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Evidence of horizontal gene transfer between
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Bacteria of the genus Burkholderia establish an obligate symbiosis with plant species of the
Rubiaceae and Primulaceae families. The bacteria, housed within the leaves, are transmitted
hereditarily and have not yet been cultured. We have sequenced and compared the genomes of eight
bacterial leaf nodule symbionts of the Rubiaceae plant family. All of the genomes exhibit features
consistent with genome erosion. Genes potentially involved in the biosynthesis of kirkamide, an
insecticidal C,N aminocyclitol, are conserved in most Rubiaceae symbionts. However, some have
partially lost the kirkamide pathway due to genome erosion and are unable to synthesize the
compound. Kirkamide synthesis is therefore not responsible for the obligate nature of the symbiosis.
More importantly, we find evidence of intra-clade horizontal gene transfer (HGT) events affecting
genes of the secondary metabolism. This indicates that substantial gene flow can occur at the early
stages following host restriction in leaf nodule symbioses. We propose that host-switching events
and plasmid conjugative transfers could have promoted these HGTs. This genomic analysis of leaf
nodule symbionts gives, for the first time, new insights in the genome evolution of obligate symbionts

in their early stages of the association with plants.
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Introduction

Many microbes can establish a wide range of
beneficial interactions with plants, often contribut-
ing to plant nutrition, for example, mineral acquisi-
tion or nitrogen fixation, or plant defense through the
synthesis of secondary metabolites (Sachs and
Simms, 2006). Most of these mutualistic associations
are facultative and have been widely studied
(Philippot et al., 2013).

In contrast to animal symbioses where the life
cycle of the symbiont is often tied to the host,
symbioses with vertical transmission are extremely
rare in higher plants (Leigh, 2010). There is only one
case known where the bacterial symbiont is verti-
cally transmitted and its presence is critical for the
development of the host. This unique symbiosis is
established between bacteria from the genus Bur-
kholderia and some species from the Rubiaceae and
Primulaceae family.

Leaf nodule symbiosis is characterized by the
presence of specialized structures within the
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leaves called leaf galls or nodules (Miller, 1990).
This association has been described in three genera
of Rubiaceae: Psychotria, Pavetta and Sericanthe
(Lemaire et al., 2012). Nodulated species are
endemic to tropical and sub-tropical Africa, with
most nodulated Psychotria found in savannah
habitats (Lachenaud, 2013). Morphological and
ontological studies early in the 20th century revealed
the presence of extracellular bacteria within the
leaf nodules of Psychotria (Zimmermann, 1902;
Von Faber, 1912). These bacteria were further
detected in all life stages of the plant suggesting a
closed symbiotic cycle, in which the bacterial
symbionts could be transmitted hereditarily via
colonization of the seeds. Bacteria are essential to
the development of the plants as seeds treated with
heat germinate into aposymbiotic seedlings that fail
to reach maturity and die after several months
(Miller, 1990; Van Oevelen et al., 2001). Conversely,
bacteria have lost their autonomy and have not yet
been cultured outside of the host. Only culture-
independent molecular techniques assigned the
symbiotic bacteria to the genus Burkholderia
(Van Oevelen et al., 2002).

The genome of Candidatus Burkholderia kirkii,
the leaf nodule symbiont of Psychotria kirkii, has
provided new insights into the genome evolution
and molecular nature of this symbiosis (Carlier and
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Eberl, 2012). The genome of Ca. B. kirkii is half the
size of other closely related free-living plant-asso-
ciated Burkholderia and contains a massive amount
of pseudogenes and transposable elements (Carlier
and Eberl, 2012). These properties are common
in recently evolved and vertically transmitted
symbionts such as the obligate cyanobiont of the
water-fern Azolla filiculoides (Ran et al., 2010), the
facultative tsetse fly symbiont Sodalis glossinidius
(Belda et al., 2010) or the aphid Cinara tujafilina
co-obligate symbiont Serratia symbiotica (Manzano-
Marin and Latorre, 2014), suggesting that Ca. B. kirkii
recently switched to a host-restricted lifestyle. The
process of genome reduction is well documented in
intracellular, obligate symbionts of animals where
host restriction and cellular isolation of bacteria
are thought to cause the accumulation of deleterious
mutations, promote gene loss and prevent horizontal
gene transfer (HGT) (McCutcheon and Moran, 2012).
The molecular nature of leaf nodule symbiosis is
still unknown. Previous speculations, including hor-
mone production and nitrogen fixation (Centifanto
and Silver, 1964; Edwards and Lamotte, 1975), have
been ruled out with the genomic and proteomic
information obtained from Ca. B. kirkii (Carlier and
Eberl, 2012; Carlier et al., 2013). Genomic and
chemical evidence instead suggests a plant protec-
tive role of the leaf nodule bacteria. The functional
analysis of Ca. B. kirkii’s genome revealed the
presence of a biosynthetic gene cluster for 2-epi-5-
epi-valiolone-derived aminocyclitols from the C,N
aminocyclitol family. These genes, located on the
140 kb plasmid pKIR01, are most likely involved in
the synthesis of kirkamide, a C,N aminocyclitol
found in the leaves of nodulated P. kirkii but absent
in stunted, aposymbiotic specimens (Sieber et al.,
2015). Interestingly, no homologs of the putative
C7N aminocyclitol biosynthesis cluster have been
found in other Burkholderia species, indicating that
these genes were probably acquired relatively
recently by HGT (Carlier and Eberl, 2012). Pure
kirkamide is cytotoxic and insecticidal and may
therefore increase the fitness of the plant via
protection against herbivory (Sieber et al., 2015).
The aim of this study was to (i) characterize the
genome reduction process in leaf nodule obligate
symbionts and compare our findings with the
classical models inferred from the study of verti-
cally transmitted, intracellular animal symbionts
(ii) investigate the importance of secondary meta-
bolism for the symbiosis and (iii) identify genetic
determinants potentially involved in the obligate
nature of the symbiosis. Our results show that
production of C,N aminocyclitol secondary meta-
bolites is conserved in most leaf nodule symbionts,
highlighting the importance of secondary metabo-
lism for the symbiosis. We further demonstrate that
cross-infection events may explain the lack of strict
co-evolution. We also provide evidence of recent
events of HGT of C,N aminocyclitol biosynthetic
genes. Together, our data suggest that in leaf nodule
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symbionts, host restriction and early stages of
genome reduction do not preclude gene flow.

