
Abelia and relatives: phylogenetics of Linnaeeae
(Dipsacales–Caprifoliaceae s.l.) and a new
interpretation of their inflorescence morphology

SVEN LANDREIN*, GERHARD PRENNER, MARK W. CHASE and
JAMES J. CLARKSON

Royal Botanic Gardens, Kew, Richmond, Surrey, TW9 3AB, UK

Received 18 November 2011; revised 27 January 2012; accepted for publication 14 March 2012

We present a phylogenetic analysis with sampling from all taxonomic groups in the tribe Linnaeeae (Caprifo-
liaceae) and interpret the results in relation to inflorescence morphology. Characters from inflorescences are
shown to be highly informative for the classification of Linnaeeae; however, they have been neglected in recent
studies, possibly as a result of confusion between descriptive and typological views. The phylogenetic relation-
ships of 27 taxa are investigated using the nuclear ribosomal internal transcribed spacer (ITS) region and
multiple plastid regions (rbcL, ndhF, matK, trnL intron and trnL-F spacer). Two additional plastid regions,
atpB-rbcL and the trnK intron, are also investigated for a subset of taxa. Results indicate that several taxo-
nomic groups, including sections and genera, are not monophyletic. Several groups are supported, e.g. Zabelia,
Vesalea and Abelia section Abelia, but Abelia series Serratae is not supported. A new hypothesis for inflores-
cence evolution in Dipsacales is proposed, and the distinctiveness of Abelia series Serratae is reinforced. The
position of tribe Zabeliinae remains unclear within Caprifoliaceae. © 2012 The Linnean Society of London,
Botanical Journal of the Linnean Society, 2012, 169, 692–713.
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INTRODUCTION

In recent phylogenetic studies (Bell et al., 2001; Dono-
ghue et al., 2001; Zhang et al., 2002a; Jacobs, Pyck &
Smets, 2010), Linnaeeae forms a distinct clade more
closely related to Morinaceae, Dipsacaceae and Vale-
rianaceae than to Caprifolieae and Diervilleae. In
previous phylogenetic studies, Caprifoliaceae had
been redefined to include Caprifolieae, Diervilleae,
Linnaeeae, Morinaceae, Dipsacaceae and Valerian-
aceae (Bell et al., 2001). The name Linnina for the
clade including Linnaeeae and Valerina (Morinaceae,
Dipsacaceae and Valerianaceae) was also introduced
by Donoghue et al. (2001). Backlund & Pyck (1998)

preferred to raise Linnaeeae and Diervilleae to family
level, but this system was not followed by Donoghue
et al. (2001) because it does not retain most of the
names currently in use.

Caprifoliaceae s.l. (APG III, 2009) is used here
because of the problematic position of Heptacodium
Rehder, which has morphological characters that are
a mixture of those in Linnaeeae and Caprifolieae. A
genus incertae sedis within a family is acceptable, but
a genus without a clear family placement is problem-
atic; therefore, we favour Caprifoliaceae sensu APG
III (2009). As in Linnaeeae, ovaries of Heptacodium
are trilocular with a single fertile locule, and the
achenes have a persistent accrescent calyx. However,
flowers have five stamens, and the inflorescence is
reminiscent of Lonicera L. subgenus Periclymenum
Mill. (Caprifolieae). The phylogenetic study of Pyck &*Corresponding author. E-mail: s.landrein@kew.org
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Smets (2000) placed Heptacodium as an unresolved
lineage in Caprifoliaceae s.l. A karyomorphological
study (Zhang, Zhou & Gu, 2002b) suggested that
Heptacodium perhaps resulted from hybridization
and polyploidization between two ancestral species,
possibly with a base chromosome number of x = 8 or 9
and having characters of Caprifolieae and Linnaeeae
(dislocation hypothesis; Stebbins, 1971). Another
reason not to raise Linnaeeae to family level was
presented in a phylogenetic study by Jacobs et al.
(2010), in which the relationship between Abelia R.Br.
and Zabelia (Rehder) Makino was questioned, and a
weakly supported position of Zabelia sister to the
Morina clade rather than Linnaeeae was shown.

A classification of Linnaeeae was first proposed by
Vatke (1872), which was followed by that of Zabel
(1893). Graebner (1900) published the first complete
study of Linnaeeae and produced an artificial classi-
fication. Rehder (1911) and Fukuoka (1968) produced
more recent classifications based solely on morphol-
ogy. An unpublished thesis using molecular data
(nuclear ribosomal DNA sequences) by Kim (1998)
produced more insight into the classification of Lin-
naeeae; he included one new subtribe, Zabeliinae, but
this remains unpublished. Kim’s (1998) generic
delimitation is based on a number of traditionally
used morphological characters (mostly inflorescences)
and molecular data. He recognized six genera
(Table 1).

The centre of diversity for Linnaeeae is China.
Linnaea L. is circumboreal, and other taxa also occur
in Japan, Korea, easternmost Russia, Central Asia,
the Himalayas and Mexico. The total number of
species recognized is 17–39, depending on the author.
Members of Linnaeeae are important in horticulture,
and clarification of the generic limits in this clade is
necessary. With this in mind, we initiated this
molecular study of Linnaeeae based on five plastid
regions (rbcL, ndhF, trnL intron, trnL-F spacer and
matK) and the nuclear ribosomal internal transcribed
spacer (nrITS) region; two more plastid regions (atpB-
rbcL spacer and trnK intron) were sampled for a
smaller dataset. The resulting phylogenetic trees
were used to re-evaluate the morphology and evolu-
tion of the inflorescence in this group.

