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Abstract

media components.

dependencies and co-occurrence patterns.

wider ecological perspective.

Background: Individual organisms are linked to their communities and ecosystems via metabolic activities.
Metabolic exchanges and co-dependencies have long been suggested to have a pivotal role in determining
community structure. In phloem-feeding insects such metabolic interactions with bacteria enable complementation
of their deprived nutrition. The phloem-feeding whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) harbors an
obligatory symbiotic bacterium, as well as varying combinations of facultative symbionts. This well-defined bacterial
community in B. tabaci serves here as a case study for a comprehensive and systematic survey of metabolic
interactions within the bacterial community and their associations with documented occurrences of bacterial
combinations. We first reconstructed the metabolic networks of five common B. tabaci symbionts genera

(Portiera, Rickettsia, Hamiltonella, Cardinium and Wolbachia), and then used network analysis approaches to

predict: (1) species-specific metabolic capacities in a simulated bacteriocyte-like environment; (2) metabolic
capacities of the corresponding species’ combinations, and (3) dependencies of each species on different

Results: The predictions for metabolic capacities of the symbionts in the host environment were in general
agreement with previously reported genome analyses, each focused on the single-species level. The analysis
suggests several previously un-reported routes for complementary interactions and estimated the dependency
of each symbiont in specific host metabolites. No clear association was detected between metabolic co-

Conclusions: The analysis generated predictions for testable hypotheses of metabolic exchanges and co-dependencies
in bacterial communities and by crossing them with co-occurrence profiles, contextualized interaction patterns into a

Keywords: Bemisia tabaci, Metabolic interactions, Network analysis, Symbionts

Background

Metabolic interactions are one of the main factors shap-
ing communities and ecosystems by forming complex
trophic networks. In bacterial communities, metabolic
exchanges are ubiquitous and play a pivotal role in
determining community structure [1-8]. Bacteria also
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exchange metabolites with multicellular organisms, and
such interactions have been a key driver of evolution,
enabling eukaryotic expansion into new ecological
niches and species diversification [9, 10]. Among the
most studied evolutionary radiations that have depended
on symbiosis are sap-feeding insects such as whiteflies,
aphids, psyllids, cicadas and spittlebugs. All of them
have intimate associations with maternally transmitted
intracellular bacteria harbored inside specialized insect
cells, termed bacteriocytes. Their main symbiotic function
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is to provide essential nutrients (mainly essential amino
acids) enabling the dietary specialization of their hosts
on phloem or xylem sap of vascular plants [11-13]. In
addition, insects may harbor a diverse array of faculta-
tive, nonessential bacterial associates in the bacterio-
cytes or other body tissues [14]. Facultative symbionts
are suggested to serve as a “horizontal gene pool”, where
variation in their combinations may have functional
significance [13, 15-17]. Notably, since the obligatory
symbionts are exposed to an irreversible process of
genome reduction that can erode their metabolic potential
[18], facultative symbionts can, in some cases, comple-
ment or replace parts of the lost functions [19-21].

In recent years, metabolic approaches based on
genome-driven network constructions have been applied
to predict the potential metabolic dependencies and meta-
bolic exchanges between bacterial species [3, 8, 22, 23].
Newly developed tools for genome-based metabolic re-
construction enable predicting sets of interactions formed
between species combinations, and the specific exchange
of fluxes within multi-species systems [24—26]. Cross-
ing such predictions with corresponding co-occurrence
patterns allows deciphering the functional significance
of variations in such bacterial assemblages [4, 27]. To
this end, multiple information layers are required, in-
cluding symbiont co-occurrence patterns, environmen-
tal conditions, genetic background of both host and
symbionts, and genome-driven predictions for symbi-
onts’ potential activities. Here, based on the availability
of both distribution patterns and bacterial genome
sequences, we focused on exploring the functional sig-
nificance of combinations of facultative symbionts in
the sweetpotato whitefly Bemisia tabaci (Hemiptera:
Aleyrodidae) and their potential role in shaping alterna-
tive community structures.

Bemisia tabaci is a major pest of several key crops
worldwide [28] and is referred to as a complex of species,
consisting of at least 28 morphologically indistinguishable,
genetically delimited groups or species [29, 30]. All white-
flies, including B. tabaci, harbor the obligatory symbiont
“Candidatus Portiera aleyrodidarum” (hereafter Portiera)
[31], which has undergone substantial genomic reduction
as other obligatory symbionts [18], but is still able to pro-
duce most of the essential amino acids [32, 33]. In
addition, B. tabaci individuals have been reported to har-
bor varying combinations of one to four facultative symbi-
onts, from the bacterial genera Rickettsia, Hamiltonella,
Wolbachia, Arsenophonus, Cardinium, Hemipteriphilus
and Fritschea [34]. The distribution patterns of facultative
symbionts within the body of B. tabaci vary. Arsenophonus
and Hamiltonella, which seem to be mutually exclusive,
are strictly confined inside the bacteriocytes together with
Portiera, along with the less frequent symbionts: Fritschea
and Hemipteriphilus. In contrast, Rickettsia, Wolbachia
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and Cardinium can be seen dispersed throughout the
haemolymph and other tissues, located within bacterio-
cytes, or both [35-37]. Overall, the presence of all symbi-
onts (obligate or facultatives) has been recorded in the
bacteriocytes.

The diverse and dynamic occurrence and co-occurrence
patterns of facultative symbionts in B. tabaci have been
proposed to be related to several aspects of the insect’s
biology, including host reproduction, survival and fecund-
ity, resistance to insecticides and capacity to transmit
diseases to the host plants [34]. Although the phenotypes
of most facultative symbionts have not been determined
yet, Rickettsia for example, have been shown to positively
influence various fitness measures of B. tabaci, includ-
ing the induction of higher reproduction rate and a
female-biased sex ratio [38]. The occurrence and com-
binations frequencies of these bacterial symbionts were
investigated using a dataset of over 2000 whiteflies, repre-
senting both the largest and the most comprehensive
meta-study of insects for which communities of facultative
symbionts have been described [34]. In this meta-study,
the two most widespread B. tabaci species, MEAM1 and
MED-Q1, were found to typically harbor the facultative
symbiont “Ca. Hamiltonella defensa” (hereafter Hamilto-
nella). A combination of Hamiltonella and “Ca. Rickettsia
sp.” (hereafter Rickettsia) seemed to be unique to MEAM1
individuals, while combinations of Hamiltonella with ei-
ther “Ca. Cardinium hertigii” or “Ca. Wolbachia sp.”
(hereafter Cardinium and Wolbachia respectively) were
unique to individuals of the MED-QI genetic group.
Based on the physical proximity of the various bacteria
within the bacteriocytes, along with the lack of correlation
between specific facultative symbiont complexes and any
of the environmental factors tested [34], we hypothesized
that metabolic interactions may be involved in shaping the
bacterial community structure. The release of the genome
sequences of Portiera, Rickettsia, Hamiltonella, and
Cardinium [21, 39-43] has promoted the analyses of
the interactions between the obligatory symbiont Portiera
and its B. tabaci host, suggested to be required for the
completion of essential metabolic pathways. Branched
Chain Amino Acids (BCAs), for example, are synthesized
through Portiera—host complementary interaction
[41-43] while lysine biosynthesis can occur via Portiera—
host or Portiera-Hamiltonella complementation [21, 42].

