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Abstract

The angiosperm family Boraginaceae includes ca. 1600 species distributed among ca. 110 genera. Some floral features are con-
stant within the family, but many vegetative, floral, pollen, and nutlet traits vary. Utilizing 224 species of Boraginaceae and
related taxa, five matrices were constructed with various combinations of morphological characters, three chloroplast DNA
regions, and one nuclear ribosomal DNA region. Phylogenetic analyses were conducted for these matrices, and patterns of char-
acter evolution were examined. Boraginaceae is resolved as monophyletic, with Wellstedia as its sister. Codon is sister to Bora-
ginaceae + Wellstedia. Although most of the investigated morphological characters have a low consistency index, particular
character states are synapomorphies for large clades in each of the tribes of the family. In Boraginaceae, the breeding system
heterostyly evolved at least 12 times, which is the largest number of origins resolved in any family; therefore Boraginaceae can
serve as a model for the evolution and development of heterostyly. Nutlet ornamentation is most diverse in Cynoglosseae and
Trichodesmeae, while pollen and floral features are most variable in Boragineae and Lithospermeae. Phylogenetic relationships
and patterns of character evolution identified in the present study set the stage for future work creating an updated taxonomic

system of Boraginaceae.
© The Willi Hennig Society 2013.

Introduction

The angiosperm family Boraginaceae includes ca.
1600 species distributed among ca. 110 genera. The
family is characterized by a scorpioid cymose inflores-
cence (Buys and Hilger, 2003), a gynobasic style, and
a two-part ovary that breaks into four nutlets. This
circumscription is equivalent to, and has in the past
been referred to as, Boraginaceae s.s. or Boraginoideae
(Small, 1913; Gottschling et al., 2001; Diane et al.,
2002). Boraginaceae has also been circumscribed in a
broader context, which has been referred to as Bora-
ginaceae s.l. or Boraginales. This broader circumscrip-
tion has included four taxa treated as either
subfamilies (Boraginoideae, Cordioideae, Ehretioideae,
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and Heliotropioideae) or families that are character-
ized by a scorpioid cyme and two-parted gynoecium
(style position and fruit type vary) (Lawrence, 1937;
Cronquist, 1981; Al-Shehbaz, 1991; Takhtajan, 1997).
In the present study, the former circumscription is
treated as Boraginaceae, while the latter is treated as
Boraginales, which currently includes: the four tradi-
tionally recognized families (Boraginaceae, Cordiaceae,
Ehretiaceae, and Heliotropiaceae); Hydrophyllaceae,
which has been recognized as closely related to the
aforementioned four taxa (Cronquist, 1981; Gottsch-
ling et al., 2001; Soltis et al., 2011); and three small
families (Codonaceae, Lennoaceae, and Wellstedia-
ceae) (Gottschling et al., 2001; Weigend and Hilger,
2010) that have yet to be critically studied in a phylo-
genetic context. Of the eight families in Boraginales,
Boraginaceae is the most speciose, and although the
inflorescence type, gynoecium position, and fruit type
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are consistent within the family, other vegetative, flo-
ral, pollen, and nutlet traits vary. The objective of the
present study is two-fold: (i) to utilize morphological
characters and DNA sequence data to reconstruct
phylogenetic relationships within Boraginaceae; and
(i1) to investigate patterns of morphological character
evolution in the family.

During the past 17 years, researchers have con-
ducted several phylogenetic studies on Boraginaceae.
Most have focused on relationships within a genus or
among closely related genera (e.g. Bohle et al., 1996;
Boyd, 2003; Langstrom and Oxelman, 2003; Hilger
et al., 2004; Buys, 2006; Selvi et al., 2006; Cohen and
Davis, 2009, 2012; Weigend et al., 2009; Khoshsokhan
et al., 2010; Hasenstab-Lehman and Simpson, 2012;
Trinh et al.,, 2012; Huang et al., in press), although
some (Langstrom and Chase, 2002; Mansion et al.,
2009; Weigend et al., 2010; Nazaire and Hufford,
2012) have addressed higher-level relationships. The
lack of overlapping taxon samples across multiple
studies has made it difficult to cobble together a phy-
logeny of Boraginaceae, and ca. 40% of the genera of
the family have yet to be included in a phylogenetic
analysis. Questions remain concerning the placement
of the many small genera (< 5 species) in the family as
well as the monophyly of large, geographically wide-
spread genera (e.g. Anchusa L., Cynoglossum L., Myos-
otis L., and Onosma L.) and tribes. Moreover,
Boraginaceae remains unplaced among the lamiids in
the latest treatment of the Angiosperm Phylogeny
Group (APG 111, 2009).