INFLORESCENCE

The DNA analyses performed here provide us with a
framework to reinterpret inflorescence architecture;
the molecular data create a backbone against which
hypotheses can be tested. Most taxonomic studies of
Linnaeeae have mentioned the inflorescence as the
most important morphological character to examine,
but inflorescence studies suffer from confusion
between descriptive and typological views (idealized T
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morphology; Endress, 2010). In order to establish
relationships between taxa, it is nevertheless not
possible to use only a descriptive approach, and a
theory of idealized morphological characters needs to
be developed.

Inflorescence descriptions can sometimes be diffi-
cult, and it is often more suitable to focus on a
smaller group of closely related taxa, which may be
easier to interpret (Endress, 2010). Prenner,
Vergara-Silva & Rudall (2009) proposed four main
inflorescence types: cymes, panicles, racemes and
thyrses. More recently, Endress (2010) suggested
two main inflorescence types: racemes and cymes
with intermediates between the two. The inflores-
cence of Caprifoliaceae s.l. is a thyrse, which is a
raceme of cymes. Members of Linnaeeae also follow
this branching pattern, but have fewer flowers
within each cyme and shorter internodes between
prophylls, resulting in a distinct epicalyx.

The terminology of inflorescence morphology is
currently under debate (Prenner et al., 2009;
Endress, 2010). In a three-flowered cyme, the
primary flower is subtended by a pair of bracts that
become supernumerary bracts for secondary flowers.
Secondary flowers are preceded by two bracteoles
and subtended by one bract, which is also a
bracteole of the primary flower. Endress (2010) used
the term ‘pherophylls’ for the phyllome subtending a
new branch, which is therefore equivalent to the
bracts and supernumerary bracts; for bracteoles, he
used the term ‘prophylls’, described as the two first
phyllomes.

CHOICE OF TAXA AND DNA REGIONS TO

BE SEQUENCED

The overall aim was to elucidate generic limits in
Linnaeeae and to evaluate infrageneric groups within
Abelia and related genera. Because there are only a
few species in each group, we used nearly every
available species; Vesalea coriacea (Hemsl.) T.Kim &
B.Sun ex Landrein, Diabelia tetrasepala (Koidz.) Lan-
drein, A. forestii (Diels) J.Q.Hu and Dipelta elegans
Batalin were not available. We used a narrow species
concept and included 19 species (Kim, 1998). Three
recently published species from Mexico (Villareal,
1997, 2000) were not sampled because of the lack of
available material.

The nrITS region (Baldwin, 1992) and plastid
rbcL (Bell et al., 2001; Donoghue et al., 2001), ndhF
(Pyck & Smets, 2000; Bell et al., 2001; Zhang et al.,
2002a), trnL intron and trnL-F spacer (Taberlet
et al., 1991), matK (Bell et al., 2001) and atpB (Bell
et al., 2001) regions were used in previous studies
and showed insufficient taxon sampling of Lin-
naeeae, with the exception of Kim (1998), who only

employed nrITS, and this analysis lacked resolution.
Recently, Jacobs et al. (2010) used the atpB-rbcL
spacer and trnK intron regions in a study of the
group and we were able to analyse these sequences
with our dataset. Based on previous analyses, Hep-
tacodium miconioides Rehder was included as an
outgroup (Pyck & Smets, 2000; Donoghue et al.,
2001; Zhang et al., 2002b).

MATERIAL AND METHODS
DNA EXTRACTION AND AMPLIFICATION

Most material of Linnaeeae was cultivated at the
Royal Botanic Gardens, Kew, and the Royal Horticul-
tural Society garden at Wisley (UK) and extracted
directly from fresh tissue. Some taxa were available
only from herbarium specimens or silica gel material
dried in the field. Collections made in the field were
dried and stored in silica gel (Chase & Hills, 1991).
Accessions are vouchered at RBG Kew (K), Makino
(MBK) or Harvard (GH) (Table 2).

Total DNA was extracted from 0.3 g of silica gel-
dried leaf tissue, 0.1 g of herbarium material or 1 g
of fresh tissue using the 2 ¥ cetyltrimethylammo-
nium bromide (CTAB) method (Doyle & Doyle, 1987)
with additional purification on a caesium chloride/
ethidium bromide gradient (1.55 g mL-1), followed by
dialysis and removal of the ethidium bromide.

Target regions were amplified in a Gene Amp 9700
PCR system (ABI, Applied Biosystems, Warrington,
Cheshire, UK) using ReddyMix PCR Mastermix at
2.5 mM MgCl2 concentration (ABgene, Epsom, Surrey,
UK) with the addition of 1 mL of bovine serum
albumin (BSA, 0.4%), 0.25–0.50 mL of each primer
(Table 3) and 0.5–1.0 mL of template in a final reac-
tion volume of 25 mL. Regions were amplified using
the following programme: 4 min of initial denatur-
ation at 94 °C, followed by 28 cycles of 1 min of
denaturation at 94 °C, 1 min of annealing at 48 °C
and 1 min of extension at 72 °C, and a final extension
of 7 min at 72 °C.

