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Many insect species establish mutualistic symbiosis with intracellular bacteria that
complement their unbalanced diets. The betaproteobacterium “Candidatus Tremblaya”
maintains an ancient symbiosis with mealybugs (Hemiptera: Pseudococcidae), which
are classified in subfamilies Phenacoccinae and Pseudococcinae. Most Phenacoccinae
mealybugs have “Candidatus Tremblaya phenacola” as their unique endosymbiont, while
most Pseudococcinae mealybugs show a nested symbiosis (a bacterial symbiont placed
inside another one) where every “Candidatus Tremblaya princeps” cell harbors several
cells of a gammaproteobacterium. Genomic characterization of the endosymbiotic
consortium from Planococcus citri, composed by “Ca. Tremblaya princeps” and
“Candidatus Moranella endobia,” unveiled several atypical features of the former’s
genome, including the concerted evolution of paralogous loci. Its comparison with the
genome of “Ca. Tremblaya phenacola” PAVE, single endosymbiont of Phenacoccus
avenae, suggests that the atypical reductive evolution of “Ca. Tremblaya princeps”
could be linked to the acquisition of “Ca. Moranella endobia,” which possess an almost
complete set of genes encoding proteins involved in homologous recombination. In order
to test this hypothesis, we performed comparative genomics between “Ca. Tremblaya
phenacola” and “Ca. Tremblaya princeps” and searched for the co-occurrence of
concerted evolution and homologous recombination genes in endosymbiotic consortia
from four unexplored mealybug species, Dysmicoccus boninsis, Planococcus ficus,
Pseudococcus longispinus, and Pseudococcus viburni. Our results support a link
between concerted evolution and nested endosymbiosis.
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Introduction

The advances in genome sequencing and the development of metagenomic methods have been
critical for our knowledge of the bacterial world. Now that complete genomes from closely related
species or even from different strains of the same species are available, numerous studies have
focused on the diversity of gene repertoire and genome rearrangements (Abby and Daubin, 2007).
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Horizontal gene transfer (HGT), transposition and intragenomic
recombination are known to be important sources of
evolutionary novelties, being responsible for bacterial huge
metabolic diversity and adaptive potential, which are remarkable
among free-living bacteria (Casjens, 1998; Rocha, 2008).
However, the analysis of bacteria that have acquired an
intracellular host-dependent life-style revealed important
constrains to these evolutionary mechanisms.

During the last 15 years, the complete genomes of many
endosymbionts (i.e., obligate symbiotic bacteria that live inside
eukaryotic cells) have become available. The best studied cases
of endosymbiosis involve mutualistic associations with insects.
Comparative genomics has allowed the identification of several
commonalities among them, which are related with the stage of
integration of the bacteria with their respective hosts (Moya et al.,
2008; McCutcheon and Moran, 2012). Generally, intracellular
bacteria have smaller genomes than their free-living relatives,
mostly due to a reduction in their gene content (McCutcheon and
Moran, 2012). Gene losses affect loci performing functions that
are unnecessary in an intracellular environment or that can be
provided by the host. Thus, highly reduced genomes (i.e., those
from endosymbionts that have maintained a long relationship
with their hosts) have typically lost most genes involved in DNA
recombination and repair, present almost no gene duplications,
lack transposable elements and prophages and present high levels
of structural stability.

Many insects maintain obligate mutualistic symbiosis with
more than one bacterial species, so that two evolutionary
outcomes are possible: complementation through the
establishment of a bacterial consortium or replacement of
one endosymbiont by another (Moya et al.,, 2009). Mealybugs
(Hemiptera: Pseudococcidae) are phloem-feeding insects
that have been classified in subfamilies Phenacoccinae and
Pseudococcinae (Hardy et al., 2008), and present an intricate
variety of endosymbiotic relationships. Based on phylogenetic
analysis, it has been suggested that a betaproteobacterial ancestor
of “Ca. Tremblaya” infected a mealybug ancestor before the
split of the two subfamilies. In subfamily Phenacoccinae,
“Ca. Tremblaya phenacola” is the obligate endosymbiont in
most tested mealybug species, excluding the tribe Rhizoecini
and the genus Rastrococcus, where it has been replaced by
different Bacteroidetes (Gruwell et al., 2010; Husnik et al,
2013). In subfamily Pseudococcinae, the obligate endosymbiont
“Ca. Tremblaya princeps” has been classified in up to six
different clusters (A-F) (Thao et al, 2002). Except for the
Ferrisia and Maconellicoccus clusters (B and E respectively),
where no additional endosymbiont has been reported, “Ca.
Tremblaya princeps” has been recurrently infected by different
gammaproteobacteria, establishing nested endosymbiotic
consortia in which each “Ca. Tremblaya princeps” cell contains
several cells of the corresponding gammaproteobacterium (von
Dohlen et al., 2001; Thao et al., 2002; McCutcheon and von
Dohlen, 2011; Gatehouse et al., 2012; Koga et al., 2013).