As metabolic cross talk is suggested to convey func-
tional capacities associated with specific species combi-
nations, we conducted comparative-interaction analysis
considering interactions formed between pairwise com-
binations of co-residing symbionts. The genomes of
four symbionts of B. tabaci were already published, and
here we report the sequencing and assembly of a fifth
symbiont - Wolbachia (Table 1). To study the potential
cross talk between all pairwise combinations formed
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Table 1 General genomic features of the obligatory and facultative symbionts of Bemisia tabaci used for the metabolic analysis

Symbiont Host species Co-occurring  Accession Coverage N50 Size  Number of CDS®  Number
symbionts (kb)  (Mb)  Contigs of ECs®
Portiera MED-Q1-Spain  HC [32] CP003835.1 41 [454, 11° - 036 1 247 100
Cardinium MED-Q1-Spain  PH [40] GCA_000689375.1 > 600X [454,11° 612 101 11+1 739 112
Hamiltonella MED-Q1-China P [21] GCA_000258345.1 145 x [II° 118 184 404 1806 398
Hamiltonella MEAM1-USA PR [71] http://www.whiteflygenomics.org ~ NA[P, I)° - 174 1 1695 434
Rickettsia sp. MEAM1-China  PH [39] GCA_000265225.2 138x[11° 85 122 219 1397 247
Rickettsia sp. MEAM1-USA PH [71] http://www.whiteflygenomics.org ~ NA[P,® - 138 1 1522 264
Wolbachia sp.  MED-Q2-Israel ~ PARW PRIEB15492 30x[454, I1° 63 125 297 1339 253

P, C, H, R, W represent Portiera, Cardinium, Hamiltonella (both genomes), Rickettsia (both genomes) and Wolbachia, respectively
“Technology used for sequencing: 454 GS-FLX Titanium [454], lllumina [I] and PacBio [P]

PNumber of CDS obtained using the JGI annotation pipeline
Following annotation, filtering and manual curation

between the five symbionts we first reconstructed their
respective metabolic networks and then used network
analysis approaches to predict: (1) species-specific meta-
bolic capacities in a simulated host’s bacteriocyte-like
environment; (2) metabolic capacities of species’ combina-
tions, and (3) the dependencies of each species on the
different media components. Since the analysis is based
solely on genomic data, it provides qualitative, generic
predictions for potential exchanges and co-dependencies
between co-residing symbiont, rather than quantitative
estimates requiring transient information on the level of
gene expression and/or metabolite accumulation and
allowing a snapshot of metabolic fluxes in a given time
point [44]. Notably, interactions differ greatly in depend-
ence on the availability of resources [4]. Here, simulations
were carried in a “bacteriocyte-like” environment that
includes the set of metabolites that are predicted to be
produced by the host. The metabolic activity and secretion
profile of each symbiont can change the environment;
however, the inclusion of resources that are produced
through complementation might mask such interactions.
In order to allow the simulations to delineate
symbiont-symbiont interactions that can represent alter-
natives to host-symbiont interactions, the environment
was initially limited to a minimal set of metabolites that
are produced solely by the host. Subsequently, this basic
environment was complemented by metabolites produced
by the obligatory symbiont Portiera and the performances
of the facultative symbionts in both environments were
compared.

Methods

Genome assembly and annotation

Relevant genomes were collected from public databases
(Table 1) with the exception of the Wolbachia genome
that was assembled de novo. The sequence was depos-
ited in the European Nuclear Archive (https://www.e
bi.ac.uk/ena) under project number PRJEB15492. The
procedure is fully described in Additional file 1.

Genomes’ completeness was evaluated using CheckM
[45], via its implementation on Kbase (http://www.kba
se.us), also including genome of Wolbachia from
Drosophila melanogaster as a reference to the assembly
(Additional file 2). A standard protocol for annotation
retrieval was applied for all genomes. Annotations were
carried out using several genome-annotation pipelines:
JGI (IMG/M) [46], Kbase (http://www.kbase.us), Rast
[47] and MG-rast [47]. To estimate the accuracy and
comprehensiveness of the predictions we benchmarked
the EC (enzyme commission) predictions for the
Cardinium genome, retrieved from the four pipelines,
with annotations derived from a detailed manual cur-
ation. The IMG/G predictions were the most compre-
hensive and in highest agreement with the manual
curation (Additional file 3). Hence, for consistency,
annotations for all genomes were retrieved using the
JGI and reciprocal BLAST searches were carried out
between co-occurring symbionts in order to eliminate
miss-assembled sequences. The phylogenetic origin of
highly similar sequences was determined according to
BLAST best hits. Finally, putative pseudogenes were
predicted using GenePrimp [48]. Manual inspection
was performed for all candidate pseudogenes that had
an assigned metabolic function (EC number). In
addition, previous annotations of Cardinium and
Portiera [32, 40] were used as supportive information
for pseudogene cleaning in these species. Finally, the
predicted pseudogenes that had valid EC accessions
were removed before conducting follow-up analyses.
The number of ECs annotated functions for each
genome is indicated in Table 1. The final EC lists are
provided in Additional file 4.

Metabolic activity simulations

Metabolic activity simulations were carried using the
expansion algorithm [24] which allows predicting the
active metabolic network (expanded) given a pre-defined
set of substrates and reactions. The full expansion of the
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network reflects both the reaction repertoire of each
species/species-combination and the primary set of com-
pounds, termed here “source-metabolites”. Briefly, the
algorithm starts with a set of one or more biochemical
compounds acting as source metabolites for a feasible
reaction, i.e., a reaction for which all required substrates
are available. This reaction is selected out of the reaction
pool and added to the network. In an iterative process,
the products of the chosen reaction are turned into the
new substrates, and so on. Processing of the starting-point
compounds by relevant reactions increases the number of
available compounds that can act as substrates for other,
previously in-activated reactions. The network stops
expanding when there are no more feasible reactions.
Here, we described the resources available in the whitefly
bacteriocyte by compiling several such published lists
based on documented description of phloem content [49]
and genomic-driven analyses of the whitefly genome and
its interactions with symbionts [21, 32, 42, 50]. These
previous genomics studies have explored in detail B.
tabaci metabolism and yielded a description of potential
nutrients that are secreted by the host as part of its
interactions with its symbionts. The list is composed of
metabolites produced by the host only, though each sym-
biont changes the environment by consuming/secreting
unique set of metabolites. The limitation of the environ-
ment to host secreted metabolites allows predicting po-
tential pairwise interactions that would otherwise be
masked by alternative host-symbiont routes. These com-
pounds were termed “source metabolites” (detailed in
Additional file 5) and were used as a starting point for
unfolding a network formed when considering all enzymes
detected in a bacterial genomes. For each network/species
we validated whether the expanded network includes a
predefined list target metabolites (e.g., amino acids, nu-
cleic acid, co-factors, Additional file 6) representing essen-
tial cellular components [25]. The production of this set
of essential metabolites provided estimation for growth
capacity in given environment (combinations of source
metabolites). The general concept of growth simulation
through the estimation of the production of target
metabolites is illustrated in Additional file 7. Following
running simulations in the environment that includes
only substrates produced by the whitefly host, predic-
tion analyses were also carried in an environment that
was complemented by substrates produced by the
obligatory symbiont — Portiera. The host-Portiera envi-
ronment was produced by simulating Portiera activity in
the host-only environment that was subsequently com-
plemented by the new substrates The host-Portiera envi-
ronment is detailed in Additional file 5. Simulations of
the activity of the facultative symbionts were carried both
in the host-only environment and in the host-Portiera
environment.
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Prediction of complementary interactions
Complementation was predicted through a three-stage
model adjusted from [23]: (1) constructing a combined
set of metabolic reactions (EC accessions) for each pair-
wise combination; (2) simulating co-growth of symbiont
pairs in the predicted environment; (3) comparing the set
of metabolites produced by the combined genomes to
those formed by the individual genomes. Complementary/
Synergistic metabolites were those formed by species
combinations but not by the individual species. No
complimentary metabolites were detected for three-species
combinations. A list of the complementary metabolites
produced in each interaction and their mapping to KEGG
pathways is provided in Additional file 8. Clustering and
PCA (Principle Component Analysis) for the vectors of
synergistic metabolites was carried out using R software
[51] and modified with Inkscape.

Prediction of co-dependencies in source metabolites

The competition scores for each pair of symbionts were
calculated by the network-based tool NetCmpt that
estimates the effective metabolic overlap between bacterial
pairwise combinations [25]. Briefly, the tool takes as input
the EC content of bacterial species, translates enzymatic
content into species-specific topological networks and ap-
plies a topology-based algorithm for the prediction of
species-specific metabolic resources [52]. Growth simula-
tions (production of target metabolites) are carried for
each bacterial pair member in an “optimal” environment
— where all predicted resource metabolites are available,
vs. reduced environment where source metabolites that
are common for both pair members are excluded. The
excluded shared source metabolites are assumed to repre-
sent these resources the bacteria compete over. The com-
petition scores for each pair member are calculated by
comparing the number of the produced target metabolites
(Additional file 6) in the reduced environment to these
formed in the optimal, non-reduced environment. The
score provides a quantitative approximation to the level
of effective metabolic overlap in a generic environment
assuming all relevant resources are available [25]. The
procedure is illustrated in Additional file 7.