PCR products were cleaned using miniprep
columns (Life Technologies, Paisley, Strathclyde, UK)
following the manufacturer’s protocols. Templates
were sequenced on a 48-capillary 3730 DNA Analyser
(ABI) using Big Dye terminator v3.1 chemistry, fol-
lowing the manufacturer’s protocols (ABI). For clean-
ing of cycle sequencing products, precipitation in
ethanol was used.

Characters were divided into five matrices to take
into account the potential for incongruence between
nuclear and plastid regions and also to incorporate
recently published data (Jacobs et al., 2010) and an
unpublished thesis (Kim, 1998). A single large com-
bined dataset would have been less reliable because of
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the different species sampling. The five matrices
were:

1. A large plastid matrix with new data collected for
this paper (rbcL, ndhF, matK, trnL intron and
trnL-F spacer).

2. The nrITS matrix from Kim (1998) re-entered by
hand from the unpublished thesis.

3. A large plastid and nuclear ITS dataset with new
data collected for this paper and nrITS data from
Kim (1998).

4. The extended combined plastid dataset: new data
collected for this paper plus atpB-rbcL spacer and
trnK region (Jacobs et al., 2010); with some taxa
missing.

5. All available data combined (with some taxa
missing data).

The sequences were assembled and edited using
Sequencher version 4.5 (Gene Codes, Ann Arbor, MI,
USA). They were aligned by eye in PAUP* 4.0b10
(Swofford, 2002). Gaps were coded as missing data.
Newly obtained sequences were submitted to GenBank
and matrices to Tree Base (http://www.treebase.org,
S12323) (Table 2).

ANALYSIS OF SEQUENCE DATA

PAUP* 4.0b10 (Swofford, 2002) was used for parsi-
mony analyses. Heuristic searches were performed
using tree bisection–reconnection (TBR) branch swap-
ping and 1000 replicates of random taxon addition
with 10 trees held at each step to reduce time search-
ing suboptimal ‘islands’ of trees. All character trans-
formations were treated as equally likely and
unordered (Fitch, 1971). To assess internal support,
1000 bootstrap replicates (Felsenstein, 1985) were
performed with equal weights using TBR branch swap-
ping with 10 trees held at each step and simple taxon
addition. Individual and combined matrix statistics
are presented in Table 4; one sequence [ndhF for
Diabelia serrata (Siebold & Zucc.) Landrein 23922]
was missing because of technical difficulties.

Bayesian analyses were performed using MrBayes
v3.1 (Huelsenbeck & Ronquist, 2001) at the freely
available Bioportal server (http://www.bioportal.
uio.no). Two runs were performed and each marker
was placed in unlinked separate partitions. jModelT-
est v0.1.1 (Guindon & Gascuel, 2003; Posada, 2008)
selected a GTR + G model for the nuclear data,
GTR + G model for trnL intron, trnK and atpB-rbcL

Table 3. Sources of primers used in this study

Primer region name Primer sequences published Primers used in this study

trnL intron and trnL-F
intergenic spacer

Taberlet et al. (1991) c (forward), f (reverse)

ndhF Olmstead & Palmer (1994) 972F (forward)-2110R (reverse)
matK Sun, McLewin & Fay (2001) 390F (forward)-1326R (reverse)
rbcL Olmstead et al. (1992) 1F (forward)-724R (reverse), 636F

(forward)-1460R (reverse)

Table 4. Statistics of the eight regions

rbcL trnL-F* matK ndhF atpB-rbcL trnK ITS Combined

No. taxa 31 31 31 30 18 19 22 19
Total aligned 1382 958 826 1061 658 752 766 6403
Constant 1223 704 613 770 431 467 452 4660
Variable 80 155 100 160 153 187 131 966
Potentially parsimony

informative
58 77 91 110 52 76 111 575

No. trees 5667 553 4 1751 251 2763 18 1
No. steps 177 280 245 351 263 329 522 2167
Consistency index 0.83 0.92 0.88 0.87 0.90 0.89 0.64 0.83
Retention index 0.82 0.91 0.88 0.89 0.80 0.73 0.70 0.72
Evolution model HKY + I GTR + G GTR + I GTR + I GTR + G GTR + G GTR + G

*For the trnL intron and trnL-F spacer combined.
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and a GTR + I model for matK and ndhF, and
HKY + I for rbcL. The analyses were performed with
20 million generations of Monte Carlo Markov chains
with equal rates and a sampling frequency of 1000.
Tracer v1.5 (Rambaut & Drummond, 2011) was used
to plot the generation number against ln L to find the
‘burn in’. Trees of low posterior probability (PP) were
deleted, and all remaining trees were used. A majority
rule consensus tree was produced showing the fre-
quencies (i.e. PP) of all observed partitions.

RESULTS

Matrix 1 (four plastid regions): for 31 taxa, the
number of characters was 4227, 495 (11.7%) of which
were variable and 336 (7.9%) of which were poten-
tially parsimony informative. The number of charac-
ters contributed by each individual region was 1382
from rbcL, 513 from the trnL intron and 445 from the
trnL-F spacer, 826 from matK and 1061 from ndhF.
Analysis produced 12 equally most-parsimonious
trees [length = 1076 steps, consistency index
(CI) = 0.86 and retention index (RI) = 0.86]. Details
for each region are provided in Table 4. In the Baye-
sian analysis (Fig. 1), two million trees of low likeli-
hood were eliminated, and the tree shown is a
consensus of 18 000 individual trees; frequencies of
node occurrence are recorded as PPs, which are
shown next to each node. Bootstrap percentages (BPs)
consistent with the strict consensus tree are shown
above each branch.