Early approaches to the genomic characterization of “Ca.
Tremblaya princeps” revealed several atypical features for an
obligate endosymbiont, including the presence of a 5.7-kb
duplicated fragment involving the complete ribosomal operon

and its closest genomic context (Baumann et al, 2002).
Paralogous loci were detected in several strains from a diverse
set of Pseudococcinae mealybug species, indicating that the
duplication event occurred at early stages of “Ca. Tremblaya
princeps” diversification. In spite of this, paralogous fragments
have remained identical within each strain genome, suggesting
that they have been affected by concerted evolution (Baumann
etal., 2002). Concerted evolution is a molecular process driven by
DNA recombination mechanisms that leads to homogenization
of duplicated loci within a species. Consequently, paralogous
loci are more closely related to each other than to the
corresponding orthologous regions in another species, even
though the duplication event preceded the speciation event (Liao,
1999).

The endosymbiotic system identified in Planococcus citri
(cluster E), where “Ca. Tremblaya princeps” harbors “Ca.
Moranella endobia,” has been extensively studied (von Dohlen
et al., 2001; Lopez-Madrigal et al., 2011, 2013a,b; McCutcheon
and von Dohlen, 2011; Husnik et al., 2013). The complete
sequencing of the 138.9-kb genome of “Ca. Tremblaya princeps”
from P. citri confirmed the presence of the identical duplicated
loci although no DNA repair and recombination genes were
detected (Lopez-Madrigal et al, 2011; McCutcheon and von
Dohlen, 2011). In contrast, its gammaproteobacterial partner
“Ca. Moranella endobia” (with a 538.2-kb genome) still retains
a diverse set of genes involved in both the RecF and RecBCD
recombination pathways, the two redundant mechanisms for
this function that are nearly ubiquitous in free-living bacterial
species (Rocha et al., 2005; Spies and Kowalczykowski, 2005;
Lopez-Madrigal et al., 2013a). Recent sequencing of the genome
of “Ca. Tremblaya phenacola” PAVE, the sole obligatory
endosymbiont of the mealybug Phenacoccus avenae, revealed
that it also possess a tiny genome (171.5kb), suggesting that
a severe gene loss must have affected the common ancestor
of both “Ca. Tremblaya” species at the beginning of the
obligate intracellular symbiosis (Husnik et al., 2013). The genome
of “Ca. Tremblaya princeps” is an almost perfect subset of
that from “Ca. Tremblaya phenacola,” which has retained
many essential genes involved in metabolic and informational
functions that are absent in “Ca. Tremblaya princeps” and must
be provided by its nested endosymbiont “Ca. Moranella endobia”
(Husnik et al., 2013). However, “Ca. Tremblaya phenacola”
PAVE also lacks all genes involved in DNA recombination.
Therefore, the maintenance of homologous recombination (HR)
pathways in “Ca. Moranella endobia” could be at the root
of the concerted evolution noticed in the “Ca. Tremblaya
princeps” genome. If this hypothesis is correct, we expect to
find HR-related genes and signals of recent concerted evolution
in additional endosymbiotic consortia from Pseudococcinae
mealybugs.

We have checked for the co-occurrence of both features
by analyzing the nested endosymbiotic systems from four
unexplored mealybug species. The gray sugarcane mealybug
Dysmicoccus boninsis, the long tailed mealybug Pseudococcus
longispinus, and the obscure mealybug Pseudococcus viburni are
phylogenetically distant members of the tribe Pseudococcini
(Hardy et al, 2008), and their gammaproteobacterial
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endosymbionts have been independently acquired (Lopez-
Madrigal et al., 2014). The vine mealybug Planococcus ficus is
a close relative of P. citri. Additionally, we explored the origin
of the ribosomal operon duplication in “Ca. Tremblaya” and
analyzed the susceptibility of both “Ca. Tremblaya princeps”
and “Ca. Moranella endobia” to HR. Our results support a
link between concerted evolution and nested endosymbiosis,
suggesting a great impact of the gamma-endosymbionts on the
reductive evolution of “Ca. Tremblaya princeps” genome, not
only at the functional but also at the structural level.

Materials and Methods

Insect Sample Collection and DNA Extraction
Insects belonging to the species P. longispinus, P. viburni, and
D. boninsis were field collected in the Botanical Garden of the
Universitat de Valéncia (Valéncia, Spain. 39° 28’ 11.667" N, 0°
22’ 34.637 W), with permission from the curator of the garden,
Dr. Jaime Giiemes. P. ficus was sampled from a population reared
on Vitis vinifera at the Mediterranean Agroforestal Institute,
Universitat Politécnica de Valéncia (Valéncia, Spain. 39° 29 1.699
N, 0° 20’ 28.978” W). This study did not involve endangered
or protected species. Insects were stored in absolute ethanol at
—20°C. Total insect DNA (rDNA) was extracted from adult
female insects, where endosymbiont populations are expected to
reach a peak (Kono et al., 2008), using JETFLEX Genomic DNA
Purification Kit (GENOMED).

