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Aphids are economically important pest insects that damage plants by phloem feeding
and the transmission of plant viruses. Their ability to feed exclusively on nutritionally poor
phloem sap is dependent on the obligatory symbiotic bacterium Buchnera aphidicola,
but additional facultative symbionts may also be present, a common example of
which is Serratia symbiotica. Many Serratia species secrete extracellular enzymes,
so we hypothesised that S. symbiotica may produce proteases that help aphids
to feed on plants. Molecular analysis, including fluorescence in situ hybridization
(FISH), revealed that S. symbiotica colonises the gut, salivary glands and mouthparts
(including the stylet) of the pea aphid Acyrthosiphon pisum, providing a mechanism
to transfer the symbiont into host plants. S. symbiotica was also detected in plant
tissues wounded by the penetrating stylet and was transferred to naive aphids
feeding on plants containing this symbiont. The maintenance of S. symbiotica by
repeated transmission via plants may explain the high frequency of this symbiont in
aphid populations. Proteomic analysis of the supernatant from a related but cultivable
S. symbiotica strain cultured in liquid medium revealed the presence of known and novel
proteases including metalloproteases. The corresponding transcripts encoding these
S. symbiotica enzymes were detected in A. pisum and in plants carrying the symbiont,
although the mRNA was much more abundant in the aphids. Our data suggest that
enzymes from S. symbiotica may facilitate the digestion of plant proteins, thereby
helping to suppress plant defense, and that the symbionts are important mediators of
aphid—plant interactions.

Keywords: symbiosis, extracellular proteases, phloem sap, Serratia symbiotica, Vicia faba

INTRODUCTION

Aphids are major crop pests, causing both direct feeding damage and the transmission of important
plant viruses (Van Emden and Harrington, 2017). The pea aphid (Acyrthosiphon pisum Harris)
is a model for the analysis of symbiosis, and its genome sequence was the first to be published
among hemipteran insects (Consortium, 2010; Oliver et al., 2014). These species have specialised
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mouthparts, including a stylet that penetrates plant tissues such
as sieve tubes in order to withdraw the phloem sap (Powell
et al., 2006). The adaptation of aphids to this exclusive diet
is facilitated by the obligatory bacterial symbiont Buchnera
aphidicola, which compensates for the lack of nutrients by
providing essential amino acids (Hansen and Moran, 2011).
Aphids may also carry a variety of facultative bacterial
symbionts (e.g., Serratia symbiotica, Hamiltonella defensa,
and Regiella insecticola) that act as mutualists or parasites
depending on the context of the environmental interactions
(Oliver et al., 2010, 2014).

Facultative symbionts are found in multiple aphid tissues
(including the haemolymph, gut, and reproductive system), and
are sometimes co-localised with B. aphidicola within specialised
structures known as bacteriomes (Moran et al., 2005; Skaljac
et al., 2018). Most symbiotic bacteria (obligatory and facultative)
are maternally inherited, whereas the extracellular and scattered
localization of facultative symbionts facilitates their horizontal
transfer, promoting rapid spreading to new hosts (Russell
et al., 2003; Chiel et al, 2009; Oliver et al, 2010). Many
studies have revealed phylogenetically closely related symbionts
in evolutionarily distant hosts, suggesting that bacteria are
horizontally transmitted between diverse insect species (Moran
et al., 2005, 2008; Ahmed et al.,, 2013; Skaljac et al., 2017). The
complex horizontal transmission routes include shared plants
and parasitoids, resulting in the acquisition of novel ecological
traits by the host (Russell et al., 2003; Chiel et al., 2009; Caspi-
Fluger et al.,, 2012; Gehrer and Vorburger, 2012; Gonella et al,,
2015; Chrostek et al., 2017).

The genus Serratia has spread to diverse habitats and the
species in this genus have evolved multiple ecological functions
(Petersen and Tisa, 2013). Whereas S. symbiotica is one of the
most common facultative symbionts of aphids (Manzano-Marin
et al., 2012), other Serratia species are pathogens associated
with humans, insects, nematodes, and plants (Petersen and
Tisa, 2013). The ubiquity of the genus is correlated with its
ability to produce a large number of extracellular proteins
(e.g., proteases, lipases, DNAses, and chitinases) that enable the
species to thrive within or in close contact with many hosts
(Petersen and Tisa, 2014). There are several classes of bacterial
proteases, the most common of which is the metalloproteases
(Miyoshi, 2013), and their major physiological role is to degrade
environmental proteins for bacterial heterotrophic nutrition
(Wu and Chen, 2011).

Although S. symbiotica is predominantly a mutualist, it acts
as a facultative and protective symbiont in A. pisum and the
black bean aphid (Aphis fabae Scopoli), but it has established co-
obligate (nutritional) associations with aphids of the Lachninae
subfamily and B. aphidicola (Manzano-Marin and Latorre,
2016). S. symbiotica provides many benefits but it also imposes
costs on A. pisum by inhibiting reproduction, development
and survival (Laughton et al., 2014; Skaljac et al, 2018).
Insects must control their symbiont population in order to
ensure the success of both partners, and this is frequently
associated with trade-offs between investment in life-history
traits and the regulation of symbionts (Login et al, 2011;
Laughton et al., 2014).

