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Bacterial leaf symbiosis is an intimate association between bacteria and plants in which
endosymbionts are housed within leaf nodules. This phenomenon has been reported in
three genera of Rubiaceae (Pavetta, Psychotria, and Sericanthe), but the bacterial
partner has only been identified in Psychotria and Pavetta. Here we report the
identification of symbiotic bacteria in two leaf nodulating Sericanthe species. Using 16S
rRNA data and common housekeeping genetic markers (recA and gyrB) we studied the
phylogenetic relationships of bacterial endosymbionts in Rubiaceae. Endosymbionts of
leaf  nodulating  Rubiaceae  were  found  to  be  closely  related  and  were  placed  as  a
monophyletic group within the genus Burkholderia (β-Proteobacteria). The phylogenetic
analyses revealed a pattern of strict host specificity and placed the two investigated
endosymbionts at two distinct positions in the topology of the tree, suggesting at least
two different evolutionary origins. The degree of sequence divergence between the
Sericanthe endosymbionts and their relatives was large enough to propose the
Sericanthe endosymbionts as new species (‘Candidatus Burkholderia andongensis’ and
‘Candidatus Burkholderia petitii’). In a second part of this study, the pylogenetic
relationships among nodulating and non-nodulating Sericanthe species were investigated
using sequence data from six chloroplast regions (rps16, trnG, trnL-trnF, petD, petA-
psbJ, and atpI-atpH). Overall, genetic variation among the plastid markers was
insufficient to enable phylogenetic estimation. However, our results could not rule out
the possibility that bacterial leaf symbiosis originated once in a common ancestor of the
Sericanthe species.
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About 500 species of Rubiaceae are known to house bacterial endosymbionts within internal cavities in the leaf
lamina, referred to as bacterial leaf nodules or leaf galls (Miller, 1990). Endosymbionts are persistent and
obligate associates of the host plants and are required for the successful development and reproduction of
their hosts (Gordon, 1963; Miller, 1990). However, knowledge about the exact benefits conferred by these
endosymbionts is still incomplete. Many studies have proposed that the endophytes of nodulated species are
involved in the production of phytohormones (reviewed in Miller, 1990). From the endosymbiont’s
perspective, the colonization of internal plant tissues may provide a stable, uniform, and protective
environment.
Leaf nodulated plant species are limited to three distantly related genera: Pa v e t t a L., Psychotria L., and
Sericanthe Robbr. These three genera of the Rubiaceae family have no close phylogenetic affinity and belong
to distant alliances. Psychotria is  a  member  of  the  subfamily  Rubioideae  and  belongs  to  the  tribe
Psychotrieae. Pavetta and Sericanthe belong to the subfamily Cinchonoideae and have been placed in the
tribes Pavetteae and Coffeeae, respectively (Robbrecht and Manen, 2006).

Morphological observations of bacterial endosymbionts have been conducted in all rubiaceous genera
(Pavetta and Psychotria in Miller, 1990; Sericanthe in Van Hove, 1972, referred to by the author as
‘Neorosea’). Still, attempts to cultivate and characterize these leaf nodulating bacteria associated have been
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unsuccessful to date. Molecular sequencing analyses however now enable the identification of uncultivable
endosymbionts. Indeed, the taxonomic position of the endosymbionts of Pavetta and Psychotria has been
recently clarified (Van Oevelen et al., 2001, 2002, 2004; Lemaire et al., 2011). These studies have
demonstrated that every nodulating species hosts its own unique Burkholderia endosymbiont. In contrast, the
bacterial leaf endosymbionts within the genus Sericanthe remain unknown.
The genus Sericanthe is composed mostly by shrubs that occupy rain forests, woodlands, savannas and
(sub)montane habitats in Southern and Western Africa. Many Sericanthe species have a very restricted
distribution, as reflected by their rarity and infrequent collection (Robbrecht, 1978a). For a complete
description of the geographical distribution of all Sericanthe species see Robbrecht (1978b).