DNA Amplification and Sequencing

PCR amplifications were performed on insect tDNA with
appropriate primer pairs (see below), using 50-60 pmoles of each
primer per 50 pl reaction, and the KAPATaq DNA Polymerase
Kit (Kapa Biosystems). P. citri TDNA was used as a positive
control. The thermal cycling protocol was as follows: an initial
denaturation at 95°C for 5 min, followed by 35 cycles of 50 at
95°C, 40 s at 55°C (or 52°C when indicated), and 2 min at 72°C,
plus a final extension step of 7min at 72°C. Amplicons were
ABI sequenced at the sequencing facility of the Universitat de
Valencia.

Sequencing reads were quality surveyed and assembled
with Staden Package (http://staden.sourceforge.net; Staden
et al, 2000). Artemis software was used for sequence data
management (http://www.sanger.ac.uk/resources/software/
artemis/; Rutherford et al., 2000).

Molecular and Evolutionary Analysis

“Ca. Tremblaya princeps” genomic fragments leuA-rrsl and
prs-rrs2 were PCR amplified with proper combinations of the
already described primers leuA, prs5/6 and Ul6S (Baumann
et al, 2002). The same primers, as well as OR-leuAR2 (5'-
TCAGTMATTAHGGCWACCTGCAC-3'), OR-prsR2 (5'-AAT
AGCYAAGCGGGTCAAGGC-3') and OR-UF2 (5-TGGCGC
ATGCTGTATGAGTTC-3'), were used to sequence the PCR
products. tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/;
Lowe and Eddy, 1997) and ARAGORN (http://mbio-serv2.
mbioekol.lu.se/ARAGORNY/; Laslett and Canback, 2004) were
used for the prediction of tRNA genes. All other genes

were annotated by BLAST searches (http://blast.ncbi.nlm.nih.
gov/Blast.cgi/; Altschul et al., 1997). The newly obtained
sequences have been deposited in the GenBank database (D.
boninsis, KF591104 and KF591105; P. longispinus, KF591108,
and KF591109; P. viburni, KF591110, and KF591111; P. ficus,
KF591106, and KF591107).

The ancient state of sites under concerted evolution was
inferred for the last common ancestor (LCA) of “Ca. Tremblaya
princeps” strains from clusters C and E. Multiple alignment was
done with ClustalW (Larkin et al., 2007). Analysis was performed
by Maximum Likelihood (ML) with the DNAML program of the
PHYLIP v3.69 package (Felsenstein, 2005), predefining the tree
topology as already determined (Hardy et al., 2008).

The 16S rRNA gene (locus rrs) sequences from 19
gammaproteobacterial endosymbionts of mealybugs were
retrieved from GenBank and aligned with ClustalW (Larkin
et al., 2007). Later edition with Gblocks 0.91b (Castresana, 2000)
yielded a total of 1389 unambiguously aligned sites. Phylogenetic
analyses were performed by ML, Maximum Parsimony (MP)
and Bayesian inference (BI) using RAXxML v8 (Stamatakis,
2014), DNAPARS from PHYLIP v3.69 package (Felsenstein,
2005), and MrBayes 3.2 (Ronquist et al., 2012), respectively.
A separate general time-reversible evolutionary model with
gamma-distributed rates and a proportion of invariant
sites (GTR+I+G) was applied for ML and BI phylogenetic
reconstructions, according to inferences by JModelTest 2
(Guindon and Gascuel, 2003; Darriba et al., 2012). ML and MP
reconstructions included a 1000-replications bootstrap analysis.
BI reconstruction was generated from two runs of 150,000
generations. Likelihood settings were set to nst = 6, rates =
invgamma and ngammacat = 4. Sampling was performed every
100 generations. First 3400 generations were discarded as “burn
in.” The phylogenetic analysis Figure was prepared using FigTree
v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/) and Inkscape
(https://inkscape.org/es/).

The complete genomes of “Ca. Tremblaya princeps” PCVAL
and “Ca. Moranella endobia” PCVAL were scanned with plugin
“Find Repeats” from Unipro UGENE v1.12.2 (Okonechnikov
etal., 2012) to identify DNA repeats. Direct and inverted repeats
(DR and IR, respectively) of at least 20 nucleotides in length were
analyzed. GC content of independent repeats was calculated with
MEGAS5 (Tamura et al., 2011).

