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e Premise of the study: It is well known that mutualistic bacteria can provide substantial benefits to their host plants. However,
‘how,” ‘why,” and the possible applications of such an interaction are only second to the questions ‘who is involved?’, and
‘where does it occur?’. In the coffee family (Rubiaceae), certain species closely interact with endophytic leaf bacteria that are
freely distributed among the mesophyll cells. This type of interaction was recently discovered in South Africa. Our aim is to
document the bacterial diversity associated with Rubiaceae (‘who’) and to establish the geographic range of the interac-
tion ("where’).

e Methods: Representatives of the Vanguerieae tribe in Rubiaceae were investigated for the presence of endophytes with
special emphasis on the distributional range of the plant-bacteria association by collecting specimens from different African
regions.

e Key results: The interaction is found in five genera and is restricted to three major host lineages. The endophytic bacteria belong
to the genus Burkholderia and are part of the plant-associated beneficial and environmental group. Some endophytes are similar
to B. caledonica, B. graminis, B. phenoliruptrix or B. phytofirmans, while others are classified in OTUs that show no similarity
with any previously described Burkholderia species of bacteria.

e Conclusions: The association is not obligate from the bacterial point of view and is considered a loose and recent interaction,
which is demonstrated by the fact that there is no evidence for coevolution. The geographical distribution of the association is
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restricted by the distributional range of the host plants covering the whole of sub-Saharan Africa.
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Relationships between plants and bacteria are widespread
and it is commonly accepted that almost all plant species are
associated with endophytic microorganisms (Strobel et al., 2004).
Plant-bacteria associations can be designated into one of the fol-
lowing categories: (1) a negative interaction in which one part-
ner has a negative impact on the other; (2) a positive interaction,
in which both partners derive benefits from the association;
and (3) a neutral interaction, in which none of the partners de-
rives a direct benefit from the interaction and where neither is
harmed (Singh et al., 2004). Forming a mutualistic relationship
with a bacterial partner can have a major influence on the health
and growth of host plants; it enhances abiotic stress tolerance,
provides resistance against diseases and pathogens, and may
aid nutrient availability and uptake (Compant et al., 2010).
However, before questions on the function of such interac-
tion can be answered, it is imperative to have identified the
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partners involved and to know where the association has evolved
naturally.

An example of a (putative) positive interaction is found in
the plant family Rubiaceae (coffee family) where leaf nodules
with bacterial endophytes occur in the genera Pavetta, Psycho-
tria, and Sericanthe (Lemaire et al., 2011b). The occurrence of
bacteria in the leaf blades of some species of these genera is
already long known, since they form specialized structures,
called leaf nodules or bacterial galls, that are macroscopically
visible (Zimmermann, 1902; Miller, 1990). The endophytes of
these Rubiaceae plants have been identified as Burkholderia
bacteria (Lemaire et al., 2011a, b, 2012b; Verstraete et al.,
2011). The interaction between plant and its nodulated endo-
phyte is host specific, as each nodulating plant species is colo-
nized by its own single Burkholderia lineage (Lemaire et al.,
2011b). The cultivation of the leaf nodulated bacteria has not
been successful, suggesting a high degree of dependency be-
tween both partners and/or an obligate association (Lemaire
et al., 2011b). This is corroborated by the occurrence of crippled
host plants, i.e., bacterium-free plants develop normally, but
gradually their growth and cell differentiation ceases, resulting
in dwarfed plants (Lemaire et al., 2012a).

