides or, as mentioned above, siderophores (Glick 2020). Thus, some PGPB (such as
Bacillus spp., Burkholderia spp., Pantoea spp., Pseudomonas spp. or Streptomyces spp.)
exhibited antagonistic effects against several tomato pathogens, including bacterial speck
(Pseudomonas spp.; Romero et al., 2016), bacterial spot (Xanthomonas spp.; Abbasi and
Weselowski 2015), bacterial wilt and canker (Clavibacter michiganensis subp. michiganensis;
Aksoy et al., 2017), bacterial wilt (Ralstonia solanacearum; Nawangsih et al., 2011; Huang et al.,
2013; Wei et al., 2013; Konappa et al., 2016), damping-off (Pythium spp.; Gravel et al., 2005),
early blight (Alternaria spp.; Khan et al., 2012; Narendra Babu et al., 2015; Attia et al., 2020),
gray mould (Botrytis cinerea; Mari et al., 1996; Li et al., 2012; Kilani-Feki et al., 2016; Romero
et al., 2016), fusarium wilt (Fusarium oxysporum f. sp. lycopersici; Abdallah et al., 2016;
Gowtham et al., 2016), fusarium crown and root rot (F. oxysporum f. sp. radicis-lycopersici;
Omar et al., 2006), crown and stem rot (Sclerotium rolfsii; De Curtis et al., 2010) and tomato rot
disease (Rhizoctonia solani; De Curtis et al., 2010; Goudjal et al., 2014; Ma et al., 2015). In
addition, some PGPB possess biocontrol traits against insects, mites and nematodes. For
example, Bacillus thuringiensis, producing Cry toxins, is a well-documented biocontrol agent,
mainly against lepidopteran larvae (Azizoglu 2019). Likewise, B. subtilis BsDN delayed Bemisia
tabaci development on tomato, through establishment of an induced systemic resistance
(Valenzuela-Soto et al., 2010). Moreover, Pseudomonas sp. Q036B, produces hydrogen cyanide,
siderophores, protease, cellulase and chitinase, causing larval mortality of Bemisia tabaci
(Qessaoui et al., 2020) or Tuta absoluta (Qessaoui et al., 2019) and reducing survival rate of the
two-spotted spider mite (Tetranychus urticae; Qessaoui et al., 2017) on tomato. Pseudomonas
putida and Rothia sp. mitigated Spodoptera litura infestation in tomato, via proline production,
enhanced activation of antioxidant enzymes, protease and polyphenol oxidases and increased
phenolics, protein and chlorophyll content (Bano and Mugarab 2017). Similarly, B. halotolerans
DDWA, B. kochii DDWAB, B. oceanisediminis DDWC and B. pseudomycoides JNC suppressed
root-knot nematode (Meloidogyne incognita) infestation in tomato in greenhouse and field
experiments (Liu et al., 2020), suggesting the potential of PGPB as nonchemical alternatives for
controlling plant pathogens and arthropods and for stimulating plant health and growth (Ruiu
2020).
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2.3 NON-MICROBIAL PRODUCTS FOR SUSTAINABLE AGRICULTURE

2.1 Plant biostimulation by humic acid

Among non-microbial biostimulants, organic humic substances (e.g. humic acid, humin and
fulvic acid) are major components of soil organic matter (Olivares et al., 2017). In particular,
humic acid (HA) is abundant in soil, peat or lignite and derives from the decay of organic
materials (Drobek et al., 2019). As a consequence, HA is a mixture of polymeric organic
compounds, stabilised by weak forces (hydrophobic and hydrogen bonds) in a supramolecular
arrangement that forms hydrophobic domains (Fischer, 2017). The underlying direct and indirect
mechanisms of HA induced plant growth promotion is related to its chemical compositions (e.g.
functional groups), hydrophobicity and flexible conformational structure (Garcia et al., 2016).
More specifically, direct effects refer to the interaction of HA with plant cell membranes and
metabolic pathways, while indirect effects are due to the modulation of chemical, physical and
biological properties of the rhizosphere (Olaetxea et al., 2018) (Figure 1.9).
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Figure 1.9 | Direct and indirect effect of humic acid on plant growth and development. Created with Biorender
(https://biorender.com/). Modified from Olaetxea et al., 2018.
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2.1.1 Direct mechanisms of humic acid-mediated plant growth promotion

HA is able to penetrate into plant tissues, activating signalling and metabolic pathways directly
related to plant growth and development (Kulikova et al., 2016; Olaetxea et al., 2018). HA affects
root growth, modifies root architecture, proliferation of lateral roots and root hairs by activating
auxin- and nitric oxide-regulated signalling pathways (Zandonadi et al., 2010). More specifically,
the presence of indoleacetic groups (Canellas et al., 2002) and N-isopropyldecanamide
(Zandonadi et al., 2019), among the bioactive molecules forming the supramolecular structure of
HA, activates root elongation, known as an auxin-like effect by inducing ATPase activity of the
plasma membrane and accelerating root nutrient uptake (Zandonadi et al., 2007). Similarly, HA
increases plant growth by interacting with jasmonic acid (De Hita et al., 2020) and abscisic acid
(Olaetxea et al., 2015) regulation in roots or by inducing the phenylpropanoid pathway (Schiavon
et al., 2010; Olivares et al., 2015). Moreover, HA interferes with reactive oxygen species (ROS)
accumulation and metabolism, resulting in root growth promotion (Garcia et al.,, 2016) by
calcium channel activation (Foreman et al., 2003). Shoot growth promoting effect of HA is
strongly related to increased root plasma membrane ATPase (Mora et al., 2010) and aquaporin
activity (Olaetxea et al., 2015). In particular, HA induces shoot growth promotion is associated
with the increased activity of root ATPase and translocation of mineral nutrients, including
nitrate from root to shoots (Mora et al., 2010). Moreover, this effect is associated with an
increased concentration of active cytokinins and polyamines in shoots, which promote shoot
growth (Mora et al., 2010).

HA was shown to enhance plant tolerance to abiotic stress, for example HA increased tomato
growth and yield under salinity (Tiirkmen et al., 2004) and heat stress (Abdellatif et al., 2017).
Moreover, HA inhibited egg hatching, delayed penetration and increased mortality of
Meloidogyne incognita in tomato suggesting mitigation to biotic stresses (Jothi and Poornima
2018).

2.1.2 Indirect mechanisms of humic acid-mediated plant growth promotion

HA contributes indirectly to increased root growth and to provide higher nutrient uptake (Olk et
al., 2018) by acting on the chemical, physical and biological soil properties, including structure,
porosity, water infiltration rate, moisture holding capacity and functional properties of related

organism (Nardi et al., 2009). More specifically, HA enhances soil microbial activity (Li et al.,
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2019), interacts with plant pathogens (Zaller 2006) and provides physical protection to beneficial
microbes (Kaiser et al., 2018). For example, HA can also contribute to the endophytic
establishment of PGPB (Olivares et al., 2017) and it has been suggested as a suitable carrier for
PGPB formulation (Young et al., 2006; Olivares et al., 2017; Ma 2019) (Figure 1.10). Moreover,
HA is able to form stable complexes with micronutrients, mainly zinc, manganese, copper and
iron, as a result of oxygen-, nitrogen- and sulphur-containing functional groups in its structure,
thus increasing their solubility and bioavailability (Zanin et al., 2019). In particular, the
acquisition of metals is favoured by HA in calcareous soil where these micronutrients form
insoluble complexes (Olaetxea et al., 2018). Moreover, the presence of HA-metal complexes
increase phosphate availability through binding phosphorus to HA with iron, magnesium or zinc
bridges (Erro et al., 2009; Urrutia et al., 2014). Besides micronutrient chelation, HA also
activates genes related to nitrogen (Jannin et al., 2012; Quaggiotti et al., 2004), phosphate (Jindo
et al., 2016), sulphate (Jannin et al., 2012) and iron (Aguirre et al., 2009) transport and
metabolism, suggesting a combination of direct and indirect mechanism on plant nutrient

metabolism (Olaetxea et al., 2018).

*2.00 um ’12.()() um.

Figure 1.10 | Bacillus subtilis CC-pg104 on the bead surface (a) and in the internal gel matrix (b) of humic acid enriched
alginate beads as visualised by scanning electron microscopy. A: B. subtilis CC-pg104 B: humic acid. Adapted from Young
et al., 2006.
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2.4 BENEFICIAL INSECTS FOR SUSTAINABLE AGRICULTURE

Beneficial insects (e.g. ladybugs, lacewings, hoverflies or bumblebees) are indispensable in both
native ecosystems and agriculture and provide beneficial effects, including pollination and
biological control (Redhead et al., 2020). Biological control in crop protection is the
augmentation or introduction of beneficial organisms for the management of pests, pathogens or
weeds (Heimpel and Cock 2018). A large number of beneficial insects and mites have been used
with success against pests (Heimpel and Cock 2018), including the release of two mirid
predators, Macrolophus pygmaeus and Nesidiocoris tenuis against the tomato leafminer Tuta
absoluta in tomato (Urbaneja et al., 2009) . Meanwhile, in some instances biological control
agent introductions led to ecologically damaging consequences, such as non-target species loss
(Hoddle 2004), indicating the importance of risk assessment protocols prior to beneficial insects
releases (Heimpel and Cock 2018). Despite its potential, cost-effectiveness and sustainability, the
use of natural pest control still remains a small-scale solution of pest control (Barratt et al., 2018).

Insect-mediated transmission of plant associated microorganisms

Vectors are defined as organisms that can transmit pathogens (e.g. viruses, phytoplasmas,
bacteria and fungi) into a plant, thus cause an infection (Purcell and Almeida 2004). Insects, in
particular hemipterans (e.g. aphids, whiteflies, psyllids), are considered important vectors of plant
pathogens (Heck 2018). Hemipterans possess specialised, elongate mouthparts, called stylets
(Schaefer and Panizzi 2000), to penetrate the plant epidermal tissues (Perilla-Henao and Casteel
2016). Hemipteran mouthparts contain two channels, one is used for to pump salivary fluid into
the organism while the other is used to suck fluids (Schaefer and Panizzi 2000). Thus,
hemipterans interact with microbes inside the plant vascular system and can serve as vectors
(Perilla-Henao and Casteel 2016). Meanwhile, plant-virus-vector interactions are widely studied,
much less information is available on plant-bacterium-vector or plant-fungus-vector interactions
(Perilla-Henao and Casteel 2016). Leafhoppers and psyllids are important vectors of bacterial
phytopathogens and Cicadellidae vectors effectively spread the xylem coloniser (Xylella
fastidiosa) among grapevines (Daugherty et al., 2011). Likewise, Psylliidae vectors transmit
Candidatus Liberibacter solanacearum among tomato plants (Mas et al., 2014). Although the

significance of insects as vectors of plant pathogens is unquestionable (Heck 2018), considerably
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less information is available about the possible role of insects in transmitting beneficial microbes
(Frank et al., 2017). Sap-feeders, pollinators and other arthropods may serve as vectors for
endophytic bacterial strains (Frank et al., 2017). For example a hemipteran pest (Scaphoideus
titanus) was able to transfer non-phytopathogenic bacterial communities between grapvines
(Lopez-Fernandez et al., 2017). Likewise, plant-mediated transmission of insect symbionts, such
as Cardinium (Gonella et al., 2015) or Wolbachia (Li et al., 2017), occurs in nature, but no
information is available on the potential use of beneficial insects to transmit beneficial

endophytic microorganisms.

2.5 TECHNIQUES COMMONLY USED TO CHARACTERISE PLANT-MICROBE
AND PLANT-INSECT INTERACTIONS

Unravelling plant-microbe and plant-insect interaction by providing better insights can improve
efficient strategies to increase productivity and stress alleviation in crops (Sharma et al., 2020).
Next generation sequencing, transcriptomics, proteomics, metabolomics and their integration
enable a rapid and high-throughput identification of numerous genes, proteins or metabolites
related to a relevant characteristic (Li and Yan 2020) (Figure 1.11). For example,
characterisation of the bioactive compounds of biostimulants and understanding the physiological
and molecular mechanisms underlying growth promotion are needed for bioproduct development
(Rouphael and Colla 2020a). Likewise, next-generation DNA sequencing allowed scientists to
rapidly determine the sequence of large amount of DNA, thus sequencing entire bacterial and
plant genomes (Glick 2020). Detailed analysis of PGPB genome reveals traits associated with
PGPB activity (Glick 2020). For example, P. phytofirmans PsJN genome harbours genes
important for endophytic life style and genes related for growth promotion and stress alleviation,
such as ACC-deaminase, IAA-synthase, siderophore and secondary metabolite production
(Esmaeel et al., 2018). Similarly, whole genome sequencing allowed scientist to study bacterial
gene functions of plant- and insect-associated bacteria that are unculturable or difficult to culture
(Perilla-Henao and Casteel 2016).
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Figure 1.11 | Omics tools for characterisation of genes, proteins, metabolites and metabolic pathways important for
sustainable agriculture. Created with Biorender (https://biorender.com/). Modified from Li and Yan 2020.

While genome- and metagenome-based studies reveal the presence of specific genes,
transcriptomics, proteomics and metabolomics can be used to understand the changes in plant
and/or bacterial regulations as a consequence of their interaction under different conditions (Kaul
et al., 2016). Among the above mention techniques, transcriptomics studies the genes transcribed
by an organism to provide information on the upregulation or downregulation of genes involved
in key metabolic pathways following specific treatments (Glick 2020) (Figure 1.12). In this
manner, transcriptomics determines which genes are expressed, as well as, their level of
expression (Glick 2020). For example, comparing the transcriptional response of tomato plants
inoculated with Enterobacter radicincitans grown under different nitrogen fertilisation regimes
allowed the identification of genes that play important roles in nitrogen-, phosphorus- and
hormone-metabolism and regulation (Berger et al., 2013). Likewise, extracting total RNA from
psyllid vectors was used to evaluate Candidatus Liberibacter solanacearum gene expression in

association with its vector (Yao et al., 2016). Moreover, proteomics approaches are applied to
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study the synthesised proteins by an organism (Glick 2020). For example strain- and genotype-
dependent modifications related to stress response were determined by a proteomics study in
ethylene-insensitive and wild-type tomato roots inoculated with Bacillus megaterium and
Enterobacter sp. C7 (Ibort et al., 2018).
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Figure 1.12 | Schematic representation of a transcriptomics workflow by RNA-Seq. Long RNAs are converted into a
library of cDNA fragments with adaptors attached to one or both ends. Short sequences, typically 30-400 bp, from one end
(single-end sequencing) or both ends (pair-end sequencing) are obtained through high-throughput sequencing technology.

Following sequencing, the resulting reads can be aligned to a reference genome. Created with Biorender
(https://biorender.com/). Adapted from Wang et al., 2009.

Metabolomics techniques are applied to study the synthesised metabolites and recent
developments in mass spectrometry allowed scientists to rapidly and simultaneously measure
thousands of different metabolites through targeted or non-targeted approaches (Tugizimana et
al., 2013). In targeted approaches, a limited number of selected metabolites can be determined
and quantified (Tugizimana et al., 2013). Meanwhile, untargeted studies measure the
concentrations of metabolites present in the sample, including unknown or poorly characterised
metabolites (Tugizimana et al., 2013). More specifically, metabolites are extracted from the
biological samples, separated by liquid chromatography, analysed by high-resolution mass
spectrometry and quantified in untargeted metabolomics (Nephali et al., 2020). For example,
tomato inoculation with Pseudomonas aeruginosa M1 and Burkholderia gladioli M2 reduced
root galls and decreased survival of the nematode, Meloidogyne incognita, through stimulation of

23



antioxidant machinery and increased level of plant pigments, photosynthesis related enzymes,
phenolic compounds (phenols, flavonoids and anthocyanins), osmoprotectants (osmolytes,
carbohydrates, reducing sugars, trehalose, proline, glycine betaine and free amino acids) and
organic acids (fumaric, succinic, citric and malic acid; Khanna et al., 2019). Integrating omics
approaches provides a holistic picture of plant response to different conditions (Li and Yan
2020). For example, citrus trees infected with Candidatus Liberibacter asiaticus, vectored by the
Asian citrus psyllid, Diaphorina citri, showed dramatic differences in the transcriptome and
proteome profile compared to control plants, supporting the development of diagnostic
technologies for presymptomatic and early disease detection (Ramsey et al., 2020).