Beyond the quantitative estimates, NetCmpt was
further extended to identify dependencies on specific
source metabolites within the relevant environment. To
this end, simulations of production of target metabolites
were carried in the bacteriocyte-like environment used
throughout the analysis, rather than in the optimal en-
vironment used for the generic NetCmpt calculations.
Within each simulation, a single metabolite was reduced
from the reference bacteriocyte-like environment and
the number of essential metabolites that could not be
produced following the removal of the specific source
metabolite was recorded.
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Results

Assembly of the Wolbachia genome and metabolic
reconstructions

The Wolbachia endosymbiont of B. tabaci (strain
wBt-MED) was assembled in 297 contigs showing an
average coverage of 10X and 20X for the Illumina and
454 libraries respectively (Table 1). To assess the quality
of the assembly, first we used CheckM obtaining a 97%
completeness value (Additional file 2). As a second step,
the genomic features and the inferred proteome of
Wolbachia of wBt-MED were compared against four
Wolbachia strains from different insects (Additional files 1
and 9). Assignment of proteins into clusters of ortholo-
gues indicates that most of the proteins from Wolbachia
of wBt-MED were present in the other Wolbachia strains
(73%). Proteins unique to the Wolbachia from B. tabaci
(27%) were mainly composed of mobile elements and
proteins with unknown functions (including ankyrin repeat
containing proteins). Finally, only 19 of the unique proteins
were assigned with a metabolic function, yet all functions
were already present in the other analyzed Wolbachia.

Together with the newly assembled Wolbachia genome,
the complete genomes of Portiera, Cardinium, Hamilto-
nella and Rickettsia from B. tabaci species were retrieved
from public resources (Table 1) and annotated as de-
scribed in Methods section. For Portiera, four genomes
were available [32, 33, 53] and their gene contents were
compared. All strains possess a nearly identical enzym-
atic content (Additional file 10) and detected differ-
ences are due to errors in some of the original
assemblies caused by the genome instability shown by
this symbiont [33, 41]. For both Hamiltonella and Rick-
ettsia, two genomes were available. Rickettsia genomes
were derived from two B. tabaci MEAM1 populations
co-harboring Portiera and Hamiltonella. Hamiltonella
genomes were derived from B. tabaci MEAMI1 and
MED species co-harboring Portiera and Rickettsia and
Portiera only, respectively (Table 1).

Since differences were detected in the enzyme content
between the assemblies (Additional. file 11) both genome
releases of Rickettsia and Hamilonella were analyzed
(Table 1). For each bacterium, a metabolic-network
was reconstructed based on the identification of its
genome-derived enzyme content.

Metabolic capacities of individual symbionts in the
simulated bacteriocyte environment

Given a representation of data as a network, computa-
tional simulations allow addressing the influence of
environmental inputs (nutritional resources) on its
structure and composition, i.e., the metabolic capacities
of a species in a given environment, for example, in
terms of its ability to produce essential metabolites.
More specifically, expansion algorithms generate the set
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of all possible metabolites that can be produced given a
set of starting compounds (source-metabolites) and a set
of feasible reactions [24]. We defined the starting com-
pounds as a compilation of putative nutrients provided
by the host whitefly in the bacteriocyte environment [21,
41, 42, 50]. Our predicted bacteriocyte environment was
composed of 49 compounds including ATP, co-factors
and vitamins such as NAD+, heme and thiamine, six
non-essential amino acids, and sugars (Additional file 5).

For each of the symbionts we simulated the metabolic
activity in the bacteriocyte environment and listed a
sub-set of essential metabolites predicted to be produced
(Additional file 6). Under these conditions, most of the
facultative symbionts are predicted to be capable of
producing nucleic acids whereas their ability to produce
amino acids and co-factors varies (Fig. 1a). Portiera, being
an obligatory symbiont that has undergone substantial
genomic reduction, was the most limited in its metabolic
capacities. It was capable of synthesizing glutamine and
alanine and the essential amino acids threonine, methio-
nine (from homocysteine), tryptophan and phenylalanine,
in accordance with previous reports regarding its meta-
bolic capacities and interactions with the whitefly host
[21, 32, 33, 41, 42, 50]. In addition, asparagine could be
produced by the facultative symbionts Hamiltonella,
Wolbachia and Cardinium and glycine by Hamiltonella
and Wolbachia. Overall, the automatic-based predictions
for metabolic capacities of the symbionts in the host envir-
onment generated by the model were in general agree-
ment with previously reported genome analyses.

Complementary interactions between the obligatory and
facultative symbionts

Simulations were initially carried in an environment con-
sidering host contribution only (Fig. 1a). Since Portiera is
the obligatory symbiont and could be considered an
organelle-like entity [41], we repeated simulations in an
environment that considers both host and Portiera’s
contributions. Metabolites produced by Portiera through
simulations in the host-only environment were added to
the original environment. Simulations then compared the
metabolic capacities of the facultative symbionts (all can
be found in the bacteriocyte) in both environments (host
vs. host-Portiera), showing an overall similarity (Fig. 1b).
Metabolites whose synthesis depends on outputs derived
from Portiera activity include lysine production by Portier-
a-Hamiltonella combination, in agreement with previous
reports [21, 42], and production of the three BCAs
(leucine, valine and isoleucine) by the Portiera-Rickettsia
combination (Fig. 1b). This previously unreported
complementation of BCA synthesis is in agreement with
identification of the ilvE (Branched-chain-amino-acid
aminotransferase) gene in Rickettsia from B. tabaci, carry-
ing the final reaction in the BCA-synthesis pathway [54].
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Hamiltonella genomes, for simplicity only a single representative is shown
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Co-production of amino acids by interactions of Portiera
with the insect host were previously reported, allowing
the whitefly to complement the majority of its
amino-acids production [21, 32, 33, 41, 42, 44, 50]. Inter-
actions between the obligatory and facultative symbionts
can provide an alternative synthesis route, as illustrated in
Additional file 11.

Complementary interactions between the facultative
symbionts

We next looked at the potential complementary interac-
tions between the facultative symbiont residents of the
whitefly bacteriocyte. To predict potential complementa-
tion patterns, we repeated co-growth simulations for
pairwise combinations in the exact same environments
(host only and host-Portiera) as for single-species simu-
lations. A metabolite was defined as “complementary” if
its synthesis requires a combination of the metabolic
networks of two facultative symbionts (i.e, cannot be

produced by individual members of the combination).
Complementary metabolites that are predicted in
host-only environment and not in host-Portiera environ-
ment (Fig. 1b), are such that are masked by interactions
of Portiera and the facultative symbionts — that is, can
also be produced by interactions between the facultative
symbiont and Portiera. An example for the effect of
the environment is demonstrated in Fig. 2, that for
simplicity focuses on subset of combinations (a single
representative for each genome) and a subset of comple-
mentary metabolites (such that are mapped to a metabolic
pathway). Only few of the complementary metabolites
produced by interaction between the facultative symbionts
are redundant with Portiera-facultative symbiont interac-
tions (Fig. 2, Table 2). An example is the complementary
production of lysine by a combination of Hamiltonella
with Wolbachia, which is masked in the host-Portiera
environment as it can be produced by Hamiltonella and
Portiera (Fig. 2, Additional file 11).
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Fig. 2 Potential ability of pairwise combinations of facultative stmbionts to synthesize complementary metabolites in the predicted bacteriocyte
environment (host and host-Portiera). Complementary metabolites are those whose synthesis required the coexistence of both pair members and
cannot be produced by either member alone in the predefined environment in which the simulations were carried out. White/black/pink
coloring of the cells —no synthesis/synthesis in both environments/synthesis only in the host environment, respectively. Color on the left side
indicates the super-pathway classification of each metabolite. C, H, R, W represent Cardinium, Hamiltonella (MEAM1), Rickettsia (MEAM1-USA) and
Wolbachia, respectively. For simplicity, only a single representative of each genome and only metabolites classified to metabolic pathways are
shown; the full list of potential complementary metabolites is detailed in Additional file 8

Table 2 Predictions of pairwise interactions in the bacteriocyte system between occurring (bold) and non-occurring (underlined)
pairwise combinations of symbionts.