Another interaction between Rubiaceae plants and Burkhold-
eria bacteria exists, for which it is not yet known whether it
constitutes a beneficial or neutral association. A few genera in
Vanguerieae have been shown to harbor endophytic bacteria
freely among the mesophyll cells of their leaves (Verstraete et al.,
2013a). These endophytes differ from the nodulated bacteria
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by not forming distinct visible leaf nodules. Using a cultiva-
tion-independent approach the endophytes were identified as
Burkholderia, the same genus of bacteria that is found in other
rubiaceous plants (Verstraete et al., 2011, 2013a). In contrast to
the nodulated endophytes, the cultivation of a non-nodulated
endophyte has been successful, which indicates that the interac-
tion is not obligate for the bacterial partner (Verstraete et al.,
2011). Whether associating with a bacterial partner is necessary
for the host plant’s survival, remains unclear. However, so far,
a Burkholderia endophyte has been detected in every single
specimen that was investigated (Verstraete et al., 2013a).

In contrast to the well-known interaction between legumes
and their root symbionts, bacterial leaf symbiosis in Rubiaceae
has been studied far less and therefore holds many unanswered
questions. Sound scientific research starts with clearly defining
the study group, and that is what in most research on leaf sym-
biosis has been done so far, i.e., both partners of the endosym-
biosis are being identified, their phylogenetic relationships are
being unraveled, and evolutionary patterns are studied (Lemaire
etal., 2011a, b, 2012a, b; Verstraete et al., 2011, 2013a). There
are, however, other aspects of leaf endosymbiosis that merit en-
quiry. Nodulated bacterial leaf symbiosis is known to occur in
the (sub)tropical regions of Africa and Asia (Miller, 1990). This
observation is based on the range of the host plants, but no de-
tailed information on the geographical distribution of the sym-
biosis is available. First reported by Van Wyk et al. (1990), the
presence of non-nodulated endosymbionts in Rubiaceae was
unequivocally demonstrated in 2011, and the studied host plants
were predominantly collected in South Africa (Verstraete et al.,
2011, 2013a). A few plants from a limited number of other African
countries are also shown to harbor endosymbiotic bacteria, but
a clear overview of the actual distribution of leaf symbiosis is
lacking.

The tribe Vanguerieae with the genera that hold bacterial en-
dophytes has a large distributional area covering sub-Saharan
Africa, which makes it an ideal group to screen for the presence
of endophytes in different geographical regions. In this study we
investigate East African host plants and combine the data with
the existing data of Southern Africa and Western Africa. By
doing so, we document the Burkholderia diversity associated
with Rubiaceae host plants and establish whether the interaction
is widespread in sub-Saharan Africa.

MATERIALS AND METHODS

For the host plant analysis, 170 specimens of 100 plant species belonging to
Vanguerieae were collected, plus three outgroup species (Appendix S1, see
Supplemental Data with the online version of this article). We ensured that dif-
ferent African regions were represented in the sampling. All necessary permits
for the collection of these plants were obtained and can be consulted at the
National Botanic Garden of Belgium. Plant leaves were collected in the field
and immediately put on silica gel to allow rapid dehydration and DNA preser-
vation. The leaves, together with the silica gel, were kept in airtight plastic
bags. The plant dataset of this study builds further on a previous taxonomic
study in Vanguerieae (Verstraete et al., 2013b). The new data were integrated
with the previous data and all details can be found in Appendix S1.

Newly discovered endophytic bacteria were added to an existing data matrix
(Verstraete et al., 2013a) and analyzed as a whole (see Appendix S2).

Before extraction of the bacterial DNA, the host plant leaves were sur-
face sterilized with 70% ethanol and ultrapure water under sterile conditions.
This procedure has been shown to be adequate to remove possible epiphytes
(Verstraete et al., 2011, 2013a). The actual extraction of both plant and endo-
phyte DNA was performed using the E.Z.N.A.™ HP Plant DNA Mini Kit (Omega
Bio-Tek, Norcross, Georgia, USA) according to the manufacturer’s instruc-
tions. For the host plant study, the following DNA markers were used: trnTL,
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trnLF, rpll6, petD, and the ITS region. Further information on the amplifica-
tion and sequencing of these markers can be found in Verstraete et al. (2013b).
Phylogenetic analysis of the bacterial endophytes is based on the three genes
16S rDNA, gyrB, and recA. Bacterial 16S rDNA amplification was performed
using the universal forward primers 16SB and a Burkholderia specific reverse
primer 16S2 (Lemaire et al., 2012b). Amplification primers for gyrB and recA
genes and their respective temperature profiles are based on the protocol in
Verstraete et al. (2011).