The vast majority of bacterial symbionts have proven difficult
to cultivate in the laboratory due to their lifestyle, gene loss,
and dependence on host metabolites (Dale and Moran, 20065
Stewart, 2012). However, several cultivable strains of S. symbiotica
have recently been isolated from A. fabae and the sage aphid
(A. passeriniana Del Guercio; Sabri et al., 2011; Foray et al,
2014; Grigorescu et al., 2018). These strains are transitional
forms between free-living and host-dependent symbiotic bacteria
and they provide unique opportunities to study different
multi-trophic interactions, such as the tritrophic relationship
between symbionts, insects and plants (Foray et al, 2014;
Renoz et al., 2017).

Bacterial symbionts frequently play a key role in plant-
insect interactions, with important implications for plant defence
and plant utilisation by insects (Frago et al, 2012; Sugio
et al., 2015; Chrostek et al,, 2017). Although the diversity of
insect symbionts associated with plants has been investigated
in detail, the role of symbiotic bacteria in such interactions is
unclear. For example, Rickettsia spp. and Wolbachia spp. infect
the sweet potato whitefly (Bemisia tabaci Gennadius) and are
horizontally transmitted via the host plant to uninfected peers
or even different species (Caspi-Fluger et al., 2012; Li S.J. et al,,
2017; Li Y.H. et al, 2017). Furthermore, Cardinium spp. are
transferred between different phloem-feeding insects via plants
carrying the symbiont (Gonella et al., 2015). A common factor
in many of these studies is that bacterial symbionts are found in
different insect organs, including the salivary glands and stylet,
enabling insect hosts to inoculate plant tissues with symbionts.
Furthermore, Wolbachia spp. and Rickettsia spp. associated with
B. tabaci are viable and persist in reservoir plants for an extended
duration, suggesting potential interactions with the plant, such as
nutrient uptake (Caspi-Fluger et al., 2012; Chrostek et al., 2017;
LiS.J. etal., 2017; Li Y.H. et al., 2017).

Bacterial symbionts are known to help their insect hosts
overcome plant defense and adapt to host plants. As a defence
mechanism, plants frequently produce inhibitors to destroy
proteases secreted by herbivorous insects, thus stopping them
from digesting plant proteins (Hansen and Moran, 2014; Sugio
et al,, 2015; Wielkopolan and Obrepalska-Steplowska, 2016).
In turn, insects may produce new protease isoforms that are
resistant to plant inhibitors, or they may produce proteases
at a higher rate (Wielkopolan and Obrepalska-Steplowska,
2016). Remarkably, gut bacteria in the Western corn rootworm
(Diabrotica virgifera virgifera LeConte) and the velvet bean
caterpillar (Anticarsia gemmatalis Hiibner) produce additional
proteases that help the insects to overcome the protease inhibitors
produced by plants (Sugio et al., 2015).

Aphids inject infested plants with saliva containing proteases
that digest phloem sap proteins, and these enzymes can be
inhibited by the broad-spectrum metalloprotease inhibitor EDTA
(Furch et al, 2015). Given that Serratia spp. are known to
secrete a variety of extracellular enzymes (Hase and Finkelstein,
1993; Renoz et al., 2017), we hypothesise that S. symbiotica
proteases may help aphids to exploit plants more efficiently
by digesting plant proteins. We therefore investigated the
localization of S. symbiotica in aphid mouthparts and wounded
plants, analysed the proteome of S. symbiotica cultured in liquid
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medium to identify secreted proteases, and determined whether
the transcripts encoding these enzymes are present in the aphids
and also their host plants.

MATERIALS AND METHODS

Aphids and Bacterial Symbionts
Maintenance of Aphids and Detection of Symbionts
Parthenogenetic A. pisum clone LLO1 was reared under
controlled conditions on the host plant Vicia faba var. minor
as previously described (Luna-Ramirez et al.,, 2017; Will et al,,
2017). The LLO1 clone was obtained from Dr. Torsten Will
(Justus-Liebig University, Giessen, Germany) and has been used
in our research since 2009. We have previously shown that every
individual carries B. aphidicola and S. symbiotica (Luna-Ramirez
etal,, 2017; Skaljac et al., 2018). A previously established, Serratia-
free A. pisum line was used as a control, whereas the original
(infected) aphid line is described hereafter as Serratia-positive
(Skaljac et al., 2018). The infection status of these aphid lines
was regularly checked to detect any potential contamination,
especially the presence of S. symbiotica in the Serratia-free line.

We detected S. symbiotica in aphids and plants by extracting
total DNA from Serratia-positive or Serratia-free aphids and
V. faba tissues using the CTAB method (Luna-Ramirez
et al., 2017). We then used Serratia-specific primers to detect
S. symbiotica 16S rDNA in the aphids and V. faba plants by PCR
(Supplementary Table S1). Amplicons were eluted using the
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Diiren,
Germany), and sequenced for verification on a 3730xl DNA
analyzer (Macrogen Europe, Amsterdam, Netherlands). The
resulting sequences were screened against the NCBI nr database
using BLAST. The nucleotide sequences of the S. symbiotica 16S
rDNA identified in this study were deposited in GenBank under
accession numbers MH447605-MH447629 (whole aphid body),
MH447630 (aphid gut), and MH447631-MH447632 (V. faba
carrying S. symbiotica).