Materials and methods

Sample collection
Seven plant species of the Rubiaceae family were
selected for this study and material was obtained from
the National Botanic Garden of Belgium (the collection
acquisition numbers are given in parenthesis when
available), except for Psychotria punctata for which
material was obtained from an authenticated specimen
kept in the greenhouse of the Department of Plant and
Microbial Biology of the University of Zurich. The
species used in this study are: Psychotria humilis
collection acquisition number: BR2009135940, Psycho-
tria pumila (BR2004143571), Psychotria verschuerenii
(BR19750204), Psychotria umbellata (BR2007130262),
Psychotria brachyanthoides (BR2009844596), Psychotria
punctata and Pavetta schumanniana (BR2000194257).
Silica-dried leaves from single specimens were
obtained from the Botanic Garden Meise for all species
except P. punctata, for which fresh material was
obtained (see below). Around 1000 nodules per speci-
men containing symbiotic bacteria were dissected
using a Harris Uni-core 2.0-mm core-punching tool
(Whatman Inc., Kent, UK) and rehydrated in 5ml of
TNE buffer (100 mM ethylenediaminetetraacetic acid,
200 mmMm NaCl, 10 mm Tris.Cl pH8) on ice for 1h. The
rehydrated nodules were ground with a mortar and
pestle. Plant debris was removed by filtering through a
10 pm Millipore Nylon filter. The flow-through was
collected and bacteria were pelleted by centrifugation at
6000 rpm. High molecular weight DNA was extracted
according to Wilson (2001). The quality of the DNA was
assessed by agarose gel electrophoresis and PCR
amplification of the bacterial 16S ribosomal RNA gene.
Levels of plant DNA contamination in genomic DNA
preparations were assessed by semi-quantitative PCR
using primers designed on the P. kirkii chloroplast rbcL
gene (5'-CCGGTACTGTAGTCGGGAAA and 5'-CCAAA
GATCTCCGTCAGAGQC) and standards consisting of
bacteria-free DNA prepared from non-nodulated parts
of the plants under investigation. The proportion of
bacterial genomic DNA in our preparations from
nodules was consistently higher than 80% (w/w).
Leaf nodules containing Ca. B. punctata were
obtained from a P. punctata specimen kept at the
botanical garden of the University of Zurich. Bacteria
were separated from plant material by density-
gradient centrifugation according to a previously
published protocol (Carlier and Eberl, 2012). Geno-
mic DNA was prepared as described above.

Genome sequencing, bacterial reads selection and
assembly

Genomic DNA was sequenced at the Functional
Genomics Center of Zurich (FGCZ). Paired-end
250 bp libraries were prepared using the Nextera XT
kit (llumina Inc., San Diego, CA, USA) and sequenced
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using Illumina Miseq sequencing platform. The reads
were prepared for assembly using the adapter trim-
ming function of the Scythe software (https://github.
com/vsbuffalo/scythe) and sequencing reads with a
Phred score below 30 were removed using the FastQC
package (http://www.bioinformatics.bbsrc.ac.uk/pro
jects/fastqc). The average coverage for the seven
sequenced samples was 50 x and the reads length
were 230 bp on average. In order to assemble sequen-
cing reads of bacterial origin from samples containing
contaminating plant genomes, a binning approach
was used (Albertsen et al., 2013). Preliminary assem-
bly of the reads was done using CLC Genomics
Workbench v7.0 (http://www.clcbio.com) (CLC Bio-
Qiagen, Aarhus, Denmark) with low stringency para-
meters. Guanine and Cytosine (GC) content and
average read coverage of the resulting contigs were
plotted using the ggplot package implemented in R
(Wickham, 2009) (Supplementary Figure S1). Because
the genomes of the plants are several orders of
magnitude larger than that of the symbionts and have
a low GC%, clusters of contigs with high coverage (ca.
above 70 x ) and high GC% were selected as bacterial
contigs and the rest were considered plant contami-
nants. In order to avoid false positives all the contigs
were searched against National Center for Biotechnol-
ogy Information (NCBI)-nt database using the Blast
software (Altschul et al., 1990). Sequencing reads with
one mate-pair mapped were extracted from the
contigs assigned to the bacterial genomes using
SAMtools (Li et al., 2009) and ad-hoc Python scripts.
Extracted reads were used for de novo assembly using
SPAdes v3.0 assembler with k-mer lengths of 55, 77
and 100 (Bankevich et al, 2012). The QUAST
program was used to generate the summary statistics
of the assembly (N50, maximum contig length, GC%)
(Gurevich et al., 2013). The total length of the contigs
was used to estimate the genome size.

Partial chloroplast genome assembly was done
by mapping the sequencing reads using the CLC
Genomics Workbench v7.0 (http://www.clcbio.com;
CLC Bio-Qiagen) onto the P. kirkii chloroplast
genome, obtained as part of the Ca. B. kirkii
sequencing project (Carlier and Eberl, 2012).

Genomic DNA of Ca. B. punctata was used for
single molecule real-time (SMRT) library preparation
and sequencing using the P2 chemistry on the Pacific
Biosciences (PacBio) RSII instrument at the FGCZ.
One 0.5 kb-insert library was sequenced using 13
SMRT cells to generate high-quality circular con-
sensus sequence reads. A second 6 kb-insert library
was sequenced using four SMRT cells to generate
continuous long reads. Raw read data was filtered
and analyzed using the PacBio SMRTportal v1.4
pipeline. The high-quality long reads were generated
by mapping the circular consensus sequence reads
into continuous long reads reads using the PacBio-
toCA utility of the Celera assembler package (Koren
et al., 2013). Assembly of the corrected reads was
done using the MIRA v3.4 software (Chevreux et al.,
1999). Forty-nine contigs with an average coverage of
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42 x were obtained and edited in GAP5 (Bonfield
and Whitwham, 2010).