Besides, studying the interaction at gene, protein and metabolite level, visualisation
techniques have greatly improved in the last decades (Compant et al., 2010; Glick 2020). For
example, green fluorescent protein (GFP) exhibits green fluorescence when exposed to ultraviolet
light, thus allows intact living cells to be monitored in real time (Fan et al., 2011; Glick, 2020)
(Figure 1.13). Other methods include double labelling of oligonucleotide probes for fluorescent
in situ hybridisation (DOPE-FISH) to visualise microbes both on the surface and inside plant

tissue (Compant and Mathieu 2013) (Figure 1.14). For example, P. phytofirmans PsIN was

detected inside soybean seed embryo after flower inoculation of parent plants (Mitter et al.,
2017).

Figure 1.13 | Rhizoplane colonisation of GFP tagged Paraburkholderia phytofirmans PsJN on the root surface of grapevine.
Scale bars: (a) 15 pm, (b-c) 30 pm. Adapted from Compant et al., 2010.
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Figure 1.14 | Schematic representation of fluorescent in situ hybridisation of double-labelling oligonucleotide probes. Cell
membranes are stabilised and permeabilised during the fixation step. Hybridisation is carried out with using double-
labelled oligonucleotide probe that attach to its intracellular targets before the excess probe is washed away. The
hybridised cells are detected and quantified with epifluorescence microscopy. Created with Biorender
(https://biorender.com/). Modified from Amann and Fuchs 2008.

In summary, these techniques enable researchers to improve the understanding of the
interaction between plant and PGPB for the further development of sustainable biofertilisers
(Glick 2020). Even though, plant biostimulants are relatively new players in complementing
synthetic fertilisers, there is a constant need to elucidate the molecular and physiological

mechanisms to facilitate their distribution in agriculture (Rouphael and Colla 2020b).
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3 AIM OF THE PROJECT

The aim of this thesis is to get insight into the molecular basis of the interaction between
endophytic bacterial strains and tomato plants in the presence of HA, in order to improve the
understanding on the mechanism responsible for plant growth promotion and to investigate the
possible use of beneficial insects as vectors of selected endophytic bacterial strains for the further
development of sustainable delivery strategies of bacterial biofertiliser for tomato production.

For this purpose, the specific objectives of this project, addressed in two studies, are:

1. to identify plant growth promoters and stable endophytic colonisers from a bacterial

collection and to select the best performing biofertilisers on tomato plants;

2. to understand effects of HA as promoter of bacterial colonisation pattern by double

labelling of oligonucleotide probes for fluorescent in situ hybridisation;

3. to identify transcriptional processes activated by selected endophytic bacterial strains in

tomato plants in the presence and absence of HA;

4. to identify of metabolic pathways related to plant growth promotion activated by selected

endophytic bacterial strains in tomato plants in presence and absence of HA;

5. to understand the capacity of beneficial mirids in the acquisition and transfer of selected

endophytic bacterial strains.
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ABSTRACT

Plant growth-promoting bacteria (PGPB) are promising alternatives in the reduction of the use of
chemical fertilisers. Likewise, humic acid (HA) can improve plant growth and/or the establishment of
endophytic PGPB. Although the effects of PGPB colonisation or HA treatment have been studied
separately, little information is available on plant response to the combined applications of PGPB and
HA. Thus, the aim of this work was to understand the physiological effects, bacterial colonisation
and transcriptional responses activated by endophytic bacterial strains in tomato roots and shoots in
the absence (control condition) and presence of HA (HA condition). Tomato shoot length was
promoted by seed inoculation with Paraburkholderia phytofirmans PsJN, Pantoea agglomerans D7G
or Enterobacter sp. 32A in the presence of HA, indicating a possible complementation of PGPB and
HA effects. Tomato colonisation by endophytic bacterial strains was comparable in the control and
HA condition. The main transcriptional regulations occurred in tomato roots and the majority of
differentially expressed genes (DEGs) was upregulated by endophytic bacterial strains in the HA
condition. Half of the DEGs was modulated by two or three strains as possible common reactions to
endophytic bacterial strains, involving protein metabolism, transcription, transport, signal
transduction and defence. Moreover, strain-specific tomato responses included the upregulation of
signal transduction, transcription, hormone metabolism, protein metabolism, secondary metabolism
and defence processes, highlighting specific traits of the endophyte-tomato interaction. The presence
of HA enhanced the upregulation of signal transduction, hormone metabolism, transcription, protein
metabolism, transport, defence and growth-related processes in terms of number of involved genes
and fold change values. This study provides detailed information on HA-dependent enhancement of
growth-related processes stimulated by endophytic bacterial strains in tomato plants and reports the
optimised dosages, complementation properties and gene markers for the further development of
efficient of PGPB- and HA-based biostimulants.

Keywords: plant growth-promoting bacterial endophytes, humic acid, transcriptomics, RNA

sequencing, endophytic tomato colonisation
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INTRODUCTION

Conventional agriculture largely depends on chemical fertilisers (e.g. nitrogen-, phosphorus-,
potassium- and micro element-based fertilisers), which have numerous environmental drawbacks,
such as surface and groundwater pollution and denitrification processes (Khan et al., 2018). Among
crop plants, tomato (Solanum lycopersicum) is cultivated worldwide under field and greenhouse
conditions (Hobson and Grierson 1993) and requires an extensive use of chemical fertilisers that
cause a significant negative environmental impact (Maham et al., 2020).

Plant growth-promoting bacteria (PGPB) can improve plant development and increase nutrient
supply, such as nitrogen and iron (Ferreira et al., 2019). PGPB application has been considered as a
promising alternative to maintain agroecosystem health and productivity (Gouda et al., 2018). Some
PGPB can colonise the internal tissues of numerous plant species (endophytes) and can positively
influence plant growth through various mechanisms, including the production of hormones, the
improvement of nutrient uptake and protection against biotic or abiotic stresses (Gaiero et al., 2013).
In particular, species of the bacterial genera Bacillus, Enterobacter, Microbacterium, Pantoea,
Paraburkholderia and Sphingomonas are known to establish this type of association with plants
(Sessitsch et al., 2005; Campisano et al., 2014; Hardoim et al., 2015). For example, bacterial
endophytes isolated from grapevine, such as Microbacterium sp. C9D (C9D), Pantoea agglomerans
D7G (D7G), P. eucalypti 727 (727) and Sphingomonas sp. 11E (11E), were able to increase the seed
germination of Arabidopsis thaliana and exhibited beneficial traits in vitro, such as 1-
aminocyclopropane-1-carboxylic acid (ACC)-deaminase activity (Campisano et al., 2014; Lopez-
Fernandez et al., 2015a). Other endophytic bacteria, such as Bacillus sp. 54A (54A) and Enterobacter
sp. 32A (32A), inhibited the growth of plant pathogens (e.g. Botrytis cinerea, Botryosphaeria
dothidea and Botryosphaeria obtusa) in dual-culture plate tests, suggesting that these strains can
potentially protect plants against infections (Campisano et al., 2014; Lopez-Fernandez et al., 2015b).
Among them, 32A affected the secondary metabolism and activated possible defence pathways in
grapevine (Lopez-Fernandez et al., 2015a). A widely studied plant endophyte, Paraburkholderia
phytofirmans PsJN (PsJN), previously classified as Pseudomonas and Burkholderia (Sessitsch et al.,
2005; Sawana et al., 2014) is known to increase A. thaliana tolerance to salt stress through
transcriptional and metabolic changes, such as proline accumulation, abscisic acid signalling and
reactive oxygen species (ROS) scavenging (Pinedo et al., 2015). In particular, PsJN is able to

improve the growth (Pillay and Nowak 1997; Sharma and Nowak 1998) and heat tolerance (Issa et
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al., 2018) of tomato plants, increasing net photosynthesis rate, stomatal conductance and chlorophyll
content. For these reasons, the use of PGPB could be a promising approach in tomato production to
improve plant growth and to reduce the use of chemical fertilisers. However, limitations to the wide
use of beneficial endophytes were often encountered, for example because of the variable and/or
inconsistent effect on the plant, especially under field conditions (Martinez-Viveros et al., 2010;
Timmusk et al., 2017). Although they have been relatively well studied, a better understanding on the
bacterial colonization (e.g. colonization rate and stability, competition with other microorganisms)
and effects on tomato physiology (e.g. transcriptional response) is needed, in order to develop more
efficient PGPB-based biofertilisers.

In addition to PGPB, organic humic substances present in the soil (e.g. humic acid, humin and
fulvic acid) can also improve plant growth and health and act as biostimulants (Olivares et al., 2017).
Biostimulants are organic bioactive compounds that affect plant metabolism (Drobek et al. 2019).
Among the natural biostimulants, humic acid (HA) is abundant in soil, peat or lignite and derives
from the decay of organic materials (Drobek et al., 2019). HA improves nutrient uptake and the
growth of tomato plants under hydroponic (Adani et al., 1998) and greenhouse conditions (Dursun et
al., 2002), increasing electrolyte leakage, cell permeability and nutrient accumulation (David et al.,
1994). HA is a mixture of polymeric organic compounds, stabilized by weak forces (hydrophobic and
hydrogen bonds) in a supramolecular arrangement that forms hydrophobic domains (Fischer 2017).
HA is refractory to degradation and its hydrophobic domains can provide protection for selected
PGPB (Piccolo 1996; Canellas and Olivares 2014). The hydrophobic HA domain undergoes
conformational changes in the presence of organic acids derived from root exudates and releases
PGPB for the interaction with host plants (Nardi et al., 2009; Olivares et al., 2017). HA can also
contribute to the endophytic establishment of PGPB (Olivares et al., 2017) and it has been suggested
as a suitable carrier for PGPB formulation (Young et al., 2006; Olivares et al., 2017; Ma 2019). For
example, Herbaspirillium seropedicae Z67 inoculation in the presence of HA increased root surface
area, enhanced grain production and altered carbohydrate and nitrogen metabolism in maize plants
(Canellas et al., 2012). In particular, in low fertility soils, H. seropedicae Z67 and HA increased
maize production compared to non-inoculated plants through PGPB-driven hormone production and
HA-stimulated changes in phenolic metabolism (Canellas et al., 2015). Likewise, tomato fruit
biomass was increased by H. seropedicae HRC54 and HA through the stimulation of nitrogen and
secondary metabolism (Olivares et al., 2015). A mixed inoculum of H. seropedicae HRC54 and

Gluconacetobacter diazotrophicus PAL 5 in combination with HA changed the metabolite
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fingerprints of amino acids, sugars and organic acids in maize and sugarcane seedlings, indicating
that the activation of primary and secondary metabolism was partially responsible for the
biostimulation effects (Aguiar et al., 2018; Canellas et al., 2019). Although considerable evidence of
efficacy exists in literature, the molecular mechanisms of the combined applications of living PGPB
and organic biostimulant on crops are less investigated (Bulgari et al., 2015). Our goal was to
improve the understanding of the complementation effects and cellular pathways activated by
endophytic bacterial strains and HA for the further development of sustainable biofertilisers for
tomato production. More specifically, the present study aimed at understanding the colonisation,
growth promotion effects and transcriptional responses in tomato plants inoculated with bacterial

endophytes in the absence (control condition) and presence of HA (HA condition).

MATERIAL AND METHODS

Growth of bacterial strains and inoculum preparation

The bacterial strains Microbacterium sp. C9D (C9D; isolate MiVv2), Bacillus sp. 54A (54A; isolate
BaVsl16), Pantoea eucalypti 727 (727; isolate PaVv9), Pantoea agglomerans D7G (D7G; isolate
PaVv7), Enterobacter sp. 32A (32A; isolate EnVs6) and Sphingomonas sp. 11E (11E) were
previously isolated from the grapevine endosphere (Campisano et al., 2014), while Paraburkholderia
phytofirmans PsJN (PsJN) was isolated from surface-sterilised onion roots (Sessitsch et al., 2005).
Bacterial strains were stored in 80% glycerol at -80 °C and were grown in 5 mL nutrient broth (NB)
in sterile 15 mL-tubes at 25°C for 24 h under orbital shaking at 220 rpm.

For seed inoculation, bacterial cells were collected by centrifugation at 3,500 g for 10 min and
washed twice with sterile 10 mM MgSO,. Bacterial cells were then suspended in sterile 10 mM
MgSO, and the bacterial suspension was adjusted to 1.0 x 10" colony forming units (CFU) per unit of
volume (CFU mL™) based on an optical density conversion table at 600 nm (ODggo) optimised for
each strain (Table S1).

Since HA is poorly soluble in water, a stock solution (1 g L™) of HA (Sigma-Aldrich, St. Louis,
Missouri, USA; code 53680) was prepared in 0.1 M NaOH and the pH was then adjusted to 6.8 with
70% HNO3 (HA stock solution) to avoid acidification of the NB and half-strength Hoagland. Since

NaNO; was formed in the HA preparation, a water solution with NaOH and HNOj3 at an equivalent

32



concentration to the HA stock solution was used as control in the bacterial compatibility, tomato seed

inoculation and transcriptomic analyses (control stock solution).

Bacterial compatibility assay with humic acid

To assess the bacterial compatibility with HA, 20 puL of each bacterial suspension (1.0 X 10’ CFU
mL™) was inoculated in 200 pL NB supplemented with 50 mg L™ HA (10 uL HA stock solution) in a
96-well microplate (Thermo Fisher Scientific, Waltham, MA, USA). NB supplemented with 10 uL
control stock solution was used as control (0 mg L™ HA). Samples were incubated at 25°C for 72 h
under orbital shaking programmed at medium shaking speed and bacterial growth was monitored by
measuring the ODggo every 30 min using a Synergy 2 Multi-Mode Microplate Reader (Biotek,
Winooski, VT, USA). Six replicates (wells) were used for each treatment and the experiment was

carried out twice.

Tomato seed inoculation and growth conditions in glass tube and square dish

Seeds of S. lycopersicum L. cv. Moneymaker (Justseed, Wrexham, UK) were treated with 70%
ethanol for 1 min and 2% sodium hypochlorite containing 0.02% Tween 20 for 5 min in a 50 ml-tube
(Subramanian et al., 2015) with vigorous shaking and washed three times with sterile distilled water
(3 min each), in order to reduce the number of seed-associated microorganisms. Surface-sterilised
seeds (50 seeds) were treated with 5 mL of sterile 10 mM MgSQO, (mock-inoculated) or inoculated
with 5 mL of the bacterial suspension (bacterium-inoculated) of the respective endophytic strain (1 x
10" CFU mL™) by overnight incubation at 25+1°C in a sterile 15 mL-tube under orbital shaking at 40
rpm. Seeds were transferred to Petri dishes (20 seeds for each dish) containing 1% water agar
(Thermo Fisher Scientific) and incubated for 48 h in a growth chamber (Binder KBWF 720,
Bohemina, NY, USA) at 25+1°C with a 16 h photoperiod (photon flux density of 0.033 mmol s m™)
to allow seed germination.

Germinated seeds with the same root length (1 mm) were selected and transferred to the growth
medium in a glass tube or in a square dish as described below. To optimise the humic acid
concentration for tomato plants, each germinated seed was transferred into a sterile 95 mL glass tube
(Artiglass, Padova, Italy) containing 2.5 g sterile perlite and 10 mL half-strength Hoagland with 0,
25, 50 or 100 mg L™ HA, and incubated in the growth chamber for six weeks. To assess the effect of
HA on bacterium-inoculated plants, five seeds were transferred along a line in a central position of a

10cm-square dish (Sarstedt, Niimbrecht, Germany) containing 50 mL solid (14 g L™ agar) half-
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strength Hoagland with 0 mg L™ (control condition; 2.5 mL control stock solution for each dish) or
50 mg L HA (HA condition; 2.5 mL HA stock solution for each dish), as optimised HA
concentration. Dishes were incubated in vertical position in the growth chamber, shoot and root
length was measured with a ruler and the fresh weight of the whole plant was assessed with a
precision balance at three and six days after incubation (DAI). Four and five replicates were analysed
for each treatment in the experiment with glass tubes and square dishes, respectively, and each

experiment was carried out twice.