Zabeliinae (BP 100, PP 1.0) and Linnaeinae (BP
100, PP 1.0) form well-supported clades, but Zabelii-
nae has an unresolved position in both analyses and
forms a poorly supported clade. Abelia (BP 100, PP
1.0), Diabelia (BP 83, PP 0.99), Dipelta Maxim. (BP
100, PP 1.0) and Zabelia section Biflorae (Zabel)
Fukuoka (BP 82, PP 1.0) form well-supported groups.
Dipelta and Kolkwitzia Graebn. are sister to Diabelia
(Siebold & Zucc.) Landrein (BP 59, PP 0.99), and
Vesalea M.Martens & Galeotti is sister to the rest of
Linnaeinae, except Linnaea (BP 75, PP 0.91). Diabe-
lia, Dipelta and Kolkwitzia form a moderately sup-
ported clade (BP 59, PP 0.99). Finally, Zabelia section
Zabelia is not monophyletic; Z. tyaihyoni (Nakai)
Hisauti & Hara is sister to the rest of Zabelia (BP
100, PP 1.0).

Matrix 2 (nrITS only) (Kim, 1998): for 21 taxa, the
number of characters was 766, 131 (17.1%) of which
were variable and 111 (14.5%) of which were poten-
tially parsimony informative. Analysis produced 18
equally most-parsimonious trees (length = 522 steps,
CI = 0.64 and RI = 0.70). Details are provided in
Table 4. The Bayesian analysis is shown in Figure 2
with PPs given next to each node. BPs consistent with
the strict consensus tree are shown above each branch.

Zabeliinae (BP 100, PP 1.0) and Linnaeinae (BP 94,
PP 0.99) form well-supported clades. Zabeliinae are
sister to a clade containing Dipsacus L., Morina L.
and Valeriana L. (BP 76, PP 0.97). Clades in Lin-
naeinae are not well resolved, but Abelia and Diabelia
form a weakly supported clade (BP 67, PP 0.52).
Clades within Zabeliinae are also not well resolved.

Matrix 3 (four plastid regions and nrITS data): for
30 taxa, the number of characters was 4993, 622
(12.4%) of which were variable and 499 (10.0%) of
which were potentially parsimony informative. Analy-
sis produced eight equally most-parsimonious trees
(length = 1612 steps, CI = 0.81 and RI = 0.81). Details
are provided in Table 4. The Bayesian analysis is
shown in Figure 3 with PPs given next to each node.
BPs consistent with the strict consensus tree are
shown above each branch.

Zabeliinae (BP 100, PP 1.0) and Linnaeinae (BP
100, PP 1.0) form well-supported clades, but Zabelii-
nae have an unresolved position in both analyses.
Abelia (BP 100, PP 1.0), Diabelia (BP 100, PP 1.0),
Dipelta (BP 100, PP 1.0) and Zabelia section Biflorae
(BP 67, PP 0.99) form well-supported groups. Diabe-
lia, Dipelta and Kolkwitzia form a moderately sup-
ported clade (BP 53, PP 0.98). Vesalea is sister to the
rest of Linnaeinae, except Linnaea (BP 91, PP 0.96).
Finally, Zabelia section Zabelia is not monophyletic;
Z. tyaihyoni is sister to the rest of Zabelia (BP 100,
PP 1.0).

Matrix 4 (six plastid regions including atpB-rbcL
spacer and trnK intron; Jacobs et al., 2010): for 19
taxa, the number of characters was 5637, 835 (14.8%)
of which were variable and 464 (8.2%) of which were
potentially parsimony informative. The numbers of
characters contributed by each individual region
were 1382 from rbcL, 513 from the trnL intron and
445 from the trnL-F spacer, 826 from matK, 1061
from ndhF, 658 from atpB-rbcL and 752 from the
trnK intron. Analysis produced six equally most-
parsimonious tree (length = 1665 steps, CI = 0.86 and
RI = 0.74). Details for each region are provided in
Table 4. The Bayesian analysis is shown in Figure 4
with PPs given next to each node. BPs consistent with
the strict consensus tree are shown above each
branch.