Annotation

Open reading frames were detected with the Prodigal
software (Hyatt ef al., 2010), transfer RNA genes
using tRNAscan (Schattner et al., 2005) and riboso-
mal RNA genes with RNAmmer (Lagesen et al.,
2007). Coding DNA sequences were annotated with
the rapid annotation using subsystem technology
(RAST) online annotation service and metabolic
information was obtained from the kyoto encyclope-
dia of genes and genomes annotation tool imple-
mented in RAST (Aziz et al., 2008). Gene ontology
information was collected using the Blast2GO pro-
gram (Conesa et al., 2005) and subcellular localiza-
tion prediction was carried out wusing the
InterProScan (Zdobnov and Apweiler, 2001).
Stretches of sequence over 1 kb lacking annotations,
possibly because of divergent codon usage or GC
bias, were manually annotated with Artemis and the
NCBI Blast software suite (Altschul et al.,, 1990;
Rutherford et al., 2000). Functional genes and
pseudogenes were predicted according to the pipe-
line developed by Carlier et al., 2013. Further,
pseudogenes were annotated by homology search
of intergenic regions using the NCBI blastx program
against a custom database of protein sequences
predicted from Burkholderia genomes. Only hits
over 50% identity and with an e-value <10~° were
considered. Hit regions were aligned with the best-
scoring subject protein sequence using the tfasty
program of the FASTA software suite v3.6 in order to
find the boundaries of the pseudogenes (Pearson,
2000). Assignment of pseudogenes to COG func-
tional categories was done using the sequence of the
best blast hit protein (see below).

Repetitive sequences were detected with the
program RepeatScout v1.0.5 (Price et al., 2005).
To characterize the diversity of insertion sequences
(IS), the whole genome was analyzed with ISsaga
(Varani et al., 2011). To refine the annotation, repeats
longer than 500bp were searched against the
ISfinder database using the NCBI blastx program.
The annotated genomes were deposited at Genbank
under the accession numbers LFMX00000000, LFLF
00000000, LFKV00000000, LF]JJoo000000, LFJI00000
000, LELG00000000 and LFJH00000000.

Phylogenetic analysis

In order to reveal the phylogenetic relationships
between Burkholderia leaf nodule symbionts
and other plant-associated Burkholderia species we
reconstructed a maximum likelihood phylogenetic
tree of a concatenated alignment of 534 single-copy
orthologs. Amino-acid sequences were aligned with
MUSCLE (Edgar, 2004) and back translated into
nucleotides with T-Coffee (Notredame et al., 2000).
Positions of the alignment with gaps in more than 50%
of the sequences were removed with TrimAl (Capella-
Gutiérrez et al, 2009). Maximum likelihood
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reconstruction was done wusing RAxML v8.0
(Stamatakis, 2014) with GTRGAMMA nucleotide
substitution model and 1000 rapid bootstrap ana-
lyses. One-to-one ortholog genes were obtained
comparing a genome database comprising six
Burkholderia species with a beneficial association
with plants (B. phymatum STM815, B. phytofirmans
PsJN, B. xenovorans LB400, B. sp. CCGE1001, B. sp.
CCGE1002, B. sp. CCGE1003), three commonly
found in soil (B. sp. YI23, B. sp. SJ98, B. glathei),
one bean bug symbiont (B. sp. RPE64) and eight
Burkholderia leaf nodule symbionts (Ca. B. kirkii,
Ca. B. punctata, Ca. B. humilis, Ca. B. umbellata,
Ca. B. schumanniana, Ca. B. verschuerenii,
Ca. B. brachyanthoides, Ca. B. pumila). To root the
tree we used two species (B. cenocepacia J2315 and
B. ambifaria AMMD) belonging to the Burkholderia
cepacia complex (Sudrez-Moreno et al., 2012).

The maximum likelihood tree for the seven
plant species was obtained from a concatenated
alignment of a conserved 30kb segment of chlor-
oplast genome sequence. The conserved region
was identified in the genomes using the Mauve
software (Darling et al., 2010) and aligned using
the MUSCLE algorithm with standard settings.
The Pa. schumanniana chloroplast sequence was
used as outgroup to root the tree (Denoeud et al.,
2014).

Evolutionary rates and natural selection analyses

To determine the evolutionary rates of leaf nodule
symbionts, rates of synonymous (dS) and nonsynon-
ymous (dN) substitutions were estimated for the gene
families with strictly one ortholog in each of the
eight species. Protein sequences for each ortholog
cluster were aligned with MUSCLE (Edgar, 2004)
and subsequent nucleotide codon alignments were
generated and trimmed using Pal2nal perl script
(Suyama et al., 2006).

Pairwise dN/dS values were estimated with the
Codem! module of the PAML v4.4 package using
the following settings (model=-2 and codon
frequency =2) (Yang, 2007). Genes with dS values
near saturation (dS>2) were excluded from the
analyses.

In order to increase sensitivity, we analyzed sites
under positive selection with a site model test (Yang
and dos Reis, 2011) implemented in Codeml. We
contrasted the null model M7 (with beta distribution
for w) to the alternative model M8 (beta distribution
for w and an extra class of sites under positive
selection with @>1). The likelihood ratio test was
performed for each model and the results were
compared with a y*-distribution with two degrees of
freedom and alpha value of 0.01.

Functional characterization and genome comparisons
Clusters of Orthologous Groups (COG) functional
categories were assigned to each open reading frame.
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This was achieved with a reversed position specific
blast (RPS-BLAST) against the NCBI conserved
domain database (e-value cutoff of 1 x1072). Genes
belonging to each COG category were counted and
the distributions were compared using a Pearson’s
y-test run with the R software package (R
Development Core Team., 2011).

In order to compare the genomes of leaf nodule
symbionts, predicted protein sequences were clus-
tered using OrthoMCL v1.4 software with reciprocal
blastp (e-value cutoff of 1€107° and 50% identity
and 50% match length cutoff) (Li et al., 2003).
Core and accessory genes of leaf nodule symbionts
were defined based on gene family clustering
as previously described (Carlier and Eberl, 2012).