Proteomic analysis was carried out using the cultivable
S. symbiotica strain CWBI-2.3 (DSM no. 23270), originally
isolated from A. fabae. This strain was obtained from the
Leibniz Institute DSMZ (Braunschweig, Germany) and was
cultivated as recommended by the supplier. Briefly, the strain
was grown in 535 liquid medium at 28°C overnight in a shaking
incubator at 200 rpm. Cells were harvested by centrifugation
at 453 x g for 30 min at 10°C, and the supernatant was
stored at —80°C.

Quantification and Visualisation of S. symbiotica in

A. pisum and lts Host Plants

At least three biological replicates of 30 adult A. pisum (10 days
old) from Serratia-positive and Serratia-free aphid lines were
released into Petri dishes containing V. faba discs (2 cm diameter)
on 1% agar. After 2 days, aphids were collected in groups of 10
and stored in absolute ethanol at —20°C. Small strips of V. faba
disc (2 cm x 3 mm) were cut from each replicate immediately
after feeding and also 5 and 10 days post-feeding. All insect
and plant samples were surface sterilised as previously described

(Grigorescu et al., 2018) before DNA or further RNA extraction
to ensure that S. symbiotica cells and gene expression represented
bacteria present inside the tissues.

The abundance of S. symbiotica in the A. pisum and
V. faba samples was determined by quantitative PCR (qPCR)
as previously described with modifications (Luna-Ramirez et al.,
2017). Briefly, genomic DNA was extracted using the CTAB
method and a 133-bp fragment of the S. symbiotica dnaK gene
(Supplementary Table S1) was amplified using the StepOnePlus
Real-Time PCR System (Applied Biosystems, Waltham, MA,
United States). The 10-pL reaction mixture comprised 2 pL
of DNA template (50 ng/pL), 10 pM of each specific primer
and 5 pL of Power SYBR Green PCR Master Mix (Applied
Biosystems). For each sample, three independent reactions were
carried out for each primer pair. The relative abundance of the
dnaK gene in the Serratia-positive and Serratia-free aphid lines
was determined after normalisation to the ribosomal protein L32
(rpl32) reference gene in aphids (Pfaffl, 2001). Furthermore, the
relative abundance of S. symbiotica in V. faba plants exposed
to the two aphid lines was determined after normalisation to
the V. faba actin reference gene (Supplementary Table S1).
Significant differences in abundance were confirmed using
Student’s t-test in IBM SPSS v23 (Armonk, New York, NY,
United States), with statistical significance defined as p < 0.05.

We visualised S. symbiotica by fluorescence in situ
hybridization (FISH) in dissected mouthparts, salivary glands
and guts of adult aphids as we previously described (Luna-
Ramirez et al., 2017). In addition, hand-cut longitudinal stem
sections of V. faba seedlings that were highly infested with aphids
for at least 10 days were analysed by FISH as previously reported
(Ghanim et al., 2009). Negative controls consisted of uninfected
samples and no-probe staining (Supplementary Figures S1, S2
and Supplementary Table S2). The primers and probe used for
the quantification and visualisation of S. symbiotica are listed in
Supplementary Table S1.

Horizontal Transmission of S. symbiotica Between

A. pisum Individuals via Host Plants

To determine whether S. symbiotica detected in V. faba plants
can be acquired by Serratia-free aphids, 30 aphids (10 days
old) from the Serratia-positive line were fed on V. faba discs
in five replicates for 2 days and then removed (Supplementary
Figure S4). Meanwhile, 30 age-synchronised aphids (2 days
old) from the Serratia-free line were released onto each
V. faba disc previously occupied by the Serratia-positive aphids
(Supplementary Figure S3). The Serratia-free aphids were
allowed to feed for 3 days before transfer to a cage containing
non-infested V. faba plants. These aphids are described hereafter
as Serratia-reinfected and were kept in the rearing cage for the
next 2 months to ensure the bacterial symbiont could spread
among the aphid population.

The V. faba discs, mothers from both aphid lines and their
randomly selected offspring were tested by PCR for the presence
of S. symbiotica (Figure 1). Two months after infection, at
least 30 Serratia-reinfected aphids were individually tested by
PCR to confirm the transmission of S. symbiotica (Figure 1
and Supplementary Table S3). The nucleotide sequences of
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S. symbiotica 16S rDNA identified in this study were deposited
in GenBank under accession numbers MK424314-MK424325
for the Serratia-reinfected aphids. The three aphid lines were
strictly separated to prevent contamination. However, to avoid
false positive transmission results due to potential contamination
with the symbiont, we also included a negative control
comprising Serratia-free aphids as both donors and recipients
(Supplementary Table S3).

Phylogenetic Analysis of S. symbiotica

A phylogenetic tree was constructed using MEGA v7.0 (Kumar
et al., 2016). DNA sequence similarities among Serratia species
were investigated using the BLAST search tool'. ClustalW was
used for multiple sequence alignments with default parameters.
The phylogenetic tree was constructed using the maximum-
likelihood method with a Tamura-Nei distance matrix. Bootstrap
analysis of 1000 replicates was used to deduce confidence levels.
The phylogenetic tree was displayed, manipulated and annotated
using iTOL v4.2 (Letunic and Bork, 2016).