Zabeliinae (BP 100, PP 1.0) and Linnaeinae (BP
100, PP 1.0) form well-supported clades, but Zabelii-
nae have an unresolved position in both analyses. The
Morina clade is well supported (BP 100, PP 1.0).
Abelia (BP 91, PP1.0) and Dipelta (BP 100, PP 1.0)
form well-supported groups. Diabelia, Dipelta and
Kolkwitzia form a well-supported clade (BP 82 PP
1.0). Vesalea is sister to the rest of Linnaeinae, except
Linnaea (BP 58, PP 0.91). Finally, Zabelia section
Zabelia is not monophyletic; Z. tyaihyoni is sister to
the rest of Zabelia (BP 100, PP 1.0).
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Figure 1. Bayesian consensus of 18 000 trees from a 31-taxon analysis of plastid data (rbcL, trnL intron, trnL-F spacer,
matK, ndhF). Posterior probabilities (PPs) are shown next to the nodes. Parsimony analysis branch lengths (DELTRAN
optimization) are shown below the branches. Bootstrap percentages (BPs) > 50 and consistent with the strict consensus
tree are shown above the branches.
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Figure 2. Bayesian consensus of 18 000 trees from a 22-taxon analysis of nuclear data (nrITS). Posterior probabilities
(PPs) are shown next to the nodes. Parsimony analysis branch lengths (DELTRAN optimization) are shown below the
branches. Bootstrap percentages (BPs) > 50 and consistent with the strict consensus tree are shown above the branches.
Stars show the node incongruences when compared with all the other figures.
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Figure 3. Bayesian consensus of 18 000 trees from a 30-taxon analysis of nuclear and plastid data (rbcL, trnL intron,
trnL-F spacer, matK, ndhF and nrITS). Posterior probabilities (PPs) are shown next to the nodes. Parsimony analysis
branch lengths (DELTRAN optimization) are shown below the branches. Bootstrap percentages (BPs) > 50 and consistent
with the strict consensus tree are shown above the branches.
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Figure 4. Bayesian consensus of 18 000 trees from a 19-taxon analysis of plastid data (rbcL, trnL intron, trnL-F spacer,
matK, ndhF, atpB-rbcL and trnK intron). Posterior probabilities (PPs) are shown next to the nodes. Parsimony analysis
branch lengths (DELTRAN optimization) are shown below the branches. Bootstrap percentages (BPs) > 50 and consistent
with the strict consensus tree are shown above the branches.
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Matrix 5 (all data, six plastid regions and nrITS
data): for 19 taxa, the number of characters was 6403,
966 (15.1%) of which were variable and 575 (9.0%) of
which were potentially parsimony informative. This
analysis produced one most-parsimonious tree
(length = 2167 steps, CI = 0.83 and RI = 0.72). Details
for each region are provided in Table 4. The Bayesian
analysis is shown in Figure 5 with PPs given next to
each node. BPs consistent with the strict consensus
tree are shown above each branch.

Zabeliinae (BP 100, PP 1.0) and Linnaeinae (BP
100, PP 1.0) form well-supported clades, but Zabelii-
nae form a moderately supported clade with the clade
of Valeriana, Dipsacus and Morina (BP 79, PP 0.89).
Abelia (BP 98, PP 1.0) and Dipelta (BP 100, PP 1.0)
form well-supported groups. Diabelia, Dipelta and
Kolkwitzia form a moderately supported clade (BP 79,
PP 1.0), and Vesalea is sister to the rest of Lin-
naeinae, except Linnaea (BP 84, PP 0.95). Finally,
Zabelia section Zabelia is not monophyletic;
Z. tyaihyoni is sister to the rest of Zabelia (BP 100,
PP 1.0).

INFLORESCENCE DATA

To avoid confusion in the terminology for inflores-
cences, we decided to use the terms ‘prophylls-1’ for
bracteoles of secondary flowers, ‘prophylls-2’ for
bracts of secondary flowers and bracteoles of primary
flowers and ‘prophylls-3’ for bracts of primary flowers
and supernumerary bracts of secondary flowers
(Fig. 6A). All prophylls are located at the base of
ovaries and form a more or less distinct epicalyx.

Zabelia section Zabelia inflorescences are terminal
compact thyrses with one- to three-flowered cymes.
They appear on short shoots developing from winter
buds surrounded by several pairs of scales (Fig. 6B).
Inflorescences of Zabelia section Biflorae are terminal
and composed of one pair of flowers opening simulta-
neously. Inflorescences appear on short shoots devel-
oping from winter buds surrounded by several pairs
of scales (Fig. 6C). Vesalea inflorescences are compact
racemes; they are grouped at ends of branches.
Racemes appear on short shoots developing from
winter buds surrounded by several pairs of scales
(Fig. 6D). Linnaea inflorescences are similar to those
of Vesalea, but each inflorescence is reduced to a pair
of opposed flowers. Paired nodding flowers develop at
ends of single short erect shoots along a woody and
creeping stem, and the opposed bud does not develop
(Fig. 6E). Kolkwitzia inflorescences are terminal
thyrses formed at the end of short shoots; flowers are
paired or single, when paired they open consecutively.
Short shoots develop from winter buds surrounded by
several pairs of scales (Fig. 6F). Dipelta inflorescences
are terminal thyrses formed at ends of short shoots.

Short shoots develop from winter buds surrounded by
several pairs of scales (Fig. 6G). Diabelia inflores-
cences are terminal and composed of one pair of
flowers opening simultaneously. Inflorescences appear
on short shoots developing from winter buds sur-
rounded by several pairs of scales (Fig. 6C). Abelia
inflorescences are axillary cymes or racemes; flowers
can be solitary. Inflorescences appear at the ends of
long arching shoots. Abelia chinensis R.Br. and
A. uniflora Wall. are closely related, but their inflo-
rescences differ; flowers are single in A. uniflora
(Fig. 6H) but are paired in A. chinensis and open
consecutively (Fig. 6I). Detailed results, including
ontogenetic data, will be published elsewhere (S. Lan-
drein, unpubl. data).

DISCUSSION
TAXON SAMPLING AND INCONGRUENCES

Recently, some major phylogenetic studies have
focused on Dipsacales and have improved our under-
standing of the classification of the group (Bell et al.,
2001; Donoghue et al., 2001; Zhang et al., 2002a). The
sampling of the tribe Linnaeeae has nevertheless
always been incomplete. Jacobs et al. (2010, 2011)
provided the first good sampling of the tribe, and we
have improved this sampling to include all taxonomic
groups. We have also added more markers, allowing
for better resolution and support (Wortley et al.,
2005).