Gene Screening

Complete sequences of HR-related genes recA (encoding
the recombination protein RecA), recG (encoding the
ATP-dependent DNA helicase RecG, EC:3.6.4.12), ruvA
(encoding the Holliday junction DNA helicase RuvA,
EC:3.6.4.12), ruvB (encoding the Holliday junction DNA
helicase RuvB, EC:3.6.4.12), ruvC (encoding the crossover
junction endodeoxyribonuclease RuvC, EC:3.1.22.4), and
priA (encoding the primosomal protein N, EC:3.6.4.-) were
retrieved from GenBank for a set of selected betaproteobacteria
(Burkholderia glumae BGRI1, B. multivorans ATCC 17616,
B. pseudomallei 1106a, and B. thailandensis E264) and
gammaproteobacteria  (Escherichia coli K-12 MGI1655,
Salmonella enterica Typhimurium LT2, Serratia proteomaculans
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568, Sodalis glossinidius, Dickeya dadantii 3937, Yersinia
pestis Angola, and “Ca. Moranella endobia” PCVAL). Multiple
alignments were performed with ClustalW (Larkin et al., 2007)
in order to identify conserved motifs where degenerate primers
for PCR amplification and sequencing could be designed (Table
S1). The annealing temperature in the PCR amplifications was
52°C. Most of the primer pairs (named as BG) are expected
to amplify both beta- and gammaproteobacterial homologs
of the targeted locus. Primers G-ruvAF/R were designed on a
multiple alignment including gammaproteobacterial homologs
only, in order to obtain a ruvA sequence larger than the
one amplified by BG-ruvAF/R. BLAST searches against the
non-redundant protein database (http://blast.ncbinlm.nih.
gov/Blast.cgi/; Altschul et al., 1997) were performed in order
to identify the putative taxonomic origin of the obtained
sequences.

Results and Discussion

The Ancestral Duplicated Ribosomal Genomic
Region in “Ca. Tremblaya”

Reductive evolution in obligate endosymbiont genomes is
mostly due to the loss of genes that become redundant
and/or unnecessary in the intracellular niche (McCutcheon
and Moran, 2012). However, even though “Ca. Tremblaya
princeps” from P. citri (cluster E) displays one of the most
reduced genomes known so far, it presents an identical 5702-
bp redundant sequence. It includes the complete ribosomal
operon (rrs, rrl, and rrf) and its closest genomic context (the
3’ region of leuA, encoding the alpha-isopropylmalate synthase,
EC 2.3.3.13; rpsO, encoding the ribosomal protein S15; and
the 5 region of rsmH, encoding the 16S rRNA m4C1402
methyltransferase, EC 2.1.1.199) (Figure 1). Detection of this
duplicated region also in “Ca. Tremblaya princeps” strains
from Dysmicoccus brevipes (cluster A), Melanococcus albizziae
(cluster C), Maconellicoccus australiensis, and Maconellicoccus
hirsutus (cluster F) led authors to suggest that a segmental
duplication occurred at early stages of “Ca. Tremblaya princeps”
diversification (Baumann et al., 2002). In order to study the origin
of such duplication event, we performed a comparative analysis
between the complete genomes of “Ca. Tremblaya princeps”
PCVAL (Lopez-Madrigal et al, 2011) and “Ca. Tremblaya
phenacola” PAVE (Husnik et al., 2013). The analysis revealed
the presence of an identical 386-bp inverted duplication in the
latter. It is mostly composed by the remnants of the degraded
ribosomal operon, including the 3’ end of a pseudogenized
23S rRNA gene (rr], not annotated originally in the genome),
the 55 rRNA gene (rrf) and the corresponding intergenic
sequence. It also includes the TPPAVE_188 pseudogene, which
is a truncated paralog of rsmH (Figure 1). This result suggests
that the segmental duplication took place before the split of
the two “Ca. Tremblaya” lineages. Moreover, the original copy
of the ribosomal operon has undergone massive decay in “Ca.
Tremblaya phenacola,” while the two identical copies preserved
in “Ca. Tremblaya princeps” have evolved in a concerted
manner.

Co-occurrence of Concerted Evolution and
HR-related Genes in Pseudococcinae
Endosymbiotic Systems