Detection of C,N aminocyclitols by gas
chromatography-mass spectrometry (GC-MS)

Whole leaves were obtained for each plant specimen
and dried on silica gel. Samples were ground to a
powder, macerated in methanol for 24 h, filtered and
dried. Part of the extract was dissolved in water
(500 1l), filtered, transferred in a high-performance
liquid chromatography vial and dried by lyophiliza-
tion. MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroa-
cetamide) (Sigma Aldrich, St Louis, MO, USA) was
added, the mixture was stirred for 30 min at 70°C,
pyridine (dry, same volume as MSTFA) was added,
and the reaction was filtered. Samples of 5pl were
analyzed on a Thermo Scientific (Waltham, MA, USA)
TRACE 1300 series gas chromatograph equipped with
a Thermo Scientific ISQ Series Single Quadrupole
mass spectrometer using a HP-Ultra-1 column (Agilent
Technologies (Santa Clara, CA, USA), 25 m x 0.200 mm,
0.35 pm). The GC-MS runs were performed using an
initial temperature of 40°C (kept for 1min), linear
ramping of 7 °C min~" and a final temperature of 330 °C
(kept for 10min). As a control, derivatization and GC-
MS analysis was also carried out with synthetic
kirkamide and the data were used as analytical standard
(see Supplementary Information Methods).

Quantification by proton nuclear magnetic resonance
("H-NMR) spectroscopy

A solution of maleic acid as internal standard (Sigma
Aldrich, TraceCERT) was prepared at a concentra-
tion of 0.52pmolml-* in D,0 (99.9% deuterated)
and the NMR experiments were performed on
a Bruker Avance IIl NMR spectrometer operating at
500 MHz proton frequency.

The protons chosen for maleic acid displayed
a chemical shift between 6.30 and 6.20 ppm, for
streptol glucoside between 5.966 and 5.941 ppm
and for kirkamide between 5.887 and 5.874 ppm
(Supplementary Figure S2A). The delay time were
determined for these protons and the values of
7.5 s for maleic acid, 1.7 s for streptol glucoside
and 2.2 s for kirkamide were found. The quantitative
'"H-NMR measurements were operating with a
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relaxation delay (D1) of 40 s, a number of scan (ns) of
128 or 256, a spectral width (sw) of 1.2 ppm and
a transmitter offset (O1) of 6 ppm. The water peak
at 4.79ppm was used as the reference for the
calibration of the maleic acid peak based on a second
"H-NMR spectrum recorded for every measurement.
The concentration of streptol glucoside and kirka-
mide were calculated by comparing their peak
integration with the one measured for maleic acid.
For the determination of kirkamide in the P. kirkii
leaves extract a mixing experiment was carried out
by spiking with 40pg of synthetic kirkamide. The
leaf extracts, prepared as described for the GC-MS
measurement, were weighted using an analytical
balance (Mettler-Toledo XA105DU).

Results and discussion

Genome properties

The assembly of the Illumina Miseq paired-end reads
resulted in several hundreds of scaffolds for most of
the genomes sequenced (except for Ca. B. punctata
whose genome was assembled using long read data)
and over 50 x average coverage (detailed information
in Table 1). Fragmentation of the assemblies was
mostly caused by repetitive sequences derived from
mobile elements.

Analysis of the contigs showed the presence of a
single species of symbiotic bacteria per plant sample.
The genome sizes of the leaf nodule symbionts
sequenced in this study varied between 2.4 Mb for
Ca. B. schumanniana and 6.1 Mb for Ca. B. verschuer-
enii (Table 1). The genomes also showed different
coding capacities ranging from 41.7% for Ca. B.
pumila to 67.3% for Ca. B. verschuerenii (Figure 1).

Reductive genome evolution in leaf nodule symbionts

The transition from free-living to an obligate sym-
biosis often results in marked changes in genome
architecture (Moya et al., 2008; Toft and Andersson,
2010; McCutcheon and Moran, 2012). Apart from
a reduced genome size and coding capacity, leaf
nodule symbionts share other traits with obligate
symbionts in the early stages of the symbiosis such

Table 1 Genome properties of leaf nodule symbionts

as the accumulation of pseudogenes and transposa-
ble elements (Toh et al.,, 2006; Burke and Moran,
2011; Oakeson et al.,, 2014). Around 60% of the
DNA-coding regions are interrupted by frameshift or
null mutations and no significant bias toward the
loss of any particular functional gene category was
observed (Figure 2). This indicates that genetic drift
is the main evolutionary force driving the erosion of
gene functions in the leaf nodule symbiont genomes,
similar to what has been observed for other obligate
symbionts (Mira and Moran, 2002).

Transposable elements are abundant in all the leaf
nodule symbionts and may have an important role in
the first steps of genome reduction. At least nine
different IS families were represented in leaf nodule
symbionts. The distribution of these families is patchy
and most of the identified mobile elements lack
a functional copy in the genome (Supplementary
Table S1). We could only trace full copies correspond-
ing with the families 1S3, 1S4, IS5, IS66 and 1S200
across several genomes.

The variability in copy number and localization of
IS elements from the same family across leaf nodule
symbiont genomes suggest that: (i) proliferation of an
IS family in a given genome is triggered randomly
and (ii) the recent transition to a host-specific
lifestyle may have stimulated the rapid proliferation
of IS elements. These observations are in accordance
with the proposed neutral punctuated model for
IS elements proliferation (Iranzo et al., 2014). This
model predicts instability of IS copy number follow-
ing a change in the environment, such as that
following the establishment of a host-specific life-
style. The fact that we find many inactivated or
truncated IS in the leaf nodule symbiont genomes
may indicate either an overall strong deletion bias
or a return to a more stable condition where the
multiplication and elimination of active IS copies
return to equilibrium.

All the leaf nodule symbiont genomes show
extremely low synteny, which is consistent with
extensive genome shuffling caused by transposable
elements. We compared the genome of Ca. B. punctata,
which we could assemble in large contigs, with that of
the related stinkbug symbiont Burkholderia sp. RPE64.