Proteomic Analysis of S. symbiotica
CWBI-2.3 Culture Medium and
Identification of Genes Encoding
Proteolytic Enzymes in Aphids

and Plants

Liquid Chromatography-Mass Spectrometry (LC-MS)
The concentrated supernatant of S. symbiotica CWBI-2.3 cells
in 535 medium was fractionated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in 16.5% tricine
gradient gels (BioRad, Munich, Germany). The protein bands
were stained with Coomassie Brilliant Blue and excised from
the gel matrix for tryptic digestion as previously described
(Shevchenko et al., 2006). For LC-MS analysis, samples were
reconstituted in 50 pL aqueous 1% formic acid and 1 pL
of the peptide mixture was injected into a UPLC M-class
system (Waters, Eschborn, Germany) coupled online to a Synapt
G2-si mass spectrometer equipped with a T-WAVE-IMS device
(Waters). Data were acquired in data-dependent acquisition
(DDA) and data-independent acquisition (DIA) modes, the
latter described as enhanced MSE. DIA analysis was supported
by ion mobility separation, i.e., high-definition enhanced MSE
(HDMSE) analysis (Distler et al., 2016).

Data Processing and Protein Identification

DDA raw data were first searched against a small database
containing common contaminants to remove them (ProteinLynx
Global Server v2.5.2, Waters). Remaining spectra were
interpreted de novo to yield peptide sequences and used as queries
for homology-based searching with MS-BLAST (Shevchenko
et al, 2001) installed on a local server. MS-BLAST searches
were performed against the NCBI nr database and a refined
S. symbiotica database generated by the in silico translation
of predicted S. symbiotica genes. In parallel, MS/MS spectra
were searched against the NCBI nr database combined with the

Uhttp://blast.ncbi.nlm.nih.gov/Blast.cgi

refined S. symbiotica database using MASCOT v2.5.1. HDMSE
data were searched against the refined S. symbiotica protein
database and a database containing common contaminants
(human keratins and trypsin).

Identification and Expression Analysis of

S. symbiotica Protease Genes in Aphids and Plants
Proteolytic enzymes detected in the supernatant of the
S. symbiotica CWBI-2.3 strain (Supplementary Table S4)
allowed the analysis of the corresponding genes in S. symbiotica
infecting A. pisum and its infested host plants. Complementary
DNA (cDNA) sequences for most of the S. symbiotica proteases
were identified using the Ensembl Bacteria browser* or NCBI
databases’. Gene-specific PCR primers were designed using
Primer3 v4.1.0' to amplify specific regions of the transcribed
cDNAs (Koressaar and Remm, 2007; Supplementary Table S1).

Total RNA was extracted from the previously described
samples, i.e., aphids from Serratia-positive and Serratia-free lines,
V. faba containing or lacking the symbiont, and S. symbiotica
CWBI-2.3, using the Direct-zol RNA MiniPrep Plus Kit (Zymo
Research, Freiburg, Germany). RNA (100 ng) was transcribed
using the RevertAid First Strand cDNA synthesis kit (Thermo
Fisher Scientific, Dreieich, Germany) to obtain first-strand
c¢DNA. Amplicons from V. faba samples infested with Serratia-
positive aphids were re-amplified because the quantity was
low, and were cloned (Supplementary Figures S5, S6) before
sequencing together with amplicons from the Serratia-positive
aphids and the supernatant of S. symbiotica CWBI-2.3. Cloning
and sequencing were carried out as previously described
(Skaljac et al., 2018). Accession numbers for the S. symbiotica
protease genes are listed in Table 1. The sequences were
used to design qRT-PCR primers (Supplementary Table S1)
in PrimerQuest (Integrated DNA Technologies, Coralville, IA,
United States®). Control samples (Serratia-free aphids and their
host plants, as well as non-infested V. faba plants), were
negative for the expression of S. symbiotica protease genes.
S. symbiotica CWBI-2.3 cDNA was used as a positive control
(Supplementary Figure S5).

The S. symbiotica genes previously shown to be expressed
in V. faba carrying S. symbiotica (DegQ, HtpX, YfgC, SohB,
and PepA) were chosen for further expression analysis by qRT-
PCR because they may be important for tritrophic interactions
between symbionts, insects and plants (Table 1). The expression
of the five selected genes in Serratia-free and Serratia-positive
aphids was evaluated by qRT-PCR after normalisation to the
expression level of the rpl32 reference gene (Pfaffl, 2001). For each
sample, three independent reactions were carried out for each
primer pair. The qPCR protocol described above was modified
so that the cDNA template was diluted 1:2 with RNase-free water
before qRT-PCR (2 L in a total volume of 10 iL). The relevant
target genes and primers are listed in Table 1 and Supplementary
Table S1. Data were analysed as described above.

Zhttp://bacteria.ensembl.org/index.html
3https://www.ncbi.nlm.nih.gov/
*http://primer3.ut.ce/
*http://eu.idtdna.com/PrimerQuest
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TABLE 1 | Overview of the genes encoding proteolytic enzymes with associated GenBank accession numbers from S. symbiotica expressed in A. pisum and its host
plant V. faba (for additional explanations, see Results section “Proteolytic enzymes associated with S. symbiotica”).