Bacterial re-isolation from tomato plants

At the end of the incubation period, mock-inoculated and bacterium-inoculated plants were collected,
and each plant was surface-sterilised in a 50 ml-tube with 70% ethanol for 1 min, 2% sodium
hypochlorite for 1.5 min, followed by 70% ethanol for 1 min. Plants were washed three times with
distilled water (2 min each), dried with a sterile filter paper before the assessment of the fresh weight.
Plants were ground in a mixer-mill disruptor (MM 400, Retsch, Haan, Germany) at 25 Hz for 2 min
in presence of 500 pL potassium phosphate buffer (1 mM, pH 7). Each suspension was serially
diluted and 10 pL aliquots were plated in triplicates on nutrient agar (NA). Aliquots (10 pL) of the
last washing solution were plated as the control of surface sterilisation. After incubation at 25°C for
three days, CFU values of endophytic bacterial strains per unit of plant fresh weight (CFU g™) were
calculated. Five replicates (plants) were analysed for each treatment and the experiment was carried

out twice.

Fluorescence in situ hybridisation using double labelling of oligonucleotide probes

Double labelling of oligonucleotide probes for fluorescence in situ hybridisation (DOPE-FISH) was
performed on mock-inoculated plants and PsIN-, D7G- or 32A-inoculated plants at 3 and 6 DAI in
the control or HA condition in square dishes. Plants were aseptically cut into roots, stem and leaves
and were sectioned transversally using razor blades. Samples were then fixed in a 4%
paraformaldehyde in 1x phosphate-buffered saline (PBS) solution at 4°C for five hours and were
rinsed three times with 1xXPBS as previously reported (Compant et al., 2011). Plants were dehydrated
in increasing concentrations of ethanol solution (25, 50, 75 and 99%; 20 min each step) and stored at
4°C. DOPE-FISH was carried out using probes from Eurofins (Germany) labelled at both the 5’and
3’positions. A probe mixture targeting eubacteria, composed of EUB338, EUB3381I, EUB338III
(EUBmIXx) coupled with a Cy3 fluorochrome and Bphyt probe targeting the 23S rRNA gene of PsIN
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coupled with Cy5 (Amann et al., 1990; Daims et al., 1999; Mitter et al., 2017). For D7G and 32A,
EUBmMix and Gam42a probe targeting the 23S rRNA gene of D7G and 32A coupled with Cy5 was
used (Manz et al., 1992). NONEUB probe coupled with Cy3 or Cy5 was used independently as
negative control (Wallner et al. 1993). Fluorescent in situ hybridisation was carried out in sterile 1.5
mL-tubes at 46°C for 2 h in the dark with 60 ul hybridisation buffer for PsJN (containing 0.9 M
NaCl; 0.02 M Tris HCI, 0.01% SDS, 10% formamide and 5 ng uL'l of each probe) and with 60 pl
hybridisation buffer for D7G and 32A (containing 0.9 M NaCl; 0.02 M Tris HCI, 0.01% SDS, 35%
formamide and 5 ng uL™ of each probe). Washing was conducted at 48°C for 30 min with a pre-
warmed post-FISH solution containing 0.02 M Tris HCI, 0.01% SDS, NaCl and EDTA at a
concentration corresponding to the formamide concentration. Samples were then rinsed with distilled
water before overnight air-drying in the dark. Samples were observed under a confocal microscope
(Olympus Fluoview FV1000 with multiline laser FV5-LAMAR-2 and HeNe (G) laser FV10-
LAHEG230-2). Pictures were taken at 405, 488, 633 nm wavelengths with Cy3 assigned as green
and Cy5 as red. Pictures were analysed using Imaris 8 software (BITPLANE, UK). Z-stacks were
used to generate whole-stack pictures. Five replicates (plants) were analysed for each treatment and
representative pictures were selected. Pictures were cropped and light/contrast balance improved in

post process.

Sample collection, RNA extraction, and Illumina sequencing

Mock-inoculated plants and PsJN-, D7G- or 32A-inoculated plants in square dishes were collected at
3 DAL in the control and HA condition in square dishes. Five plants were randomly collected for each
treatment (replicate), roots and shoots were cut, separately placed into 2 ml-tubes, immediately
frozen in liquid nitrogen and stored at —80°C. A metal bead was added to each tube and samples were
ground in a mixer-mill disruptor (MM200, Retsch) at 25 Hz for 1 min. Total RNA was extracted
from 0.1 g of ground sample using a Spectrum Plant Total RNA Kit (Sigma-Aldrich) with an on-
column DNase treatment with RNase-Free DNase Set (Qiagen, Hilden, Germany). Total RNA was
quantified using a Qubit (Thermo Fisher Scientific) and RNA quality was checked using a
Tapestation 2200 (Agilent Technologies, Santa Clara, CA, USA). For each treatment, three replicates
(pool of five plants) were analysed. RNA samples were subjected to RNA-Seq library construction,
using the TruSeq SBS v3 protocol (lllumina, SanDiego, CA, USA) and rRNA depletion with the
RiboZero rRNA Removal Kit for plant according to the manufacturer’s instructions (Illumina).

Paired-end reads of 150 nucleotides were obtained using a NovaSeq 6000 S2 instrument (lllumina) at
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the Institute of Applied Genomics (Udine, Italy) and sequences were deposited at the Sequence Read
Archive of the National Center for Biotechnology (https://www.ncbi.nlm.nih.gov/sra) under the
BioProject number PRINA622763.

Bioinformatic analysis and identification of differentially expressed genes

Raw reads were cleaned and filtered using the programme Trimmomatic version 0.36 (Bolger et al.,
2014) and low-quality bases with an average Phred quality score lower than 15 in a sliding window
of four base were removed. Any resultant reads shorter than 36 bp in length were removed from the
analysis and the quality check of filtered reads was performed using Fast QC version 0.11.7. Filtered
read pairs were aligned and counted using STAR 2.7 (Dobin et al., 2013) to the S. lycopersicum
genome release ITAG3.2 and counts of unambiguously mapped read pairs was obtained during the
alignment with the STAR 2.7 program. Differentially expressed genes (DEGs) were identified with
the Limma-Voom package (Law et al., 2014), which estimates the mean-variance relationship of
Log,-transformed counts, generating a precision weight for each observation that is fed into the
Limma empirical Bayes analysis pipeline (Smyth 2006). A Volcano Plot was generated using the
Python programming language and the matplotlib package (Hunter 2007) and a double cut-off on P-
value (P <0.01) and minimum Log, fold change (FC) of one [Log, (FC) > 1 or Log; (FC) < -1] were
imposed to identify DEGs through pairwise comparisons. Three pairwise comparisons were analysed
for shoots and roots: PsJN- vs. mock-inoculated, D7G- vs. mock-inoculated and 32A- vs. mock-
inoculated plants. DEGs modulated by endophytic bacterial strains between the control and HA
condition were compared in order to identify HA-dependent effects on processes activated by PsJIN,
D7G and 32A. Moreover, the pairwise comparison between the control and HA condition of mock-
inoculated plants was included, in order to analyse the effects caused by HA in the absence of
endophytic bacterial strains. The distribution of DEGs was summarised using the Venn diagram
(http://bioinformatics.psb.ugent.be/webtools/VVenn/) and DEGs were grouped in upregulated and
downregulated genes by at least two endophytic bacterial strains (DEGs modulated by two or three
strains), to highlight possible common reactions in response to endophytic bacterial strains, or
specifically by only one endophytic bacterial strain (PsJN-, D7G or 32A-specific tomato DEGS) in
the control and HA condition. The heat map diagram of fold change values of DEGs was visualised
using the Java Treeview tool (Saldanha 2004). Gene expression levels were then expressed as
transcripts per million (TPM).
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Gene Ontology (GO) terms and protein descriptions of tomato Heinz1706 genes (Sato et al.,
2012) of the release ITAG3.2 were downloaded from the tomato genome browser
(https://solgenomics.net/organism/Solanum_lycopersicum/genome). GO  terms  significantly
overrepresented (P < 0.05, Benjamin and Hochberg FDR correction) in the DEG lists in comparison
to the whole tomato transcriptome were identified using the Biological Networks Gene Ontology
(BINGO) tool (Maere et al., 2005) and the biological networks were visualised with Cytoscape
version version 3.7.1 (Shannon et al., 2003). DEGs were further annotated on the basis of tomato
protein description and grouped into 14 functional categories according to the previous literature.
Genes that were not associated to any biological process were assigned to the unknown function
category. Tomato cellular pathways were generated with Biorender (https://biorender.com/)
according to literature search of functional annotation of DEGs.

Gene expression analysis by quantitative real-time RT-PCR

Tomato gene markers were selected for quantitative real-time PCR (gPCR) analysis (Table S2). The
first strand of cDNA was synthesised from 1 pg of DNase-treated RNA using Superscript 11l
(Invitrogen, Thermo Fisher Scientific) and oligo-dT primer. gPCR reactions were carried out with
Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Thermo Fisher Scientific) and specific
primers using the Light Cycler 480 (Roche Diagnostics, Mannheim, Germany) as previously
described (Perazzolli et al., 2016). Briefly, the PCR conditions were: 50°C for 2 min and 95°C for 2
min as initial steps, followed by 40 cycles of 95 °C for 15 s and 60°C for 1 min. Each sample was
examined in three technical replicates and dissociation curves were analysed to verify the specificity
of each amplification reaction. The Light Cycler 480 SV1.5.0 software (Roche) was used to extract
Ct values based on the second derivative calculation and the LinReg software version 11.0 was used
to calculate reaction efficiencies for each primer pair (Ruijter et al., 2009). For each gene, the relative
expression level (fold change) was calculated according to the Pfaffl equation (Pfaffl 2001) for each
pairwise comparison between bacterium-inoculated and mock-inoculated samples in the control and
HA condition. Five housekeeping genes were analysed, such as genes encoding ankyrin repeat
domain containing protein 2 (ARD2) (Pombo et al., 2017), kinesin light chain 2 isoform (KLC)
(Pombo et al.,, 2017), vernalisation insensitive 3 (VIN3)(Pombo et al., 2017), small nuclear
ribonucleoprotein family protein (LSM7) (Miiller et al., 2015) and ubiquitin carboxyl-terminal
hydrolase (UCH) (Miiller et al., 2015), and their stability was validated using the ACt method (Silver

et al., 2006). ARD2 was then selected as constitutive gene for normalisation, because its expression
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was not affected by the different conditions (Table S2). Three replicates (pool of five plants) were

analysed for each condition.

Statistical analysis

All functional experiments were carried out twice and data were analysed with the Past 3.26 software
(Hammer et al., 2001). After validating data for normal distribution (Shapiro-Wilk test, P > 0.05) and
variance homogeneity of the data (Levene’s tests, P > 0.05), each experimental repetition was
analysed singularly and a two-way analysis of variance (ANOVA) was used to demonstrate non-
significant differences between the two experiments (P > 0.05). Data from the two experimental
repetitions were pooled and significant differences among treatments were assessed with the
Student's t-test (P < 0.05) and the Tukey’ test (P < 0.05) in case of pairwise and multiple
comparisons, respectively. CFU values of bacterial resolution were Log;o-transformed and fold
change values of gene expression analysis were Log,-transformed. The Pearson’s correlation
coefficient between gene expression levels assessed by RNA-Seq and gPCR analysis was calculated

with the Excel program.

RESULTS

Endophytic bacterial strains and humic acid enhance tomato growth

HA improved tomato growth (Figure S1), the maximum growth promotion of shoot and root length
was obtained with 50 mg L™ HA and this dosage was selected as optimised HA concentration for the
subsequent experiments (HA condition). All endophytic bacterial strains grew in presence of 50 mg
L™ HA (Figure S2 and Table S1). The tomato shoot length was longer in PsJN-, D7G-, 32A- and
11E-inoculated plants compared to mock-inoculated plants in the absence of HA (control condition;
Figure S3A). Likewise, PsIJN, D7G and 32A improved tomato shoot length in the HA condition and
these three strains were selected for the subsequent experiments. Plants were colonised by the
endophytic bacterial strains tested and PsJN, D7G and 32A were re-isolated from surface-sterilised
tomato plants at 6 DAI at comparable levels in the control and HA condition (Figure S3B). Tomato
shoot length was promoted by PsIN, D7G and 32A at 3 DAI in the control condition and it was also
stimulated by HA in mock-inoculated plants, through a possible complementation of the endophytic
PGPB and the organic biostimulant (Figure 1). Moreover, PsJN, D7G and 32A confirmed the
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promotion of tomato shoot length at 6 DAI in the HA condition and indicated different effects of
growth promotion according to the incubation time (Figure S4).

To better characterise the colonisation of tomato tissues by endophytic bacterial strains, the
DOPE-FISH analysis was carried out in the control and HA condition using specific probes targeting
the 23S rRNA gene and universal probes for bacteria. Yellow fluorescent PsIN (Figure 2A-B), D7G
(Figure 2C-D) and 32A (Figure 2E-F) single cells, aggregates and micro-colonies were found on the
secondary root emergency site, root tip, root elongation zone, root hair and xylem of tomato roots in
the control and HA condition. PsJN, D7G and 32A cells were also found on the tomato stem in the
control and HA condition (Figure S5) and the colonization intensity of tomato roots among the
tested strains were comparable in the control and HA condition at 3 DAI (Figure 2) and 6 DAI
(Figure S6). In mock-inoculated plants only some native bacteria were present (Figure S7). The
NONEUB probe was used as negative probe not targeting bacterial sequences and only a few
green/blue-cyan autofluorescent microbes could be seen in mock-, PsJN-, D7G- and 32A-inoculated

plants as indication of the rare presence of native microorganisms (Figures S7 and S8).

Endophytic bacterial strains and humic acid modulate tomato genes in roots and shoots

To further characterise the plant response to endophytic bacterial strains and HA, a transcriptomic
analysis of tomato shoots and roots was carried out. From 11.7 to 23.8 million reads were obtained
for each replicate of tomato shoots and roots collected from mock-inoculated plants and plants
inoculated with PsJN, D7G and 32A at 3 DAI in the control and HA condition (Table S3). More than
80.0% of tomato genes were expressed in at least one condition (Table S4). A total of 6,135 and 623
DEGs were identified in tomato roots and shoots respectively, according to the pairwise comparisons
between bacterium-inoculated (PsJN-, D7G- and 32A-inoculated) and mock-inoculated plants in the
control and HA condition, while 4,227 and 422 genes were modulated by HA in mock-inoculated
roots and shoots, with a P-value lower than 0.01 and minimum Log,-transformed fold change of one
(Tables S5-S10). The majority of DEGs was downregulated (79.4%) by endophytic bacterial strains
in the control condition. Conversely, DEGs were mainly upregulated (80.0%) by endophytic bacterial
strains in the HA condition, as a consequence of a possible HA-dependent enhancement of tomato
reactions to endophytic bacterial strains (Figure 3). DEGs were grouped in genes modulated by at
least two endophytic bacterial strains (DEGs modulated by two or three strains), to highlight possible
common reactions to bacterial endophytes, or specifically by only one endophytic bacterial strain

(PsJN-, D7G or 32A-specific DEGS), to highlight possible strain-specific reactions, in roots or shoots
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in the control and HA condition (Figures 3 and S9). The RNA-Seq results were validated by a gqPCR
analysis of ten tomato genes (Table S2) that were selected according to their expression profiles [five
genes modulated in roots and five in shoots; five modulated only in the control condition and three
modulated only in the HA condition and belonging to one of the four different clusters (modulated by
two or three strains, PsIN-specific, D7G-specific or 32A-specific)] and functional categories (e.g.
defence, growth and development, hormone metabolism, oxidative stress, protein metabolism,
secondary metabolism, transcription and transport). A close correlation (Pearson correlation
coefficient, 0.93) between RNA-Seq and gPCR expression data was observed (Figure S10). In
particular, expression profiles generated by g°PCR and RNA-Seq agreed completely for eight genes
and differed slightly for two genes (Table S2), possibly due to differences in the method sensitivity
and discrimination capacity of multigene families (Perazzolli et al., 2016).