In Sericanthe, leaf nodules have been reported in 11 or 12 out of 17 species (Robbrecht, 1978a). This small
nodulating genus contrasts with the more specious genera Pavetta and Psychotria, which contain approximately
350 and 80 nodulating species, respectively. Bacterial leaf galls of nodulated Sericanthe species are always located
on the abaxial side of the leaf and are hardly visible from the adaxial side. The shape and distribution of the
nodules on the leaves differ substantially among species and range from linear galls along the mid-vein (e.g.
Sericanthe andongensis) to dot-shaped or branched nodules scattered in the leaf blade (e.g. Sericanthe petitii)
(Robbrecht, 1978a, 1981). A similar variation in nodule localization and morphology has been reported in
Pavetta and Psychotria (Bremekamp, 1933).

In the present study, we focus on the endosymbiont identification and evolutionary history of bacterial
leaf symbiosis in the genus Sericanthe. We propose the hypotheses that (1) leaf nodulated Sericanthe species
accommodate their own specific endosymbionts and that (2) the bacteria-plant interaction is the result of an
ancient and single infection event within an ancestral leaf nodulated Sericanthe host.

Material and Methods

Taxon sampling
Silica-dried material from S. andongensis and S. petitii were collected during botanical field expeditions in
South Africa, Cameroon and Zambia. Five accessions of S. andongensis and two accessions of S. petitii were
sampled from different regions in the field and were used to identify the bacterial endosymbionts. A
detailed list of sampled species, voucher information and localities is given in Table 1. To determine  the
phylogenetic  position  of  the  endosymbionts of Sericanthe, we included related bacterial sequences of
Burkholderia obtained from GenBank (Table 1).

Three additional Sericanthe species (i.e. S. auriculata, S. odoratissima, S. spec. nov.), the latter two of which
were collected in the field and the first of which was obtained from an herbarium sample at the National
Botanic Garden of Belgium (BR), were included in this study to construct the host phylogeny (Table 1).

DNA extraction, amplification, cloning, and sequencing
Before extraction of the bacterial DNA the silica-dried leaves were rinsed with 70% ethanol to avoid
bacterial contamination. Total DNA was extracted from silica-dried collections and herbarium specimens
(BR) using the modified CTAB protocol of Tel-Zur et al. (1999). Bacterial DNA (16S rRNA, recA and
gyrB) and host chloroplast DNA regions (rps16, trnL-trnF, trnG, petD, petA-psbJ, and atpI-atpH) were
amplified with the primers listed in Supplementary data Table 1. All amplification reactions were
performed using a GeneAmp PCR System 9700 (Applied Biosystems, USA). Each amplification reaction
was performed in 25 μl reaction mix containing 1 μl total DNA, 16 μl H20, 2.5 μl 10× PCR buffer, 0.75 μl
25 μM MgCl2,  1  μl  of  20  μM forward  and  reverse  primers,  2.5  μl  2  μM dNTP,  and  0.2  μl Ta  q DNA
polymerase. PCR amplification of endosymbiont DNA regions was performed with PCR parameters as
described previously (Lemaire et al., 2011). Amplification of rps16, trnL-trnF, trnG, petA-psbJ, and atpI-
atpH was carried out under the following conditions: 94°C for 3 min; 30 cycles at 94°C for 60 sec, 52°C
for 60 sec, 72°C for 90 sec; final extension at 72°C for 5 min. The amplification parameters for petD were
94°C for 3 min; 30 cycles at 94°C for 60 sec, 55°C for 60 sec, 72°C for 90 sec; final extension at 72°C for
5 min. Amplified products were purified using a modification of the Exo/SAP enzyme cleaning protocol
(Werle et al., 1994).

Amplified 16S rRNA products were cloned into a pGEM-T vector (Promega), according to the
manufacturer’s instructions, and transformed into JM109 E. coli by heat shock. Plasmid purification was
obtained with a PureYieldTM Plasmid Miniprep System (Promega).
Purified plasmids and PCR products were sent to Macrogen for sequencing (Macrogen Inc., Korea).