All obtained sequences were assembled and edited using the DNA analysis
software platform Geneious version 5.4.7 (Biomatters Ltd, Auckland, New
Zealand, www.geneious.com). A preliminary sequence alignment was per-
formed with MUSCLE under default parameters (Edgar, 2004) as implemented
in Geneious, version 5.4.7, followed by manual fine-tuning resulting in an un-
equivocal alignment. The plant and bacteria alignment can be found as appen-
dices (see Appendices S3 and S4). Gaps were coded for the host plant data matrix
(Simmons and Ochoterena, 2000).

The phylogeny of the host plants was estimated using probabilistic methods
under the Maximum Likelihood criterion in the CIPRES web portal (Miller et al.,
2010). Maximum Likelihood analysis was performed with RAXML version
7.4.4 using GTRCAT for the bootstrapping phase and GTRGAMMA for the
final tree inference (Stamatakis et al., 2008). The clade support was assessed
using multiparametric bootstrap resampling with 1000 replicates. Phylogenetic
trees of the bacterial endophytes were constructed using Maximum Likeli-
hood analyses in PhyML (Guindon et al., 2010). The DNA substitution model
GTR+I+G was selected under the Akaike Information Criterion using jMod-
elTest 2.1.3 (Darriba et al., 2012). Nonparametric bootstrap analysis with 1000
iterations was carried out to calculate the relative support for individual clades
found in the likelihood analysis.

Bacterial isolates were identified and grouped into different OTUs based on
the pairwise identity of their 16S rDNA sequence with a cut-off value of 0.1%.

RESULTS

Phylogenetic analysis of the tribe Vanguerieae (Rubiaceae)—
The combined matrix of one nuclear and three plastid DNA mark-
ers contains data on 170 representatives of Vanguerieae and 3
outgroup species. The Maximum Likelihood analysis resulted
in a robust phylogenetic hypothesis where the major clades of
the tribe are well supported. Fig. 1 shows the best-scoring ML
tree with the bootstrap values indicated at the nodes. Unsup-
ported nodes (BS < 65%) are collapsed.

The tribe Vanguerieae is a monophyletic and strongly sup-
ported group (BS 100%). In accordance with previous research
(Lantz and Bremer, 2004; Verstraete et al., 2013b), several ma-
jor clades in the tribe are strongly supported. The basal clade
groups three genera (Afrocanthium, Keetia, and Psydrax) and
the dioecious group (consisting of Bullockia, Peponidium, and
Pyrostria; BS 95%). The so-called ‘spiny’ group is clearly
delimitated and contains most Canthium species, Plectron-
iella armata (K. Schum.) Robyns, Pygmaeothamnus chamae-
dendrum (Kuntze) Robyns, Rytigynia bugoyensis (K. Krause)
Verdc., and Vangueriella spinosa (Schumach. & Thonn.)
Verdc. (BS 100%). As in all previous studies on Vanguerieae,
our study supports the Fadogia/Rytigynia group as a clear and
distinct clade in the tribe (BS 100%). The representatives of this
group share a set of unique indels in the investigated DNA re-
gions. The internal resolution of this clade is however low. The
genera Cuviera s.s. and Globulostylis, as recently redefined by
Verstraete et al. (2013b), are both supported as being mono-
phyletic (BS 100%), while Vangueriella is not. The Vangueria
group includes the species Cuviera schliebenii Verdc., Cuviera
semseii Verdc., Pygmaeothamnus zeyheri (Sond.) Robyns, and
Robynsia glabrata Hutch., the genus Multidentia (BS 73%), the
small genus Vangueriopsis, and the large monophyletic ge-
nus Vangueria (BS 100%), the latter which includes the genus
Pachystigma.
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Phylogenetic analysis of the Burkholderia bacteria—The
presence of endophytic Burkholderia bacteria inside the leaves
was only detected in five genera of Vanguerieae: Fadogia, Fado-
giella, Globulostylis, Rytigynia, and Vangueria. All other genera
within Vanguerieae lack bacterial endophytes in their leaves.
Positive or negative results per specimen is indicated in Appen-
dix S1. The dataset with the bacterial sequences contains 186
bacterial isolates: 3 outgroup species, 39 validly described Bur-
kholderia species, 17 Candidatus species isolated from nodu-
lating plants, and 127 endophytic isolates obtained through a
cultivation-independent method. For each taxon, three DNA
markers (16S rDNA, gyrB, and recA) were sequenced and the
data matrix is 96% complete (see Appendix S2).