Protein identification from supernatant
of S. symbiotica CWBI-2.3, with
GenBank accession number for
top-scoring protein of S. symbiotica

Samples with identified mMRNA from S. symbiotica including
GenBank accession numbers obtained in this study

Potential molecular function
and biological process
of a protein®

Serratia-positive

V. faba carrying

Culture of S. symbiotica

aphid line S. symbiotica CWBI-2.3

Serine endopeptidase (DegP) CDS55594.1 MH458199 nd MH458200 Hydrolase and protease activity;
involved in stress response

Serine endopeptidase (DegQ) CDS55928.1 MH458201-MH458202 nd

Putative IgA-specific serine endopeptidase nd nd nd nd

CDS57070.1

Zn-dependent endopeptidase (HtpX) MH458203-MH458214 Metalloendopeptidase activity;

CDS58211.1 involved in stress response

Putative M48 family peptidase (YfgC) MH458227-MH458232

CDS57423.1

Putative peptidase (SohB) CDS58397.1 MH458196-MH458198; MH458233 Serine-type endopeptidase activity;
proteolysis

Peptidase D (PepD) CDS55732.1 MH458218 nd MH458219 Metallopeptidase (Zn peptidase
like) activity

Aminopeptidase A (PepA) CDS56273.1

Aminopeptidase N (PepN) CDS57483.1 MHA458220-MH458222

MH458215-MH458217

Aminopeptidase (metallopeptidase)
activity; proteolysis
nd

MH458223-MH458226 Aminopeptidase (metallopeptidase)

activity

nd — not determined; SMolecular function and biological process suggested by https://www.uniprot.org; https://www.ebi.ac.uk/interpro/; https://www.ncbi.nim.nih.gov.

RESULTS

S. symbiotica in A. pisum

and Its Host Plants

Detection and Visualisation of S. symbiotica
Polymerase chain reaction analysis showed that S. symbiotica
was present in every individual of the Serratia-positive line,
in multiple tissues including the salivary glands and gut
(Supplementary Table S2) confirming findings from our
previous study (Skaljac et al., 2018). We found no evidence of
the symbiont in the Serratia-free line over many generations of
rearing under laboratory conditions (Figure 1). Furthermore,
the same PCR also showed that S. symbiotica was present in
V. faba plants infested with Serratia-positive aphids, whereas no
symbionts were detected in the plants exposed to the Serratia-free
aphid line (Figure 1).

Fluorescence in situ hybridization analysis with a probe
specific for S. symbiotica was used to confirm the PCR data
(Supplementary Table S2) and to reveal the distribution of
S. symbiotica within aphid and V. faba tissues. The S. symbiotica
signal was abundant in the aphid gut (Figures 2C,D), but also
in salivary glands and associated mouthparts (stylet, mandibles,
labrum, food, and salivary canal) (Figures 2A-D). At this
resolution, we were unable to determine whether S. symbiotica
was present in one or both canals, but in either case our results
indicated its route into aphids with the phloem sap or outward
with the saliva. We also observed S. symbiotica cells in V. faba
tissues wounded by the penetrating stylet (Figures 2E,F). The
symbiont was not detected in non-infested host plants or those
infested with the Serratia-free line.

Quantification by qPCR revealed that S. symbiotica
was remarkably abundant in Serratia-positive aphids
(Supplementary Table S5 and Figure 3A). Furthermore,
we detected large numbers of S. symbiotica in V. faba plants
after exposure to aphids from the Serratia-positive line for
2 days. When the aphids were removed from the host plants,
the numbers of S. symbiotica fell progressively at the subsequent
testing points, 5 and 10 days post-feeding (Figure 3B and
Supplementary Table S5). However, S. symbiotica was still
significantly more abundant in these plants, even 10 days
post-feeding, compared to plants exposed to aphids from the
Serratia-free line (Figure 3B and Supplementary Table S5).

Phylogenetic Placement of S. symbiotica

Our phylogenetic analysis of S. symbiotica incorporated 28 partial
16S rDNA sequences derived from the analysis of A. pisum
and V. faba specimens. These sequences were compared with
reference sequences from GenBank. S. symbiotica from the
aphids and V. faba plants in this study clustered together with
S. symbiotica CWBI-2.3 isolated from A. fabae, but also with
most of the S. symbiotica sequences identified in other clones of
A. pisum (Supplementary Figure S4).

Horizontal Transmission of S. symbiotica in

Aphids via Host Plants

The detection of S. symbiotica in the mouthparts of Serratia-
positive aphids and wounded plant tissues exposed to these
aphids led us to investigate whether this symbiont was
transmitted to naive aphids after feeding on V. faba plants
containing the bacteria. When V. faba discs were exposed to
Serratia-positive aphids for 2 days, the bacterial symbiont was
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FIGURE 1 | The detection of S. symbiotica genomic DNA by PCR. M, DNA
marker (size in base pairs); PC, positive control (0GEM T-Easy vector with

S. symbiotica 16S rDNA); NC, negative control (distilled water); lane 1,
Serratia-positive aphids; lane 2, Serratia-free aphids; lane 3,
Serratia-reinfected aphids (2 months after infection event); lane 4, V. faba plant
infested with Serratia-positive aphids; lane 5, V. faba plant infested with
Serratia-free aphids. The Serratia specific primers used for PCR are listed in
Supplementary Table S1. Amplicon size ~480 bp.