Phylogenetic analyses
Sequences were assembled and edited using the program Geneious 5.0.3 (http://www.geneious.com). A
preliminary sequence alignment was created with Muscle (Edgar, 2004) followed by manual adjustments
with MacClade 4.04 (Maddison and Maddison, 2001). Molecular data were analyzed using Maximum
Likelhood (ML) and Bayesian Inference (BI) criteria, both of which were implemented in the CIPRES web
portal (http:// www.phylo.org). ML analyses were performed with RAxML-VI-HPC v2.0 using GTR-
GAMMA as the nucleotide substitution model (Stamatakis, 2006). We performed 100 RAxML runs and
selected  the  best  ML  tree  by  comparing  the  likelihood  scores.  The  robustness  of  the  ML  tree  was
calculated with multi-parametric bootstrap resampling and 1000 pseudo-replicates.

Model selection for the Bayesian analysis was conducted with MrModeltest v. 3.06 (Posada and Crandall,
1998) under the Akaike information criterion. For the different datasets, Modeltest selected the following
models of evolution: petD – GTR; rps16 – GTR+I; trnG – F81; trnL-trnF – HKY; petA-psbJ – HKY;
atpI-atpH – GTR; 16S rRNA – GTR+I+G; recA – GTR+I+G; gyrB – GTR+I+G.
In the combined BI analyses, the concatenated datasets (petD + rps16 + trnG + trnL-trnF + petA-psbJ + atpI-
atpH and 16S rRNA + recA + gyrB) were partitioned and the same models were assigned to the separate
partitions as selected for the single analyses. Gaps in the chloroplast data were coded according to the
simple indel coding method described by Simmons and Ochoterena (2000). Bayesian analyses were
conducted with MrBayes 3.1 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003), and four
Markov chains were ran simultaneously for five million generations and sampling trees every 100
generations. The 25% initial trees were discarded as conservative “burnin”. Convergence of the chains
was checked using Tracer v.1.4 (Rambaut and Drummond, 2007).

Morphological observations
Morphological observations of leaf material of S. andongensis (accession: Lemaire et al. 293) and S.
petitii (accession: Lachenaud et al. 658) were conducted to illustrate the bacterial endosymbionts. Sections
through leaf nodules were made with a razor blade and the dissected material was washed repeatedly in
70% ethanol and dehydrated in a 1:1 mixture of ethanol and dimethoxymethan (DMM) for 20 min and in
pure DMM for 20 min. After critical-point drying (CPD 030, BAL-TEC AG, Liechtenstein), dried samples
were mounted onto aluminium stubs, coated with gold (SPI Module Sputter Coater, Spi Supplies, USA)
and observed under a scanning electron microscope (JEOL JSM-6360; Jeol Ltd, Japan).

Results and Discussion

Phylogenetic analyses of the endosymbiont data
The use of 16S rRNA, recA and gyrB data to infer the phylo-genetic relationships in the genus Burkholderia is
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quite common and offers high resolution at both high and low taxonomic levels (Payne et al., 2005;
Tabacchioni et al., 2008). These genes have been shown to provide a robust framework to determine the
phylogenetic placement of the symbiotic bacteria of leaf nodulating Rubiaceae, as previously described in
Lemaire et al. (2011). In the present study, a similar approach was used to identify the endosymbionts of
nodulating Sericanthe species: molecular identification of endosymbionts was first performed by 16S rRNA
sequencing and 16S rRNA BLAST searches, and recA and gyrB genes were used to increase the relative
discriminatory power.