Endophytic bacterial strains activate a complex transcriptional response in tomato roots
according to the presence of humic acid

In tomato roots, 539 and 3,688 genes were upregulated and downregulated by HA in mock-
inoculated plants, respectively (Figure S11A and Table S5). A significant enrichment of GO
categories related to regulation of metabolic process and regulation of transcription was found for
genes upregulated by HA (Figure S11D), such as transcription factors (e.g. 12 MYB, seven WRKY,
five NAC domain-containing and two ethylene-responsive transcription factors) and signal
transduction-related genes (e.g. 14 kinases, eight calcium-binding proteins and four receptor kinases;
Figure S11C and Table S5). Moreover, genes downregulated by HA in tomato roots indicated global
repression of cellular metabolic processes and energy-related processes (Figure S11E).

There were 119 and 926 genes upregulated by two or three strains in the control and HA
condition, respectively (Tables S6 and S7). Genes upregulated by two or three strains in tomato
roots in the control condition were mainly involved in protein metabolism (e.g. one cysteine
desulfurase, three F-box proteins and one tyrosine aminotransferase), transcription [e.g. two basic
helix-loop-helix transcription factors, (b0HLH), three zinc finger proteins and two WRKY’s], transport
(e.g. one heavy metal transport protein, one iron-regulated transporter, three potassium channels, one
potassium transporter and two vacuolar iron transporters), signal transduction (e.g. four kinases, one
receptor kinase and two serine/threonine-protein kinases) and defence [e.g. four defensin-like
proteins, two nucleotide-binding site leucine-rich repeat proteins (NBS-LRRs) and three leucine rich

repeat (LRR) receptorlike proteins; Figure 4A and Tables S6]. As a possible common reaction to
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bacterial endophytes, a significant enrichment of GO categories related to defence response, response
to stimulus and oxidative stress (e.g. five peroxidases and one glutaredoxin) was found for
upregulated genes by two or three strains in the control condition (Figure 4B and Table S6). The
presence of HA enhanced the transcriptional changes activated in response to two or three strains, in
terms of number of genes and FC values. Thus, genes related to protein metabolism, transcription
[e.g. one WRKY, one ethylene (ET) response factor and two ET responsive transcription factors],
transport, signal transduction (e.g. six receptor kinases, 17 protein kinases, three calcium transporting
ATPases, one calcium-dependent protein kinase, one calcium/calmodulin-dependent
serine/threonine-kinase and 16 serine/threonine-protein kinases) and defence (e.g. four NBS-LRRs,
four defensin-like proteins) were upregulated by two or three strains in the HA condition, together
with genes implicated in the growth and development process (e.g. two cellulose synthases, six
glycosyltransferases, one mannosyltransferase, two pectin lyases and three pectinesterases), in the
hormone metabolism (e.g. four 1-aminocyclopropane-1-carboxylate synthases, three cytokinin
riboside phosphoribohydrolases, one gibberellin oxidase, one gibberellin dioxygenase, one auxin
efflux facilitator and eleven small auxin responsive proteins) and response to oxidative stress (e.g.
seven peroxidases, four glutaredoxins and one glutathione S-transferase; Figure 4A and Table S7).
PsJN-specific genes revealed the upregulation of genes related to protein metabolism (e.g.one
lysine-ketoglutarate reductase and one threonine aldolase), transcription [e.g. four basic helix loop
helix transcription factors (bHLHSs), two basic-leucine zipper family proteins (bZIP), six MYBs and
three WRKY transcription factors and five zinc finger proteins], transport (e.g. two mannose
transporter, one phosphate transporter and one potassium transporter), defence (e.g. two disease
resistance proteins, four LRR receptor like proteins and six NBS-LRRs), signal transduction (e.g.
nine kinases and eight receptor kinases) and hormone metabolism in the control condition (Figure
4A). As a consequence, the GO categories related to the chitin metabolic process and the
aminoglycan and polysaccharide catabolic processes were enriched in the cluster of PsIN-specific
genes in the control condition (Figure 4C). In addition, PsJN-specific genes upregulated in the HA
condition were involved in protein metabolism (e.g. one cysteine desulfurase, one glutamate
dehydrogenase and ten F-box proteins), transcription (e.g. two bHLHSs, five zinc finger proteins, one
MYB and two WRKYSs), defence (e.g. one disease resistance proteins, three LRR receptor like
proteins and one phenylalanine ammonia-lyase) and signal transduction (e.g. four serine/threonine-
kinases, one histidine kinase, four protein kinases and one receptor kinase), as possible enhancement

of tomato response in the HA condition (Figure 4A). D7G-specific genes upregulated in the control
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condition were involved in transport, defence, growth and development (Figure 4A), while those
upregulated in the HA condition were mainly involved in protein metabolism (e.g. one cysteine
synthase and one glutamate dehydrogenase), transcription (e.g. one bHLH and two MYB
transcription factors) and signal transduction (e.g. three protein kinases). In particular, D7G-specific
genes involved in the response to hormone stimulus were upregulated in the HA condition (e.g. five
small auxin responsive proteins and an ET receptor; Figure 4D) and control condition (e.g. 1-
aminocyclopropane- 1-carboxylate synthase, auxin-regulated IAA protein, cytokinin hydrolase).
Likewise, 32A-specific genes upregulated in the HA condition were mainly involved in protein
metabolism, energy metabolism (e.g. nine NADH dehydrogenases, one cytochrome ¢ oxidase and
one ATPase) and transcription (e.g. three ankyrin repeat family proteins, seven bHLHSs, eight zinc
finger proteins; Figure 4A). In particular, the GO categories related to secondary metabolism and
amino acid metabolism were enriched (Figure 4E) in the cluster of 32A-specific genes in the HA
condition, together with genes related to oxidative stress response (e.g. 14 thioredoxins, three
glutathione S-transferases, three superoxide dismutases, three glutaredoxins and two peroxidases;
Figure 4A and Table S7). Thus, the cellular processes involved in tomato root response to
endophytic bacterial strains in the control and HA condition revealed the activation of a complex
recognition machinery that involves signal transduction pathways and the consequent activation of
transcription-, protein-, transport- and defence-related pathways (Figures 5 and S12). Different
recognition processes were activated by PsJN, D7G and 32A, and the presence of HA enhanced the
upregulation of signal transduction, hormone metabolism, transcription, protein metabolism,
transport, defence and growth-related process in terms of number of DEGs and fold change values.
Conversely, genes downregulated by endophytic bacterial strains in tomato roots suggest fine
regulation of protein metabolism, DNA metabolism and secondary metabolism in the control and HA
condition (Figure S13).

Endophytic bacterial strains activate a complex transcriptional response in tomato shoots
according to the presence of humic acid

HA incubation caused the upregulation and downregulation of 52 and 170 genes in tomato shoots of
mock-inoculated plants, respectively (Figure S11B and Table S8). Tomato genes upregulated by HA
were involved in primary metabolism (Figure S11C) and indicated the activation of the GO

categories related to carbohydrate metabolism, alcohol metabolism and cell wall macromolecule
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metabolism (Figure S11F). Conversely, genes related to ROS metabolism were mainly
downregulated by HA (Figure S11G).

Genes upregulated by two or three strains in tomato shoots in the control condition were mainly
related to protein metabolism, defence, growth and development (Figure 6A; Tables S9 and S10). A
significant enrichment of the GO categories related to cell growth was found for upregulated genes
by two or three strains in the control condition, such as cell wall-related processes (e.g. one glucan
synthase and two xyloglucan endotransglucosylases; Figure 6B). In the HA condition, the
enrichment of the GO categories related to aminoglycan metabolism and chitin metabolism was
found for upregulated genes by two or three strains (Figure 6C). Genes associated to primary
metabolism (e.g. two 2-oxoglutarate oxygenases and one lipase), protein metabolism (e.g. one
calreticulin and one cysteine desulfurase) and transport (e.g. one calcium transporting ATPase) were
upregulated by two or three strains in the HA condition (Figure 6A), in agreement with the shoot
length promotion.

PsJN-specific genes modulated in tomato shoots were mainly related to protein metabolism,
transcription and defence in the control condition (Figure 6A). Similarly, PsIN-specific genes
upregulated in the HA condition were involved in transcription (e.g. one MYB and one zinc finger
protein), defence and transport. Tomato processes related to transcription, growth and development
(e.g. one cyclin and one cell division cycle protein), transport and defence were also upregulated by
D7G in the control condition (Figure 6A), with the enrichment of the inositol and polyol GO
processes (Figure 6D). In the HA condition, genes involved in transcription (e.g. one ET responsive
transcription factor), growth and development (e.g. one expansin and two glycosyltransferases) and
transport (e.g. one aluminium-activated malate transporter and two lipid transfer proteins) were
upregulated by D7G. Moreover, 32A-specific genes upregulated in the control condition were mainly
involved in the secondary metabolism and defence (Figure 6A) and the GO categories related to
oxidative stress and phosphorylation were enriched (Figure 6E). 32A-specific genes related to
transcription (e.g.one WRKY transcription factor), growth and development (e.g. one expansin, one
xyloglucan hydrolase and one xyloglucan endoglucanase inhibitor), signal transduction (e.g. two
LRR kinases) and oxidative stress response (e.g. one glutathione S-transferase and one peroxidase)
were upregulated in the HA condition (Figure 6A and Table S10). In summary, cellular processes
activated in tomato shoots in response to endophytic bacterial strains included recognition-, signal
transduction- and transcription-related pathways, with an enhancement of transport- and growth-

related processes in the HA condition (Figure 7). On the other hand, downregulated genes in tomato

43



shoots were related to stress response and DNA metabolism in the control condition, as well as lipid

transport in the HA condition (Figure S14).

DISCUSSION

Some strains belonging to the bacterial genera Enterobacter, Pantoea and Paraburkholderia had
already been previously recognized as PGPB (Sessitsch et al., 2005; Campisano et al., 2014;
Hardoim et al., 2015) and this study demonstrated that seed inoculation with PsJN, D7G and 32A
promotes tomato shoot growth. Inoculated tomato plants were efficiently colonised by the tested
endophytic bacterial strains and HA did not increase the tissue colonisation compared to the control
condition. Moreover, the addition of HA (at the optimal concentration of 50 mg L™) enhanced the
tomato growth induced by the endophytic bacterial strains, suggesting some possible
complementation effects of HA to the tested PGPBs. HA was known to improve nutrient uptake in
tomato plants (Adani et al., 1998; Dursun et al., 2002), by increasing electrolyte leakage, cell
permeability and nutrient accumulation (David et al., 1994) and activating primary and secondary
metabolism (Aguiar et al., 2018; Canellas et al., 2019). HA incubation upregulated genes responsible
for cellular regulations in mock-inoculated plants, such as transcription factors, receptors and kinases,
and altered the transcriptional response of tomato plants to endophytic bacterial strains.

Tomato genes were modulated by endophytic bacterial strains mainly in roots (2,919 and 3,216
in the control and HA condition respectively) compared to shoots (355 and 268 in the control and HA
condition, respectively), indicating major transcriptional regulations in belowground compared to
aboveground tissues. The majority of DEGs was downregulated (79.4%) by endophytic bacterial
strains in the control condition. Conversely, DEGs were mainly upregulated (80.0%) by endophytic
bacterial strains in the HA condition, suggesting enhanced reactions of tomato plants to bacterial
endophytes in the presence of HA. In particular, the majority of genes upregulated by the endophytic
bacterial strains in roots in the HA condition was not modulated (64.2%) or downregulated (33.1%)
in roots in the control condition, while only 2.7% was upregulated, but with lower extent, also in the
control condition, indicating that specific genes are implicated in the tomato response to bacterial
endophytes in the presence of HA. In particular, the presence of HA enhanced the activation of signal
transduction, hormone metabolism, transcription, protein metabolism, transport, defence and growth-

related processes in response to PsJN, D7G and 32A inoculation, as better discussed in the following
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paragraphs. Moreover, half of the DEGs (45.5%) was modulated by at least two endophytic bacterial

strains and they represent possible common pathways modulated in response to bacterial endophytes.

Transcriptional response of tomato roots and shoots to two or three endophytic bacterial
strains and humic acid

Plant roots play a critical role in perception and recognition of the rhizosphere microorganisms
(Palma et al., 2019) and the presence of HA enhanced the activation of signal transduction and
transcription processes in response to endophytic bacterial strains. These functional categories were
activated by two or three strains and they included genes encoding receptor kinases, protein kinases
and NBS-LRR proteins, indicating the activation of a common recognition machinery to bacterial
endophytes in tomato roots. In particular, serine/threonine kinases were upregulated by HA and two
or three strains in roots, and protein kinases were also involved in HA-induced signalling in rice
(Ramos et al., 2015) and A. thaliana (Trevisan et al., 2011). The elevation of intracellular calcium is
also an indicator of plant response to beneficial microorganisms (Vadassery and Oelmiiller 2009) and
a modulation of calcium- and calmodulin-related genes was found in response to HA alone and two
or three strains in the HA condition.

Since beneficial effects of endophytic bacterial strains can derive from multiple mode of action
(Glick 2012; Ferreira et al., 2019), it is difficult to discriminate effects of microbial activities in
providing nutrients to plants and/or direct stimulation of plant growth (e.g. modulation of the
hormone levels). The increase of nutrient uptake was known as one of the mechanisms of plant
growth promotion caused by PGPB (Glick 2012) and HA (Zanin et al., 2019). In this study, tomato
genes related to potassium and iron transport were upregulated by two or three strains in the control
condition and genes related to magnesium, nitrogen, phosphate, sulphate and zinc transport were
upregulated in the HA condition, which makes them possible markers of tomato biostimulation. We
found that ATPase-encoding genes were upregulated by two or three strains in the HA condition and
by HA alone, and membrane pumps were previously found as activated by humic substances in
tomato (Zandonadi et al., 2016) and maize (Quaggiotti et al., 2004), suggesting a positive effect of
HA on tomato nutrient uptake.

Another mechanism of PGPB-dependent plant growth promotion is the modulation of the
hormone levels (Glick 2012). Tomato genes related to jasmonic acid (JA) response (e.g. WRKY
transcription factors and defensins) were upregulated by two or three strains in the control and HA

condition, while those related to ET synthesis (e.g. 1-aminocyclopropane-1-caroxylate synthases) and
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ET response (ET response factor and ET responsive transcription factors) were mainly upregulated in
the HA condition. The interplay of auxin and ET signalling pathways was found also in the PSIN-
dependent A. thaliana growth promotion (Poupin et al., 2016) and some auxin-responsive genes (e.g.
auxin efflux facilitator and auxin responsive proteins) were upregulated by two or three strains in the
HA condition and by HA alone. Likewise, the WAT1-related genes were upregulated by endophytic
bacterial strains in both conditions and these genes are known to be involved in auxin transport and
homeostasis, as well as in growth promotion and cell wall development (Irizarry and White 2018),
indicating a complex hormonal response to endophytic bacterial strains in the presence of HA. In
particular, some genes implicated in gibberellin biosynthesis (e.g. copalyl diphosphate synthase,
gibberellin oxidase, gibberellin dioxygenase) and cytokinin metabolism (e.g. cytokinin riboside
phosphoribohydrolases) were upregulated by HA alone and by two or three strains in the HA
condition. PsJN, D7G and 32A were able to produce auxin (Poupin et al., 2013; Campisano et al.,
2014) and PsJN was able to induce gibberellin synthesis in A. thaliana (Poupin et al., 2013).
Likewise, humic substances upregulated auxin responsive genes in A. thaliana (Trevisan et al., 2010)
and showed cytokinin-like (Pizzeghello et al., 2012) and gibberellin-like (Nardi et al., 2000) activity
in maize plants, suggesting additive effects of endophytic bacterial strains and HA in the stimulation
of growth-related hormone metabolism in tomato.