detected by PCR in all plant samples (Figure 1). Sequences
from S. symbiotica detected in the plant were identical to
those in the Serratia-positive aphids (Supplementary Figure S4).
Releasing Serratia-free aphids to feed on plant discs carrying the
symbiont for 3 days enabled the transmission of the symbiont
to naive aphids. This was confirmed by PCR analysis and
sequencing 2 months after the infection event (Figure 1 and
Supplementary Table S3). The incubation period of 2 months
enabled S. symbiotica to spread among all formerly Serratia-free
aphids, thus increasing the likelihood of inducing the previously
observed biological effects and fitness costs (Skaljac et al., 2018).
We did not detect S. symbiotica following the exposure of V. faba
to Serratia-free aphids (Figure 1). During our experiments, no
symptoms of bacterial disease were observed in V. faba infested
with Serratia-positive aphids, indicating that the symbiont is not
phytopathogenic in nature.

Proteolytic Enzymes Associated With

S. symbiotica

Identification of Proteolytic Enzymes Released by

S. symbiotica CWBI-2.3

Sodium dodecyl sulfate polyacrylamide gel -electrophoresis
analysis of the S. symbiotica CWBI-2.3 culture supernatant
revealed a remarkable number of potentially secreted proteins
(Supplementary Figure S7). In total, 246 different extracellular

proteins were identified by LC-MS/MS and characterised,
representing numerous categories of biological processes
(Supplementary Table $6). Among these proteins, we identified
15 enzymes with predicted proteolytic activity, including
metalloproteases (Supplementary Table S4). These enzymes
potentially facilitate the degradation of host plant proteins
as their annotations suggest®’-%. In total, nine S. symbiotica
proteases with complete genomic information were included
for further analysis (Table 1): the serine endopeptidases
DegP and DegQ, the putative IgA-specific Zn-dependent serine
endopeptidase HtpX, the putative M48 family peptidase YfgC, the
putative peptidase SohB, peptidase D (PepD), aminopeptidase A
(PepA) and aminopeptidase N (PepN).

S. symbiotica Genes Encoding Proteolytic Enzymes
in A. pisum and Its Host Plants

Having identified nine S. symbiotica CWBI-2.3 extracellular
proteases for further analysis, we tested different aphid and
plant samples for the presence of the corresponding transcripts.
The DegP, DeqQ, HtpX, YfgC, SohB, PepD, PepA, and PepN
transcripts were detected in Serratia-positive aphids (Table 1).
Furthermore, the DegQ, HtpX, YfgC, SohB, and PepA transcripts
were also present (albeit at much lower levels) in plants
previously exposed to the Serratia-positive aphids (Table 1
and Supplementary Figure S5). The DegQ, HtpX, YfgC, SohB,
and PepA transcripts representing serine endopeptidases and
metallopeptidases were selected for further qRT-PCR analysis
because they may be relevant in the context of aphid-plant
interactions. Quantitative RT-PCR analysis revealed that these
five genes were more strongly expressed in Serratia-positive
aphids than Serratia-free aphids (Supplementary Table S5 and
Figure 4). The same transcripts were below the level of detection
in V. faba tissues previously infested with Serratia-positive aphids
(Supplementary Figure S5).

DISCUSSION

Previous studies have shown that S. symbiotica colonises
several A. pisum tissues, specifically the bacteriocytes, gut and
haemolymph (Moran et al., 2005; Sabri et al., 2013; Luna-Ramirez
et al,, 2017; Skaljac et al., 2018). The experiments described here
allow us to expand that distribution to include the aphid salivary
glands and associated mouthparts (Figures 2A-D). Furthermore,
S. symbiotica was detected in the stylet and in wounded
plant tissues, providing strong evidence that aphids inoculate
host plants with their bacterial symbionts (Figures 2E,F). In
agreement with our data, recent studies of bacterial symbionts
(e.g., Rickettsia spp., Wolbachia spp., and Cardinium spp.)
associated with herbivorous insects (e.g., B. tabaci or Scaphoideus
titanus Ball) reported that bacteria found in the feeding apparatus
and gut were also observed in the host plants (Skaljac et al., 2010;
Brumin et al., 2012; Caspi-Fluger et al., 2012; Chrostek et al.,

Chttps://www.uniprot.org
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canal; G, gut.