Phylogenetic analyses using four different matrices
and six plastid regions were all congruent, despite the
differences in sampling and regions sequenced. The
nuclear ribosomal dataset nevertheless showed many
incongruences when compared with the plastid data.
It is well documented that, unlike the plastid genome,
ITS is not always maternally inherited (e.g. Chase
et al., 2003). This difference in the inheritance
pattern of the two datasets could explain the differ-
ences in topologies, and thus result in gene trees
rather than species trees.

LINNAEEAE

The placement of Zabeliinae is not fully resolved in
any of the results of our five matrices. In all plastid
analysis trees (Figs 1, 4), Zabeliinae are unresolved.
When using the plastid and nuclear data, we find
moderate support (Fig. 5; BP 79, PP 0.89) for Zabe-
liinae sister to the clade of Dipsacus, Morina and
Valeriana.

The inclusion of nrITS data results in Zabeliinae
being sister to a clade containing Dipsacus, Morina
and Valeriana using both parsimony and Bayesian
methods. This sister relationship receives moderate
support (BP 76 and PP 0.97) from nrITS alone
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Figure 5. Bayesian consensus of 18 000 trees from a 19-taxon analysis of nuclear and plastid data (rbcL, trnL intron,
trnL-F spacer, matK, ndhF, atpB-rbcL, trnK intron and nrITS). Posterior probabilities (PPs) are shown next to the nodes.
Parsimony analysis branch lengths (DELTRAN optimization) are shown below the branches. Bootstrap percentages
(BPs) > 50 and consistent with the strict consensus tree are shown above the branches.

704 S. LANDREIN ET AL.

© 2012 The Linnean Society of London, Botanical Journal of the Linnean Society, 2012, 169, 692–713

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article/169/4/692/2416157 by guest on 23 April 2024



(Fig. 2). It is also seen in the combined trees (Fig. 5)
with similar support levels (BP 79 and PP 0.89).
Therefore, the current evidence points towards Zabe-
liinae being sister to Dipsacus, Morina and Valeriana
(as in Jacobs et al., 2010).

A general trend in the reduction of sepal number
from five to two is confirmed here. This character
transition has occurred in several clades: Zabelia,
Abelia and Diabelia. There is also a tendency for
groups with a specialized epicalyx to have a reduced

C B 

F G 

D E 

H I 

Bud 
scales 

Primary unit Leaves

Secondary 
unit 

Secondary 
flower 

A 

Prophyll-1 

Prophyll-2 

Pair of opposed cymes 

Distal 
simple 
part

Primary 
flower 

Transitional 
branched  
zone 

Proximal 
twice 
compound 
part 

Prophyll-3 

Epicalyx

Figure 6. The inflorescence of Linnaeeae: A, terminology; B, Zabelia section Zabelia; C, Zabelia sections Biflorae and
Diabelia; D, Vesalea; E, Linnaea; F, Kolkwitzia; G, Dipelta; H, Abelia uniflora; I, Abelia chinensis (dotted lines represent
aborted flowers/branches).
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or deciduous calyx, e.g. Linnaea, Kolkwitzia and
Dipelta (Table 5, Fig. 7).

ZABELIINAE

As revealed in previous studies, Zabeliinae and Lin-
naeinae are well supported by both molecular and
morphological data (Ikuse & Kurosawa, 1954;
Fukuoka, 1968; Kim, 1998; Jacobs et al., 2010). The
monophyly of Zabelia section Zabelia is not supported
by the molecular results (Figs 1–5, 7); although
morphologically similar to Zabelia section Zabelia,
Z. corymbosa (Regel & Schmalh.) Makino has tet-
ramerous flowers like Zabelia section Biflorae. Kary-
ology, wood anatomy, pollen and petiole bases are all
clear characters for Zabelia. Its distribution in the
Himalayas, Tian-Shan and mountains of Korea to
China and Japan shows an extension from the centre
of diversity of Linnaeeae, but its thyrse, with only a
simple distal part with three-flowered cymes (often
reduced to one flower) and subregular flowers, is
probably a plesiomorphic character (Table 5, Fig. 7).

LINNAEINAE

As seen in a previous analysis (Kim, 1998), phyloge-
netic relationships in Linnaeinae are less resolved
than in other groups of Caprifoliaceae (Figs 1–5).
Nevertheless, we are able to draw some conclusions.
Linnaea and Vesalea appear to be distinct and suc-
cessively sister to the rest of Linnaeinae. They both
have thyrses reduced to the proximal part and one-
flowered basic units [sometimes two-flowered in
Vesalea coriacea (Hemsl.) T.Kim & B.Sun ex Lan-
drein] with tubular-campanulate flowers in which the
nectary does not form a distinct bulge at the base of
the corolla tube. Linnaea and Vesalea have disjunct
distributions; Vesalea occurs in Mexico, and Linnaea
is circumboreal, but the latter also occurs in the
centre of diversity for Linnaeeae, China. Linnaea
differs in its habit and structure of the two
prophylls-3 covered with long glandular and sticky
hairs, which can be explained as a fruit dispersal
mechanism (Giger, 1912).