As a possible consequence of hormonal changes, genes upregulated by at least two endophytic
bacterial strains in the HA condition were involved in cell growth and cell wall biosynthesis, such as
cellulose synthases, glycosyltransferases, mannosyltransferases, pectin lyases, pectinesterases, glucan
synthase and two xyloglucan endotransglucosylases as key markers of tomato biostimulation. Pectin
and cellulose are implicated in cell wall expansion and the upregulation of genes encoding cell wall
modification enzymes has been observed in growth promotion processes activated by Pseudomonas
fluorescens in A. thaliana (Wang et al., 2005) and Bacillus amyloliquefaciens in cotton (Irizarry and
White 2018). Thus, the upregulation of cell wall-loosening enzymes may be a common plant
response to PGPB, in order to facilitate endophytic colonisation and plant growth promotion (Irizarry
and White 2018). Markers of an attempted defence reaction and oxidative stress response were also
upregulated by two or three strains in the control and HA condition. In particular, the upregulation of
glutaredoxins, glutathione S-transferases and peroxidasesindicate the activation of the antioxidant

machinery, as possible HA-dependent modulation of plant reaction to bacterial endophytes.
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Transcriptional response of tomato roots and shoots specifically activated byParaburkholderia
phytofirmans PsJN, Pantoea agglomerans D7G or Enterobacter sp. 32A

Different signalling pathways were activated by PsJN, D7G or 32A, indicating a strain-specific
response activated in tomato plants. Receptor kinases and transcription factors (e.g. bHLH, bZIP,
MYB and WRKY) were upregulated specifically by PsIN in roots in the control and HA condition.
Similarly, PsJN induced the expression of receptor-like kinase genes in swtichgrass (Lara-Chavez et
al., 2015) and bZIP, MYB and WRKY transcription factors in A. thaliana (Timmermann et al., 2019)
as possible key regulators of plant response to PsJN. Moreover, D7G- and 32A-specific genes
upregulated in tomato roots and shoots included a distinctive signal transduction (e.g. protein
kinases) and transcription (e.g. bHLH, MYB, WRKY and zinc finger transcription factors) process
responsible for plant reaction to endophytic bacterial strains.

The strain-specific response of tomato involved the hormone metabolism. For example, the
upregulation of salicylic acid (SA) biosynthesis (phenylalanine ammonia lyase) and SA responsive
(e.g. pathogenesis-related genes) genes was found in PsJN-inoculated roots, suggesting SA
accumulation in the HA condition, as previously shown in PsJN-inoculated switchgrass (Lara-
Chavez et al., 2015). SA, JA and ET were implicated in PsJN-induced resistance (Timmermann et
al., 2019) and the interplay of ET with the auxin signalling pathways was responsible for PsIN-
dependent growth promotion in A. thaliana (Poupin et al., 2016). The auxin signalling- (indole-3-
acetic acid inducible and dormancy associated/auxin-repressed) and transport-related (auxin efflux
facilitator) genes were upregulated by PsJN in tomato roots in the control and HA condition,
respectively. The hormone-related genes were upregulated also by D7G in the control and HA
condition (e.g. auxin responsive genes, ET-related receptor and transcription factor, auxin and
cytokinin metabolic genes) and this endophytic strain showed ACC-deaminase activity and auxin
production activity in vitro (Campisano et al., 2014). As possible additive effect, the presence of HA
can affect the auxin-related processes, as shown in A. thaliana (Canellas et al., 2010) and tomato
(Canellas et al., 2011) plants, suggesting a complementation effect of endophytic bacterial strains and
HA.

The protein metabolic pathways were activated by 32A in tomato roots in the HA condition,
indicating the activation of nitrogen assimilation with upregulation of genes related to the
metabolism of lysine, serine, glycine, cysteine, tyrosine, threonine, glutamine, alanine, arginine and
methionine. Likewise, the nitrogen and secondary metabolism was activated in H. seropedicae

HRC54-inoculated tomato plants in the presence of HA (Olivares et al., 2015) and the increased
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concentration of amino acids and secondary metabolites was found in sugarcane plants inoculated
with H. seropedicae HRC54 and G. diazotrophicus PAL 5 in the presence of HA (Aguiar et al.,
2018; Canellas et al., 2019). In particular, 32A was able to fix atmospheric nitrogen in vitro
(Campisano et al., 2014) and it caused the upregulation of a glutamine synthetase gene in tomato
roots in the HA condition. Glutamine synthase encoding genes were also upregulated by endophytic
diazotroph bacteria in sugarcane (Nogueira et al., 2005) and an increased amino acid content was
found in sugarcane inoculated with the diazotroph Pantoea sp. 9C strain (Loiret et al., 2009),
suggesting that the activation of the amino acid metabolism contributes to plant growth promotion.
Amino acids are key precursors of secondary metabolites and genes related to secondary metabolism
were induced by 32A in the HA condition. In accordance with these findings, a previous study had
demonstrated that 32A affected the accumulation of secondary metabolites in grapevine plants as a
possible mechanism for the successful host colonisation (Lopez-Fernandez et al., 2015a). Likewise,
the precise tuning of the plant defence by the endophytic bacterial strains could contribute to a
successful host colonisation. For example, the antioxidant machinery was activated in tomato roots
mainly in the HA condition, indicating the activation of an attempted defence reaction against
endophytic bacterial strains that is probably tuned by the endophytic bacterial strains to allow tissue

colonisation.

CONCLUSIONS

Growth promotion effects and transcriptional responses activated by bacterial endophytes in tomato
plants were affected by the presence of HA, indicating a complementation effect of PGPB and the
organic biostimulant under controlled conditions. In particular, HA enhanced the activation of
pathways responsible for signal transduction, hormone metabolism, transcription, protein
metabolism, transport, defence and cell growth in response to the endophytic bacterial strains. Major
transcriptional regulations occurred in tomato roots and involved global reactions activated by
endophytic bacterial strains, including protein metabolism, transcription, transport, signal
transduction and defence processes. The optimised HA dosage and an in-depth knowledge of tomato
reaction to bacterial colonisation derived by this study represent key information for the further
development of combined formulations of endophytic bacterial strains and HA as a tailored diet for
tomato biostimulation. In addition, genes identified in this work may be the source of important
markers of tomato biostimulation that can be used to monitor the plant response to bacterial
endophytes and HA under field conditions.
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FIGURE 1 | Tomato growth promotion by endophytic bacterial strains. The shoot length (cm) of
mock-inoculated plants (mock) and plants inoculated with Paraburkholderia phytofirmans PsJN
(PsJN), Pantoea agglomerans D7G (D7G) or Enterobacter sp. 32A (32A) was assessed three days
after incubation in half-strength Hoagland with 0 mg L™ (white, control) and 50 mg L™ humic acid
(black, HA) in square dishes. Mean and standard error values of nine replicates (plants) are presented
for each treatment. Different lowercase and uppercase letters indicate significant differences among
treatments in the control and HA condition according to Tukey’s test (P < 0.05), respectively. For
each treatment, plus symbols indicate significant differences in the pairwise comparisons between the
control and HA condition according to Student’s t test (P < 0.05).
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FIGURE 2 | Localization of endophytic bacterial strains in tomato roots. Bacterial cells of
Paraburkholderia phytofirmans PsJN (PsJN) (A-B) were hybridised with the EUBmix and Bphyt
probes, Pantoea agglomerans D7G (D7G) (C-D) or Enterobacter sp. 32A (32A) (E-F) were
hybridised with the EUBmix and Gam42a probes on secondary root emergency sites (a), root tip (b),
root elongation zone (c), root hair (d) and xylem (e) three days after incubation (DAI) in half-strength
Hoagland with 0 mg L™ (Control condition; A, C and E) and 50 mg L™ humic acid (HA condition; B,
D and F) in square dishes. Five replicates (plants) were analysed for each treatment and
representative pictures were selected. Bars correspond to 10 uM.
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FIGURE 3 | Clustering of differentially expressed genes (DEGS) of tomato plants in response to
endophytic bacterial strains and humic acid. Heat map diagram indicates the fold change values
for DEGs identified in tomato roots (A, C) and shoots (B, D) three days after incubation with
Paraburkholderia phytofirmans PsIJN (PsJN), Pantoea agglomerans D7G (D7G) or Enterobacter sp.
32A (32A), calculated as compared to mock-inoculated plants (mock) in half-strength Hoagland with
0 mg L™ (control; A, C) and 50 mg L™ humic acid (HA; B, D). DEGs were classified as genes
modulated by two or three strains or as genes modulated by only one bacterial strain (PsJN-, D7G- or
32A-specific). The heat map diagram was visualised using Java Treeview according to colour scale
legend shown.
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FIGURE 4 | Functlonal annotation of upregulated genes in tomato roots in response to
endophytic bacterial strains. Functional classes (A) were assigned on the basis of the protein
description of upregulated genes in tomato roots in response to two or three strains (blue) and
specifically in response to Paraburkholderia phytofirmans PsIN (red), Pantoea agglomerans D7G
(cyan) or Enterobacter sp. 32A (green) in half-strength Hoagland with 0 mg L™ (control; stripped
bars) and 50 mg L™ humic acid (HA; solid bars). Biological networks of significantly enriched (P <
0.05) Gene Ontology (GO) terms of upregulated genes in tomato roots in response to two or three
strains (B) or to PsJN (C) in the control condition and in response to D7G (D) or 32A (E) in the HA
condition are reported. The colour scale legend indicates the level of significance for enriched GO
terms and white nodes indicate not significantly overrepresented categories. Dotted lines indicate

connection between biological p

rocess categories in the GO chart, where ancestor and child are

omitted for simplicity. No significant GO enrichment was found for upregulated genes in response to

two or three strains and to PsJN
control condition.

in the HA condition, as well as in response to D7G or 32A in the
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FIGURE 5 | Cellular processes activated by endophytic bacterial strains in tomato roots. Main
cellular pathways of upregulated genes in tomato roots in response to Paraburkholderia phytofirmans
PsJN (PsJN), Pantoea agglomerans D7G (D7G) or Enterobacter sp. 32A (32A) in half-strength
Hoagland with 0 mg L™ (control) and 50 mg L™ humic acid (HA) were generated with Biorender.
Not underlined and underlined gene codes indicate tomato genes modulated in the control and HA
condition, respectively. For each gene, three squares represent the Log,-transformed fold change
values of PsIJN-, D7G- or 32A-inoculated plants calculated as compared to mock-inoculated plants
respectively, according to the colour scale reported. bHLH, basic helix-loop-helix; LRR, leucine-rich
repeat; NBS-LRR, nucleotide-binding site leucine-rich repeat; TIR-NBS-LRR, non-toll-interleukin
receptor nucleotide-binding site leucine-rich repeat; Ca, calcium.
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FIGURE 6 | Functional annotation of upregulated genes in tomato shoots in response to
endophytic bacterial strains. Functional classes (A) were assigned on the basis of the protein
description of upregulated genes in tomato shoots in response to two or three strains (blue) and
specifically in response to Paraburkholderia phytofirmans PsJN (red), Pantoea agglomerans D7G
(cyan) or Enterobacter sp. 32A (green) in half-strength Hoagland with 0 mg L™ (control; stripped
bars) and 50 mg L™ humic acid (HA; solid bars). Biological networks of significantly enriched (P <
0.05) Gene Ontology (GO) terms of upregulated genes in tomato shoots in response to two or three
strains in the control condition (B) and HA condition (C) and in response to D7G (D) or 32A (E) in
the control condition are reported. The colour scale legend indicates the level of significance for
enriched GO terms and white nodes indicate not significantly overrepresented categories. Dotted
lines indicate connection between biological process categories in the GO chart, where ancestor and
child are omitted for simplicity. No significant GO enrichment was found for upregulated genes in
response to PsJN in the control and HA condition, as well as in response to D7G or 32A in the HA
condition.
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FIGURE 7 | Cellular processes activated by endophytic bacterial strains in tomato shoots. Main
cellular pathways of upregulated genes in tomato shoots in response to Paraburkholderia
phytofirmans PsJN (PsJN), Pantoea agglomerans D7G (D7G) or Enterobacter sp. 32A (32A) in half-
strength Hoagland with 0 mg L™ (control) and 50 mg L™ humic acid (HA) were generated with
Biorender. Not underlined and underlined gene codes indicate tomato genes modulated in the control
and HA condition, respectively. For each gene, three squares represent the Log,-transformed fold
change values of PsJN-, D7G- or 32A-inoculated plants calculated as compared to mock-inoculated
plants respectively, according to the colour scale reported. Ca, calcium; LRR, leucine-rich repeat
receptor; NBS-LRR, nucleotide-binding site leucine-rich repeat; TIR-NBS-LRR, non-toll-interleukin

receptor nucleotide-binding site leucine-rich repeat.
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Topic 2: BENEFICIAL INSECTS DELIVER PLANT GROWTH-PROMOTING
BACTERIAL ENDOPHYTES BETWEEN TOMATO PLANTS

63



Beneficial insects deliver plant growth-promoting bacterial endophytes between
tomato plants

Nikoletta Galambos"*®, Stéphane Compant®, Felix Wiickers’, Angela Sessitsch®, Gianfranco
Anfora®®, Valerio Mazzoni?, llaria Pertot*®, and Michele Perazzolli*®

! Department of Sustainable Ecosystems and Bioresources, Research and Innovation Centre,
Fondazione Edmund Mach, Via E. Mach 1, 38010 San Michele all'Adige, Italy

2 Department of Sustainable Ecosystems and Bioresources, Research and Innovation Centre,
Fondazione Edmund Mach, Via E. Mach 1, 38010 San Michele all'Adige, Italy

®Biobest NV, Isle Velden 18, 2260, Westerlo, Belgium

* AIT Austrian Institute of Technology, Center for Health and Bioresources, Konrad Lorenz Strafe
24, 3430 Tulln, Austria

> Center Agriculture Food Environment (C3A), University of Trento, via E. Mach 1, 38010 San
Michele all'Adige, Italy

*Correspondence:
Michele Perazzolli, michele.perazzolli@unitn.it

64



ABSTRACT

Beneficial insects and mites, including generalist predators of the family Miridae, are widely used in
biocontrol programs against many crop pests such as whiteflies, aphids, lepidopterans and mites.
Mirid predators frequently complement their carnivory diet by feeding plant sap with their piercing-
sucking mouthparts. This implies that mirids may act as vectors of phytopathogenic and beneficial
microorganisms, such as plant growth-promoting bacterial endophytes. This work aimed at
understanding the role of two beneficial mirids (Macrolophus pygmaeus and Nesidiocoris tenuis) in
the acquisition and transmission of two plant growth-promoting bacteria, Paraburkholderia
phytofirmans strain PsJN (PsJN) and Enterobacter sp. strain 32A (32A). Both bacterial strains were
detected on the epicuticle and internal body of both mirids at the end of the mirid-mediated
transmission. Moreover, both mirids were able to transmit PsJN and 32A between tomato plants and
these bacterial strains could be re-isolated from tomato shoots after mirid-mediated transmission. In
particular, PSJN and 32A endophytically colonised tomato plants and moved from shoots to roots
after mirid-mediated transmission. In conclusion, this study provided novel evidence for the

aquisition and transmission of plant growth-promoting bacterial endophytes by beneficial mirids.

Keywords: plant growth-promoting bacterial endophytes, beneficial mirids, Macrolophus
pygmaeus, Nesidiocoris tenuis
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INTRODUCTION

Beneficial insects (e.g. hymenopteran parasitoids, bumblebees, hoverflies lacewings, ladybugs and
mirids) provide vital services in agricultural ecosystems, such as pollination and natural pest control
(Pertot et al., 2017; Redhead et al., 2020). Among insect predators, the mirids Macrolophus
pygmaeus (Rambur) and Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) are widely used for the
biocontrol of whiteflies, aphids and moths among others (Calvo et al., 2009; Urbaneja et al., 2009;
Castané et al., 2011; Calvo et al., 2012). Tomato can be damaged by phytophagous arthropods
worldwide (Wakil et al., 2018), both under field and greenhouse conditions (Hobson and Grierson,
1993). For example, leafminers (e.g. Tuta absoluta and the dipteran Liriomyza spp.) and
phytophagous mites (e.g. Tetranychus sp. and Aculops lycopersici) reduce photosynthetic area and
the latter also increase plant transpiration and alter water balance (Gabarra and Besri, 1999). Aphids
(e.g. Myzus persicae, Aphis sp.), thrips (e.g. Frankliniella occidentalis and Thrips tabaci) and
whitefly species (e.g. Bemisia tabaci and Trialeurodes vaporariorum) cause direct and indirect
damage due to virus transmission (Gabarra and Besri, 1999). To counteract these pests, the generalist
mirids (e.g. M. pygmaeus and N. tenuis) are increasingly used in many European and adjacent
countries (Wakil et al., 2018), thanks to their ability to rapidly colonise tomato plants and to establish
stable colonies early in the growing season (Gabarra et al., 2004; Put et al., 2012; Moerkens et al.,
2017; Wakil et al., 2018).