FIGURE 2 | Localization of S. symbiotica by fluorescence in situ hybridization (FISH) in A. pisum mouthparts and V. faba tissues. Detection of S. symbiotica (red) in
the head (mouthparts, salivary glands and gut) of a 10-day-old adult aphids (A-D) and V. faba longitudinal stem sections under dark field (E) and bright field (F)
imaging. Nuclei were counterstained with DAPI (dark blue). Abbreviations: MD, mandible; SG, salivary gland; St, stylet; LR, labrum; FSC, food and salivary

2017; Li S.J. et al,, 2017; Li Y.H. et al., 2017). The localization
of cultivable strains of S. symbiotica (e.g., CWBI-2.3) associated
mainly with Aphis species is currently thought to be limited to
the gut, with no cells detected in the haemolymph (Pons et al.,
2019). S. symbiotica CWBI-2.3 is able to colonise the entire

A. pisum gut within just a few days after artificial infection via
a specialised diet, without triggering an immune response or
affecting survival (Renoz et al.,, 2015). It would be interesting
to determine whether non-cultivable S. symbiotica strains are
localised differently in the A. pisum as previously shown for
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FIGURE 3 | Quantitative PCR analysis of S. symbiotica in A. pisum and V. faba. Data show the relative abundance of the S. symbiotica dnaK gene compared to the
rpl32 reference gene in aphids and the actin reference gene in plants. This was used to determine the abundance of S. symbiotica in the Serratia-positive and
Serratia-free aphid lines (A), and in V. faba leaves after exposure to each aphid line, after retention times of 2, 5, and 10 days (B). Statistical significance is indicated
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Rickettsia spp. in B. tabaci (Gottlieb et al., 2008; Caspi-Fluger
etal, 2011). We detected S. symbiotica in many A. pisum tissues
(Figure 2D), including the bacteriome and ovarioles, whereas
a more restricted distribution was reported in earlier studies
(Moran et al., 2005; Luna-Ramirez et al., 2017).

In Israeli populations of B. tabaci, Rickettsia spp. displayed
a “scattered” distribution, in which the symbiont was present
in the haemocoel, excluding the bacteriocytes, or a “confined”
distribution, in which it was restricted to bacteriocytes (Caspi-
Fluger et al, 2011). In contrast, we previously reported that
Rickettsia spp. are distributed in all B. tabaci tissues, including
both the haemocoel and bacteriocytes (Skaljac et al, 2010).
The Rickettsia strains with different localization patterns often
featured identical sequences, suggesting they are closely related
(Caspi-Fluger et al., 2011). However, even the same symbionts
can show different localization patterns and fulfil diverse
functions in their insect hosts, depending on the environmental
conditions (Gottlieb et al., 2008; Caspi-Fluger et al., 2011).

Our results revealed the remarkable abundance of
S. symbiotica in V. faba plants after only 2 days of exposure
to Serratia-positive aphids (Figure 3B). When the aphids were
removed from the feeding site, the S. symbiotica load decreased
over the subsequent 10 days (Supplementary Table S5). A similar
decline in the number of whitefly-associated Rickettsia spp. was
reported in cotton leaves (Li Y.H. et al., 2017), suggesting that
the production of chemical defence compounds in plants may
correlate with the decline of symbionts in plant tissues. In
addition to the retention time of S. symbiotica in V. faba, the
viability of symbionts in plant tissues is another key requirement
for successful interactions with either the plant or naive insects
(Chrostek et al., 2017). The detection of S. symbiotica mRNAs
in V. faba tissues revealed that the symbiont remains alive
and transcriptionally active in the plant (Table 1). This was
previously shown in the Rickettsia and Wolbachia symbionts
of B. tabaci (Caspi-Fluger et al., 2012; Li S.J. et al, 2017; Li
Y.H. et al,, 2017). Future studies should include experiments to
determine whether S. symbiotica is able to multiply in the host
plants as previously described for phytopathogenic S. marcescens
(Petersen and Tisa, 2013).

The transmission of symbionts via host plants can have a
significant impact on the ecology and evolution on both the
symbiont and its insect host (Chrostek et al., 2017). For instance,
Rickettsia spp. has rapidly spread among populations of B. tabaci
across the southwestern United States, significantly affecting
life-history traits by accelerating development, promoting
survival into adulthood, and encouraging the production of
more offspring (Himler et al, 2011). At the same time, the
transmission of Rickettsia spp. via plants may have favoured
the rapid spreading of this symbiont among populations
of B. tabaci (Caspi-Fluger et al, 2012). Symbionts help
herbivorous insects to utilise plants (e.g., the gut bacteria in
D. virgifera virgifera), whereas other bacteria have evolved from
arthropod symbionts into insect-vectored plant pathogens (e.g.,
Arsenophonus spp.; Sugio et al., 2015; Chrostek et al., 2017). This
shows the complexity of the interactions between insects, their
symbionts and plants in response to different selection pressures
(Shah and Walling, 2017).