Ca. B. Ca. B. Ca. B. Ca. B. Ca. B. Ca. B. bra- Ca. B Ca. B.

kirkii punctata  pumila schumanniana umbellata  chyanthoides humilis  verschuerenii
Number of contigs 305 48 519 283 307 685 354 446
Genome size (Mb) 4 3.9 3.7 2.4 4.2 3.5 5.1 6.2
GC content (%) 63 64 59 63 62 61 61 62
Total number of ORFs 6260 4802 5145 2262 5913 3508 5256 5939
Number of intact ORFs 2069 2323 1737 1459 2002 2137 3121 4699
Mobile elements in the 10 11 5.6 5 3.5 2.4 1.4 2.9
genome (%)
TRNA 4 7 3 3 6 3 3 3
tRNA 52 47 51 48 52 47 48 53

Abbreviations: GC, guanine and cytosine; ORFs, open reading frames; rRNA, ribosomal RNA; tRNA, transfer RNA.
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symbionts in functional categories of COGs. For each COG category,
the number of functional genes (gray bars) and the total number of
genes including pseudogenes (black bars) were compared. (J) = transla-
tion, ribosomal structure and biogenesis; (K) = transcription; (L)=DNA
replication, recombination and repair; (D) = cell division and chromo-
some partitioning; (O)=posttranslational modification, protein turn-
over, chaperones; (M)=cell envelope biogenesis, outer membrane;
(N) = cell motility and secretion/Intracellular trafficking and secretion;
(P)=inorganic ion transport and metabolism; (T) =signal transduction
mechanisms; (C)=energy production and conversion; (G)=carbohy-
drate transport and metabolism; (E)=amino-acid transport and
metabolism; (F)=nucleotide transport and metabolism; (H)=coen-
zyme metabolism; (I) =lipid metabolism; (Q)=secondary metabolites
biosynthesis, transport and catabolism; (R)=general function predic-
tion only; (S)=function unknown.

The alignment shows mostly small syntenic blocks
greater than 100 kb. By contrast, the more distantly
related, free-living soil-isolated B. sp. YI23 shows
a relatively high synteny with Burkholderia symbiont
sp. RPE64 with stretches of syntenic DNA spanning
entire replicons (Supplementary Figure S3). Many
rearrangements are observed within scaffolds
and in many cases syntenic blocks are flanked by
intact or inactivated transposases. This suggests
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Figure 3 Synonymous (dS) and nonsynonymous (dN) substitu-
tion rates inferred from pairwise comparisons of the 798 true
orthologous genes (gray dots) in all leaf nodule symbiont genomes.

The boxplots in the adjacent axes represent the distribution of dS
and dN values and the outliers.

that mobile elements, possibly in combination with
homologous recombination, facilitated the massive
DNA rearrangements observed with the leaf nodule
genomes.

Genome rearrangement, IS proliferation and large
numbers of pseudogenes indicate that genetic drift is
a major driving force in shaping the genomes of the
leaf nodule symbionts. In other obligate and vertically
transmitted symbionts, genetic drift is known to be the
major evolutionary force shaping the genome archi-
tecture, whereas purifying selection is less effective
(Kuo et al., 2009). This often results in the accumula-
tion of deleterious mutations (a process known
as Muller’s ratchet) (Muller, 1964; Felsenstein and
Yokoyama, 1976; Moran, 1996; McCutcheon and
Moran, 2012). Because ongoing genome erosion often
translates into high rates of nonsynonymous (dN) to
synonymous (dS) substitutions across the genome,
we calculated the dN/dS rates of substitutions for the
798 true orthologs in all the leaf nodule symbiont
genomes. The average dN/dS ratio was 0.07 (Figure 3),
whereas free-living bacteria or facultative symbionts
have an average dN/dS ratio between 0.02 and 0.06
(Kuo et al., 2009).

Our observations are so far consistent with what
has been described for other obligate symbionts,
including endosymbionts of insects (McCutcheon
and Moran, 2012). In these, relaxed selection usually
results in enrichment of the genome in adenine and
thymine (A+T) and a lower GC% in obligate
symbionts compared with free-living relatives
(McCutcheon and Moran, 2012). In contrast, average
GC% of leaf nodule symbionts’s genomes (60-63%)
is within the range of related free-living Burkhol-
deria (62—65%). One reason for the high GC% of the
genomes may be attributed to the relatively young
age of the symbiosis and to the fact that DNA repair
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mechanisms are still intact in most of the leaf nodule
symbionts. However, the average GC% of pseudo-
genes, which could be assumed to be under relaxed
selection, is not significantly different from that of
functional genes (Supplementary Table S2). In other
organisms, pseudogenes have a lower GC% than their
functional counterparts (Lerat and Ochman, 2004).
This lack of deviation from average GC% suggests
instead that substitutions are not biased toward A+T in
Burkholderia leaf nodule symbionts. This interpreta-
tion is supported by experimental data demonstrating
an unusual mutational bias toward G+C in other
Burkholderia species (Dillon et al., 2015).

Core genome of obligate endophytes

We computed the core genome of leaf nodule
symbionts and compared it with the core genome
of 52 free-living Burkholderiaceae species, which
serve as an approximation of the essential gene set
of Burkholderia species (Juhas et al., 2012). The core
genome of leaf nodule symbionts contains 798
genes and only seven Burkholderiaceae core genes
were missing in all leaf nodule symbiont genomes.
However, none of them appears to belong to any
essential metabolic pathway (Supplementary Table S3),
suggesting that despite rampant genome reduction,
leaf nodule symbionts may not be dependent on
the host for essential housekeeping functions.
This indirectly confirms the earlier assumption
that the inability to grow leaf nodule bacteria
axenically may be due to their lack of adaptability
to changing environmental conditions (Carlier and
Eberl, 2012).

We also explored the set of the non-essential
genes (accessory genes of free-living Burkholderia)
conserved in all leaf nodule symbiont genomes
in order to find specific pathways that could be
important for the symbiosis or for life as an
endophyte. We identified 314 non-essential genes,
mostly involved in coenzyme metabolism and
cell envelope and outer membrane biogenesis that
were conserved in all leaf nodule symbionts
of  Rubiaceae  (Supplementary  Figure  S4,
Supplementary Table S4).

Among the genes involved in coenzyme metabo-
lism, we could identify complete pathways for
the biosynthesis of thiamin, cobalamin and glu-
tathione. These vitamins are known to promote
plant-microbe interactions and could therefore
be potentially important for the obligate nature of
leaf nodule symbiosis. There is only one case of
cobalamin-dependent symbiosis described, namely
between Volvox carteri algae and its cyanobacteria
symbiont (Helliwell et al., 2011). Contrary to algae,
higher plants do not require cobalamin and they
are not able to produce it. Cobalamin biosynthesis
is confined only to bacteria where the vitamin
acts as a cofactor for multiple enzymes such as
the methionine synthase (Banerjee and Ragsdale,
2003). Leaf nodule symbionts retain the cobalamin-
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dependent version of methionine synthase and
a complete cobalamin biosynthetic pathway. The
amounts of free Met in ultra performance liquid
chromatography analyses of extracts of aposymbio-
tic P. kirkii were indistinguishable from nodulated
plants, suggesting that leaf nodule symbionts
synthesize Met to fulfill their own metabolic needs
and not those of the host (data not shown).