Macrolophus pygmaeus and N. tenuis have piercing and sucking mouthparts that contain two
channels: one to pump salivary fluid into plant tissues and the other to suck sap fluids from the host
(Schaefer and Panizzi, 2000). These two species frequently complement their carnivory diet with
plant sap feeding (Perdikis and Lykouressis 2000; Lykouressis et al., 2001), which could also lead to
slight yield losses (Sanchez and Lacasa, 2008; Sanchez et al., 2018). For example, M. pygmaeus
feeds mainly on the mesophyll of leaves, stems and fruits and high population densities caused fruit
damage when plants are infected with pepino mosaic virus (PepMV) (Moerkens et al., 2015). On the
other hand, N. tenuis feeds mainly within the vascular semi-ring on tomato plants (Wheeler, 2002;
Chinchilla-Ramirez et al., 2021) and high population densities caused necrotic rings in both leaf and
flower petioles, and whitish halos on fruits, independently of the presence of PepMV (Ao et al.,
2006; Moerkens et al., 2020).

Mouthparts morphology and trophic behaviour suggest possible exchange of microorganisms
between insects and host plants as it has been demonstrated in many hemipteran species (Perilla-
Henao and Casteel, 2016). Mirids are generally considered negligible vectors of plant pathogens
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(Gibb and Randles, 1991), but Erwinia amylovora (Stahl and Leupschen, 1977) and Lonsdalea
quercina pv. lupinicola (Myhre, 1988) can be transmitted by herbivorous Lygus spp. Likewise,
Pantoea spp. and Serratia marcescens can be transmitted by Lygus hesperus (Cooper et al., 2014)
and velvet tobacco mottle virus can be transmitted by Cyrtopeltis nicotianae (Gibb and Randles,
1988, 1991). In the case of M. pygmaeus and N. tenuis, they can both transmit parietaria mottle virus
from Parietaria officinalis to tomato plants (Aramburu et al., 2010). Insect-mediated disease
transmission can occur by direct feeding on infected plants (Gibb and Randles, 1988), through
excretion products (Gibb and Randles, 1990) or by physical contact (Stahl and Leupschen, 1977),
suggesting multiple mechanisms of possible transmission of plant-associated microorganisms by M.
pygmaeus and N. tenuis. In addition to vectoring pathogens, insects can also transmit beneficial
microbes as proved in the case of the leafhopper Scaphoideus titanus (Hemiptera: Cicadellidae),
which was shown to transfer non-phytopathogenic bacterial communities between grapevine plants
(Lopez-Fernandez et al., 2017). In this regard, no information is available for other insect/plant
systems and in particular on the potential role of beneficial mirids in transmitting plant-associated
beneficial microorganisms.

A multitude of bacteria, including those with beneficial effects for the plant host, live in the plant
rhizosphere thanks to the presence of root exudates (Davison, 1988). Among them, the so called plant
growth-promoting bacteria (PGPB) can improve plant growth and increase nutrient supply, including
nitrogen, phosphorous and iron (Ferreira et al., 2019). Some PGPB can also colonise the internal
tissues of numerous plant species. These beneficial endophytes can positively influence plant growth
through various mechanisms, such as the production of hormones, improvement of nutrient uptake
and protection against biotic or abiotic stresses (Gaiero et al., 2013). For example, the endophyte
Paraburkholderia phytofirmans PsJN (PsJN), previously classified as Pseudomonas and then
Burkholderia (Sessitsch et al., 2005; Sawana et al., 2014), improves plant growth (Pillay and Nowak
1997; Sharma and Nowak 1998; Galambos et al., 2020) and upregulates genes related to protein
metabolism, transcription, transport, defence pathways, signal transduction and hormone metabolism
in tomato plants (Galambos et al., 2020). Similarly, Enterobacter sp. 32A (32A), promotes plant
growth, activates a complex transcriptional reprogramming in tomato plants (Galambos et al., 2020)
and defence pathways in grapevine (Lopez-Fernandez et al., 2015).

In order to understand if beneficial mirids are able to acquire and transmit beneficial endophytes
between tomato plants, we designed experiments to prove if PGPBs can be acquired from tomato

plants previously inoculated and transmitted to non-inoculated plants by beneficial mirids. Moreover,
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the ability of PGPB to reduce feeding damage of mirids was addressed, when tomato plants were
offered as sole food source. This knowledge could greatly contribute to the development of combined
approaches in biocontrol and biofertilisation.

MATERIAL AND METHODS

Bacterial strains and inoculum preparation

Two bacterial strains were used: Paraburkholderia phytofirmans PsJN (PsJN) isolated from surface-
sterilised onion roots (Sessitsch et al., 2005) and Enterobacter sp. 32A (32A) isolated from the
grapevine endosphere (Campisano et al., 2014). Bacterial strains were long term stored in 80%
glycerol at -80 °C. To obtain the inoculum they were grown in 5 mL nutrient broth (NB) in sterile 15
mL-tubes at 25°C for 24 h under orbital shaking at 220 rpm. Bacterial cells were collected by
centrifugation at 3,500 x g for 10 min and washed twice with sterile 10 mM MgSO,. Bacterial cells
were then suspended in sterile 10 mM MgSO, and the bacterial suspension was adjusted to 1.0 x 10’
colony forming units (CFU) per unit of volume (CFU mL™) based on an optical density conversion at
600 nm (ODego) optimised for each strain (ODggo 0.1 corresponded to 2.34 x 10° CFU mI™ for PsIN
and to 6.90 x 10" CFU ml™ for 32A) (Galambos et al., 2020).

Tomato seed inoculation and growth conditions
Seeds of S. lycopersicum L. cv. Moneymaker (Justseed, Wrexham, UK) were disinfected with 70%
ethanol for 1 min and 2% sodium hypochlorite plus 0.02% Tween 20 for 5 min in a 50 ml-tube with
vigorous shaking and finally being washed three times (3 min each) with sterile distilled water
(Galambos et al., 2020). Surface-disinfected seeds (120 seeds) were transferred to Petri dishes (100
mm diameter, 20 seeds for each dish) containing 1% water agar (Thermo Fisher Scientific, Waltham,
MA, USA) and then incubated at 21+1°C in a growth chamber (Bertagnin, Bologna, Italy) for two
days to allow seed germination. Seeds were treated with 1 mL of sterile 10 mM MgSO, (mock-
inoculated) or inoculated with 1 mL of the bacterial suspension (bacterium-inoculated) using the
respective bacterial strain (I x 10" CFU mL™ PsJN or 32A) by overnight incubation in the growth
chamber (seed-inoculated plants) (Galambos et al., 2020).
Germinated seeds with the same root length (5 mm) were selected and each seed was transferred
to a sterile 95 mL glass tube (Artiglass, Padova, Italy) containing 15 mL solid (7 g L™ agar) half-
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strength Hoagland (Galambos et al., 2020). Tubes were incubated in the growth chamber at 21+1°C
with a 16 h photoperiod. Shoot length was measured with a ruler without mirid feeding (day 7 and
day 11) or by image analysis before (day 7 and day 11) and after (day 11 and day 14) mirid feeding
with using the software ImageJ version 1.50e (Schneider et al., 2012). The fresh weight was assessed
of whole plants without mirid feeding (day 7 and day 11) or of shoots after mirid feeding (day 11 and
day 14) with a precision balance (Figure 1). Twelve replicates (plants without mirid feeding) were

analysed for each treatment and each experiment was carried out twice.

Mirid-mediated bacterial transmission assays

Beneficial mirids (M. pygmaeus and N. tenuis) were provided by Biobest NV (Westerlo, Belgium).
Mirids had been mass-reared for several generations on tomato (S. lycopersicum L. cv. Moneymaker)
under greenhouse conditions at 28 + 5°C with a 16:8 light/dark photoperiod and were supplied with
eggs of Ephestia kuehniella (Biobest Group NV, Westerlo, Belgium) as food source. To obtain
freshly emerged adults, fifth instar nymphs were individually transferred to 100 mL plastic cups,
covered with mesh, containing bean pods and E. kuehniella eggs (Sanchez et al., 2009). A freshly
emerged mirid adult was placed in each glass tube containing a tomato plant that was either mock-
inoculated or inoculated with PsJN or 32A (day 7) (Figure 1). Before transferring the mirid into the
glass tube, plant shoot length was measured by image analysis. Plants were incubated for four days in
the growth chamber at 21 £ 1°C (to avoid condensation on the inner glass surface) with a 16:8
light/dark photoperiod, in order to allow mirids to feed on tomato plants (acquisition period). At the
end of the acquisition period (day 11), the shoot length was measured by image analysis after mirid
feeding, five mirids for each treatment were sampled for double labelling of oligonucleotide probes
for fluorescence in situ hybridisation (DOPE-FISH) analysis, and plants were collected for bacterial
re-isolation and fresh weight assessment with a precision balance (day 11). Each remaining mirid was
transferred to a new glass tube containing a mock-inoculated tomato plant and incubated for three
days in order to allow mirids to feed on tomato plants (mirid-mediated transmission). Shoot length
was measured by image analysis at the beginning (day 11) and at the end (day 14) of the mirid-
mediated transmission. After mirid-mediated transmission, (day 14) mirids and plants were collected
for bacterial re-isolation, the shoot length was measured by image analysis and the fresh weight of
the whole plant was assessed with a precision balance. In addition, three glass tubes containing
mock-inoculated plants were kept mirid-free for sterility control. Before transferring mirids into glass

tubes, the surface of the half-strength Hoagland was overlaid with 1 mL of sterile melted paraffin

69



(Sigma-Aldrich, Merck, Darmstadt, Germany), in order to avoid contact of mirids with either the

tomato roots or the growth medium, and to prevent contaminations (Lopez-Fernandez et al., 2017).

Bacterial re-isolation from tomato plants and mirids

Seed-inoculated plants and plants after mirid-mediated transmission were collected at day 11 and day
14, respectively (Figure 1). Mirids were collected at day 14 for bacterial re-isolation and each mirid
was washed with 200 pL distilled water by vigorous vortexing in a 2 ml-tube to collect the majority
of bacteria adhering to the mirid epicuticle (Lopez-Fernandez et al., 2017). Each plant was surface-
sterilised in a 50 ml-tube and each mirid was surface-sterilised in a 2 ml-tube with 70% ethanol for 1
min, 2% sodium hypochlorite for 1.5 min, followed by 70% ethanol for 1 min (Galambos et al.,
2020). Surface-sterilised plants or mirids were washed three times with distilled water (3 min each).
After surface sterilisation, each seed-inoculated plant was placed in 2 ml-tube, while shoots and roots
of plants after mirid-mediated transmission were cut and separately placed in 2 ml-tubes. Each plant
or shoot was ground in 500 puL potassium phosphate buffer (1 mM, pH 7) in a mixer-mill disruptor
(MM 400, Retsch, Haan, Germany) at 25 Hz for 2 min (Galambos et al., 2020). Conversely, each
root or mirid was ground in 200 pL potassium phosphate buffer (1 mM, pH 7) in the mixer-mill
disruptor (MM 400, Retsch). Each suspension was serially diluted and 10 pL aliquots were plated in
triplicates on nutrient agar (NA). Aliquots of the last washing solution were plated as the control of
surface sterilisation. After incubation at 25°C for three days, colonisation intensity was calculated as
CFU values of bacteria per unit of plant fresh weight (CFU g*), per unit of mirid (CFU mirid™) or
per unit of root (CFU root™). Nine replicates (seed-inoculated whole plants, shoots and roots after
mirid-mediated transmission and mirids) were analysed for each treatment and the experiment was
carried out twice.

PsJN and 32A colonies were recognised according to colony morphology and 16S rRNA gene
sequencing. For bacterial identification by sequencing, three isolates were selected for each
experiment and sample-type (seed-inoculated whole plants, shoots and roots after mirid-mediated
transmission, bacteria adhering to the mirid epicuticle, bacteria in the mirid internal body) and a
loopful of pure colonies were suspended into 1.5 ml-tubes containing sterile isotonic solution (0.85%
NaCl in distilled water) and mixed with a vortex. Subsequently, the tubes were centrifuged for 2 min
at 10,000 x g. Then, the pellet was suspended in 100 pL 0.05 M NaOH and incubated at 95°C for 15
min. After a centrifugation of 2 min at 10,000 x g, the supernatant was used as DNA template (Zhu et
al., 2020). Amplicons of the 16S rRNA gene were obtained with PCR using the 27-forward (5'-
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AGAGTTTGATCCTGGCTCAG-3") and 1492-reverse (5GGTTACCTTGTTACGACTT-3') primer.
PCR products were generated by amplifying 5 pL. DNA with 0.1 puM of each primer, 12.5 pL Go Taq
Green Master Mix (Promega GmbH, Mannheim, Germany) and 12 pL sterile deionized water. The
amplification protocol consisted of denaturation at 94°C for 5 min, followed by 35 cycles at 94°C for
1 min, 55°C for 1 min and 72°C for 1 min, followed by a final extension at 72°C for 10 min in a
thermal cycler (Biometra GmbH, Goéttingen, Germany). Amplicons were purified by ExoProstar Kit
(Mustra, Merck) and sequenced at the Sequencing and Genotyping Platform at Fondazione Edmund
Mach. The resulting nucleotide sequences were compared to known sequences deposited in the
National Center for Biotechnology Information (NCBI) database
(https://mww.ncbi.nlm.nih.gov/nucleotide/) using BLASTN (Basic Local Alignment Tool) and
aligned with the original sequences using the programme Mega X version 10.1.1 (Kumar et al.,
2018), in order to confirm PsJN and 32A identity.

Fluorescence in situ hybridisation using double labelling of oligonucleotide probes

DOPE-FISH analysis was performed on mirids that fed on mock-inoculated plants and plants
inoculated with PsIJN or 32A for four days in glass tubes (Figure 1). Samples were fixed in a 4%
paraformaldehyde in 1x phosphate-buffered saline (PBS) solution at 4°C for five hours and were
rinsed three times with 1xPBS as previously reported (Compant et al., 2011). Mirids were dehydrated
in increasing concentrations of ethanol solution (25, 50, 75 and 99%; 20 min each step) and stored at
4°C. DOPE-FISH was carried out using probes from Eurofins (Germany) labelled at both the 5’ and
3’ positions. A probe mixture targeting eubacteria, composed of EUB338, EUB338Il, EUB338lII
(EUBmIx) coupled with a Cy3 fluorochrome and Bphyt probe targeting the 23S rRNA gene of PsJN
coupled with Cy5 (Amann et al., 1990; Daims et al., 1999; Mitter et al., 2017). For 32A, EUBmix
and Gam42a probe targeting the 23S rRNA gene of 32A coupled with Cy5 was used (Manz et al.,
1992). NONEUB probe coupled with Cy3 or Cy5 was used independently as negative control
(Wallner et al., 1993). Fluorescent in situ hybridisation was carried out in sterile 1.5 mL-tubes at
46°C for 2 h in the dark with 60 pL hybridisation buffer for PsJN (containing 0.9 M NaCl; 0.02 M
Tris HCI, 0.01% SDS, 10% formamide and 5 ng pL’l of each probe) and with 60 pL hybridisation
buffer for 32A (containing 0.9 M NaCl; 0.02 M Tris HCI, 0.01% SDS, 35% formamide and 5 ng pL™
of each probe). Washing was conducted at 48°C for 30 min with a pre-warmed post-FISH solution
containing 0.02 M Tris HCI, 0.01% SDS, NaCl and EDTA at a concentration corresponding to the
formamide concentration. Samples were then rinsed with distilled water before overnight air-drying
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in the dark. Samples were observed under a confocal microscope (Olympus Fluoview FV1000 with
multiline laser FV5-LAMAR-2 and HeNe (G) laser FV10-LAHEG230-2). Pictures were taken at
405, 488, 633 nm wavelengths with Cy3 signal assigned as green and Cy5 as red. Pictures were
analysed using Imaris 8 software (BITPLANE, UK). Z-stacks were used to generate whole-stack
pictures. Five replicates (mirids) were analysed for each treatment and representative pictures were

selected. Pictures were cropped and light/contrast balance improved in post process.