Hamiltonella Hamiltonella Rickettsia Rickettsia Cardinium Wolbachia Portiera
MED-Q1 MEAM1 MEAM1-USA MEAM1-China
Hamiltonella 0/0 (0.32) 22/17 (0.19) 21/20(0.2) 0/0 (0.08) 11/14 (0.22) 13 (0.06)
MED-Q1
Hamiltonella 0/0 (0.97) 19/20 (0.17) 20/21 (0.19) 0/0 (0.05) 18/7 (0.19) 14 (0.05)
MEAM1
Rickettsia 22/17 (0.2) 19/20 (0.2) 0/0 (0.95) 9/9 (0.09) 6/4 (0.11) 14 (0.07)
MEAM1-USA
Rickettsia 21/20 (0.21) 20/21 (0.21) 0/0 (1) 10/11 (0.12) 8/7 (0.14) 13 (0.07)
MEAM1-China
Cardinium 0/0 (0.17) 0/0 (0.15) 9/9 (0.1) 10/11 (0.12) 9/9 (0.12) 13 (0.15)
Wolbachia 11/14 (0.38) 18/7 (0.36) 6/4 (0.3) 87 (0.34) 9/9 (0.14) 8 (0.12)
Portiera 13 (0.25) 14 (0.25) 14 (0.25) 13 (0.25) 13 (0.25) 8 (0.25)

Occurrence versus non-occurrence was determined according to a detailed survey of symbiont occurrence from 2030 whitefly individuals [34] and is detailed
in Additional file 12. The first values in each cell represent the number of complementary metabolites produced in each combination in the host environment/host-
Portiera environment (for the combinations of facultative symbionts); the value in parentheses represents the predictions of the competition values (Effective Metabolic
Overlap). The obligatory symbiont is denoted in bold face
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A reverse environmental effect - that is complemen-
tary metabolites that are unique to the host-Portiera
environment were not detected, suggesting that three
species complementary interactions (Portiera and two
facultative symbionts) are rare. Overall, most metabolites
produced by obligatory-facultative combinations differ
from these formed by facultative-facultative interactions
and the profiles derived from facultative-facultative in-
teractions are also typically divergent and unique for
each combination (Fig. 2).

PCA of the full complementary-metabolite vectors, con-
sidering all complementary metabolites and all combina-
tions, also points at a conservative profile of interactions
between Portiera and the facultative symbionts versus
diverse interaction profiles between the facultative symbi-
onts (Fig. 3). Portiera associated interactions (with
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potentially lead to the synthesis of a set of metabolites that
includes aminoacyl-tRNAs and many primary metabolites
such as amino acids and co-factors (Additional file 8).
Complementary metabolites common to the co-clustered
Portiera-Hamiltonella and Portiera-Wolbachia combina-
tions included potential precursors of methionine and
purine/thiamine; all potential interactions have been
previously suggested for Hamiltonella [42], but not for
Wolbachia. Other interaction clusters, mainly combina-
tions of facultative symbionts, include combinations
between Cardinium-Portiera (not classified together with
the other Portiera associated combinations) and
Hamiltonella-Wolbachia (cluster 5), Hamiltonella-Rick-
ettsia interactions (cluster 3), Rickettsia-Wolbachia
interactions (cluster 1), and Cardinium-Wolbachia and
Cardinium-Rickettsia (cluster 2). The two Rickettsia

Hamiltonella, Rickettsia and Wolbachia, cluster 4) can reconstructions lead to similar complementation
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Fig. 3 Principal Component Analysis (PCA) diagram of the complementary metabolite profiles produced through pairwise interactions (host
environment). Complementary metabolites are those whose synthesis required the coexistence of both pair members and cannot be produced
by either member alone in the predefined environment in which the simulations were carried out. P, C, H, R and W represent Portiera, Cardinium,
Hamiltonella, Rickettsia and Wolbachia, respectively. Colors denote the species/biotype origin of each symbiont with the exception of Portiera that
represents a generic origin. PCA clusters are present in colored circles adjacent to the bacterial combination initials. Hamiltonella and Cardinium
combination have no synergistic metabolites and consequently is not represented. Black arrows represent determinant vectors. For plotting
reasons, only names of the most important vectors are displayed (description of all synergistic metabolite and pathways is described
in Additional file 8)
J
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profiles, unlike the significant differences that were de-
tected between the two Hamiltonella reconstructions,
in particular regarding to their complementation pat-
terns with Wolbachia (Fig. 3). Whereas clusters 5 and
3 represent combinations that are frequently detected,
most combinations in clusters 1 and 2 are less frequent
(Additional file 12). The highest numbers of complemen-
tary metabolites was recorded for the frequent Hamilto-
nella-Rickettsia combinations (cluster 3, ~ 20 with small
variations between genomic versions, Table 2) followed by
Hamiltonella-Wolbachia in dependence with the specific
Hamiltonella genome (cluster 5 & 1, Table 2). The lowest
number of complementary metabolites over pairwise
interactions was predicted for Cardinium (average of ~ 6,
Table 2), the symbiont with the lowest total number of
appearances in the surveyed populations. The overall
pattern remains conserved in the two environments con-
sidered (Table 2). The relatively high number of comple-
mentary metabolites and the divergent clustering pattern
recorded for the combinations in clusters 5 and 3 is mostly
related to the co-production of secondary metabolites,
fatty acids and glycerolipids (Additional file 8). Notably,
combinations from clusters 5 and 3 are associated with
distinct genetic backgrounds of the whitefly host. Hamilto-
nella with Rickettsia (cluster 3) are typical and mostly
unique of individuals from MEAM1, whereas combina-
tions of Hamiltonella-Wolbachia and Cardinium-Portiera
are characteristic of individuals from MED-Q1 [34].

Co-dependencies of symbionts on specific media
components

Under the assumption that highly similar metabolic de-
mands may hint at resource competition and potentially
lead to exclusion of the less fit competitor, the extent to
which symbiont combinations rely on common resources
was assessed. Scores were evaluated using NetCmpt,
which provides predictions for the degree of effective
metabolic overlap between pairs of bacterial species, ran-
ging between 0 (no overlap) and 1 (complete overlap)
[25]. Scores are a-symmetrical whereas the effect of inter-
actions on pair members is likely to differ (i.e, one of the
species is likely to be more affected than its potential com-
petitor). The score is indicative of the effect of the column
species over the row species. For example, Hamiltonella
was almost unaffected by Portiera and was more sensitive
to the presence of Wolbachia and Rickettsia (Table 2).
Overall, pairwise scores were relatively low, ranging
between 0.05-0.06 (the effect of Portiera on the two
Hamiltonellas) and ~ 0.38-0.36 (the effect of the two
Hamiltonella on Wolbachia). The observed average com-
petition score, 0.18 (Table 2), was relatively low com-
pared to an average of 0.36 calculated for other
modeled bacterial communities [3]. Notably, no signifi-
cant difference was observed in the level of metabolic
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overlap between occurring versus non-occurring com-
binations (t-test: tys— 2348 = 0.57, p = 0.56; Table 2).

Since resource overlap is thought to determine com-
munity structure only under limited carrying capacity of
the habitat [55], we further simulated species-specific
growth in the bacteriocyte-like environment (host only),
rather than considering the generic optimal environment
assumed by the NetCmpt tool. We estimated the specific
qualitative effect of each metabolite on production of tar-
get metabolites capacity following iterative removal of one
component at a time (as illustrated in Additional file 7).
As expected, Portiera exhibited the most differentiated
dependency profile of all symbionts (Fig. 4). In the
specific bacteriocyte simulated environment, Portiera
relied uniquely on D-ribose 5-phosphate, D-erythrose
4-phosphate and phosphoenolpyruvate for tryptophan
production, as well as on L-homocysteine for methio-
nine production. Metabolite dependencies that were
common to more than a single symbiont included de-
pendencies on the amino acids L-cysteine (Wolbachia
and Rickettsia) and L-serine (Hamiltonella and Wolba-
chia). Hence, co-dependency might lead to a mutually
exclusive distribution pattern, as suggested for Wolbachia
and Rickettsia [34].