Bacterial antioxidants can act as a defense mechan-
ism against plant reactive oxygen species (Nanda
et al., 2010). The relevance of enzymatic and non-
enzymatic reactive oxygen species scavengers such as
the superoxide dismutase enzyme and glutathione in
plant-microbe interactions has been widely demon-
strated to be important in legume-rhizobium sym-
bioses (Santos et al., 2000; Rubio et al., 2004; Pauly
et al., 2006). These scavenging functions (for example,
superoxide dismutase are conserved in all leaf nodule
symbionts, indicating that they may also have an
important role for the symbiosis and maybe nodule
formation (Supplementary Table S4). Alternatively,
mechanisms for coping with reactive oxygen species
might be necessary to survive in the harsh, photo-
oxidative environment of the leaf (Triantaphylides
et al., 2008).

Cell wall and host-symbiont interaction

As previously mentioned, leaf nodule symbionts
share non-essential genes responsible for the lipopo-
lisaccharides (LPS) biosynthesis, which may be
important for host-symbiont recognition (Raetz and
Whitfield, 2002). Lipopolisaccharides are ‘microbe-
associated molecular patterns’ that constitute the
major component of the cell surface (Boller and
Felix, 2009). They are considered the first barrier
against plant defenses and mediate the communica-
tion with the host plant (Soto et al., 2009). As the leaf
nodule symbionts colonize plant species from the
same family, similar structural composition of the
O-antigen was expected. However, the cluster poten-
tially involved in assembly, modification and export
(Bkir_c27_1818-1838) is not fully conserved in
all leaf nodules and some of them even lack a
glycosyltranferase enzyme (Bkir_c27_1818), presum-
ably involved in the assembly of the O-antigen. The
absence of a conserved cluster for the synthesis of
O-antigen in leaf nodule symbionts does not entirely
rule out the possibility that lipopolisaccharide is
involved in symbiotic communication. However,
lipopolisaccharide does not seem to be the principal
mediator and other microbe-associated molecular
patterns (for example, GroEL, elongation factor,
peptidoglycan and so on) could be involved in the
recognition of the symbiont (Newman et al., 2013;
Chaudhary et al., 2014).

Evidence of host switching

Vertical transmission of bacterial symbionts through
the germ line of the host is one of the most prevalent
strategies for the maintenance of obligate symbiosis



and often results in phylogenetic congruence or
co-speciation between partners (Moran et al., 1993;
Russell and Moran, 2005; Sloan and Moran, 2012).
Despite host specificity and vertical transmission of
the leaf nodule symbionts, the phylogenies of the
Rubiaceae species and their Burkholderia symbionts
are incongruent. A vertical transmission mode
with occasional horizontal transmission has been
proposed to explain this lack of strict co-evolution
(Lemaire et al.,, 2011). Moreover, the interlaced
presence of Burkholderia soil isolates and insect
symbionts within the phylogenetic clade of leaf
nodule symbionts suggest multiple sources of trans-
mission (plants, insects and soil).

Incongruence between hosts and symbionts phylo-
genies suggest that the mode of transmission of the
bacteria is mixed rather than strictly vertical
(Figure 4). Most intriguingly, we detected a conspic-
uous host switching or re-infection event between the
P. kirkii/Ca. B. kirkii and the Pa. schumanniana/
Ca. B. schumanniana species pairs. The bacterial
symbionts are closely related and share similar
degrees of genome reduction despite having diverged
<300 000 years ago (Supplementary Figure S5). How-
ever, P. kirkii and Pa. schumanniana belong to
distinct genera that are thought to have diverged
>60 million years ago (Lemaire et al., 2011).
The simplest explanation is that the symbiont of
Pa. schumanniana was recently replaced with the leaf
nodule symbiont of P. kirkii. The possibility of a re-
infection by bacteria living in a soil reservoir as
previously hypothesized (Lemaire et al., 2012) seems
unlikely. The high degree of genome reduction,
together with the very high sequence homology
observed between the genomes of the symbionts of
Pa. schumanniana and P. kirkii, rather suggest that both
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species have been restricted to a host for millions of

years. The likelihood of host-switching events may
be increased by the overlap of the geographic ranges
of P. punctata, P. kirkii and Pa. schumanniana
(Bremekamp, 1934; Lachenaud, 2013).

A hint about the mechanism of symbiont transmis-
sion between plants may come from the nested clade
of soil isolates (B. sp. YI23 and B. sp. SJ98) and the
stinkbug Riptortus pedestris symbiont (B. sp. RPE64),
which form a sister group with Ca. B. punctata,
Ca. B. kirkii and Ca. B. schumanniana (Figure 4).
Burkholderia isolates, B. sp. YI23 and B. sp. SJ98, have
been isolated from soil and are capable of degrading
the pesticides 2-chloro-4-nitrophenol (in B. sp. SJ98)
(Min et al., 2014) and fenitrothion (in B. sp. YI23) (Lim
et al., 2012). B. sp. RPE64 has been isolated from
stinkbugs (Kikuchi et al., 2012). This group of
Burkholderia species, to which the leaf nodule
symbionts of Rubiaceae belong, live freely in soil or
are associated with plants and insects. Hence, one can
envision that the ancestor of the leaf nodule symbionts
was a Burkholderia species with a remarkably
broad host range. It is therefore conceivable that
some of the leaf nodule species have retained the
ability for transient association with insects, which
could act as potential vectors (whereas non-vector

insects may be targets of the insecticidal activity of
kirkamide).

Secondary metabolism is important but possibly not
essential for leaf nodule symbiosis

In order to get better insight into the determinants
of leaf symbiosis, we focused on the genes uniquely
present in leaf nodule symbionts and absent in
other closely related Burkholderia species. The
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Figure 4 Maximum likelihood phylogenetic reconstruction of Burkholderia species (left) and Psychotria species (right). The
Burkholderia tree was reconstructed based on the analysis of a concatenated alignment of 534 true ortholog genes. The reconstruction
of the Psychotria plant species was based on a 30 kb chloroplast-conserved fragment. In green are highlighted the leaf nodule bacterial
symbionts of Psychotria plant species. The leaf nodule bacterial symbiont of Pavetta plant species is highlighted in blue. Highlighted in
red is a symbiont of Riptortus (stinkbug) and in brown, soil isolates. Burkholderia ambifaria AMMD was used as outgroup (not shown).