Statistical analysis

All experiments were carried out twice and data were analysed with the Past 3.26 software (Hammer
et al., 2001). Successful bacterial colonisation, acquisition and transmission was calculated as
percentage of positive samples (e.g. seed-inoculated whole plants, shoots and roots after mirid-
mediated transmission, bacteria adhering to the mirid epicuticle, bacteria in the mirid internal body)
with any amount of the respective bacteria present over the total number of samples. In order to
estimate colonisation intensity after successful mirid-mediated transmission, CFU g™, CFU mirid™ or
CFU root™ was calculated only on positive samples (Boucher et al., 2021). After validating data for
normal distribution (Shapiro-Wilk test, P > 0.05) and variance homogeneity of the data (Levene’s
tests, P > 0.05), each experiment was analysed singularly and a two-way analysis of variance
(ANOVA) was performed to assess the null hypothesis (i.e., non-significant differences between the
two experiments, P > 0.05). Data from the two repeated experiments were pooled and significant
differences among treatments were assessed with the Student's t-test (P < 0.05) and the Tukey’ test (P
< 0.05) in case of pairwise and multiple comparisons, respectively. CFU values of bacterial re-
isolation were Logjo-transformed. If normal distribution (Shapiro-Wilk test, P < 0.05) or variance
homogeneity (Levene’s tests, P < 0.05) conditions were not satisfied, the Mann-Whitney test (P <

0.05) was used to assess significant differences in case of pairwise comparisons.

RESULTS

Beneficial mirids acquire endophytic bacteria by feeding on tomato plants

Tomato shoot length and fresh weight were improved in PsJN- and 32A-inoculated plants compared
to mock-inoculated plants at seven days after seed inoculation (day 7) without mirid feeding (Table
1).
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To characterise the acquisition of endophytic bacterial strains by beneficial mirids, the DOPE-
FISH analysis was carried out on mirids at the end of the acquisition period (day 11) on bacterium-
and mock-inoculated plants. Yellow fluorescent PsJN (Figures 2A and 2B) and 32A (Figures 2C
and 2D) single cells, aggregates and micro-colonies were found on the abdomen, thorax and legs of
M. pygmaeus and N. tenuis. Conversely, only some native bacteria were present on mirids fed on
mock-inoculated plants (Figures 2E and 2F). The NONEUB probe was used as a negative probe not
targeting bacterial sequences and only a few green/blue-cyan autofluorescent microbes could be
detected on mirids fed on mock-, PsJN- and 32A-inoculated plants, as an indicator of the rare
presence of indigenous microorganisms colonising mirids (Figure S1).

Tomato plants were colonised by endophytic bacterial strains, PsJN and 32A were re-isolated at
the end of the acquisition period (day 11) from 100% surface-sterilised seed-inoculated whole plants,
at average levels of 10° CFU g™ for both strains (Figures 3A and 3B). At the end of the mirid-
mediated transmission (day 14), 95.7% and 52.4% of tissue grinding of surface-sterilised M.
pygmaeus (bacteria in the mirid internal body) had on average 10% and 10* CFU mirid™ of PsJN and
32A, respectively (Figure 4A). Meanwhile, 69.6% and 81.8% of washing suspension of M.
pygmaeus (bacteria adhering to the mirid epicuticle) contained on average 10* and 10> CFU mirid™ of
PsJN and 32A, respectively (Figure 4A). Likewise, following tissue grinding, 47.1% and 89.5% of
surface-sterilised N. tenuis (bacteria in the mirid internal body) yielded on average 10° and 10* CFU
mirid® of PsIJN and 32A, respectively (Figure 4B). Meanwhile, 23.5% and 75% of washing
suspension of N. tenuis (bacteria adhering to the mirid epicuticle) yielded on average 10 and 10°
CFU mirid™ of PsIN and 32A, respectively (Figure 4B). Moreover, PsJN and 32A were never
detected in surface-sterilised mock-inoculated whole plants at the end of the acquisition period, in the
washing suspension of M. pygmaeus and N. tenuis (bacteria adhering to the mirid epicuticle) nor in
the tissue grinding of surface-sterilised M. pygmaeus and N. tenuis (bacteria in the mirid internal
body), that were allowed to feed on mock-inoculated plants, at the end of the mirid-mediated

transmission (Figures 3 and 4).

Beneficial mirids transmit endophytic bacteria by feeding on tomato plants

Both mirids species transmitted PsJN and 32A between tomato plants and bacterial strains were re-
isolated from tomato shoots after mirid-mediated transmission (day 14). In particular, 91.7% and
45.5% of tomato shoots at the end of the M. pygmaeus-mediated transmission had on average 10°
CFU g™ of both PsIJN and 32A (Figure 3A). Moreover, 62.5% and 22.7% of tomato roots at the end
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of the M. pygmaeus-mediated transmission had on average 10° CFU g* of both PsIN and 32A
(Figure 3A). Likewise, 82.4% and 100% of tomato shoots at the end of the N. tenuis-mediated
transmission had on average 10* and 10° CFU g™ of PsIJN and 32A, respectively (Figure 3B).
Meanwhile, 17.6% and 55% of tomato roots at the end of the N. tenuis-mediated transmission had on
average 10° CFU g™ of both PsIN and 32A (Figure 3B). Moreover, PsJN and 32A were never
transmitted from mock-inoculated plants to mock-inoculated plants (Figures 3 and 4). Likewise, no
colonies were detected in surface-sterilised mock-inoculated plants at seven days after seed
inoculation (sterility control; data not shown).

Bacterial identity of re-isolated PsJN and 32A were confirmed by colony morphology and DNA
sequencing of the 16S rRNA gene in surface-sterilised seed-inoculated plants at the end of the
acquisition period, washing suspension of M. pygmaeus and N. tenuis (bacteria adhering to the mirid
epicuticle), tissue grinding of surface-sterilised M. pygmaeus and N. tenuis (bacteria in the mirid
internal body) and surface-sterilised tomato shoots and roots at the end of the mirid-mediated
transmission.

The difference between tomato shoot length measured at the beginning (day 7) and at the end
(day 11) of M. pygmaeus feeding on bacterium-inoculated plants by seed inoculation remained
statistically similar to mock-inoculated plants (Figures 1 and 5A) but the difference measured on
plants before (day 11) and after (day 14) M. pygmaeus-mediated transmission was greater in PSJN-
inoculated plants compared to mock-inoculated plants (Figures 1 and 5B). Moreover, the difference
between tomato shoot length measured at the beginning (day 7) and at the end (day 11) of N. tenuis
feeding on seed-inoculated plants (Figures 1 and 5C) and on plants before (day 11) and after (day
14) N. tenuis-mediated transmission (Figures 1 and 5D) was greater in PsJN-inoculated plants
compared to mock-inoculated plants.

DISCUSSION

Insects belonging to the suborder Heteroptera (also known as true bugs, which include mirids and
stinkbugs) are poorly studied as potential vectors compared to those belonging to the former suborder
Homoptera (e.g. leafhoppers, psyllids, aphids and whiteflies) (Gibb and Randles, 1991). Likewise,
the significance of insects as vectors of plant pathogens is well characterised (Heck, 2018), while

their role in the transmission of beneficial plant-associated microorganisms is much less studied and

74



in the case of mirids is unknown. This study assessed whether beneficial mirids, commonly used for
biocontrol programs under greenhouse conditions, could acquire and transmit beneficial
microorganisms. The results demonstrated that mirids were able to acquire the two beneficial
bacterial strains, PSJN and 32A, both as bacteria adhering to the mirid epicuticle and bacteria in the
mirid internal body through tissue feeding on seed-inoculated tomato plants. Bacterial strains were
visualised on mirid abdomen, thorax and legs but not in the mirid internal body, due to technical
limitations. However, bacterial presence in the mirid internal body was confirmed by re-isolation and
16S rRNA gene sequencing, supporting the mirid-mediated bacterial transmission from inoculated
plants. This indicates that tomato tissues are suitable for the acquisition of endophytic bacteria, likely
because PsJN and 32A are colonising the xylem (Gonella et al., 2015; Galambos et al., 2020). For
insect symbionts, such as Cardinium spp. (Gonella et al., 2015) and Wolbachia spp. (Li et al., 2017),
plant-mediated horizontal transmission has already been demonstrated between homopteran insects
(e.g. leafhoppers and whiteflies), but for heteropterans experimental evidence is limited. For
example, Burkholderia spp. was previously shown to be a highly prevalent in the bean bug Riptortus
clavatus (Hemiptera: Alydidae) midgut, acquired from the soil at the nymphal stage (Kikuchi et al.,
2007), indicating the potential complexity of insect-microbe and microbe-plant mutualistic
associations.

Considering the mobile nature and piercing-sucking mouthparts of beneficial mirids, they could
facilitate the introduction and spread of beneficial endophytes among crops (Gibb and Randle, 1991,
Gonella et al., 2015), beside their principal role in pest control. Previously, it has been demonstrated
that the two mirids have diverse feeding habits, M. pygmaeus feeds mainly on the mesophyll of
leaves, stems and fruits, while N. tenuis feeds mainly within the vascular semi-ring on tomato plants
(Wheeler, 2002; Chinchilla-Ramirez et al., 2021), indicating that the latter could be a more effective
vector of microorganisms. In this study, PsJN was transmitted by 91.7% of M. pygmaeus and 82.4%
of N. tenuis at the end of the mirid-mediated transmission. However, 32A was transmitted by N.
tenuis (100%) with higher efficacy compared to M. pygmaeus (45.5%), suggesting that mirids could
selectively transmit plant endophytes, as previously described for S. titanus on grapevine (Lopez-
Fernandez et al., 2017), and indicating that specific studies must be carried out for each combination
of mirid species and bacterial strain.

Successful plant colonisation is a crucial step for PGPB to promote growth (Compant et al.,
2010). In this study, bacteria were re-isolated from surface-sterilised tomato plants (shoots and roots)

at the end of the mirid-mediated transmission at levels similar to seed-inoculation, indicating their
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potential to establish stable colonies after mirid-mediated transmission. Plant colonisation is a
complex mechanism and endophytes can establish colonies inside the plant root then migrate to the
stem (Compant et al., 2010). Likewise, some endophytes can penetrate from the leaves either through
natural opening or by vector transmission (Frank et al., 2017). In this study, tomato roots, separated
from the stems by a paraffin layer, were colonised by PsIJN and 32A, indicating that both strains
moved from stems to roots after transmission, as previously reported for 32A in grapevine (Lopez-
Fernandez et al., 2017) and confirming their ability to systemically spread inside the plant (Hardoim
et al., 2008).

In the case of increased predator density (Castafié et al., 2011), mirid feeding on plants could
lead to slight yield losses (Sanchez and Lacasa, 2008; Sanchez et al., 2018). In this study mirids were
provided with either mock-inoculated or bacterium-inoculated tomato plants as only food source. The
results demonstrated that PsJN could mitigate M. pygmaeus feeding damage on plants after M.
pygmaeus-mediated transmission. Moreover, PsJN mitigated N. tenuis feeding damage both on seed-
inoculated plants and on plants after N. tenuis-mediated transmission. These results may indicate that
PGPB either reduce plants’ sensitivity response to insect feeding or exhibit anti-feeding properties
that reduce insect feeding, although the underlying mechanisms of PsJN and 32A mitigating feeding
damage remain to be elucidated. Likewise, several PGPB strains have been reported to exhibit
antagonistic properties against arthropods. For example, Pseudomonas putida and Rothia sp.
mitigated tobacco cutworm, Spodoptera litura infestation in tomato, via proline production, enhanced
activation of antioxidant enzymes, protease and polyphenol oxidases and increased phenolics, protein
and chlorophyll content (Bano and Mugarab, 2017), suggesting the potential of PGPB as
nonchemical alternative for controlling arthropods and for stimulating plant health and growth (Ruiu,
2020).

Our findings provide evidence of mirid-mediated transmission of beneficial bacterial strains and
assessed transmission efficacy, quantification and distribution pattern in tomato plant tissues (shoots
and roots) and in mirid tissues (epicuticle and internal body of both mirids). In particular, PsJN and
32A can endophytically colonise tomato plants and move from shoots to roots after mirid-mediated
transmission. In order to implement plant inoculation strategies with mirids, future steps must focus
on the interactions between M. pygmaeus or N. tenuis and the PGPB strains in order to evaluate the
persistence of beneficial bacteria on mirids, possible unknown harmful impact of PGPB on mirids’
performance and efficacy as predators and to verify if PsJN and 32A can also be transmitted through

feeding, physical contact, excretion and/or their combination.
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TABLE 1| Tomato growth promotion by endophytic bacterial strains.

Mock-inoculated

PsJN-inoculated

32A-inoculated

Day 7 Day 11

Day 7 Day 11

Day 7 Day 11

Shoot length 29+ 4.87 +
(cm) 0.15a 0.23A
Fresh weight 0.033 + 0.053 +
Q) 0.002a 0.002A

395+ 535+
0.16b 0.17A
0.04 £ 0.058 £
0.001b 0.002A

412 + 5.31+
0.19b 0.12A

0.04 £ 0.059 +
0.001b 0.002A

Shoot length (cm) and fresh weight (g) of mock-inoculated plants and plants inoculated with
Paraburkholderia phytofirmans PsIJN (PsJN) or Enterobacter sp. 32A (32A) was assessed without
mirid feeding at seven (day 7) and eleven (day 11) days after seed inoculation. The two-way analysis
of variance showed no significant differences between the two experimental repetitions (P > 0.05)
and data from the two experiments were pooled. Mean and standard error values of 24 replicates
(plants) are presented for each treatment. Different lowercase and uppercase letters indicate
significant differences among treatments at three or seven days according to Tukey’s test (P < 0.05),

respectively.
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FIGURE 1 | Description of the experiment. Surface-sterilised seeds were transferred to Petri dishes
containing 1% water agar and were incubated for two days in a growth chamber to allow seed
germination (day 1). Seeds were treated with sterile MgSO, (mock-inoculated) or inoculated with a
bacterial suspension of Paraburkholderia phytofirmans PsJN (PsJN) or Enterobacter sp. 32A (32A)
by overnight incubation in the growth chamber (day 3). Germinated seeds with the same root length
were selected and each seed was transferred to a sterile glass tube containing half-strength Hoagland
(day 4). A freshly emerged mirid adult (Macrolophus pygmaeus or Nesidiocoris tenuis) was placed in
each glass tube containing a seven days-old tomato plant that was either mock-inoculated or
inoculated with PsJN or 32A (day 7). Before transferring the mirid in the glass tube shoot length was
measured by image analysis (day 7). Tubes were incubated for four days in the growth chamber in
order to allow mirids to feed on tomato plants (acquisition period). For double labelling of
oligonucleotide probes for fluorescence in situ hybridisation (DOPE-FISH) analysis, mirids were
collected four days after feeding (acquisition period) on mock-inoculated plants or plants inoculated
with PsJN or 32A (day 11). Shoot length was measured by image analysis and plants were collected
for bacterial re-isolation and fresh weight assessment after mirid feeding (day 11). Each mirid was
transferred in a new glass tube containing a mock-inoculated tomato plant (day 11) and incubated for
three additional days (mirid-mediated transmission), in order to allow mirids to feed on tomato
plants. Mirids and plants after mirid-mediated transmission were collected for bacterial re-isolation
(day 14), tomato shoot length was measured by image analysis and fresh weight was assessed (day
14).
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PsJN-inoculated plant, Mscrolgphuspygmseus