In addition, common dependencies on NAD+ (Wolba-
chia and Rickettsia) and ATP (Cardinium and Rickettsia)
reflected the energy production pathways of the corre-
sponding symbionts. All NAD+ dependent bacteria have a
citrate cycle requiring NAD+ as a reducing force. Rickett-
sia and Cardinum, both missing glycolytic pathways, rely
on the host for ATP production. Though Rickettsia
possesses a citrate-cycle, capable of producing ATPD, its
activation requires thiamine diphosphate, which was not
present in the bacteriocyte environment. In our simu-
lations, Wolbachia was the only symbiont that could
produce thiamine diphosphate from the thiamine pro-
vided through the activity of thiamine diphosphoki-
nase. Like Cardinum, Portiera does not possess either
a citrate-cycle or glycolysis pathway. However, at least
to a minimal amount, ATP production can potentially
occur through the activity of ATP phosphoribosyl-
transferase in the histidine-metabolism pathway requiring
D-ribose 5-phosphate as input. In addition, Portiera can
also obtain ATP through carotenoid biosynthesis [56].

Discussion

We harnessed the rapidly advancing tools developed
within the newly emerging field of eco-system biology
to study microbial interactions in a small, closed,
well-defined ecosystem. The focus on the B. tabaci
unique bacterial community, where all species are known
to reside in the bacteriocytes (though some of them can
also be found in additional tissues), allowed exploring
metabolic interactions between all relevant pairwise
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combinations, providing a detailed description of the
trophic networks. Using simulation models to predict
metabolic exchanges and co-dependencies we aimed at
comparing metabolic capacities of symbiont combinations
also considering the effect of the trophic complexity of the
environments used for simulation (host only vs. host
together with the obligatory symbiont).

We predicted four previously un-reported routes for
transient complementary interactions for amino-acids
synthesis between symbionts. These interactions can
potentially increase the amount of the resulting amino
acids in the bacteriocyte by providing alternative synthe-
sis routes. Examples include complementation of the
synthesis of BCAs that is possible through the interaction
of obligatory symbiont (Portiera) with the insect host
(B. tabaci), but also, by a previously un-reported
interaction between Portiera and the facultative symbiont
Rickettsia. Similarly, production of lysine was previously
reported to occur through the complementary interaction
between Portiera and Hamiltonella or, by Wolbachia-Ha-
miltonella interactions, as predicted here. The current
analysis points at alternative production routes, possibly
compensating for the limited transcriptional regulation of
symbionts [57]. Such complementation can be mutualistic,
increasing the total amount of essential nutritional
sources for all community members. Alternatively, it
might only be beneficial for specific species and reflect

a parasitic life style. For example, complementary pro-
duction of BCAs is possible through Portiera-Rickettsia
interactions. Although an increase on the synthesis of
BCA could be beneficial for the host and its symbionts,
we must remark that the Rickettsia from B. tabaci is part
of the R bellii group which includes many pathogenic
members [58, 59]. The complementation might reflect the
dependency of Rickettsia on the BCA intermediates that it
scavenges from the host-environment, bypassing the host’s
control of BCA biosynthesis [60].

All Portiera interactions with the facultative symbionts
were relatively conserved and involved in the production of
metabolites compensating for the loss of aminoacyl-tRNAs
in the Portiera lineage (L-tryptophanyl, N-formylmethionyl,
L-methionyl and L-alanyl-tRNAs, Additional file 8) [41].
Although these losses are assumed to reflect the depend-
ency of Portiera on its host [30, 31, 57], the analysis
suggests alternative routes for such complementation,
though it cannot provide an evolutionary justification.
Unlike Portiera interactions, the interactions formed be-
tween Hamiltonella and the other facultative symbionts
vary (Fig. 3), possibly reflecting adaptations that are specific
to the host genomic background or environmentally re-
lated. For example, combinations of Hamiltonella with
Rickettsia seem unique to individuals from MEAMI,
whereas combinations of Hamiltonella with Wolbachia are
commonly found in individuals from MED-Q1. Notably,
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both combinations, which are highly dominant in their
corresponding genetic group [34], have the potential to
co-produce a diverse set of primary and secondary metabo-
lites, which can increase host fitness, favoring their main-
tenance on this species. Potential functional significance of
the secondary metabolites produced through complemen-
tary interactions includes host-parasitoid interactions [61,
62]. For example, dimethylallyl diphosphate, a terpenoid, is
involved in the metabolism of aphid’s alarm pheromones
[63]; sialic acids have diverse functions in host-bacteria in-
teractions, including as signaling molecules and nutritional
sources [64] (Additional file 8).

In parallel to the prediction of potential exchanges,
we also characterized metabolic co-dependencies be-
tween bacterial pairs. Co-dependencies might point at
potential limiting factors that affect community structure.
Predicted co-shared metabolites included the amino-acids
L-cysteine (Wolbachia and Rickettsia) and L-serine (Hamil-
tonella and Wolbachia). Whereas Hamiltonella-Wolbachia
combinations are frequent, Wolbachia-Rickettsia combina-
tions are rare [34], indicating at cysteine as a potential limit-
ing factor. Although cysteine is a non-essential amino acid
that can be supplied by the host and is found in the
phloem, it is the main sulfur source required for Fe-S
protein biogenesis [65]. In addition, common dependencies
in NAD+ and ATP, which reflect the energy-production
pathways of the corresponding symbionts, can have a
strong influence on symbiont co-occurrences. For example,
Rickettsia and Cardinium, both missing the glycolytic path-
ways and relying on their host for ATP production, are not
found together in the host [34]. Another example for
mutual exclusive distribution pattern between facultative
symbionts was observed for Arsenophonus and Hamilto-
nella [34]. The metabolic background for this exclusion can
be similarly explored once the Arsenophonus genome is
published.