Since both “Ca. Tremblaya” have a common evolutionary origin
and “Ca. Tremblaya phenacola” has remained alone in the
bacteriocytes of Phenacoccinae mealybugs (Gruwell et al., 2010;
Koga et al., 2013), the massive decay of the paralogous loci
in “Ca. Tremblaya phenacola” suggests that a link might exist
between nested endosymbiosis and concerted evolution in “Ca.
Tremblaya princeps.” The drastic reduction of the identical
paralogous loci in “Ca. Tremblaya phenacola” PAVE co-occurs
with additional genomic features that indicate a conventional
reductive evolution (i.e., lower GC-content, high gene density;
Husnik et al., 2013). No DNA repair and recombination genes
were found in the genomes of “Ca. Tremblaya phenacola” PAVE
or “Ca. Tremblaya princeps” from P. citri (Lopez-Madrigal
et al., 2011; McCutcheon and von Dohlen, 2011; Husnik et al.,
2013), as it is typical for most endosymbionts with reduced
genomes. In contrast, an almost complete set of HR-related
loci were annotated in the genome of “Ca. Moranella endobia,”
thus suggesting these genes to be responsible for the concerted
evolution affecting “Ca. Tremblaya princeps” (Lopez-Madrigal
et al, 2013a). In order to test this hypothesis, we searched
for the co-occurrence of signs of concerted evolution and the
presence of HR-related genes in the endosymbiotic consortia
from four unexplored mealybug species belonging to subfamily
Pseudococcinae (D. boninsis, P. longispinus, P. viburni, and P.

ficus).

Concerted Evolution in “Ca. Tremblaya Princeps”

To search for signals of concerted evolution, we focused
on the molecular analysis of the 5-flanking regions of the
duplicated ribosomal operons (leuA-rrs1 and prs-rrs2) in the
four “Ca. Tremblaya princeps” strains under study. The obtained
amplicons include the 3’-end of leuA, an almost complete
prs (encoding the phosphoribosylpyrophosphate synthetase,
EC 2.7.6.1), the complete sequence of rpsO, several tRNA
genes and the 5-end of rrs (Figures1, 2). The alignment
of the amplified sequences revealed the existence of identical
paralogous fragments ranging from 870 bp in “Ca. Tremblaya
princeps” strain PLON (beta-endosymbiont of P. longispinus)
to 899 bp in strain DBON (beta-endosymbiont of D. boninsis).
Comparative analyses with available orthologous sequences of
“Ca. Tremblaya princeps” strains from D. brevipes, P. citri, and
M. albizziae (Baumann et al., 2002) showed that the length
of these regions under concerted evolution remains relatively
homogeneous (702-899 bp) among “Ca. Tremblaya princeps”
lineages from clusters A, E, and C. In agreement with their
close evolutionary relationship, identical duplicated loci start
at orthologous positions for all available members of cluster A
(nucleotide 25915/109218 in “Ca. Tremblaya princeps” PCVAL)
and cluster E (nucleotides 25920/109216 in strain PCVAL;
Figure 1), respectively. In contrast, identical loci are drastically
reduced in strains from M. australiensis and M. hirsutus
(cluster F; Baumann et al, 2002), whose initial nucleotides
are orthologous of sites 26557/108579 and 26387/108749 in
strain PCVAL, respectively. As above indicated, no nested
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prs

Bars indicate the “Ca. Tremblaya princeps” fragments amplified in this work.

A 25920 31621
leuA | rpsO rrs rrl rf} rsmH
)
K
L H [ |
] ! 1 1
109216 103515
B 53508 53893
leuA  rpsO | rf  irsmH

! !
148564 148179

[ cbs RNA genes Il Pseudogenes

FIGURE 1 | Duplicated genomic regions in Pseudococcidae beta-endosymbionts. (A) “Ca. Tremblaya princeps” PCVAL; (B) “Ca. Tremblaya phenacola” PAVE.

intracellular bacteria have been reported in cluster F (Thao et al.,
2002). However, no microscopic exploration of endosymbiotic
systems from cluster F has been performed and, therefore, the
presence of an undetected gamma-endosymbionts cannot be
ruled out.

P. citri and P. ficus are so closely related that they have been
considered as cryptic species (Kol-Maimon et al., 2014). The
comparison of the identical paralogous regions in the genomes of
their “Ca. Tremblaya princeps” strains revealed homogenization
of polymorphisms within each strain. Four indels and (at least)
15 nucleotide substitutions were detected (Table1). In order
to characterize the mutations leading to these homogenized
polymorphic sites, their ancestral state in the LCA of “Ca.
Tremblaya princeps” of clusters C and E was inferred with
over 95% probability (Table 1). These data suggest ongoing

homogenization by concerted evolution between the duplicated
copies, at least in “Ca. Tremblaya princeps” from cluster E.

Genetic Screening of HR-related Genes

In order to explore the HR potential of the endosymbiotic
consortia from the four analyzed Pseudococcinae species, we
investigated the presence of a set of HR-related genes already
identified in the genome of “Ca. Moranella endobia” from P.
citri. Screened loci include recA, recG, ruvA, ruvB, ruvC, and
priA. Most of them (recA, recG, ruvA, ruvB, ruvC) are common
elements of both RecF and RecBCD pathways (Rocha et al,
2005; Spies and Kowalczykowski, 2005). RecG may functionally
replace RuvABC (Meddows et al., 2004). In contrast, PriA is
exclusively involved in the RecBCD pathway (Ng and Marians,
1996) and has been proposed to catalyze the assembly of the “Ca.
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Amplicons (bp)