32A-inoculated plant, Nesidioconsfenuis

Modk-inoculated plant Mscrolophus pygmseus

FIGURE 2 | Location of endophytic bacterial strains on mirids. Macrolophus pygmaeus (A, C
and E) and Nesidiocoris tenuis (B, D and F) abdomen (a), thorax (b) and leg (c) samples were
collected at the end of the acquisition period (day 11) on plants inoculated with Paraburkholderia
phytofirmans PsIJN (PsJN) (A, B) or Enterobacter sp. 32A (32A) (C, D) or mock-inoculated plants
(E, F). PsJN cells were hybridised with the EUBmix and Bphyt probes (A, B) and 32A cells were
hybridised with the EUBmix and Gam42a probes (C, D). Mirids fed on mock-inoculated plants (E, F)
were hybridised with the EUBmix and Gam42a probes. Five replicates (mirids) were analysed for
each treatment and representative pictures were selected. Bars correspond to 10 pm.
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FIGURE 3 | Quantification of endophytic bacterial strains in tomato plants. Bacterial re-
isolation was carried out from seed-inoculated whole plants at the end of the acquisition period (day
11) and from shoots or roots of plants at the end of the mirid-mediated transmission (day 14) with
Macrolophus pygmaeus (A) or Nesidiocoris tenuis (B). The quantity of re-isolated bacteria is
expressed as colony forming units (CFU) per gram of fresh weight of the whole plant (CFU g™) per
gram of fresh weight of the plant shoot (CFU g™) or as CFU for each plant shoot (CFU g™) or root
(CFU root™) of mock-inoculated plants (Mock, green) and plants inoculated with Paraburkholderia
phytofirmans PsIJN (PsJN, red) or Enterobacter sp. 32A (32A, blue). The two-way analysis of
variance showed no significant differences between the two experimental repetitions (P > 0.05) and
data from the two experiments were pooled. Figure only shows mean and standard error values for
positive samples and at least nine replicates (plants) are presented for each treatment. For each
treatment, no significant differences were found in the pairwise comparisons between M. pygmaeus
or N. tenuis fed on PsJN- and 32A-inoculated plants according to Mann-Whitney test (P < 0.05). No
PsJN and 32A bacterial colonies were isolated from mock-inoculated samples.
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FIGURE 4 | Quantification of endophytic bacterial strains on mirid epicuticle and internal.
Bacterial re-isolation was carried out from mirid washing suspension (bacteria adhering to the mirid
epicuticle) or from tissue grinding of surface-sterilised mirid (bacteria in the mirid internal body) at
the end of the mirid-mediated transmission (Mirid-mediated transmission; day 14) with Macrolophus
pygmaeus (A) or Nesidiocoris tenuis (B). The quantity of re-isolated bacteria is expressed as colony
forming units per mirid (CFU mirid™) fed on mock-inoculated plants (Mock, green) and plants
inoculated with Paraburkholderia phytofirmans PsIJN (PsJN, red) or Enterobacter sp. 32A (32A,
blue). The two-way analysis of variance showed no significant differences between the two
experimental repetitions (P > 0.05) and data from the two experiments were pooled. Figure only
shows mean and standard error values for positive samples and at least nine replicates (mirids) are
presented for each treatment. Asterisks indicate significant differences in the pairwise comparisons
between M. pygmaeus fed on PsIN- and 32A-inoculated plants according to Mann-Whitney test (P <
0.05). For each treatment, no significant differences were found in the pairwise comparisons between
N. tenuis fed on PsIN- and 32A-inoculated plants according to Mann-Whitney test (P < 0.05). No
PsJN and 32A bacterial colonies were isolated from mirids fed on mock-inoculated samples.
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FIGURE 5 | Effects of mirid feeding on tomato shoot length. Changes in shoot length caused by
Macrolophus pygmaeus (A and B) or Nesidiocoris tenuis (C and D) feeding were assessed on mock-
inoculated plants (Mock) and plants inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or
Enterobacter sp. 32A (32A) and calculated as the difference between shoot length measured before
(day 7) and at the end of the acquisition period (day 11; A and C) or before (day 11) and after the
mirid-mediated transmission (day 14; B and D). The two-way analysis of variance showed no
significant differences between the two experimental repetitions (P > 0.05) and data from the two
experiments were pooled. Figure only shows mean and standard error values for positive samples and
at least nine replicates (plants) are presented for each treatment. Different letters indicate significant
differences among treatments according to Tukey’s test (P < 0.05). Asterisks indicate significant
differences in the pairwise comparisons between mock-inoculated and bacterium-inoculated plants,
according to Student’s t test (P < 0.05).
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SUPPLEMENTARY MATERIAL
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FIGURE S1 | Negative controls of double labelling of oligonucleotide probes for fluorescence in
situ hybridisation. Macrolophus pygmaeus (A, C and E) and Nesidiocoris tenuis (B, D and F)
abdomen (a), thorax (b) and legs (c) samples were collected four days after feeding (acquisition
period) on plants inoculated with Paraburkholderia phytofirmans PsJN (PsIJN) (A, B) or
Enterobacter sp. 32A (32A) (C, D) or mock-inoculated plants (E, F) and hybridised with the
NONEUB probe as negative probe not targeting bacterial sequences. Five replicates (plants) were
analysed for each treatment and representative pictures were selected. Bars correspond to 10 um.
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6 DISCUSSION

Conventional agriculture largely depends on the use of synthetic chemical fertilisers and
pesticides, which have numerous environmental drawbacks, such as the contamination of soil and
aquatic ecosystems, non-target species loss and residue accumulation in the final product
(lyaniwura 1991; Khan et al., 2018). Among crop plants, tomato is cultivated under greenhouses
and field conditions (Hobson and Grierson 1993), requires an extensive use of chemical fertilisers
and is greatly affected by arthropod feeding damages (Wakil et al., 2017; Maham et al., 2020).
Microbial biofertilisers (e.g. plant growth-promoting bacteria;, PGPB) and non-microbial
biostimulants (e.g. humic acids; HA) are key alternative solutions to reduce the use of harmful
synthetic fertilisers and pesticides in agriculture (Rouphael and Colla 2020b). Although PGPB
interaction with plants have been relatively well studied, the combined applications of living
PGPB and organic biostimulant on crops remains poorly investigated.

Among alternative solutions, biological control in crop protection is the augmentation or
introduction of beneficial organisms (including generalist predators of the family Miridae) for the
management of crop pests, pathogens or weeds (Heimpel and Cock 2018). However, the wide
host range, winged adults and piercing-sucking mouthparts indicate the potential of beneficial
mirids predators as vector of phytopathogenic or beneficial microbes, such as PGPB (Gibb and
Randle, 1991).

In this PhD project, the molecular basis of the interaction between endophytic bacterial
strains and tomato plants in the presence of HA was investigated, in order to improve the
understanding on the mechanism responsible for plant growth promotion. Some strains belonging
to the bacterial genera Enterobacter, Pantoea and Paraburkholderia had already been previously
recognised as PGPB (Sessitsch et al., 2005; Campisano et al., 2014; Hardoim et al., 2015) and
seed inoculation with P. phytofirmans PsJN, P. agglomerans D7G and Enterobacter sp. 32A
increased tomato shoot growth. Inoculated tomato plants were efficiently colonised by the tested
endophytic bacterial strains and HA did not increase the tissue colonisation intensity compared to
the control condition. Moreover, the addition of HA (at the optimal concentration of 50 mg L™)
enhanced the tomato growth induced by the endophytic bacterial strains, suggesting some
possible additive effects of HA to the tested PGPBs, as reported in previous studies for maize
(Canellas et al., 2012; Canellas et al., 2015). Half of the DEGs was modulated by at least two

90



endophytic bacterial strains and they represent possible common pathways modulated in response
to bacterial endophytes, involving protein metabolism, transcription, transport, signal
transduction and defence. Moreover, tomato genes were modulated by endophytic bacterial
strains mainly in roots compared to shoots, indicating major transcriptional regulations in
belowground compared to aboveground tissues. Likewise, plant roots play a critical role in
perception and recognition of the rhizosphere microorganisms (De Palma et al., 2019) and the
presence of HA enhanced the activation of signal transduction and transcription processes in
response to endophytic bacterial strains. Since beneficial effects of endophytic bacterial strains
can derive from multiple mode of action (Glick 2012; Ferreira et al., 2019), it is difficult to
discriminate effects of microbial activities in providing nutrients to plants and/or stimulation of
plant growth (e.g. modulation of the hormone levels). The increase of nutrient uptake is one of
the direct mechanisms through which PGPB (Glick 2012) and HA (Zanin et al., 2019) contribute
to plant development. In this study, several transporter-encoding tomato genes were upregulated
suggesting a positive effect of PGPB and HA on tomato nutrient uptake, in agreement with
previous findings (Zandonadi et al., 2016; Ibort et al., 2018). Another direct mechanism of
PGPB-dependent plant growth promotion is the modulation of the hormone levels (Glick 2012).
Previous studies demonstrated the ability of P. phytofirmans PsJN, P. agglomerans D7G and
Enterobacter sp. 32A to produce auxin (Poupin et al., 2013; Campisano et al., 2014) and the
capacity of HA to upregulate auxin responsive genes in A. thaliana (Trevisan et al., 2010) and
induce cytokinin-like (Pizzeghello et al., 2012) and gibberellin-like (Nardi et al., 2000) activity in
maize plants, suggesting complementation effects of endophytic bacterial strains and HA in the
stimulation of hormone metabolism. As a possible consequence of hormonal changes, genes
upregulated by at least two endophytic bacterial strains in the HA condition were involved in cell
growth and cell wall biosynthesis. Thus, the upregulation of cell wall-loosening enzymes may be
a common plant response to PGPB, in order to facilitate endophytic colonisation and plant
growth promotion (lIrizarry and White 2018). In addition, the antioxidant machinery was
activated in tomato roots mainly in the HA condition, indicating an attempted plant defence
reaction against endophytic bacterial strains that is probably precisely tuned by the endophytic
bacterial strains to allow tissue colonisation (van Loon et al., 2007). In addition, strain-specific
tomato responses involved signal transduction, transcription, hormone metabolism, protein

metabolism, secondary metabolism and defence processes, highlighting specific traits of the
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endophyte-tomato interaction. These findings demonstrate the complementation properties of HA
on the activation of pathways responsible for signal transduction, hormone metabolism,
transcription, protein metabolism, transport, defence and cell growth in response to the
endophytic bacterial strains. Moreover, this study reports the optimised HA dosage and gene
markers for the further development of efficient of PGPB- and HA-based biostimulants.
Moreover, the results of the study contribute to a better understanding of the molecular
mechanisms and metabolic pathways activated in tomato root and shoot by P. phytofirmans PsJN,
P. agglomerans D7G and Enterobacter sp. 32A.

This PhD project verified the role of beneficial mirids, M. pygmaeus and N. tenuis in the
transmission of PGPB between tomato plants. The majority of mirids fed on P. phytofirmans
PsJN- and Enterobacter sp. 32A-inoculated tomato plants were able to acquire the bacterial
strains both as epicuticle-adhering bacteria and insect internal bacteria. This evidence indicates
that tomato tissues are suitable media for the acquisition of the selected endophytic bacteria,
possibly because P. phytofirmans PsJN and Enterobacter sp. 32A are colonising the xylem
(Gonella et al., 2015; Galambos et al., 2020). Both mirid species transmitted P. phytofirmans
PsJN and Enterobacter sp. 32A between tomato plants and bacteria could be re-isolated from
tomato shoots after mirid-mediated transmission. In particular, plant roots, separated from the
stems by a paraffin layer in order to prevent the contamination of the growth medium and to
avoid insect contact with media and roots, were colonised by P. phytofirmans PsJN and
Enterobacter sp. 32A, indicating that both strains moved from stems to roots after transmission,
as previously reported in grapevine for Enterobacter sp. 32A (Lopez-Fernandez et al., 2017).
Moreover, considering the mobile nature of mirids, they have the potential to facilitate the
transmission of beneficial endophytes among crops (Gibb and Randle, 1991; Gonella et al.,
2015). These findings provide direct evidence of mirid-mediated transmission of beneficial
bacterial strains, including the transmission efficiency, quantification and distribution pattern in
tomato plant tissues (shoots and roots) and in insect tissues (epicuticle-adhering bacteria and
insect internal bacteria). In order to implement plant inoculation strategies with mirids, future
steps must focus on the interactions between M. pygmaeus or N. tenuis and the PGPB strains in
order to evaluate the persistence of beneficial bacteria on mirids, possible unknown harmful
impact of PGPB on mirids’ performance and efficacy as predators and to verify if PsJN and 32A

can also be transmitted through feeding, physical contact, excretion and/or their combination.

92



7 CONCLUSIONS

Three bacterial strains (namely P. phytofirmans PsJN, P. agglomerans D7G and
Enterobacter sp. 32A) that endophytically colonise tomato plants were selected and they were
able to promote tomato shoot length in the presence of HA, indicating a possible
complementation of PGPB and HA effects. Tomato colonisation by endophytic bacterial strains
was comparable in the control and HA condition and molecular mechanisms activated in tomato
plants in response to endophytic bacteria were clarified by a transcriptomic study. In particular,
the main transcriptional regulations occurred in tomato roots and the majority of DEGs was
upregulated by endophytic bacterial strains in the HA condition. Half of the DEGs was
modulated by more than two strains, as possible common reactions to endophytic bacterial
strains, involving protein metabolism, transcription, transport, signal transduction and defence.
Moreover, strain-specific tomato responses included the upregulation of signal transduction,
transcription, hormone metabolism, protein metabolism, secondary metabolism and defence
processes, highlighting specific traits of the endophyte-tomato interaction. The presence of HA
enhanced the upregulation of signal transduction, hormone metabolism, transcription, protein
metabolism, transport, defence and growth-related processes in terms of number of involved
genes and fold change values, indicating additive effects of bacterial endophytes and HA in plant
growth promotion mechanisms. Beneficial mirids (namely M. pygmaeus and N. tenuis) act as
efficient vectors to transmit P. phytofirmans PsJN and Enterobacter sp. 32A between tomato
plants. Tomato shoot and root colonisation by endophytic bacterial strains was found in tomato
plants after mirid-mediated transmission of P. phytofirmans PsJN and Enterobacter sp. 32A.
These results provide information on acquisition and transmission of PGPB by beneficial insects
and reports a novel method for biofertiliser delivery. Knowledge on the HA-dependent
enhancement of growth-related processes stimulated by endophytic bacterial strains and on the
insect-mediated transmission of beneficial bacterial endophytes obtained in this work represent
key information for the further development of combined formulations of endophytic bacterial
strains and HA and for the possible use of beneficial insects as delivery strategies of bacterial
biofertilisers for tomato production. Further studies could add knowledge on the interaction of
endophytes and HA with the plant microbiome and their combined effect on plants’ fitness.

Likewise, future steps must focus on the interactions between M. pygmaeus or N. tenuis and the
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PGPB strains in order to evaluate the persistence of beneficial bacteria on mirids, possible
unknown harmful impact of PGPB on mirids’ performance and efficacy as predators. Genes
identified in this work may be the source of important markers to monitor the tomato response to
bacterial endophytes and HA under field conditions. Although the data presented in this thesis
does not specifically seek to understand how the combined application of PGPB and HA affect
mineral nutrition and hormone metabolism in plants, further molecular and biochemical studies
would help to elucidate their complementary role in plant growth promotion. More trials are
needed under commercial greenhouse or field conditions over multiple years with employing
omics technologies followed by analysis of targeted genes, proteins and metabolites to confirm
plant growth promotion effects of endophytic bacteria and HA, to understand changes in both
plants and PGPB and to verify the successful transmission mediated by mirids.
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8  ABBREVIATIONS
ACC 1-aminocyclopropnae-1-carboxylate

DOPE-FISH Double labelling of oligonucleotide probes for fluorescent in situ hybridisation

GFP Green fluorescent protein

HA Humic acid

HCN Hydrogen cyanide

IAA Indole-3-acetic acid

PGPB Plant growth-promoting bacteria
ROS Reactive oxygen species

SAM S-adenosylmethionine
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