It is clear from the phylogenetic results that
Abelia is not monophyletic and that Kolkwitzia,
Dipelta and Diabelia form a clade (BP 82, PP 1.0 in
the combined plastid analysis, Fig. 4). Abelia differs
from the rest in its unspecialized epicalyx, but
mainly in its synflorescence of thyrses that appears
on long arching shoots rather than short shoots as
in the rest of Linnaeeae. The bilabiate and colourful
flowers are strikingly similar to those of Kolkwitzia,
Dipelta and Diabelia, but Abelia chinensis has an
infundibuliform corolla with exserted stamens and
style. One synapomorphy for Linnaeinae is a cyme

with single or paired flowers (primary and second-
ary flowers). Kolkwitzia, Dipelta and Diabelia have
a characteristic inflorescence on short shoots. They
also show a trend towards a specialization of the
epicalyx; Dipelta and Kolkwitzia both have special-
ized bracts forming the epicalyx, which enhances
fruit dispersal. Dipelta has broadly peltate
prophyll-2 bracts, and Kolkwitzia has prophylls that
are covered with stiff hairs that become woody;
these hairs also cover achenes in the fruit. Molecu-
lar data give weak support to Dipelta as sister to
Diabelia (BP 52, PP 0.88, matrix 1, Fig. 1); the mor-
phology of the achenes and inflorescences indicates
that Kolkwitzia and Dipelta are closely related.

The most puzzling group is Diabelia, which has
always been considered part of Abelia, but the
molecular results place it with Dipelta and Kolkwitzia
(BP 82, PP 1.0; Fig. 4). A re-examination of its mor-
phology also supports this; Abelia spp. are summer-
flowering shrubs with synflorescences of thyrses
reduced to the proximal twice-compound portion that
appears on long arching shoots. Species of Diabelia
are spring-flowering shrubs with thyrses on short
shoots that are reduced to the simple distal part. It is
noticeable that the terminal thyrses of Diabelia are
reduced to the terminal pair of opposed cymes, each
being one-flowered and therefore similar to Zabelia
section Biflorae, which is presumably a reversion.
This group and Zabelia section Biflorae are also the
only ones with a reduction in the number of sepals
from five to four (Table 5, Fig. 7). It is now clear that
Diabelia is distinct from Abelia and more closely
related to Dipelta and Kolkwitzia. Landrein (2010)
proposed the name Diabelia for Abelia series Serra-
tae. A list of currently accepted genera is presented in
Table 6.

INFLORESCENCE MORPHOLOGY

A broad interpretation that takes into account the
genetic controls of the inflorescence, the repetitive
(modular) nature of plant structure (Prenner et al.,
2009; Endress, 2010) and the phylogenetic results is
proposed here: we consider a pair of three-flowered
opposed cymes as the basic unit that forms the
thyrse. A thyrse can be divided into three regions: (1)
a distal simple part; (2) a transitional branched zone;
and (3) a proximal part that is twice compound.
Within the proximal part, each secondary unit is
subtended by two further bracts that are not part of
the epicalyx (Fig. 6A).

Each unit is initially composed of pairs of opposed
three-flowered cymes (Fig. 6B) that later become
reduced in three steps:

1. Units with a single pair of opposed cymes with two
primary flowers from each cyme; paired flowers
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open simultaneously and face their adaxial side.
The epicalyx is formed of six prophylls from two
reduced internodes: a pair of opposed cymes and
two cymes (Fig. 6C).

2. Units with a single pair of opposed cymes with one
primary and one secondary flower from a single
cyme; paired flowers open consecutively and are
oriented at an angle of around 90°. The epicalyx is
formed by six prophylls from three reduced inter-
nodes: a pair of opposed cymes, the remaining
cyme and a secondary flower (Fig. 6F, I).

3. Units with a single pair of opposed cymes with
only one primary flower from a single cyme. The
epicalyx is formed of four prophylls from two
reduced internodes: a pair of opposed cymes and
the remaining cyme (Fig. 6D, E, G, H).

This interpretation allows us to hypothesize that
two parts of the same inflorescence, a distal simple
part and a twice-compound proximal part, can coexist
in the same plant. This also shows that Linnaeeae is
a good case in which the transition between an open
inflorescence (thyrse) to a closed inflorescence (thyr-
soid) has occurred by reduction of a lateral cyme
within a pair of opposed cymes. Thus, the tribe fits
well between Caprifoliae with open thyrses (which
can be mistaken for a racemose inflorescence when
the primary flowers of a pair of opposed cymes do not
develop, as in Leycesteria Wall. or Symphoricarpos
Duhamel) and the rest of Linnina with purely cymose
inflorescences.

INFLORESCENCE EVOLUTION

An extended discussion of the relationships between
inflorescence types in Caprifoliaceae was provided by
Troll & Weberling (1966), and this was further dis-
cussed by Fukuoka (1969). Roels & Smets (1996) and
Donoghue, Bell & Winkworth (2003) also discussed
inflorescences in Caprifoliaceae in general, but did
not focus on Linnaeeae.