Direct sequencing of full-length 16S rRNA from 10 clones per plant species produced consistent results and
assigned the endosymbionts of the leaf nodulating Sericanthe species (S. andongensis and S. petitii) in the
Burkholderia genus. This β-Proteobacteria genus also includes the endosymbionts of the two other
nodulating genera of the family, Psychotria and Pavetta. Amplified recA and gyrB data with Burkholderia
specific primers (Supplementary data Table 1) were analyzed in combination with the 16S rRNA data,
including 19 nodulated endosymbionts and 14 related Burkholderia strains. The phylogenetic analyses of the
separate datasets showed similar topologies, except for few terminal branches. The phylogenies produced
separately by the three datasets (16S rRNA, recA and gyrB) are shown in supplementary data Fig. 1.
Both  the  BI  and  ML  analyses  produced  similar  tree  topologies  and  support  values  (Fig.  1).  A  well-
supported clade (100% Bayesian posterior probability, BPP / 99% bootstrap support, BS) with
endosymbionts of leaf nodulating Psychotria, Pavetta, and Sericanthe plants  was  recovered  as  sister  to Bur-
kholderia glathei. All S. andongensis endosymbionts were positioned in a clade with maximum support that
was sister to the endosymbionts of Pavetta rigida and Pavetta hispida. The intersequence similarities between
the lineages from both clades ranged from 96% (Candidatus Burkholderia andongensis vs. Candidatus
Burkholderia hispidae) to 96.5% (Candidatus Burkholderia andongensis vs. Candidatus Burkholderia rigidae).
The endosymbionts of S. petitii (100% BPP / 100% BS) were related to the ‘Candidatus Burkholderia kirkii
– Candidatus Burkholderia schumannianae’ clade. The sequence divergence between both nodulating clades
ranged from 94.6% (Candidatus Burkholderia petitii vs Candidatus Burkholderia kirkii) to 95.0% (Candidatus
Burkholderia petitii vs Candidatus Burkholderia schumannianae). These phylogenetic patterns indicate that
endosymbiosis occurred multiple times in Rubiaceae, thus rejecting the hypothesis of a single infection event
within the ancestor of extant leaf nodulated Pavetta, Psychotria, and Sericanthe species.

Five different samples of S. andongensis and two accessions of Sericanthe petitii from different geographical
locations were investigated (Table 1). Intraspecific sequence variability among the endosymbiont strains of
both species was low (average sequence identity between S. andongensis accessions: 16S rRNA - 100%; recA -
100%; gyrB - 99.9% and S. petitii accessions: 16S rRNA - 100%; recA - 99.8%; gyrB - 100%), suggesting a
stable interaction and high specificity between host and endosymbiont. A similar pattern of host specificity
has been documented in Psychotria and Pavetta (Van Oevelen et al., 2001, 2002, 2004; Lemaire et al., 2011).
The phylogenetic analyses presented in this study show that the evolutionary distances between the Sericanthe
endosymbionts and their closest relatives were significant compared to the observed intraspecific
polymorphism to recognize these endosymbionts as novel Burkholderia species. As long as the cultivation of
Sericanthe endosymbionts is not possible (E. Prinsen 2011, pers. comm.), we propose to record these
endosymbionts under a Candidatus designation, according to Murray and Stockebrandt (1995). The
endosymbionts of S. andongensis and S. petitii can be described using the specific epithets of their host species
as specific epithets for these candidate Burkholderia species:

‘Candidatus Burkholderia andongensis’ (andongensis, from the specific epithet of the host plant) (β-
proteobacteria, genus Burkholderia); NC; G-; R; NAS (GenBank nos. JF916921, JF916915, JF916905),
oligonucleotide sequence complementary to unique region of 16S rRNA gene 5′-ACTTCGTCCCTAATA
ATGGATGGAG-3′, oligonucleotide sequence complementary to unique region of recA 5′-
CGCGTTCATCGATGCCGAAC ACGCGCTC-3′, oligonucleotide sequence complementary to unique
region of gyrB gene 5′-TCGCACGGCGTCGTGCAG AACCGTGAAGT-3′; S (S. andongensis, leaf galls).
Lemaire et al. this study.