Two functionally distinct clusters are found within the genus
Burkholderia, i.e., a first group holding the well-known patho-
genic species and the second holding plant-associated or envi-
ronmental species (Fig. 2). All the endophytic bacteria found
within the leaves of representatives of Vanguerieae are plant-
associated leaf endophytes and are part of the plant-associated
beneficial and environmental (PBE) group. The identification
of the isolates and the allocation to different OTUs is based on
their 16S rDNA sequence similarity. BLAST searches against
the nr database of GenBank assigned the endophytes to the ge-
nus Burkholderia. A species name was allocated when their
16S rDNA sequence showed a similarity larger than 99% with
a previously described species. The endophytes of Rytigynia
umbellulata (Hiern) Robyns are very similar to B. phytofirmans
(Fig. 2, OTU 5). The endophytes of Rytigynia sp., Vangueria
infausta Burch., V. randii S. Moore, and V. madagascariensis
J.F. Gmel. have a 16S rDNA sequence that is similar to B. phe-
noliruptrix (Fig. 2, OTU 7). The endophytic bacteria of 20 dif-
ferent host plant species from four different genera are very
similar to B. caledonica based on identical or highly similar
16S rDNA sequences (Fig. 2, OTU 8). The endophyte found in
V. volkensii K. Schum. has a 16S rDNA sequence that is 99.3%
similar to B. graminis (Fig. 2, OTU 12). The endophytes of 14
other host plant species do not show a high similarity with any
existing Burkholderia species and are therefore placed in new
OTUs. The numbering of the OTUs refers to and builds further
on Verstraete et al. (2013a). OTU 11 is noteworthy since this
group is very well delineated and is found near the clade of le-
gume-associated Burkholderia. The closest relative to OTU
11 is B. kururiensis subsp. thiooxydans (98.6%). The endo-
phytes in OTU 13 are closely related to—and perhaps belong to—
B. graminis (pairwise identity of 98.8%). OTUs 1, 2, 9, and 10
are part of the B. glathei clade that was formerly known for the
leaf nodulated endophytes, however, the host plants of these
four OTUs do not form nodules in their leaves to harbor their
endophytes.

Distribution of non-nodulated bacterial endosymbiosis—The
actual occurrence of endophytic Burkholderia bacteria in leaves
of Vanguerieae representatives is based on the geographical
data present on the herbarium labels of the studied specimens.
The individual latitude and longitude coordinates can be found

Fig. 1. Maximum Likelihood tree showing the phylogenetic relation-
ships within Vanguerieae (Rubiaceae). The major clades are always re-
trieved and are well supported. Bootstrap values are indicated below the
branches and numbers between brackets refer to Appendix S1 (see Supple-
mental Data with the online version of this article). Non-nodulated leaf
endophytes are found in three distinct clades of the tribe (arrows).
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in Appendix S5. Distribution data of the genera Fadogia, Fado-
giella, Globulostylis, Rytigynia, and Vangueria are obtained
from the World Checklist of Rubiaceae (Govaerts et al., 2013).
The interaction is demonstrated in six sub-Saharan African
countries: Burundi, Cameroon, Gabon, South Africa, Tanzania,
and Zambia (Fig. 3, dots). Besides the actual distribution based
on latitude and longitude coordinates, the potential total distri-
butional area can be derived from the distribution range of the
host plants and this comprises the whole of sub-Saharan Africa
(Fig. 3, grayed area).