Bootstrap values are shown.
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genome comparison of the bacterial leaf nodule
symbionts with 19 closely related Burkholderia
species revealed only one gene that is unique to the
leaf nodule lineage. This gene codes for a putative 2-
epi-5-epi-valiolone synthase, involved in the first step
of the 2-epi-5-epi-valiolone-derived aminocyclitols
from the C,N aminocyclitol family. Closer inspection
revealed that the gene is truncated in Ca. B.
brachyanthoides, and biosynthesis of C,N aminocy-
clitols seems to have been lost in this species
(Table 2). However, the core genome of the seven
other genomes contains a set of six genes (2-epi-5-epi-
valiolone synthase, N-acetylmannosamine kinase,
sugar hydrolase, glycosidase, sugar dehydrogenase,
Genb-related N-acetylransferase family) potentially
involved in the synthesis of the kirkamide molecule
(Table 2). Almost all the genes are conserved and are
in the same gene order and only the acetyltransferase
is in a different location in Ca. B. humilis. Interest-
ingly, this cluster of genes is in some cases flanked
by the remnants of transposable elements
(Supplementary Figure S6).

Because the common ancestor of all modern
Rubiaceae leaf nodule symbionts likely possessed
C;N aminocyclitol secondary metabolism, we spec-
ulate that acquisition of the ability to synthesize this
protective compound enabled the shift from perhaps
a commensal to a mutualistic lifestyle. However,
secondary metabolism and the associated fitness

advantage alone does not explain the strict depen-
dence of the host plant on the presence of bacteria,
which may have evolved independently (De
Mazancourt et al., 2001; Leigh, 2010; Sachs et al., 2011).

To test this, we assayed leaf extracts for kirkamide
by GC-MS and 'H-NMR (see Supplementary
Information Methods). We could detect kirkamide
in leaves extract from P. kirkii, P. punctata,
P. verschuerenii, P. humilis and P. pumila (Table 2,
Supplementary Figures S2D and E) and concentra-
tions ranging from 0.2 to 0.4% of the dry weight were
determined in leaves of P. kirkii and P. punctata. All
of these species harbor the putative kirkamide
biosynthetic pathway. In contrast, we could not
detect kirkamide in extracts of P. brachyanthoides,
whose symbionts have lost most of the kirkamide
biosynthesis cluster. We were also unable to detect
kirkamide in extracts of Pa. schumanniana and
P. umbellata, both species harboring the enzymes
of the kirkamide pathway (Table 2, Supplementary
Figures S2D and E). Interestingly, a putative major
facilitator superfamily transporter gene attached
to the kirkamide operon is a pseudogene
in Ca. B. umbellata. The orthologous gene in
Ca. B. schumanniana is detached from the main
kirkamide operon after IS-mediated rearrangement.
It is therefore possible that transport of kirkamide or
of precursors is compromised in both of these
organisms. An alternative hypothesis is that another

Table 2 Genes of the secondary metabolism in leaf nodule symbionts

Ca. B.
kirkii

Ca. B.
punctata

Ca. B.
pumila

Putative product

humilis

Ca. B. Ca. B. schu-

manniana

Ca. B. Ca. B.
verschuerenii umbellata

Ca. B. bra-
chyanthoides

2-epi-5-epi-valiolone synthase
(Bkir_c149 4879)
N-acetylmannosamine kinase
(Bkir_c149_4878)

Aminosugar transaminase
(Bkir_c149 4877)

Glycoside hydrolase
(Bkir_c149_4876)

Sugar dehydrogenase
(Bkir_c149_4875)

HAD family hydrolase
(Bkir_c149_4874)

Sugar phosphate isomerase
(Bkir_c149_4873)
Acetyltransferase, GNAT family
(Bkir_c149 4873)

Dioxygenase (Bkir_c48_3583)
Methyltransferase (Bkir_c48_3584)
C7-cyclitol-7-kinase

(Bkir_c48 3591)
3-dehydroquinate synthase
(Bkir_c48_3593)
dTDP-4-dehydrorhamnose reduc-
tase (Bkir c48 3594)

NUDIX family hydrolase
(Bkir_c48_3606)

Kirkamide + + +

Y

+ - + - -

Genes of Ca. B. kirkii are used as a reference. Functional homologues are highlighted in grey and pseudogenes indicated by . Conserved genes are
shown in bold. Detection of kirkamide in crude leaf extracts is indicated by a + symbol. A — symbol indicates kirkamide concentrations below

detection levels (see Materials and Methods).
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undetected C,N aminocyclitol is produced in
P. umbellata and Pa. schumanniana. We could, for
instance, isolate a new C, cyclitol compound,
streptol glucoside (Supplementary Figure S2A) from
leaves of P. kirkii. The structure is epimeric at the
anomeric center when compared to A-79197-2,
which was isolated from an epiphytic Actinomyces
species (Kizuka et al., 2002) (Supplementary
Figure S2F). Because streptol glucoside displays a
strong inhibition of lettuce seeds germination (con-
firmed with the purified compound from P. kirkii), it
might confer an allelopathic advantage to P. kirkii
(see Supplementary Information Methods). The host
plant enzymatic repertoire might also contribute to
the diversity of secondary metabolites produced by
the association.

Evidence for HGT of secondary metabolites genes

The lack of complete synteny in the conserved
secondary metabolite genes and the presence of
flanking transposable elements suggest that HGT
events might have occurred. This is also supported
by the incongruence of the gene phylogenies,
indicating multiple events of HGT within leaf nodule
symbionts’ clade (Supplementary Figure S7).
Although C,N aminocyclitol biosynthesis was likely
present in the ancestor of the modern leaf nodule
symbionts, HGT seems to have happened at least
twice (Supplementary Figure S8). Because the
putative kirkamide biosynthetic genes are located
on plasmid pKIR01 in Ca. B. kirkii, conjugative
transfer could explain the mixed phylogenetic trees
of the secondary metabolism genes of the leaf nodule
symbionts. We previously identified the repA gene
of pKIRO1, located in the immediate vicinity of a
parA/parB partition gene pair and possibly coding
for a replication initiation protein (Carlier and Eberl,

Acquisition of More effective

secondary symbionts vertically
metabolism via HGT transmitted
5.5-13.82 Mya

facultative,
mutualistic

facultative,
commensal

1{ .
Non-nodulated
#4_ Psychotria sp.