Fukuoka’s (1969: 162) interpretation was based on
the work of Troll & Weberling (1966): ‘Troll and
others consider that the polytelic type is derived
from the monotelic type by the extinction of [the]
terminal flower on each axis of inflorescence.
However, two forms of this polytelic type may be
considered in our tribe. One is the inflorescence that
has never borne any terminal flower from first, as
the raceme seen in Symphoricarpos. The other is
that derived from the cymose type by the reduction
of [a] terminal flower, as in the other members of
our tribe (transitional type). Thus, the evolutionary
trend of the inflorescence may be considered as
follows: the racemose type is more primitive; the
cymose type is more advanced; the polytelic cymose
type, which is the cymose type without terminal
flower, is most advanced’.

Unfortunately, as shown by Endress (2010: 226),
the two basic types, ‘monotelic’ and ‘polytelic’, are
problematic. ‘A difficulty in Troll’s inflorescence
concept is his distinction between a “descriptive” and
a “typological” (i.e. idealistic) classification. Unfortu-
nately, the “typological” classification with two basic
types, monotelic and polytelic inflorescences, appears
to be of limited use, as seen from current evolutionary
knowledge on inflorescences.’

Nevertheless, some parallels with Troll & Weber-
ling (1966) and Fukuoka (1969) can be drawn. The
transition between the ‘polytelic’ and ‘monotelic’ types
can be explained by abortion of a single cyme in a pair
of opposed cymes. Therefore, the ‘monotelic’ type
seems also to be derived from the ‘polytelic’ type if we
follow the terminology of Troll & Weberling (1966).
Fukuoka (1969) considered the cymose type as
derived from a ‘racemose’ type. ‘Racemose’ can be
interpreted as a thyrse in which each three-flowered
cyme is reduced to just the primary flower. Therefore,
in our interpretation, the ‘racemose’ type is derived
from the thyrse (cymose inflorescence) if we follow the
terminology of Fukuoka (1969).

Table 6. Classification used in this article

Clade Tribe Subtribe Genus
Species
number Species names

Linnina Linnaeeae Zabeliinae Zabelia 4 Z. biflora, corymbosa, triflora and tyaihyoni
Linnina Linnaeeae Linnaeinae Linnaea 1 L. borealis
Linnina Linnaeeae Linnaeinae Vesalea 2 (5) V. coriacea and floribunda (three newly

published species by Villareal, 1997,
2000)

Linnina Linnaeeae Linnaeinae Abelia 3 A. chinensis, forrestii and uniflora
Linnina Linnaeeae Linnaeinae Kolkwitzia 1 K. amabilis
Linnina Linnaeeae Linnaeinae Dipelta 3 D. elegans, floribunda and yunnanensis
Linnina Linnaeeae Linnaeinae Diabelia 3 D. serrata, spathulata and tetrasepala
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One of the points in which our interpretation differs
significantly from that of previous authors is for the
two-flowered inflorescences found in Diabelia and
Zabelia section Biflorae. Troll & Weberling (1966) and
Fukuoka (1969) interpreted the paired flowers as two
secondary flowers of a single cyme or, as in Abelia
chinensis, the terminal and secondary flower of one
cyme. In our interpretation, the two-flowered inflores-
cences seen in Diabelia and Zabelia section Biflorae
are the primary flowers of a pair of opposed cymes
(Fig. 8). When viewing our interpretation against the
framework of the molecular results, a clear correla-
tion with the new interpretation is evident. Only one
evolutionary pathway is necessary from the less
derived or ancestral type of Zabelia to the more
derived type of Diabelia, Dipelta, Kolkwitzia, Linnaea
and Vesalea. This hypothesis also accommodates the
position of Diabelia as an intermediate type; this
could be the result of a reversion from the most
derived type. Troll’s and Fukuoka’s interpretations
involved the existence of two evolutionary pathways,
which would not involve a parsimonious interpreta-
tion for cases of reversion, as in Diabelia.

CONCLUSIONS

Abelia contains numerous shrubs of horticultural
interest and, like many recently investigated genera,
appears not to be monophyletic. This result encour-
aged us to re-examine the morphological characters
and to search for synapomorphies. Reversions and
convergence may be present in Linnaeeae and could
explain the difficulty in classifying this small group of
genera/species. Thanks to the molecular study, we
were able to identify Abelia series Serratae as a
distinct group, now renamed Diabelia; thyrses with a
distal simple part, large accrescent calyx and small
epicalyx are thus likely to be independent reversions
and not indicative of a shared history. The position of
Zabeliinae in Linnaeeae and in relation to the Dip-
sacus, Morina and Valeriana clades is more problem-
atic, and our study did not manage to completely
resolve these relationships. We feel that Linnaeeae
inflorescences provide great insight into the evolution
of Caprifoliaceae s.l., and thyrses with a twice com-
pound portion seem to have evolved within Lin-
naeeae; they are absent in Caprifolieae (except in

Zabelia 

Kolkwitzia

Abelia 
Dipelta 
Kolkwitzia 
Linnaea 
Vesalea 

Zabelia section Biflorae 
Diabelia 

A 

B 

Zabelia section Biflorae 
Diabelia 

Abelia 
Dipelta 
Kolkwitzia 
Linnaea 
Vesalea 

Kolkwitzia Zabelia 

Figure 8. Simplified schematic representation of the evolution of cymes by: A, Troll and Weberling (1966) and Fukuoka
(1969); B, according to this article.
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Heptacodium), but present in Valerina. More work is
still needed to resolve the relationships within species
and the position of Zabeliinae, and this could even-
tually lead to a better understanding of the phylogeny
and evolution of this group.
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