DISCUSSION

Major clades in Vanguerieae and presence of non-nodulated
endophytes—So far, in every molecular study dealing with the
relationships within Vanguerieae (Lantz et al., 2002; Lantz and
Bremer, 2004; Verstraete et al., 2013a, b; this study), the same
major clades are retrieved and are well supported (Fig. 1).

The existence of a basal clade consisting of the genera Afro-
canthium, Keetia, Psydrax, and the dioecious group is indicated
in Verstraete et al. (2013a), but the monophyly of the individual
groups had been demonstrated earlier (Lantz et al., 2002; Lantz
and Bremer, 2004; Razafimandimbison et al., 2009). The pres-
ence of this basal clade is corroborated by Kainulainen et al.
(2013). In a previous analysis based on a portion of the cur-
rent dataset, the genus Keetia is sister to the remainder of the
basal clade and Afrocanthium is sister to the dioecious group
(Verstraete et al., 2013b, their Fig. 1.). However, with the inclu-
sion of several additional taxa in this study, these two genera
are shown to be sister to each other, which is also found in
Kainulainen et al. (2013). When we investigated the species in
this basal clade for endophytes, none of them are found to har-
bor Burkholderia bacteria in their leaves (see specimen list in
Appendix S1).

A second well-delineated group within the tribe is the ‘spiny’
group. The monophyly of this group has been demonstrated
since the first phylogenetic study on Vanguerieae (Lantz et al.,
2002). Although new names for the species Plectroniella armata,
Rytigynia bugoyensis, and Vangueriella spinosa have been pro-
posed to form a coherent Canthium group (Lantz and Bremer,
2004), the synonymization has not yet been accepted in the World
Checklist of Rubiaceae (Govaerts et al., 2013). However, our
findings are in agreement with Lantz and Bremer (2004). The
particular association between the Vanguerieae and Burkhold-
eria is not found in this group.

The large Fadogia/Rytigynia group (including the genus Fado-
giella) is molecularly well defined because they share a set of
unique gene sequences that sets this group well apart from the rest
of the Vanguerieae tribe. In contrast to the group as a whole, the
internal resolution is quite low, and as a consequence the
species level relationships are still uncertain. When different spec-
imens of the same species are included in the analysis, they are
found near each other, indicating good species circumscriptions.
For Fadogia triphylla Baker, the different varieties can be distin-
guished molecularly and Fadogia triphylla var. giorgii (De Wild.)
Verdc. and var. triphylla are monophyletic (Fig. 1). The specimens
(43) and (44) certainly belong to the species F. triphylla, but they
cannot be placed into one of the varieties. The different variet-
ies are easily distinguishable morphologically and the distinc-
tion is now also supported by molecular data. All investigated
specimens of F. triphylla have bacterial leaf endophytes, but their
identity is quite different (OTU 8 vs. OTU 11 in Fig. 2; but see

'VERSTRAETE ET AL.—BACTERIAL ASSOCIATION WITH V ANGUERIEAE IN AFRICA

2383

under next subtitle). The combination of all these observations
indicates that the taxonomic status of the varieties within the
species F. triphylla could be evaluated. All specimens of the
FadogialRytigynia group that were investigated for the bacterial
leaf symbiosis show an association with Burkholderia bacteria.

