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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 carnivore 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 the shoots to roots after mirid-mediated
transmission. In conclusion, this study provided novel evidence for the acquisition and transmission
of plant growth-promoting bacterial endophytes by beneficial mirids.

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

1. 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 [1,2]. 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 [3–6]. Tomato can be damaged by
phytophagous arthropods worldwide [7], both under field and greenhouse conditions [8].
For example, leafminers (e.g., Tuta absoluta and the dipteran Liriomyza spp.) and phy-
tophagous mites (e.g., Tetranychus sp. and Aculops lycopersici) reduce the photosynthetic
area and the latter also increase plant transpiration and alter the water balance [9]. 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 [9]. To counteract these pests, the generalist mirids
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(e.g., M. pygmaeus and N. tenuis) are increasingly used in many European and adjacent
countries [7], thanks to their ability to rapidly colonise tomato plants and to establish stable
colonies early in the growing season [7,10–12].

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 [13]. These two species frequently complement their carnivore diet
with plant sap feeding [14,15], which could also lead to slight yield losses [16,17]. 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) [18]. On the other hand, N. tenuis feeds mainly within the vascular semi-ring
of tomato plants [19,20], and high population densities cause necrotic rings in both the
leaves and flower petioles, and whitish halos on the fruits, independently of the presence
of PepMV [21,22].

Mouthpart morphology and trophic behaviour suggest possible exchange of mi-
croorganisms between the insects and host plants, as has been demonstrated in many
hemipteran species [23]. Mirids are generally considered negligible vectors of plant
pathogens [24], but Erwinia amylovora [25] and Lonsdalea quercina pv. lupinicola [26] can be
transmitted by herbivorous Lygus spp. Likewise, Pantoea spp. and Serratia marcescens can
be transmitted by Lygus hesperus [27] and velvet tobacco mottle virus can be transmitted by
Cyrtopeltis nicotianae [24,28]. In the case of M. pygmaeus and N. tenuis, they can both trans-
mit parietaria mottle virus from Parietaria officinalis to tomato plants [29]. Insect-mediated
disease transmission can occur by direct feeding on infected plants [28], through excretion
products [30] or by physical contact [25], suggesting multiple mechanisms of possible trans-
mission 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 [31]. 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 [32]. Among them, the so
called plant growth-promoting bacteria (PGPB) can improve plant growth and increase nu-
trient supply, including nitrogen, phosphorus and iron [33]. 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 [34]. For
example, the beneficial endophyte Paraburkholderia phytofirmans PsJN (PsJN), previously
isolated from surface-sterilised onion roots [35] and classified as Pseudomonas and then
Burkholderia [35,36], was able to promote plant growth [37–39] and upregulate the genes
related to protein metabolism, transcription, transport, defence pathways, signal trans-
duction and hormone metabolism in tomato [39]. Similarly, Enterobacter sp. 32A (32A)
was isolated from the grapevine endosphere [40] and promoted plant growth [39], acti-
vating a complex transcriptional reprogramming in tomato [39] and defence pathways
in grapevine [41] plants. Moreover, 32A inhibited the growth of plant pathogens (e.g.,
Botrytis cinerea, Botryosphaeria dothidea and B. obtusa) [40] suggesting the use of PGPB to
improve plant growth and health [39].

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 ac-
quired from tomato plants previously inoculated and transmitted to non-inoculated plants
by beneficial mirids. Moreover, the ability of PGPB to reduce feeding damage of mirids
was addressed, when tomato plants were offered as the sole food source. This knowl-
edge could greatly contribute to the development of combined approaches in biocontrol
and biofertilisation.
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2. Material and Methods
2.1. Bacterial Strains and Inoculum Preparation

Two bacterial strains were used, namely, Paraburkholderia phytofirmans PsJN (PsJN), iso-
lated from surface-sterilised onion roots [35], and Enterobacter sp. 32A (32A), isolated from
a grapevine endosphere [40], which were able to promote tomato growth [39]. 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 3500× g for 10 min
and washed twice with sterile 10 mM MgSO4. Bacterial cells were then suspended in sterile
10 mM MgSO4 and the bacterial suspension was adjusted to 1.0 × 107 colony forming units
(CFU) per unit of volume (CFU mL−1) based on an optical density conversion at 600 nm
(OD600) optimised for each strain (OD600 0.1 corresponded to 2.34 × 108 CFU mL−1 for
PsJN and to 6.90 × 107 CFU mL−1 for 32A) [39].