Our analysis was based on several assumptions and
limitations that should be acknowledged. First, metabolic
capabilities were inferred using the sequenced genome
of the species of interest. The genomes in the analysis
vary in their status and quality (Table 1) including closed
genomes (Portiera, Hamiltonella MEAMI1-USA and
Rickettsia MEAM1-USA), high quality draft (Cardinium)
and draft genomes (Hamiltonella MED-Q1-China, Rick-
ettsic. MEAM1-China and Wolbachia). Notably, draft
genomes represent some challenges for this kind of in-
ference, as it is impossible to know if the assembly failed
to recover all the genes present in the genome. For that
reason, we screened the genomes for putative pseudo-
genes to reduce the possibility of false positives enzymes,
or missing enzymes. Despite differences in quality be-
tween the two Hamiltonella and two Rickettsia genomes,
the inferred metabolic capacities derived from the differ-
ent versions of their genomes were similar. However, for
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both Hamiltonella genomes, we observe differences in
the complementation profile with Wolbachia. Although
Rickettsia reconstructions came from the same species
(MEAM1), Hamiltonella reconstructions are from different
species (MEAM1 an MED-Q1) (Table 1). Though these
differences in Hamiltonella reconstructions might reflect
possible adaptation to the host, a detailed analysis suggests
these differences are more likely to reflect the assembly
quality, where predictions derived from the closed genome
version seems more reliable and being in concordance
with previous studies reporting conservation in metabolic
activity between the Hamiltonella two strains [42]. For
that reason, in the de novo Wolbahia assembly reported
here we also screened the initial meta-assembly for
missing contigs not present in the final assembly and
compared the proteome of the Wolbachia from B. tabaci
to the proteome of Wolbachia from different hosts
(Additional file 9). In general, and similar to other Wolba-
chia strains sequenced, Wolbachia from B. tabaci contains
a small set of real strain specific genes (13% of its proteome
after some manual checks), without any strain specific
enzyme, and share most of its gene content with other
Wolbachia [66]. In summary, although we cannot rule out
the possibility of missing genes in our Wolbachia from
B. tabaci, the assembly and the metabolic inference
seems quite reliable for the purpose of this work.
Additional assumptions include the following: (1) we
assumed a free flux of metabolites between the host and
the symbionts and among the symbionts themselves.
Several descriptions of the frequent exchanges in micro-
bial communities support this assumption [3, 26, 44, 67].
(2) The model is qualitative, only providing binary predic-
tions for the production or absence of a metabolite rather
than quantitative estimates for metabolite consumption/
production as produced for stoichiometric networks using
constraint based modeling. Hence, metabolites that are
common resources for several symbionts might not
induce competition, as they are not necessarily limiting.
Similarly, the coproduction of nutrients might take
place in negligible amounts. The importance of quanti-
tative analysis for deciphering host-symbiont and
symbiont-symbiont interactions was demonstrated in a
recent study exploring the interactions between the
whitefly host, Portiera and Hamiltonella [44]. Based on
quantitative estimates of co-exchange metabolic fluxes,
Ankrah et al. [44] characterized Portiera but not
Hamiltonella as a key source for essential amino acids
for the host and suggested that Hamiltonella is a nutri-
tional parasite, competing with Portiera for resources
provided by the host. Admittedly, such interpretation
cannot be obtained based on the qualitative analysis
done here. Yet, in the absence of detailed metabolomics
and fluxes information, any quantitative analysis has to
rely on a series of assumptions and approximations.
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Notably, species interactions are far from being static and
changes in metabolic content induce significant changes
in interaction types — from competition to cooperation [4,
5, 68]. Quantitative approaches indicate the myriad of
potential interactions based on genomic potential and
hence are complementary to qualitative. (3) The analysis
is limited to the prediction of metabolic interactions
between symbionts; non metabolic interactions and
host-symbiont interactions are likely to be central factors
affecting community structure. However, despite these
limitations, the analysis successfully captured previous
genome-based predictions of metabolic complementations
in the bacteriocyte [21, 32, 42]. Such evidence supports
the relevance system-level genomic analyses as a tool for
the formulation of new and testable predictions of meta-
bolic exchanges in an automated manner. Moreover, our
simulations take into account specific environments, hence
reflecting the common notion that interactions are dynamic
and can vary with the addition or depletion of nutrients
[3, 5, 54]. Despite its obvious limitations, this model
provides a standard account of the metabolic capacities
of all symbionts as individuals as well as predicts possible
interactions for all combinations.

Conclusions
The analysis allows a systematic view of symbiont function
and interactions and leads to the prediction of previously
un-reported putative complementary interactions. In
addition to predicting possible complementary routes, it
allows predicting co-dependencies that were not previ-
ously considered and analyzed, hence providing a tool for
generating testable hypotheses of metabolic interactions in
bacterial communities. The focus on this small scale sys-
tem, produces a relatively manageable number of potential
interactions allowing their further experimental verifica-
tion. Such task is close to impossible in most ecological
environments that inhabit thousands of species, mostly
un-sequenced. Though several genomic based studies have
pointed at the relevance of genomic based description of
pairwise interactions for understanding general assembly
rules of natural communities, such studies can only point
at general trends [4, 8]. The focus of the current study on
this simple systems lays foundation for the systematic
experimental exploration of these predictions towards
elucidation their role in determining co-occurrence pat-
terns, potentially providing a model system for more com-
plex systems. Overall, the study presents a standard,
systematic, approach for exploring interactions across
pairwise combinations and contextualizing the findings in
a broader ecological context by associating interactions
with co-occurrence patterns and host background.
Understanding the overall metabolic interactions in a
given system is of key importance in ecology and evolu-
tion and can provide a powerful tool for expanding
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knowledge on inter-specific bacterial interactions in
various ecosystems. With respect to applied aspects,
symbiotic microorganisms have been shown to influence
the success rates of various biological control programs
of agricultural pests [69, 70]. Attempts to establish more
efficient pest-management strategies involve the removal
of specific symbionts or the introduction of others, and
our proposed model is expected to contribute to the
efficiency and productivity of such efforts. The presented
simple model system offers a level of tractability that is
crucial for paving the way to the simulation, prediction
and management of microbial communities that can
expanded to more complex ecosystems, such as the guts
of humans and livestock, water resources and soils.

Additional files

Additional file 1: Description of symbiont's DNA extraction and
Wolbachia genome assembly. (DOCX 26 kb)

Additional file 2: Comparison of the completeness of the draft
genomes using CheckM. (XLS 32 kb)

Additional file 3: Annotations for the Cardinium genome from four
platforms (IMG/M, Kbase, Rast, MG-Rast) were compared with the manual
annotation conducted by Santos-Garcia et al. 2014. The JGI platform had
both the absolute highest number of Enzyme Commission (EC) predictions
as well as the highest overlap with the manual annotation. Hence, it was
selected as the standard annotation tool for all symbionts. (DOCX 113 kb)

Additional file 4: List of the Enzyme Commission (EC) numbers for
endosymbionts used in the analyses. (XLS 79 kb)

Additional file 5: Predicted source metabolites in the whitefly
bacteriocyte with and without consideration of the metabolic
contribution of Portiera aleyrodidarum. (XLSX 17 kb)

Additional file 6: Additional file &: List of essential metabolites needed
for bacterial growth. (XLSX 10 kb)

Additional file 7: lllustration of the model used to simulate growth,
calculate metabolic overlap, and estimate the effect of specific
metabolites on metabolic production. (DOCX 179 kb)

Additional file 8: Categorization of the complementary metabolites
produced in each combination of two symbionts into different metabolic
pathways in the host environment with and without consideration of the
metabolic contribution of Portiera aleyrodidarum. (XLS 55 kb)

Additional file 9: Orthologous protein clusters of five Wolbachia strains
represented as a Euler-Venn Diagram, as described in additional file 1.
(DOCX 187 kb)

Additional file 10: Comparison of annotations retrieved for the four
different Porteria genomes using the JGI platform. (DOCX 111 kb)

Additional file 11: lllustration of the putative complementation at
metabolic level detected for the synthesis of Branched Chain Amino
Acids and Lysine. The Wolbachia's lysine biosynthetic pathway lacks its
last reaction (argD, EC 4.1.1.20), which is present in Hamiltonella, leading
to a complementary potential production of lysine from M-DAP. Synthesis
of M-DAP is consistently inferred in most sequenced Wolbachia, providing
an intermediate compound for the biosynthesis of peptidoglycan, part of
the bacterial membrane. (DOC 108 kb)

Additional file 12: Co-occurrence frequencies of facultative
endosymbionts. (DOC 86 kb)

Abbreviations

ATP: Adenosine Triphosphate; BCAs: Branched Chain Amino Acids;
EC: Enzyme Commission; NAD +: Nicotinamide Adenine Dinucleotide;
PCA: Principal Component Analysis


https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7
https://doi.org/10.1186/s12864-018-4786-7

Opatovsky et al. BMIC Genomics (2018) 19:402

Acknowledgments

We thank Genoscope (http://jacob.cea.fr/drf/ifrancoisjacob/Pages/
Departements/Genoscope.aspx) for providing the raw data for assembly of
the Wolbachia genome. We thank Gopinath selvaraj for careful reading and
comments.

Funding

The study was supported by the Israel Science Foundation, grant no. 1481/
13 & 484/17. DSG was recipient of a Valazzi Pikovski Fund post-doctoral Fel-
lowship. None of the funding bodies were involved in the design, data ana-
lysis or in writing the manuscript.

Availability of data and materials

The datasets supporting the results of this article are included within the
article and its additional files. The Wollbachia assembly was deposited in the
European Nucleotide Archive with project number of PRJEB15492.

Authors’ contributions

10, DSG, TL, VB and SO preformed the bioinformatics analysis. 10, DSG, SF
and EZF drafted the manuscript. ZR, LM and JJ participated in manuscript
formatting and editing. All authors read and approved the final manuscript.

Ethics approval and consent to participate
This study has not directly involved humans, animals or plants, or has
retrospectively analysed existing datasets that are open to the public.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Newe Ya'ar Research Center, The Agricultural Research Organization, Ramat
Yishay, Israel. 2Agricultura\ Research and Development Center, Southern
Branch (Besor), Israel. *Department of Entomology, Hebrew University of
Jerusalem, Rehovot, Israel. “Department of Microbiology, College of Life
Sciences, Nanjing Agricultural University, Nanjing 210095, China. >CNRS,
Laboratoire de Biométrie et Biologie Evolutive UMR CNRS 5558, Université de
Lyon, Université Claude Bernard, F-69622 Villeurbanne, France. ®Institut de
biologie Francois-Jacob, GenoscopeCEA, Genoscope, Evry, France.