In the Cuvieral/Vangueriella group, the two genera Cuviera s.s.
and Globulostylis are strongly supported in contrast to Vangueri-
ella sect. Vangueriella, which is unresolved. This is due to the low
genetic variability in the four DNA markers used in this study. A
previous study using six markers was able to show the monophyly
of Vangueriella sect. Vangueriella, but it was also demonstrated
that Vangueriella sect. Stenosepalae is seemingly different and be-
longs to the ‘spiny’ group (Verstraete et al., 2013b). Concerning
bacterial leaf symbiosis, neither section of Vangueriella nor the
genus Cuviera is associated with Burkholderia bacteria. Globulo-
stylis on the other hand is the exception in this group, since all
species contain endophytic bacteria in their leaves.

The final group within the Vanguerieae is the Vangueria group,
which comprises the genera Vangueria, Multidentia, and Vangue-
riopsis, the monospecific Robynsia glabrata, two species excluded
from Cuviera (viz. C. schliebenii and C. semseii), and the species
Pygmaeothamnus zeyheri. Taxonomic realignments are desirable
in this group but are not within the scope of this study. The pres-
ence of endophytic Burkholderia bacteria has only been demon-
strated in the large genus Vangueria; all other genera in this group
lack them.

Endophytic bacteria in the leaves are present in three clades of
Vanguerieae, as is evident from Fig. 1, i.e., the Fadogia/Rytigynia
group, the genus Globulostylis, and the genus Vangueria. In total
five genera are involved (Fadogia, Fadogiella, Globulostylis,
Rytigynia, and Vangueria) and the presence of endophytes is con-
sistent at the generic level, since all of the species investigated so
far have bacteria in their leaves. The observed pattern could be
explained in two ways: (1) either this particular interaction ap-
peared three times independently and is quite recent, or (2) it is the
result of a single evolutionary event in the past but has been lost in
a few groups. Since the non-nodulated endophytes can be culti-
vated outside their hosts (Verstraete et al., 2011), it is assumed that
the interaction is not obligate (at least not for the bacteria) and that
it is a loose and recent association. Based on this, the option of
three independent origins could be favored; however, the eco-
logical trigger for this interaction is not yet known. At this stage
neither hypothesis can thus be refuted.

Phylogenetic relationships within the genus Burkholderia—
The latest reviews of the taxonomy of Burkholderia show the pres-
ence of two distinct groups, i.e., one cluster comprises human,
animal, and plant pathogens, while the second cluster contains
nonpathogenic species associated with plants and/or the envi-
ronment (Gyaneshwar et al., 2011; Sudrez-Moreno et al., 2012;
Estrada-de los Santos et al., 2013). However, this claim is not
entirely correct since pathogenic species can also have a posi-
tive influence on plant growth (e.g., B. vietnamensis) and spe-
cies that fall in the beneficial group can be plant pathogens (e.g.,
B. caryophylli). In a previous study we enlarged the plant-
associated beneficial and environmental (PBE) group by in-
cluding the B. glathei clade, which comprises both nodulated and
non-nodulated endophytes of rubiaceous host plants (Verstraete
et al., 2013a). This is corroborated by the findings of Estra-
da-de los Santos et al. (2013), who also include B. glathei in
their group A, which is the clade with the plant-associated spe-
cies. All bacterial endophytes discovered in Rubiaceae host
plants so far are part of the PBE group and the endophytes in
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Fig. 3.

The potential total distributional area of non-nodulated bacterial leaf symbiosis is based on the combined distributional ranges of the host plants

Fadogia, Fadogiella, Globulostylis, Rytigynia, and Vangueria (grayed area). The actual endosymbiosis is indicated by means of latitude and longitude

coordinates (dots). Map adapted from Brummitt (2001).

this study are no exception. Bacterial leaf symbiosis in Rubiaceae
was discovered due to the presence of visible bacterial nodules
in the leaf blades of certain tropical plants (Miller, 1990). Their
identity was established through cultivation-independent studies,
which demonstrated that they belong to the genus Burkholderia
(Lemaire et al., 2011a, b; 2012b). Another type of plant-bacteria
interaction was found between Vanguerieae host plants and
Burkholderia endophytes, i.e., these bacteria are not confined to

specialized nodules, instead they are found freely distributed
among the mesophyll cells (Verstraete et al., 2011, 2013a). All
newly found Burkholderia endophytes in this study are associ-
ated with Vanguerieae host plants and these do not show any
external signs of infection.