2.2. 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 washed three times (3 min each) with
sterile distilled water (Day 1; Figure 1) [39]. 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) to allow seed germination. Seeds were treated
with 1 mL of sterile 10 mM MgSO4 (mock-inoculated) or inoculated with 1 mL of the
bacterial suspension (bacterium-inoculated) using the respective bacterial strain (1 × 107

CFU mL−1 PsJN or 32A) by overnight incubation in the growth chamber (seed-inoculated
plants) (Day 3) [39]. 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−1 agar) half-strength Hoagland (Day 4) [39]. Plants were incubated in a
growth chamber at 21 ± 1 ◦C with a 16/8 light/dark photoperiod.

2.3. 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, West-
erlo, 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 [42]. 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 using ImageJ version 1.50e [43]. Plants were
incubated in the growth chamber at 21 ± 1 ◦C 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, and five
mirids for each treatment were sampled for double labelling of oligonucleotide probes for
fluorescence in situ hybridisation (DOPE-FISH) analysis and whole plants were collected
for bacterial re-isolation (Day 11). Each remaining mirid was transferred to a new glass
tube containing a mock-inoculated tomato plant and incubated in the growth chamber to
allow mirids to feed on the 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 and the fresh weight
were assessed. 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
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half-strength Hoagland was overlaid with 1 mL of sterile melted paraffin (Sigma-Aldrich,
Merck, Darmstadt, Germany), in order to avoid contact of the mirids with either the tomato
roots or the growth medium and to prevent contaminations [31].
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Figure 1. Description of the experiment. Day 1, surface-disinfected seeds were transferred to Petri dishes containing 1%
water agar and were incubated in a growth chamber to allow seed germination. Day 3, seeds were treated with sterile MgSO4

(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 4, germinated seeds with the same root length were
selected and each seed was transferred to a sterile glass tube containing half-strength Hoagland. Day 7, a freshly emerged
mirid adult (Macrolophus pygmaeus or Nesidiocoris tenuis) was placed in each glass tube containing a tomato plant that was
either mock-inoculated or inoculated with PsJN or 32A. Before transferring the mirid in the glass tube, shoot length was
measured by image analysis. Tubes were incubated in the growth chamber in order to allow mirids to feed on tomato
plants (acquisition period). Day 11, for double labelling of the oligonucleotide probes for fluorescence in situ hybridisation
(DOPE-FISH) analysis, mirids were collected at the end of the acquisition period on mock-inoculated plants or plants
inoculated with PsJN or 32A, shoot length was measured by image analysis, and whole plants were collected for bacterial
re-isolation and fresh weight assessment. Each mirid was transferred to a new glass tube containing a mock-inoculated
tomato plant and incubated to allow the mirids to feed on the tomato plants (mirid-mediated transmission), and then shoot
length was measured. Day 14, mirids and plants after mirid-mediated transmission were collected for bacterial re-isolation,
and the tomato shoot length and fresh weight were assessed.