Host Subfamily Cluster leuA-rrs1 prs-rrs2 ldentical

D. boninsis Pseudococcinae A 1111 1641 899

‘[g P. longispinus Pseudococcinae A 1082 1601 870

D. brevipes Pseudococcinae A 1086 1659 874

‘[g P. viburni Pseudococcinae A 1095 1323 883

—Q— M. albizziae  Pseudococcinae  C 926 1152 702

P. citri Pseudococcinae E 1095 1616 878

AEg: P. ficus Pseudococcinae E 1095 1616 878

M. australiensis Pseudococcinae F 931 1570 244

4‘:: M. hirsutus Pseudococcinae F 921 1740 308
P. avenae Phenacoccinae - = 5104 =

FIGURE 2 | Characteristics of the leuA-rrs1 and prs-rrs2 regions. Host species from which sequences have been obtained in this work are in bold. The
phylogenetic relationship among the insect hosts (Hardy et al., 2008), as well as the presence of gammaproteobacteria in the corresponding endosymbiotic systems
are indicated. y1 to y5 represent polyphyletic bacterial lineages (see Section Genetic Screening of HR-related Genes).

Moranella endobia” incomplete primosome (Lopez-Madrigal
etal., 2013a).

The results are presented in Table 2. The GenBank accession
numbers for all newly amplified sequences are also indicated.
BLAST searches against the non-redundant protein database
suggest a gammaproteobacterial origin for the loci detected
in P. ficus, P. longispinus, and P. viburni. They show
best similarity hits with homologs from bacteria of genus
“Ca. Moranella”, Sodalis and Pectobacterium, respectively.
Identical best similarity hits were observed when using
theirl6S rRNA genes (AF476108, KF742539, JN182341) as
query sequences. These results indicate that the internalization
of the corresponding gamma-endosymbiont made recurrently
available an HR machinery to the long-term endosymbiont “Ca.
Tremblaya princeps.”

Although all primer combinations successfully amplified their
target when applied to P. citri as a positive control, none of
the analyzed consortia gave positive results for all screened
genes. Negative results should be interpreted with caution, since
they do not necessarily imply the absence of undetected loci.
Degenerate primers were designed on gene regions encoding
highly conserved motifs among beta and gammaproteobacterial
homologs of the analyzed genes (Table S1). However, although
highly conserved between distantly related bacteria, motifs
acting as primer templates are not directly involved in protein
functionality. Therefore, it is possible that non-synonymous
substitutions affecting the target sequence lead to false negative
results. Nevertheless, in accordance with the close evolutionary
relationship between P. citri and P. ficus, five of the six screened
loci were detected in the latter. Only priA could not be detected.
PriA is needed for the assembly of the primosome, which is
already incomplete in “Ca. Moranella endobia” PCVAL, due
to the loss of dnaT and priC (Lopez-Madrigal et al., 2013a).

Thus, its absence suggests a relatively recent inactivation of the
RecBCD pathway in the nested endosymbiont of “Ca. Tremblaya
princeps” strains from cluster E. In contrast, as revealed by
the very recent homogenization of polymorphisms (Table 1),
the RecF pathway appears to be still acting on this cluster.
Nevertheless, RecF function is expected to be attenuated because
none of the components of the RecFOR complex, which enhances
RecA loading onto SSB-coated single stranded DNA (Morimatsu
and Kowalczykowski, 2003; Handa et al., 2009), is present in
“Ca. Moranella endobia” PCVAL. Furthermore, recA mutations
known to bypass the RecFOR complex deficiency (i.e., recA441,
recA730, recA803; Lavery and Kowalczykowski, 1992) were not
detected in that genome.

As for the endosymbiotic consortia involving the three “Ca.
Tremblaya princeps” strains from cluster A under study (D.
boninsis, P. longispinus, and P. viburni), our results suggest
that both RecF and RecBCD pathways are currently inactive.
Different patterns of conservation of HR-related genes were
observed, which is consistent with the independent evolutionary
origin of the gamma-endosymbionts (Gatehouse et al., 2012;
Lépez-Madrigal et al., 2014). Cluster A represents a very
wide clade, including betaproteobacterial endosymbionts from
mealybugs of the tribe Pseudococcini and the southern Africa
group (Thao et al, 2002; Hardy et al, 2008). Moreover,
Pseudococcus is a polyphyletic genus, and the two species
analyzed in this work are phylogenetically distant, belonging to
different clades of the tribe Pseudococcini. In order to place the
three gamma-endosymbionts of these insects in the phylogenetic
tree of those already described for mealybugs, we performed a
phylogenetic analysis based on 16S rDNA sequences (Figure 3).
According to our results, only the gamma-endosymbiont of
D. boninsis groups with the other nested endosymbionts of
“Ca. Tremblaya princeps” strains from cluster A, showing a
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TABLE 1 | Homogenized polymorphisms in “Ca. Tremblaya princeps” strains from P. ficus (PFIC) and P. citri (PCVAL).