The leaf endophytes are identified by 16S rDNA sequence
data and are allocated to a bacterial species based on se-
quence similarity. The endophyte of R. umbellulata is similar to

«—

Fig. 2. Maximum Likelihood tree of the Burkholderia endophytes. Bootstrap values are indicated below the branches and numbers between brackets
refer to Appendix S2 (see Supplemental Data with the online version of this article). All endophytes belong to the plant-associated beneficial and environmental
(PBE) group and are classified into OTUs. Numbering of the OTUs refers to and builds further on information presented in Verstraete et al. (2013a).
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B. phytofirmans (Fig. 2, OTU 5). Four host plant species have
endophytes that are very similar to be B. phenoliruptrix (Fig. 2,
OTU 7), while the endophytic bacteria in 20 other plant species
are similar to B. caledonica (Fig. 2, OTU 8). The 16S rDNA
sequences of the endophytes of OTU 11 are 98.1% similar to
the type strain of B. kururiensis; however, they are 98.6% simi-
lar to the type strain of B. kururiensis subsp. thiooxydans and
99% similar to another strain of this subspecies. Finally, the en-
dophyte in V. volkensii is similar to B. graminis (Fig. 2, OTU 12).
We stress that the allocation to a particular Burkholderia
species is only based on 16S rDNA sequence similarity and
that a comprehensive study of the endophytes should be per-
formed before making a definitive conclusion. The rest of the
non-nodulated endophytes are classified in other OTUs that
do not correspond to any formally described Burkholderia spe-
cies. For now, we choose to use the term OTU and not establish
new species names since a cultivation-independent method for
identification was used and other biochemical tests should be
performed before validly describing new species. Although
many host plant species seem to share a common endophyte,
there is some kind of host specificity in the sense that one plant
species always has the same endophyte, e.g., all Rytigynia
uhligii (K. Schum. & K. Krause) Verdc. endophytes belong to
OTU 13 (Fig. 2). This observation is consistent for all investi-
gated specimens of one plant species always harbor the same
endophyte. This may indicate that the host plant is able to
select its preferential endophyte. There is one exception in our
analysis, i.e., the endophytes of Fadogia triphylla var. triphylla
are part of OTU 11, while those of F. triphylla var. giorgii
are found in OTU 8. However, when observing the phyloge-
netic tree of the host plant it is evident that these varieties are
phylogenetically distinguishable (Fig. 1). In this case it could
be argued that the delineation of this particular plant species is
not accurate and should be revised. Combining morphologi-
cal and molecular data with the presence and identity of endo-
phytic bacteria may prove a powerful tool for plant species
delineation.

The interaction between Vanguerieae plants and Burkholde-
ria bacteria is not obligate or at least not for these bacteria. In a
previous study, the endophytes of Fadogia homblei De Wild
were successfully cultivated outside their host plant on agar
plates (Verstraete et al., 2011). This achievement is not unex-
pected since the endophytes in OTU 8 belong to the species
B. caledonica that was originally isolated as free-living soil bacte-
ria (Coenye et al., 2001). Unfortunately, we were not able to
cultivate the leaf endophytes of the Vanguerieae plants here be-
cause access to fresh plant material is essential. For this study,
we only had silica-dried material to our disposal and cultivating
endophytes from silica-dried material was not successful. We
are, however, convinced that it should be feasible to cultivate
the endophytes in OTU 8 outside their host plants. Because
multiple host plants share the same endophyte, there is no strict
interaction between one endophyte and one host plant, further
indicating a loose, non obligate association. However, there are
some cautionary notes. There are two partners involved in an
interaction, which means the association can be seen from two
points of view. The Vanguerieae-Burkholderia association can
be considered as nonspecific from the point of view of the bac-
terial partner since the same endophyte is found in different plant
species. This providing that the isolates from different plants
are really identical and that no lower-level specificity is left un-
detected. For the plants, however, the association is specific since
one plant species only harbors one particular endophyte and so
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far not a single representative of the five implicated genera was
found to lack endophytes. Whether the plants are really depen-
dent on their endophytes or whether the bacteria are just present
without causing a negative impact on their fitness, is not known
yet. For now, we assume that the non-nodulated endophytes of
Vanguerieae host plants are facultative endophytes from the
point of view of the bacteria.