2.4. 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 µL distilled water by vigorous vortexing
in a 2 mL tube to collect the majority of bacteria adhering to the mirid epicuticle [31]. Each
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plant was surface-disinfected in a 50 mL tube and each mirid was surface-disinfected 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 [39]. Surface-disinfected plants, or mirids, were washed three
times with distilled water (3 min each). After surface disinfection, each seed-inoculated
plant was placed in a 2 mL tube, while the 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 µL potassium phosphate buffer (1 mM, pH 7) in a mixer-mill disruptor (MM 400,
Retsch, Haan, Germany) at 25 Hz for 2 min [39]. Conversely, each root or mirid was ground
in 200 µL potassium phosphate buffer (1 mM, pH 7) in the mixer-mill disruptor (MM 400,
Retsch). Each suspension was serially diluted and 10 µL aliquots were plated in triplicates
on nutrient agar (NA). Aliquots of the last washing solution were plated as the control of
surface disinfection. After incubation at 25 ◦C for 72 h, colonisation intensity was calculated
as CFU values of bacteria per unit of plant fresh weight (CFU g−1), per unit of mirid (CFU
mirid−1) or per unit of root (CFU root−1). Successful bacterial colonisation was calculated
as the percentage of positive samples (%), such as seed-inoculated plants, shoots or roots
after mirid-mediated transmission, mirid epicuticle or internal body with any amount of
the respective bacteria present over the total number of samples, in order to calculate the
colonisation intensity after successful mirid-mediated transmission (CFU g−1, CFU mirid−1

or CFU root−1) on positive samples [44]. 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. In particular, colony morphology (colour, elevation, form and
margin) of each bacterial isolate was compared with that of PsJN (white colony with raised
elevation, circular and entire margin) and 32A (yellowish colony with raised elevation,
circular and entire margin) grown on NA medium. Only a very few morphologies of
bacterial colonies were found and no PsJN- or 32A-like colonies were re-isolated from the
mock-inoculated plants and from mirids that feed on mock-inoculated plants, indicating the
very rare presence of indigenous culturable bacteria. Moreover, no colonies were detected
in surface-disinfected mock-inoculated plants that were kept mirid-free for sterility control.
For bacterial identification by sequencing, three representative 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). Briefly, 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× g. Then, the
pellet was suspended in 100 µL 0.05 M NaOH and incubated at 95 ◦C for 15 min. After
a centrifugation of 2 min at 10,000× g, the supernatant was used as DNA template [45].
Amplicons of the 16S rRNA gene were obtained with PCR using the 27-forward (5′-
AGAGTTTGATCCTGGCTCAG-3′) and 1492-reverse (5′GGTTACCTTGTTACGACTT-3′)
primer. PCR products were generated by amplifying 5 µL DNA with 0.1 µM of each primer,
12.5 µL Go Taq Green Master Mix (Promega GmbH, Mannheim, Germany) and 12 µL
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,
Göttingen, Germany). Amplicons were purified by ExoProstar Kit (Illustra, 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://www.ncbi.nlm.
nih.gov/nucleotide/, 1 January 2021) using BLASTN (Basic Local Alignment Tool) and
aligned with the original sequences using the programme Mega X version 10.1.1 [46], in
order to confirm the PsJN and 32A identity.

https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ncbi.nlm.nih.gov/nucleotide/
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2.5. 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 PsJN or 32A (Day 11, Figure 1). Samples were fixed in a 4%
paraformaldehyde in phosphate-buffered saline (PBS) solution at 4 ◦C for five hours and
were rinsed three times with 1 × PBS, as previously reported [47]. 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. The probe mixture targeting eubacteria was composed of
EUB338, EUB338II and EUB338III (EUBmix), coupled with a Cy3 fluorochrome and Bphyt
probe targeting the 23S rRNA gene of PsJN coupled with Cy5 [48–50]. For 32A, the EUBmix
and Gam42a probe targeting the 23S rRNA gene of 32A coupled with Cy5 was used [51].
The NONEUB probe coupled with Cy3 or Cy5 was used independently as the negative
control [52]. Fluorescent in situ hybridisation was carried out in sterile 1.5 mL tubes at
46 ◦C for 2 h in the dark with 60 µL hybridisation buffer for PsJN (containing 0.9 M NaCl;
0.02 M Tris HCl, 0.01% SDS, 10% formamide and 5 ng µL−1 of each probe) and with 60 µL
hybridisation buffer for 32A (containing 0.9 M NaCl; 0.02 M Tris HCl, 0.01% SDS, 35%
formamide and 5 ng µL−1 of each probe). Washing was conducted at 48 ◦C for 30 min
with a pre-warmed post-FISH solution containing 0.02 M Tris HCl, 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
and 633 nm wavelengths with the Cy3 signal assigned as green and Cy5 as red. Pictures
were analysed using Imaris 8 software (BITPLANE, Belfast, United Kingdom). 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 the
light/contrast balance improved in the post process.