Plant-associated
Burkholderia sp.

Non-nodulated Rubiaceae sp.with Burkholderia symbionts
.. Nodulated Rubiaceae sp.with facultative Burkholderia symbionts

Nodulated Rubiaceae sp. with obligate Burkholderia symbionts
Host swit¢hing events

Obligate Burkholderia symbionts
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2012; Carlier et al., 2013). We could retrieve
complete or partial sequences of repA homologs
from all the genomes of leaf nodule symbionts
(Supplementary Figure S9). Remarkably, we could
detect two copies of repA in the genome of Ca. B. kirkii,
one of which being a pseudogene, belonging to
a distinct branch of the repA tree. This is clear
evidence that acquisition of the pKIR01 replicon
happened at least twice in Ca. B. kirkii. Moreover,
we find little evidence of co-evolution between the
repA genes and the rest of the genomes, except for
Ca. B. punctata, Ca. B. kirkii and Ca. B. schumanni-
ana. Together, these data suggest that transfer of
the pKIRO1 replicon is common in leaf nodule
symbionts and may explain the suspected HGT of
C,;N aminocyclitol biosynthetic genes in leaf nodule
symbionts.

Acquisition of secondary metabolite production by
HGT has been documented in other symbioses,
notably the insect-defensive symbiosis that occurs
in the Asian citrus psyllid Diaphorina citri
(Nakabachi et al., 2013b). Further, HGT events have
been hypothesized between the obligate intracellular
symbiont Candidatus Profftella armatura and the
phloem-restricted pathogen ‘Candidatus Liberibacter
asiaticus’ (Nakabachi et al., 2013a). However, the
timing of the HGT events is unclear in those
examples. Our data strongly suggest that HGT of
kirkamide synthetic genes still occurred after leaf
nodule symbiosis first evolved. Intra-clade HGT are
rare in obligate symbiotic bacteria but HGT of
bacteriophage-related genes have been documented
in facultative Wolbachia insect symbionts, which are
also known to co-infect their hosts (Bordenstein and
Wernegreen, 2004). We are documenting here the
first case of intra-clade horizontal transfer of genes,
which appear to have a central role in obligate leaf
nodule symbiosis.

Elimination of metabolic
redundancies:

Symbiosis becomes obligate

permanent,
mutualistic

" Mutualistic Burkholderia symbionts
Commensal Burkholderia symbionts

Figure 5 Evolutionary history hypothesis for the leaf nodule symbiosis. Ancestors of modern Psychotria sp. were probably in transient
association with endophytic, or possibly epiphytic commensal bacteria. About 5.5-13.8 Mya, the bacteria acquired genes for the
production of protective secondary metabolites, thereby giving a net fitness benefit to the association. As more effective symbionts were
selected, the symbiotic bacteria became vertically transmitted, making the symbiosis permanent. A consequence of this permanent
association is the increased dependency of the host on the leaf nodule bacteria, possibly through the loss of redundant metabolic
pathways. All described modern nodulated Psychotria species are locked in the relationship with the leaf nodule bacteria, regardless of the
production of protective metabolites. Intermediate stages shown in dashed lines (mutualistic Burkholderia symbionts, nodulated

Rubiaceae with facultative symbionts) are hypothetical.
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Conclusions

Although the genomes of all leaf nodule symbionts
are in a similar state of erosion, we did observe some
variability in their coding capacity, indicating
dynamic and ongoing genome reduction. Our data
also show that limited intra-clade HGT can still
occur at the early stages of genome reduction.
Transient co-habitation of symbionts and plasmid
conjugative transfer may explain the presence of
HGT in leaf nodule symbionts. Indeed, our data
provide evidence in favor of a mode of transmission
of the symbionts that is not strictly vertical. We
propose insects as possible vectors for the horizontal
transmission of leaf nodule bacteria to novel hosts.
Host-switching events could result in transient co-
habitation of distinct bacterial species within a leaf
nodule, thereby promoting HGT among leaf nodule
symbionts.

Our data suggest that plasmid-mediated HGT is a
common occurrence among leaf nodule symbionts.
We hypothesize, however, that as leaf nodule
bacteria species diverge, exchange of genetic mate-
rial will become limited because of narrowing of
plasmid host range or the loss of the ability to
colonize an insect vector. In fact, our data show that
plasmids of the pKIR01 group can become integrated
in the chromosome, precluding further genetic
exchange. In this regard, the genomes of leaf nodule
symbionts offer a unique possibility to investigate
the early stages of genome reduction following the
transition to an obligate symbiotic lifestyle.

In this study, we observed that not all the leaf
nodule symbionts are capable of producing kirka-
mide. These results suggest that kirkamide has an
important defensive role but is not responsible for
the obligate nature of the symbiosis. Interestingly,
a recent phylogenetic study on Psychotria leaf
nodulated species revealed the presence of two
non-nodulated plant species (P. tetragonopus and
P. limba) within the nodulated clade, suggesting that
symbiotic traits, have been lost in those species
(Lachenaud, 2013).

Our genomic study is fully consistent with other
studies that have dated the origin of the leaf
nodule symbiosis back to the Miocene (in a range
of 5.5-13.82 Mya) (Supplementary Figure S5) (see
Supplementary Information Methods) (Lemaire et al.,
2011; Barrabé et al., 2014). The obligate interaction
between leaf nodule symbionts and their host plant
could have evolved from an initial facultative and
commensal association (Figure 5). The acquisition of
secondary metabolites synthesis by the symbiotic
bacteria may likely have been essential for the transition
to a mutualistic interaction and the establishment of the
leaf nodule symbiosis. Subsequently, the association
became permanent and the bacterial genomes
started to erode. Isolating intermediate stages of
the symbiosis could give valuable information into
this process. It would thus be interesting to explore
the genome properties of the recently described
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Burkholderia endophytes of non-nodulated Rubia-
ceae plants (Verstraete et al., 2013).
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