A loose association would imply that coevolution does not
occur, but in one case coevolution might explain the observed
pattern: the plants Rytigynia eickii (K. Schum. & K. Krause)
Bullock and R. decussata (K. Schum.) Robyns are related to each
other (Fig. 1, Fadogia/Rytigynia group) and their endophytes
are related as well (Fig. 2, OTUs 9 and 10). However, it is not
known whether the ancestor of both plant species harbored the
ancestor of both endophytes and whether the interaction was spe-
cific enough to allow coevolution on a small scale. The pattern is
not found elsewhere and the presence of long-term coevolution
between non-nodulated leaf endophytes and their host plants is
therefore highly unlikely.

Geographical distribution of the Vanguerieae-Burkholderia
association—The interaction between two partners is geographi-
cally limited to the distributional area of the partner with the
smallest range. For this study it is obvious that the geographical
pattern of the Vanguerieae-Burkholderia association is deter-
mined by the distributional range of the host plants. So far all
investigated plants of the genera Fadogia, Fadogiella, Globu-
lostylis, Rytigynia, and Vangueria harbor endophytes in their
leaves, but the bacterial partner may be free-living. The geograph-
ical data on the herbarium labels of the plants indicates that the
association occurs in at least six sub-Saharan countries: Bu-
rundi, Cameroon, Gabon, South Africa, Tanzania, and Zambia
(Fig. 3, dots). However, if we assume that the interaction is
widespread and endophytic Burkholderia are present in all rep-
resentatives of the five Vanguerieae genera, the potential distri-
butional area of the association is much larger and comprises
the whole of sub-Saharan Africa. Of course the host plants are
confined to certain habitats within this large distributional area:
Globulostylis and Rytigynia are rainforest plants, while Fado-
gia, Fadogiella, and Vangueria occur in savannah and grassland.
Unfortunately, geographical data in the World Checklist of Ru-
biaceae is only available on the level of countries, but it is clear
that political boundaries are not the same as ecological bound-
aries. Northern Mali, for example, is colored gray because
Fadogia occurs in Mali according to the database. However, if
we take into account that the Sahara Desert covers northern
Mali, we can assume that the plants do not grow there. The
same goes for Sudan. Given the currently available geographi-
cal data, we can only conclude that the Vanguerieae-Burkholderia
association is geographically restricted to sub-Saharan Africa.
However, some nuance is necessary since the plants grow in
particular habitats and their environmental requirements have
to be taken into account.

In this study we investigated the association between non-
nodulated Burkholderia endophytes and their Vanguerieae
(Rubiaceae) host plants. The interaction is found in five differ-
ent genera (Fadogia, Fadogiella, Globulostylis, Rytigynia, and
Vangueria) and is restricted to three clades within the plant
tribe. The endophytic bacteria all belong to the genus Burkhold-
eria and are related to other plant-associated bacteria. Some
endophytes are similar to B. caledonica, B. graminis, B. pheno-
liruptrix or B. phytofirmans, while others are classified in differ-
ent OTUs that show no similarity with any previously described
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Burkholderia species. The association is not obligate for the bacte-
rial partner and is considered a loose and recently established
interaction, which is demonstrated by the fact that one of the
endophytes was cultivated in an earlier study and that no coevo-
Iution occurs. The geographical distribution of the association
is limited to the distributional range of the host plants and com-
prises the whole of sub-Saharan Africa.
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