2.6. Statistical Analysis

All experiments were carried out twice and data were analysed with Past 3.26 soft-
ware [53]. After validating the 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 as-
sess 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. The CFU values of
the bacterial re-isolation were Log10-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 for significant differences in case of
pairwise comparisons.

3. Results
3.1. Beneficial Mirids Acquire Endophytic Bacteria by Feeding on Tomato Plants

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 on
bacterium- and mock-inoculated plants (Day 11). Yellow fluorescent PsJN (Figure 2A,B) and
32A (Figure 2C,D) single cells, aggregates and micro-colonies were found on the abdomen,
thorax and legs of M. pygmaeus and N. tenuis that fed on bacterium-inoculated plants.
Conversely, only some native bacteria were present on mirids fed on mock-inoculated
plants (Figure 2E,F). The NONEUB probe was used as a negative probe not targeting
bacterial sequences and only a few green/blue-cyan fluorescent microbes could be detected
on mirids fed on mock-, PsJN- and 32A-inoculated plants, as an indicator of the rare
presence of indigenous microorganisms (Figure S1).
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Figure 2. Location of endophytic bacterial strains on mirids. Macrolophus pygmaeus (A,C,E) and Nesidiocoris tenuis
(B,D,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 PsJN (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 µm.
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Tomato plants were colonised by endophytic bacterial strains, and PsJN and 32A were
re-isolated at the end of the acquisition period (Day 11) from 100% of the seed-inoculated
plants, with a colonisation intensity of 3.44 × 106 and 8.81 × 106 CFU g−1, respectively
(Figure 3A,B). At the end of the mirid-mediated transmission (Day 14), 95.7% and 52.4%
of the internal body of M. pygmaeus showed a PsJN and 32A colonisation intensity of
6.73 × 103 and 1.86 × 104 CFU mirid−1, respectively (Figure 4A). Meanwhile, 69.6% and
81.8% of the M. pygmaeus epicuticle showed a PsJN and 32A colonisation intensity of
1.03 × 104 and 4.50 × 102 CFU mirid−1, respectively (Figure 4A). Moreover, PsJN and 32A
colonisation intensity was 4.71 × 103 and 1.40 × 104 CFU mirid−1 in 47.1% and 89.5% of
the N. tenuis internal body or 7.56 × 102 and 4.58 × 103 CFU mirid−1 in 23.5% and 75.0% of
the N. tenuis epicuticle, respectively (Figure 4B). However, PsJN and 32A were not detected
in surface-disinfected mock-inoculated plants at the end of the acquisition period (Day 11;
Figure 3), nor on the epicuticle and internal bodies of M. pygmaeus and N. tenuis individuals
that fed on the mock-inoculated plants (Day 14; Figure 4).
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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 are expressed
as colony forming units (CFU) per gram of fresh weight of the whole plant (CFU g−1) and plant
shoot (CFU g−1), or as CFU for each plant root (CFU root−1) of mock-inoculated plants (Mock, green)
and plants inoculated with Paraburkholderia phytofirmans PsJN (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. 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 PsJN- and 32A-inoculated samples, according to the Mann–Whitney test (p ≤ 0.05). Neither
PsJN nor 32A bacterial colonies were isolated from the mock-inoculated samples.
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Figure 4. Quantification of endophytic bacterial strains on the mirid epicuticle and internal body.
Bacterial re-isolation was carried out from a mirid washing suspension to collect bacteria adhering
to the mirid epicuticle or from tissue grinding of surface-disinfected mirids to collect bacteria in
the mirid internal body 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 the colony
forming units per mirid (CFU mirid−1) fed on mock-inoculated plants (Mock, green) and plants
inoculated with Paraburkholderia phytofirmans PsJN (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. 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 the PsJN- and 32A-
inoculated samples, according to the Mann–Whitney test (p ≤ 0.05). Neither PsJN nor 32A bacterial
colonies were isolated from mirids fed on the mock-inoculated plants.