Received: 14 September 2017 Accepted: 11 May 2018
Published online: 25 May 2018

References
1. Marx CJ. Microbiology. Getting in touch with your friends. Science. 2009;
324:1150-1.

2. Fuhrman JA. Microbial community structure and its functional implications.
Nature. 2009;459:193-9.

3. Freilich S, Kreimer A, Meilijson |, Gophna U, Sharan R, Ruppin E. The large-
scale organization of the bacterial network of ecological co-occurrence
interactions. Nucleic Acids Res. 2010;38:3857-68.

4. Freilich S, Zarecki R, Eilam O, Segal ES, Henry CS, Kupiec M, et al.
Competitive and cooperative metabolic interactions in bacterial
communities. Nat Commun. 2011;2:589-95.

5. Klitgord N, Segré D. Environments that induce synthetic microbial
ecosystems. PLoS Comput Biol. 2010,6:1-17.

6.  Klitgord N, Segré D. Ecosystems biology of microbial metabolism. Curr Opin
Biotechnol. 2011;22:541-6.

7. Gro3kopf T, Soyer OS. Synthetic microbial communities. Curr Opin
Microbiol. 2014;18:72-7.

8. Levy R, Borenstein E. Metabolic modeling of species interaction in the
human microbiome elucidates community-level assembly rules. Proc Natl
Acad Sci. 2013;110:12804-9.

9. Zilber-Rosenberg I, Rosenberg E. Role of microorganisms in the evolution of
animals and plants: the hologenome theory of evolution. FEMS Microbiol
Rev. 2008;32:723-35.

10.  Moya A, Peret6 J, Gil R, Latorre A. Learning how to live together: genomic
insights into prokaryote-animal symbioses. Nat Rev Genet. 2008;9:218-29.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

37.

Page 13 of 14

Buchner P. Endosymbiosis of animals with plant microorganisms. New York:
John Wiley; 1965.

Baumann P. Biology bacteriocyte-associated endosymbionts of plant sap-
sucking insects. Annu Rev Microbiol. 2005;59:155-89.

Moran NA. Symbiosis as an adaptive process and source of phenotypic
complexity. Proc Natl Acad Sci. 2007;104:8627-33.

Zchori-Fein E. Kostas B. Manipulative Tenants: Bacteria assosiated with
arthropods. CRC press; 2011.

Gueguen G, Vavre F, Gnankine O, Peterschmitt M, Charif D, Chiel E, et al.
Endosymbiont metacommunities, mtDNA diversity and the evolution of the
Bemisia tabaci (Hemiptera: Aleyrodidae) species complex. Mol Ecol. 2010;19:
4365-78.

Jaenike J. Population genetics of beneficial heritable symbionts. Trends Ecol.
Evol. 2012,27:226-232.

Henry LM, Peccoud J, Simon JC, Hadfield JD, Maiden MJC, Ferrari J, et al.
Horizontally transmitted symbionts and host colonization of ecological
niches. Curr Biol. 2013;23:1713-7.

Bennett GM, Moran NA. Heritable symbiosis: the advantages and perils of
an evolutionary rabbit hole. Proc Natl Acad Sci. 2015;112:10169-76.
MacDonald SJ, Thomas GH, Douglas AE. Genetic and metabolic
determinants of nutritional phenotype in an insect-bacterial symbiosis.
Mol Ecol. 2011;20:2073-84.

McCutcheon JP, Von Dohlen CD. An interdependent metabolic patchwork
in the nested symbiosis of mealybugs. Curr Biol. 2011;21:1366-72.

Rao Q, Rollat-Farnier PA, Zhu DT, Santos-Garcia D, Silva FJ, Moya A, et al.
Genome reduction and potential metabolic complementation of the
dual endosymbionts in the whitefly Bemisia tabaci. BMC Genomics.
2015;16:226-38.

Stolyar S, Van Dien S, Hillesland KL, Pinel N, Lie TJ, Leigh JA, et al.
Metabolic modeling of a mutualistic microbial community. Mol Syst Biol.
2007;3:92-104.

Ofaim S, Ofek-Lalzar M, Sela N, Jinag J, Kashi Y, Minz D, et al. Analysis of
microbial functions in the rhizosphere using a metabolic-network based
framework for metagenomics interpretation. Front Microbiol. 2017; https://
doi.org/10.3389/fmich.2017.01606.

Ebenhoh O, Handorf T, Heinrich R. Structural analysis of expanding
metabolic networks. Genome Inform. 2004;15:35-45.

Kreimer A, Doron-Faigenboim A, Borenstein E, Freilich S. NetCmpt: a
network-based tool for calculating the metabolic competition between
bacterial species. Bioinformatics. 2012,28:2195-7.

Duan G, Christian N, Schwachtje J, Walther D, Ebenhoh O. The metabolic
interplay between plants and phytopathogens. Meta. 2013;3:1-23.
Zelezniak A, Andrejev S, Ponomarova O, Mende DR, Bork P, Patil KR.
Metabolic dependencies drive species co-occurrence in diverse microbial
communities. Proc Natl Acad Sci USA. 2015; 112:6449-54

Stansly PA, Naranjo SE. Bemisia: bionomics and management of a global
pest: Springer Netherlands; 2010.

De Barro PJ, Liu S, Boykin L, Dinsdale AB. Bemisia tabaci : a statement of
species status. Annu Rev Entomol. 2011;56:1-19.

Hu J, Jiang Z, Nardi F, Liu Y, Luo X, Li H, et al. Members of Bemisia tabaci
(Hemiptera: Aleyrodidae ) cryptic species and the status of two invasive
alien species in the Yunnan province ( China ). J Insect Sci. 2014;6:1-8.
Thao ML, Baumann P. Evolutionary relationships of primary prokaryotic
endosymbionts of whiteflies and their hosts. Appl Environ Microbiol.
2004;70:3401-6.

Santos-Garcia D, Farnier P, Beitia F, Zchori-fein E, Vavre F, Mouton L.
Complete genome sequence of “Candidatus Portiera aleyrodidarum” BT-
QVLC, an obligate symbiont that supplies amino acids and carotenoids to
Bemisia tabaci. J Bacteriol. 2012;194:6654-5.

Sloan DB, Moran NA. Endosymbiotic bacteria as a source of carotenoids in
whiteflies. Biol Lett. 2012,8:986-9.

Zchori-Fein E, Lahav T, Freilich S. Variations in the identity and complexity of
endosymbiont combinations in whitefly hosts. Front Ecol Environ. 2014;5:1-8.
Gottlieb Y, Ghanim M, Gueguen G, Kontsedalov S, Vavre F, Fleury F, et al.
Inherited intracellular ecosystem: symbiotic bacteria share bacteriocytes in
whiteflies. FASEB J. 2008;22:2591-9.

Bing XL, Yang J, Zchori-Fein E, Wang XW, Liu SS. Characterization of a newly
discovered symbiont of the whitefly Bemisia tabaci (Hemiptera:
Aleyrodidae). Appl Environ Microbial. 2013;79:569-75.

Everett KD, Thao M, Horn M, Dyszynski GE, Baumann P. (2005). Novel
chlamydiae in whiteflies and scale insects: endosymbionts ‘Candidatus


http://jacob.cea.fr/drf/ifrancoisjacob/Pages/Departements/Genoscope.aspx
http://jacob.cea.fr/drf/ifrancoisjacob/Pages/Departements/Genoscope.aspx
https://doi.org/10.3389/fmicb.2017.01606
https://doi.org/10.3389/fmicb.2017.01606

Opatovsky et al. BMIC Genomics (2018) 19:402

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fritschea bemisiae’ strain Falk and ‘Candidatus Fritschea eriococci’ strain
elm. Int. J. Syst. Evol. Microbiol. 2005;55:1581-7.