Cluster A Cluster C Cluster E LCA (C, E) Genome position
DBON PLON DBRE PVIB MALB PFIC PCVAL leuA-rrsi prs-rrs2
G - G G G C A G 25,955 109,181
C - C C C C G C 25,957 109,179
T T T T T G T 25,961 109,175
] - C C C C A C 25,962 109,176
T T A T T T G T 26,057 109,079
T T T T T C G T 26,102 109,034
G G G G G C A G 26,106 109,030
G G G G G T A G 26,107 109,029
A A - A - A T A 26,417 108,719
T T T G - T A T 26,437 108,699
G G G C - G C G 26,438 108,698
T T T A - T A T 26,439 108,697
C C C C - C C 26,479 108,657
A A A A - A - A 26,479-80 108,656-7
G G G G - G - G 26,479-80 108,656-7
C C C C - - C C 26,480 108,656
C C C C - A C C 26,482 108,654
T T T T - T G T 26,494 108,642
T T T T T G T T 26,526 108,610

The genome position indicates the corresponding nucleotide along the “Ca. Tremblaya princeps” PCVAL genome. The state of orthologous sites in the analyzed strains from clusters A,
C, and E, as well as the most likely nucleotide in the LCA of clusters C and E, is represented. Nucleotide substitutions from the LCA are in red. DBON, D. boninsis; PLON, P, longispinus;

DBRE, D. brevipes; PVIB, P. viburni; MALB, M. albizziae.

long co-evolutionary history with its symbiotic partner. In
contrast, the gamma-endosymbionts of P. longispinus and P.
viburni group neither with any other cluster nor between them.
The present analysis suggests the replacement of the ancestral
gamma-endosymbiont in these two Pseudococcus species, and
reveals two independent events of HR-related genes acquisition
by the corresponding “Ca. Tremblaya princeps” strains. As
expected for recently acquired obligate symbionts, these gamma-
endosymbionts appear to be less affected by reductive evolution
than that of D. boninsis, where none of the screened genes
had been detected. Nevertheless, even if HR pathways appear
to be currently inactive in the analyzed members of cluster A,
this is not inconsistent with the observed signs of concerted
evolution in the corresponding “Ca. Tremblaya princeps” strains
(Figure 2). Signs of concerted evolution do not necessarily co-
exist with functional HR pathways, since repeated identical
sequences are expected to last on the genome over a certain time
after the inactivation of such pathways. The presence of identical
paralogous loci has also been noticed in the genome of “Ca.
Portiera aleyrodidarum,” obligate endosymbiont of the whitefly
Bemisia tabaci, where HR pathways have been recently lost (Sloan
and Moran, 2013).

Susceptibility to Homologous Recombination of
Nested Endosymbionts from P. citri

Due to the reductive genome evolution in obligatory
endosymbionts, genetic essentiality in their functional networks
is typically higher than that observed in free-living bacteria

TABLE 2 | Genetic screening of selected homologous recombination
genes.

P. citri P. ficus P. longispinus P. viburni D. boninsis
recA + + (KJ140122) - - -
recG + + (KJ140123) - - -
ruvA + + (KJ140120)  + (KJ140121) - -
ruvB + + (KJ140117)  + (KJ140118)  + (KJ140119) -
ruvC + + (KJ140124) - - -

PpriA + - + (KJ140115)  + (KJ140116) -

+, detected gene; —, non-detected gene.

(Thomas et al., 2009). Therefore, HR events and associated
genome deletions or rearrangements could dramatically risk
the stability of bacterial consortia involving tiny genomes.
Repeat sequences ranging from 18 to 24 bp are thought to be
long enough to promote HR events (Shen and Huang, 1986;
Aras et al., 2003; Sloan and Moran, 2013). Therefore, in order
to analyze the susceptibility to HR of both “Ca. Tremblaya
princeps” and “Ca. Moranella endobia” from P. citri we
performed a comprehensive search for direct (DR) and inverted
(IR) repeats with at least 20 bp in length in both genomes
(Table S2). Sixteen DRs (TDRO1 to 16) and 12 IRs (TIRO1 to
12) were found in “Ca. Tremblaya princeps.” Except for TIR12
(i.e., the duplicated region containing the ribosomal operon),
all other repeats seem to have been randomly generated. As
for “Ca. Moranella endobia”, 24 DRs (MDRO1 to 24) and 16
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Vryburgia amaryllidis [AF476110]

Dysmicoccus boninsis [KF911098]
80/80/100
Erium globosum [AF476105]

100/100/100
-Dysmicoccus brevipes [AF476103]

Pseudococcus comstocki [AB374418]

9p/91/99]