3.2. Beneficial Mirids Transmit Endophytic Bacteria by Feeding on Tomato Plants

Macrolophus pygmaeus and N. tenuis transmitted PsJN and 32A between tomato plants,
and the bacterial strains were re-isolated from tomato shoots after mirid-mediated trans-
mission (Day 14; Figure 3). In particular, 91.7% and 45.5% of tomato shoots showed a
PsJN and 32A colonisation intensity of 1.16 × 105 and 1.02 × 105 CFU g−1 at the end of
the M. pygmaeus-mediated transmission, respectively (Figure 3A). Likewise, 62.5% and
22.7% of the tomato roots showed a PsJN and 32A colonisation intensity of 2.40 × 102

and 5.30 × 102 CFU root−1 at the end of the M. pygmaeus-mediated transmission, respec-
tively (Figure 3A). Moreover, the PsJN and 32A colonisation intensity was 7.72 × 104 and
2.49 × 105 CFU g−1 in 82.4% and 100% of tomato shoots or 5.09 × 103 and 1.84 × 103

CFU root−1 in 17.6% and 55.0% of tomato roots at the end of the N. tenuis-mediated trans-
mission, respectively (Figure 3B). Moreover, PsJN and 32A were not detected in surface-
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disinfected mock-inoculated shoots and roots at the end of the mirid-mediated transmission
(Figure 3A,B). Likewise, no colonies were detected in surface-disinfected mock-inoculated
plants at the end of the acquisition period (sterility control; data not shown).

The difference in tomato shoot length measured at the beginning (Day 7) and at
the end (Day 11) of M. pygmaeus feeding was comparable for the PsJN-, 32A- and mock-
inoculated plants (Figure 5A), while that measured before (Day 11) and after (Day 14)
M. pygmaeus-mediated transmission was greater in the PsJN-inoculated plants compared
to mock- and 32A-inoculated plants (Figure 5B). The difference between tomato shoot
length measured at the beginning and at the end of N. tenuis feeding (Figure 5C) and
measured before and after N. tenuis-mediated transmission (Figure 5D) was greater in
PsJN-inoculated plants compared to mock- and 32A-inoculated plants.
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Figure 5. Effects of mirid feeding on tomato shoot length. Changes in shoot length caused by Macrolophus pygmaeus
(A,B) or Nesidiocoris tenuis (C,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 the shoot
length measured before (Day 7) and after (Day 11) the acquisition period (A,C), or before (Day 11) and after (Day 14) the
mirid-mediated transmission (B,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. 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 the mock-inoculated and bacterium-inoculated plants, according to Student’s t-test (p ≤ 0.05).