We investigated the possibility that S. symbiotica was
transmitted to uninfected aphids via the host plant, as previously
shown for other insect-symbiont systems (Chrostek et al., 2017).
Accordingly, we found that when V. faba plants containing
S. symbiotica were fed to uninfected aphids, the plants acted
as reservoirs for the efficient transmission of symbionts,
resulting in the reinfection of all exposed individuals (Figure 1
and Supplementary Table S3). Several studies have indicated
that symbionts of herbivorous insects can be transmitted via
honeydew (Darby and Douglas, 2003; Chrostek et al., 2017;
Pons et al., 2019). We previously detected S. symbiotica in the
honeydew of Serratia-positive A. pisum, so this transmission
route cannot be ruled out in natural environments (Skaljac
et al., 2018). The transmission route of cultivable S. symbiotica
strains (e.g., CWBI-2.3) is unknown in Aphis species, but this
study provides important clues to support the plant reservoir
hypothesis. Bacterial symbionts are transmitted maternally with
high fidelity. We previously detected S. symbiotica in the
bacteriomes and ovarioles of A. pisum suggesting that this
symbiont probably spreads via both horizontal and vertical
transmission (Luna-Ramirez et al., 2017).
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Given that S. symbiotica is one of the most common symbionts
of aphids and that Serratia species can secrete extracellular
enzymes to fulfil their roles in diverse ecological niches, we
propose that some of the proteins secreted by S. symbiotica
(especially proteolytic enzymes) might help the aphids to exploit
their host plants more efficiently (Manzano-Marin et al., 2012;
Petersen and Tisa, 2013; Sugio et al., 2015; Renoz et al,
2017). In order to test this hypothesis, we used the cultivable
S. symbiotica strain CWBI-2.3 to identify extracellular proteases
and investigate the abundance of the corresponding transcripts
in aphids and V. faba plants. Our proteomic analysis of the
S. symbiotica CWBI-2.3 culture supernatant revealed a diverse
spectrum of secreted proteins, in agreement with the recently
published membrane and cytosolic proteome of this species
(Renoz et al., 2017; Supplementary Tables S4, $6). Our study
has expanded the spectrum of S. symbiotica proteolytic enzymes
(Renoz et al, 2017) to include serine endopeptidases (DegP
and DegQ), M48 family metallopeptidases (HtpX and YfgC),
aminopeptidases (PepA and PepN) and the other peptidases
listed in Supplementary Table S4. Proteases are well-known
virulence factors in pathogenic Serratia species (Petersen and
Tisa, 2014) and they play important roles in the degradation of
tissues that allow Serratia spp. to survive and proliferate within
the host (Matsumoto, 2004).

The proteomic analysis of candidate S. symbiotica proteases
in host plant tissues is not feasible due to the competition
from endogenous plant proteins, so we focused on the highly
sensitive detection of the corresponding transcripts. Most of
the S. symbiotica CWBI-2.3 genes encoding proteases in the
culture medium were also detected in both Serratia-positive
aphids and in plants containing symbiont cells (Table 1).
The S. symbiotica protease genes identified in V. faba were
strongly expressed in Serratia-positive aphids (Figure 4 and
Supplementary Table S5), suggesting that S. symbiotica may
indeed help aphids to digest phloem sap proteins and potentially
to resist protease inhibitors (Zhu-Salzman and Zeng, 2015).

Several studies have highlighted the importance of symbiotic
bacteria in the ability of insects to exploit host plants more
efficiently by suppressing plant defence mechanisms and/or by
expanding the host plant range. For example, this has been
shown for B. tabaci and its symbiont H. defensa, and in the
Colorado potato beetle (Leptinotarsa decemlineata Say) and its
symbionts representing the bacterial genera Stenotrophomonas,
Pseudomonas, and Enterobacter (Frago et al., 2012; Su et al,, 2015;
Sugio et al., 2015; Chung et al., 2017).

In this study, transcripts encoding candidate proteases
were present at very low levels in plants previously infested
with Serratia-positive aphids (Supplementary Figure S5). This
suggests that the detection of transcripts in V. faba is most
likely associated with the presence of the symbiont (Table 1).
On the other hand, the abundance of S. symbiotica in
aphid tissues (Figures 2A-D, 3A) together with the strong
expression of protease genes associated with Serratia-positive
aphids (Figure 4) suggest that the proteases may be active
in the aphid gut and salivary glands but not necessarily in
the host plant. These assumptions are supported by previous
studies showing that plant-derived protease inhibitors inactivate
digestive enzymes in the insect gut, preventing the digestion
and absorption of nutrients (Ryan, 1990; Hansen and Moran,
2014). Therefore, S. symbiotica proteases are more likely to fulfil
their role in the aphid gut (or salivary glands) rather than
the host plants.

In summary, we investigated the localization of S. symbiotica
in aphid mouthparts and host plant tissues and confirmed the
transmission of this symbiont via plants, potentially explaining
its high frequency among aphid populations. We expanded the
repertoire of proteolytic enzymes produced by S. symbiotica
in liquid medium and confirmed the strong expression of the
corresponding genes in aphids and their weaker expression in
infested host plants. We conclude that plants serve as reservoirs
for the transmission of protease-secreting bacterial symbionts
among aphids, suggesting that such symbionts could be
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important mediators of aphid-plant interactions. Investigating
the precise nature of the symbiotic relationship described in
this study will help to determine whether S. symbiotica uses
proteases to spread among insect hosts, while in return enabling
the insect to exploit plants more efficiently by the suppression of
protease inhibitors.

There may be ecological and genomic differences between
the two S. symbiotica strains used in this study, and accordingly
some of the symbiotic proteases originating from the uncultivable
strain may have been overlooked. Therefore, future studies
should investigate extracellular proteases originating from
different S. symbiotica strains released under diverse ecological
conditions (e.g., exposure to a range of host plants). Furthermore,
it would be interesting to determine the precise functions of
the proteases listed in Table 1 to see whether any of them are
specifically involved in the suppression of plant defences, the
digestion of plant proteins or the proliferation of the symbiont.
It would also be valuable to compare defence mechanisms
in plants attacked by Serratia-positive and Serratia-free aphids
because this symbiont may have the potential to evolve into a
plant pathogen that uses aphids as vectors.
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