[98/96/99

Planococcus kraunhiae [AB374417]
AL}PIanococcus ficus [AF476108]
95/94/100

F

[KF742539]

Planococcus citri [CP003881]
Pseudococcus viburni [JN182341]
Crisicoccus azaleae [AB627028]

-Antonina crawii [AB030020]
—@9/100
-Antonina pretiosa [AF476101]

92IT

5 -Amonostherium lichtensioides [AF476100]

72/80/94
91/90/100)

_ECyphonococcus alpinus [AF476102]
198

Melanococcus albizziae [AF476106]
-Australicoccus grevilleae [AF476099]

-Paracoccus nothofagicola [AF476109]

FIGURE 3 | Phylogenetic relationships among gamma-endosymbionts of Pseudococcinae mealybugs. Already defined clusters A (red), C (green),
D (yellow), and E (blue) are represented. Species used in this work are in bold. The betaproteobacterium Neisseria meningitidis MC58 was used as outgroup. ML, MP,
and Bl analysis gave essentially the same results. ML and MP bootstrap values, and Bayesian posterior probabilities over 50% are indicated. Scale bar represents

substitutions per site.

Neisseria meningitidis MC58 [AE002098]

IRs (MIRO1 to 16) were found. Several of them appear to be
consequence of ancestral duplications. Thus, MDR01, MDRO02,
and MDRI1 map on a functional pdx] (locus MPC_094 in
the genome) and its pseudogenized copy (MPC_306), while
MDRO07, MDR14-16, MDR19, MDR22, and MDR23 are linked
to a duplication including genes secE (MPC_278) and tuf
(MPC_279). Additionally, seven DRs and five IRs map on
several tRNA loci, which mostly display highly similar anticodon
sequences and whose relative orientation along the genome
is consistent with an ancestral proliferation process (Withers
et al., 2006). Conservation of these repeats might be linked
to mutational constraints, since 36-71% of their sequences
correspond to tRNA stem regions (Table S3).

“Ca. Tremblaya princeps” repeats abundance is likely linked
to its high genomic GC-content (Figure4). The molecular
characterization of independently generated repeats identified in
these genomes reveals that those of “Ca. Tremblaya princeps”
are GC-enriched compared to the whole genome (GCrepeats =
67.7% versus GCgenome = 59%, SDg1c = 6.5), while no bias
is observed in the case of “Ca. Moranella endobia” (GCrepeats =
42.4% versus GCgenome = 44%, SDG+c = 11.0).

According to our results, sequence repeats are larger in “Ca.
Tremblaya princeps” (mean length = 235.9 bp) than in Ca.
Moranella endobia” (mean length = 127.6 bp). In addition,
some of them (TDR8 and TDR12; TIR05 and TIR07) appear to
derive from larger ancestral repeats. They are also more abundant
in the former, where repeats density (abundance/kb) is 2.85
times larger than that of “Ca. Moranella endobia” (Table S2).
Therefore, “Ca. Tremblaya princeps” must be more sensitive
to HR than “Ca. Moranella endobia” (Rocha, 2003). In spite
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FIGURE 4 | Molecular characterization of independent repeats. Those
identified in the genomes of “Ca. Tremblaya princeps” (white circles) and “Ca.
Moranella endobia” (black circles) are represented. The horizontal lines indicate
the mean GC-content of each genome.

of this, HR events are not expected to be highly frequent in
“Ca. Tremblaya princeps.” Recombination between DRs would
cause DNA deletions or DNA duplications. Taking into account
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that the mean distance between DRs is about 50kb (36% of
the chromosome), further genome reduction would be strongly
deleterious. On the other hand, recombination mediated by IRs
would generate DNA inversions. Half of the IRs detected in
the “Ca. Tremblaya princeps” genome map on relevant loci,
including genes involved in translation (rplS, rpsF, rpmA) and
essential amino acids biosynthesis (pheA, ilvl, aroB), whose
functionality might be seriously compromised by HR events
(Table S2). Thus, the apparent inactivation of the HR pathways
in D. boninsis, P. longispinus, and P. viburni or its attenuation in
P. ficus and P. citri may be helping to maintain the stability of the
corresponding endosymbiotic systems.

In summary, our work reveals that the segmental duplication
involving the ribosomal operon took place before the divergence
between “Ca. Tremblaya princeps” and “Ca. Tremblaya
phenacola.” Strikingly, there is a drastic reduction of the
identical paralogous loci in the genome of “Ca. Tremblaya
phenacola” PAVE. This is consistent with the apparently
conventional reductive evolution undergone by this bacterium
and suggest a link between concerted evolution and nested
endosymbiosis. Results from the genetic screening indicate that
independent internalization of different gamma-endosymbionts
allowed the recurrent acquisition of HR capabilities by the
corresponding endosymbiotic systems. Nevertheless, HR
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