‘Candidatus Burkholderia  petitii’  (petitii,  from  the  specific  epithet  of  the  host  plant)  (β-proteobacteria,
genus Burkholderia); NC; G-; R; NAS (GenBank nos. JF916923, JF916916, JF916911), oligonucleotide
sequence complementary to unique region of 16S rRNA gene 5′-GCTTCGGGGTTAATACCCCT GGGG-3′,
oligonucleotide sequence complementary to unique region of recA 5′-
ACGTGCAATACGCCTCGAAGCTTGGC GTGAACGTGCCGGAT-3′, oligonucleotide sequence
complementary to unique region of gyrB gene 5′-ATGGAGTTC
GCGCGTGGAGTCGTGCAGAACCGC-3′; S (S. petitii, leaf galls). Lemaire et al. this study.





Morphological observations of leaf nodulating endosymbionts
The phylogentic analyses showed that leaf nodulated Sericanthe species accommodate a single species-specific
endosymbiont. As a result, we were able to use the non-specific scanning electron microscopy to illustrate
the endosymbionts in leaf nodule structures.
The bacterial endosymbionts within leaf nodules of S. andongensis and S. petitii are shown in Figs. 2A and
B. Cross SEM sections of leaves were made to illustrate the bacterial morphology and the localization of the
endosymbionts within nodules. The endosymbionts were restricted to the leaf gall structures and were clearly
visible as rod shaped bacteria with an average length of 2 μm. No flagella were observed. The
endosymbionts of Sericanthe were similar in size (1-2 μm) and shape (bacterial rods) compared to the symbionts
of Psychotria and Pavetta [see previous observations in the study of Va n Oevelen et al. (2004) and Lemaire
et al. (2011)].

Phylogenetic analyses of hosts
To reconstruct the phylogenetic relationships between nodulated and non-nodulated Sericanthe species, 66
sequences were generated including six chloroplast regions (Table 1). Genetic variation among all
chloroplast DNA regions was extremely low, ranging from 0.8% to 3.5% of variable sites (Supplementary
data Table 2). In contrast, the alignment of the 16S rRNA, recA and gyrB sequences revealed higher levels of
genetic variability. This difference in sequence variability between plants and bacteria is probably linked
to different rates of molecular evolution associated with differences in body size, metabolic rate, DNA
repair and generation time (Bromham, 2009). The phylogenetic relationships obtained from the six
individual plastid markers were analyzed separately, and the resulting tree topologies were phylogenetically
consistent. Consequently, the datasets were combined in subsequent analyses to increase phylogenetic
resolution. Indels were binary coded and added to data matrices to increase support values. The Bayesian
majority rule consensus tree and the Maximum Likelihood tree were congruent and are shown in Fig. 3.
Overall, most phylogenetic relationships were resolved with high support values. However, the phylogenetic
relationships between the nodulating Sericanthe species (showed in bold) and non-nodulating species were not
completely resolved, showing a polytomy with members of S. andongensis, S. odoratissima, S. petitii, and S.
auriculata. All nucleotide positions within the alignment were examined by eye and no single character was
informative to resolve this node. Nevertheless, the observed phylogenetic relationships in this study do not
rule out the possibility that bacterial endosymbiosis evolved in a parsimonious way, as demonstrated for
other nodulated genera, i.e. Psychotria (Andersson, 2002) and Pa v e t t a (De Block et al. unpublished).



Conclusions

The three nodulating genera have no close affinity and have been placed within different tribes and Rubiaceae
subfamilies, which could lead to the conclusion that bacterial leaf nodule symbiosis originated independently
in these three genera. Surprisingly, our results demonstrate that all endosymbionts of leaf nodulating
Rubiaceae are closely related, but that neither the endosymbionts of Sericanthe nor the endosymbionts of
Pavetta or Psychotria are monophyletic. These findings contrast with previous results showing that these three
nodulating taxa are monophyletic (Andersson, 2002; Davis et al., 2007; T o s h et al., 2009; De Block et al.,
unpublished). The present results suggest thereby that the history of bacterial leaf symbiosis is characterized by
horizontal symbiont transfers and reject the hypothesis of strict co-speciation between plant and bacteria at
generic level.
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