Himler AG, Adachi-Hagimori T, Bergen JE, Kozuch A, Kelly SE, Tabashnik BE,
et al. Rapid spread of a bacterial symbiont in an invasive whitefly is driven
by fitness benefits and female bias. Science. 2011;332:254-6.

Rao Q, Wang S, Zhu DT, Wang XW, Liu SS. Draft genome sequence of
Rickettsia sp. strain MEAM1, isolated from the whitefly Bemisia tabaci. J
Bacteriol. 2012;194:4741-2.

Santos-Garcia D, Rollat-Farnier PA, Beitia F, Zchori-Fein E, Vavre F, Mouton L,
et al. The genome of Cardinium cBtQ1 provides insights into genome
reduction, symbiont motility, and its settlement in Bemisia tabaci. Genome
Biol Evol. 2014;6:1013-30.

Santos-Garcia D, Vargas-Chavez C, Moya A, Latorre A, Silva FJ. Genome
evolution in the primary endosymbiont of whiteflies sheds light on their
divergence. Genome Biol Evol. 2015;7:873-88.

Luan JB, Chen W, Hasegawa DK, Simmons AM, Wintermantel WM, Ling KS,
et al. Metabolic coevolution in the bacterial symbiosis of whiteflies and
related plant sap-feeding insects. Genome Biol Evol. 2015;7:2635-47.
Rollat-Farnier PA, Santos-Garcia D, Rao Q, Sagot MF, Silva FJ, Henri H, et al.
Two host clades, two bacterial arsenals: evolution through gene losses in
facultative endosymbionts. Genome Biol Evol. 2015;7:839-55.

Ankrah NYD, Luan J, Douglas AE. Cooperative metabolism in a three-partner
insect-bacterial symbiosis revealed by metabolic modeling. J Bacteriol. 2017;
https.//doi.org/10.1128/JB.00872-16.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM:
Assessing the quality of microbial genomes recovered from isolates, single
cells, and metagenomes. Genome Res. 2015,25:1043-55.

Markowitz VM, Chen |-MA, Palaniappan K, Chu K, Szeto E, Pillay M, et al. IMG
4 version of the integrated microbial genomes comparative analysis system.
Nucleic Acids Res. 2014:42:D560~7.

Meyer F, Paarmann D, D 'souza M, Olson R, Glass E, Kubal M, et al. The
metagenomics RAST server — a public resource for the automatic
phylogenetic and functional analysis of metagenomes. BMC Bioinformatics.
2008;9:386-4.

Pati A, Ivanova NN, Mikhailova N, Ovchinnikova G, Hooper SD, Lykidis A,

et al. GenePRIMP: a gene prediction improvement pipeline for prokaryotic
genomes. Nat Methods. 2010;7:455-7.

Zimmermann MH, Phloem Transport MJA. Transp. Plants I. Berlin Heidelberg:
Springer-Verlag; 1975.

Upadhyay SK, Sharma S, Singh H, Dixit S, Kumar J, Verma PC, et al. Whitefly
genome expression reveals host-symbiont interaction in amino acid
biosynthesis. PLoS One. 2015;10:1-16.

R Core Team. R: A language and environment for statistical computing.

R Foundation for Statistical Computing, Vienna, Austria; 2012. R
Foundation for Statistical Computing, Vienna, Au. Available from:
http://www.r-project.org.

Carr R, Borenstein E. NetSeed: a network-based reverse-ecology tool for
calculating the metabolic interface of an organism with its environment.
Bioinformatics. 2012;28(5):734.

Jiang Z, Xia F, Johnson KW, Brown CD, Bartom E, Tuteja JH, et al.
Comparison of the genome sequences of “Candidatus Portiera
aleyrodidarum” primary endosymbionts of the whitefly Bemisia tabaci B and
Q biotypes. Appl Environ Microbiol. 2013;79:1757-9.

Wintermute EH, Silver PA. Emergent cooperation in microbial metabolism.
Mol Syst Biol. 2010;6:407-13.

den Boer PJ. The present status of the competitive exclusion principle.
Trends Ecol Evol. 1986;1:25-8.

Calle-Espinosa J, Ponce-de-Leon M, Santos-Garcia D, Silva FJ, Montero F,
Pereto J. Nature lessons: the whitefly bacterial endosymbiont is a minimal
amino acid factory with unusual energetics. J Theor Biol. 2016;407:303-17.
Russell CW, Poliakov A, Haribal M, Jander G, van Wijk KJ, Douglas AE.
Matching the supply of bacterial nutrients to the nutritional demand of the
animal host. Proc R Soc B Biol Sci. 2014;281:20141163

Blanc G, Ogata H, Robert C, Audic S, Suhre K, Vestris G, et al. Reductive
genome evolution from the mother of Rickettsia. PLoS Genet. 2007;3:
0103-14.

Weinert LA, Werren JH, Aebi A, Stone GN, Jiggins FM. Evolution and
diversity of Rickettsia bacteria. BMC Biol. 2009;7:6.

Osterman A, Overbeek R. Missing genes in metabolic pathways: a
comparative genomics approach. Curr Opin Chem Biol. 2003;7:238-51.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 14 of 14

Leroy PD, Sabri A, Heuskin S, Thonart P, Lognay G, Verheggen FJ, et al.
Microorganisms from aphid honeydew attract and enhance the efficacy of
natural enemies. Nat Commun. 2011; https://doi.org/10.1038/ncomms1347.
Oliver KM, Noge K, Huang EM, Campos JM, Becerra JX, Hunter MS. Parasitic wasp
responses to symbiont-based defense in aphids. BMC Biol. 2012,10:11-21.
Vandermoten S, Mescher MC, Francis F, Haubruge E, Verheggen FJ. Aphid
alarm pheromone: an overview of current knowledge on biosynthesis and
functions. Insect Biochem Mol Biol. 2012;42:155-63.

Vimr ER, Kalivoda KA, Deszo EL, Steenbergen SM. Diversity of microbial sialic
acid metabolism. Microbiol Mol Biol Rev. 2004;68:132-53.

Py B, Barras F. Building Fe-S proteins: bacterial strategies. Nat Rev Microbiol.
2010;8:436-46.

Ellegaard KM, Klasson L, Néslund K, Bourtzis K, Andersson SGE. Comparative
genomics of Wolbachia and the bacterial species concept. PLoS Genet.
2013; https://doi.org/10.1371/journal.pgen.1003381.

Paczia N, Nilgen A, Lehmann T, Gatgens J, Wiechert W, Noack S. Extensive
exometabolome analysis reveals extended overflow metabolism in various
microorganisms. Microb Cell Factories. 2012;11:122-35.

Hansen SK, Rainey PB, Haagensen JA, Molin S. Evolution of species
interactions in a biofilm community. Nature. 2007,445:533-6.

Zindel R, Gottlieb Y, Aebi A. Arthropod symbioses: a neglected parameter in
pest- and disease-control programmes. J Appl Ecol. 2011;48:864-72.
Gebiola M, White JA, Cass BN, Kozuch A, Harris LR, Kelly SE, et al. Cryptic
diversity, reproductive isolation and cytoplasmic incompatibility in a classic
biological control success story. Linn Soc London. 2016;117:217-30.

Chen W, Hasegawa DK, Kaur N, Kliot A, Pinheiro PV, Luan J, et al. The draft
genome of whitefly Bemisia tabaci MEAM1, a global crop pest, provides
novel insights into virus transmission, host adaptation, and insecticide
resistance. BMC Biol. 2016; https;//doi.org/10.1186/512915-016-0321-y.

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1128/JB.00872-16
http://www.r-project.org
https://doi.org/10.1038/ncomms1347
https://doi.org/10.1371/journal.pgen.1003381
https://doi.org/10.1186/s12915-016-0321-y

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Genome assembly and annotation
	Metabolic activity simulations
	Prediction of complementary interactions
	Prediction of co-dependencies in source metabolites

	Results
	Assembly of the Wolbachia genome and metabolic reconstructions
	Metabolic capacities of individual symbionts in the simulated bacteriocyte environment
	Complementary interactions between the obligatory and facultative symbionts
	Complementary interactions between the facultative symbionts
	Co-dependencies of symbionts on specific media components

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