4. Discussion

Insects belonging to the suborder Heteroptera (e.g., mirids) are poorly studied as po-
tential vectors compared to those belonging to the suborder Homoptera (e.g., leafhoppers,
psyllids, aphids and whiteflies) [24]. Likewise, the significance of insects as vectors of
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plant pathogens is well characterised [54], while their role in the transmission of beneficial
bacteria is less studied and in the case of mirids is unknown. This study assessed whether
beneficial mirids, commonly used for biocontrol programs, could acquire and transmit
beneficial microorganisms. Our results demonstrated that both mirids tested (M. pygmaeus
and N. tenuis) are able to acquire the two beneficial bacterial strains (PsJN and 32A), both
as bacteria adhering to the mirid epicuticle and in the mirid internal body through tissue
contact and feeding on seed-inoculated tomato plants. Bacterial strains were visualised on
the mirid abdomen, thorax and legs, but not in the mirid internal body, due to technical
limitations related to the small size of mirids (3 mm). However, bacterial presence in the
mirid internal body was confirmed by bacterial re-isolation from surface-disinfected mirids
and 16S rRNA gene sequencing, supporting the mirid-mediated bacterial transmission
from inoculated plants. This result indicates that tomato tissues are suitable for the acquisi-
tion of endophytic bacteria, likely because the PsJN and 32A strains are able to colonise the
plant xylem [39,55]. For insect bacterial symbionts, such as Cardinium spp. [55] and Wol-
bachia spp. [56], transmission among plants has been demonstrated for homopteran insects
(e.g., leafhoppers and whiteflies), but experimental evidence is limited for heteropteran
insects [57]. In particular, bacterial isolates belonging to Burkholderia spp. were previously
found in the midgut of bean bug (Riptortus clavatus, Hemiptera) and they were possibly
acquired from the soil at the nymphal stage of bean bug [57], 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 [24,55], although further
investigations under greenhouse or field conditions are required to validate the ecological
reliability and applicative relevance of mirid-mediated transmission. It has been demon-
strated 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 [19,20], suggesting that the latter could be a more effective vec-
tor of microorganisms. In particular, 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 [31]. Thus, further
functional studies should be carried out for each combination of mirid species and bacterial
strain, in order to better understand the possible crosstalk and species-specific interactions
between mirids and beneficial bacteria that are responsible for selective transmission.

Successful plant colonisation is a crucial step for PGPB to promote growth [58]. In
our study, beneficial endophytic bacteria were re-isolated from surface-disinfected tomato
shoots and roots at the end of the mirid-mediated transmission at levels similar to seed
inoculation, indicating their potential to establish stable colonies after mirid-mediated
transmission. Plant colonisation is a complex mechanism and endophytes can establish
colonies inside the plant root and then migrate to the stem [58]. Likewise, some endophytes
can penetrate from the leaves either through natural openings or by vector transmission [59].
In our experiments, tomato roots were kept isolated from mirids by a paraffin layer, but they
were colonised by PsJN and 32A, indicating that both strains systemically spread inside
the plant after mirid-mediated transmission. Migration from stems to roots has already
been demonstrated for 32A in grapevine [31]. In the case of increased predator density [5],
mirid feeding on plants could lead to slight yield losses [16,17]. Mirids were provided
with either mock-inoculated or bacterium-inoculated tomato plants as only food source
and differences in tomato shoot length after M. pygmaeus-mediated transmission were
greater in PsJN-inoculated plants compared to mock- and 32A-inoculated plants. Likewise,
differences in tomato shoot length after N. tenuis-mediated transmission were greater in
PsJN-inoculated plants compared to mock- and 32A-inoculated plants, indicating that
PsJN could mitigate mirid feeding damage. These results may indicate that PGPB either
reduce plant sensitivity to mirid feeding or influence plant development (e.g., nutrient
provision and phytohormone production) to compensate for the mirid feeding damage, but
the underlying mechanisms should be further elucidated. For example, some PGPB strains
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(e.g., Pseudomonas putida and Rothia spp.) can mitigate tobacco cutworm (Spodoptera litura)
infestation in tomato [60], suggesting the potential use of PGPB to control arthropods and
to stimulate plant growth [61].

In conclusion, our findings provide evidence of mirid-mediated transmission of bene-
ficial bacterial strains and assessed the transmission efficacy, quantification and distribution
pattern in tomato plant tissues (shoots and roots) and in mirid tissues (mirid epicuticle and
internal body). 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 bene-
ficial bacteria on mirids. Possible unknown impacts of PGPB on mirid performance and
efficacy as predators should be further investigated in order to verify PsJN and 32A trans-
mission through feeding, physical contact, excretion and/or their combination. Further
studies are also required to better characterise the molecular and functional interactions
among mirids, bacteria and plants and to understand the mechanisms responsible for
tissue colonisation and mirid-mediated transmission.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9061294/s1, Figure S1: Negative controls of double labelling of oligonucleotide
probes for fluorescence in situ hybridisation.
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