In Boraginaceae, tribes frequently have been recog-
nized based on a combination of style division, stigma
number, position of nutlet attachment, and nutlet
ornamentation (e.g. Al-Shehbaz, 1991). This has led to
the acceptance of between four (Langstrom and Chase,
2002) and 13 tribes (Popov, 1953), depending on the
author, and has resulted in increased taxonomic com-
plexity within the family. Recent phylogenetic analyses
(Langstrom and Chase, 2002; Mansion et al., 2009;
Weigend et al., 2010; Nazaire and Hufford, 2012) have
led to the identification of four to five tribes—Boragi-
neae, Cynoglosseae, Echiochileac Lithospermeae, and
Trichodesmeae—that are congruent with the tradi-
tional taxonomic system of Boraginaceae. Phylogenetic
relationships among tribes are becoming better
resolved and better supported, but relationships within
each tribe remain largely unresolved (e.g. Hilger et al.,
2004), although the phylogeny of one tribe, Lithosper-
meae, has begun to be elucidated (Bohle et al., 1996;
Buys, 2006; Thomas et al., 2008; Cecchi and Selvi,
2009; Cohen and Davis, 2009, 2012; Ferrero et al.,
2009; Weigend et al., 2009).

Phylogenetic analyses of genera of Boraginaceae
suggest that morphological character evolution pro-
vides intriguing patterns (Langstrom and Oxelman,

2003; Buys, 2006; Ferrero et al., 2009; Cohen, 2011;
Hasenstab-Lehman and Simpson, 2012; Huang et al.,
in press), but these patterns have yet to be explored
throughout the entire family. This is unfortunate
because Boraginaceae is well suited to serve as a model
for the study of particular morphological features. For
example, heterostyly, a complex and elegant breeding
system that involves morphological and physiological
components (Fig. 1g), is present in Boraginaceae in at
least nine genera scattered among three tribes (Gan-
ders, 1979; Naiki, 2012). Within these tribes, Thomas
et al. (2008), Ferrero et al. (2009), Cohen (2010, 2011),
and Hasenstab-Lehman and Simpson (2012) provide
evidence for multiple origins of heterostyly, but pat-
terns of this breeding system have yet to be studied
critically throughout the family. Additionally, because
Boraginaceae only produces one type of fruit—nutlets
(Fig. la—c)—it is possible to focus investigations of
fruit evolution on the modifications of one type of
fruit rather than, as is the case in many taxa of com-
parable size (Clausing et al., 2000; Knapp, 2002), the
origin of different types of fruit as well as modifica-
tions of each type of fruit. The present study provides
a family-level phylogenetic investigation of Boragina-
ceae that includes both DNA sequence data and mor-
phological characters, which allows for phylogenetic
relationships to be elucidated and patterns of character
evolution to be examined.

Materials and methods
Taxon sampling

The present study includes 224 species (Appendix 1).
Two hundred and six species from across 80 genera
belong to the ingroup. This sampling comprises ca.
70% of the genera of Boraginaceae, and represents
both the morphological and geographic range of varia-
tion in the family. The outgroup comprises 18 species
from related families of Boraginales and Lamiidae
(Gottschling et al., 2001; Luebert and Wen, 2008;
Mansion et al., 2009; Soltis et al., 2011), including
Codonaceae, Cordiaceae, Ehretiaceae, Heliotropiaceae,
Hydrophyllaceae, Vahliaceae, and Wellstediaceae. No
members of Lennoaceae were included in the present
study, but this family has been resolved as nested
within, or sister to, Ehretiaceae (Gottschling et al.,
2001; Hilger et al., 2005).

DNA sequence data

Sequence data from four DNA regions were
included in the present study: two protein-encoding
plastid DNA (cpDNA) regions (matK and ndhF), one
cpDNA intergenic spacer (trnL-trnF), and the nuclear
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Fig. 1. Morphological features of species of Boraginaceae. (a) Smooth nutlet of Myosotis sp. (b) Nutlets with marginal wings, of Omphalodes
aliena. (c) Nutlet with marginal glochids, of Lappula redowskii. (d) Actinomorphic corolla of Hackelia micrantha, note faucal appendages. (e) Eb-
racteate inflorescence of Mertensia ciliata. (f) Bracteate inflorescence of Lithospermum multiflorum. (g) Long-style (right) and short-style (left)
morphs of heterostylous species of Oreocarya flava, arrows denote stigma position, blunt-ended arrows indicate anther position. (h) Zygomorphic

corolla of Lithospermum exsertum.

ribosomal DNA (nrDNA) internal transcribed spacer
(ITS). Specimens were collected from wild populations
(voucher specimens deposited at BH or TAMIU her-
barium) and leaves stored in silica gel, obtained from
gardens (e.g. Cornell Plantations, Missouri Botanical
Garden, and National Botanic Garden of Belgium) as
leaf samples preserved in silica gel, or acquired as
DNA isolations from the DNA bank of Royal Botanic
Gardens, Kew, the South African National Biodiver-
sity Institute (SANBI), or the DNA Bank Network
(www.dnabank-network.org).  Additional  sequence
data for multiple species were obtained from
GenBank. Appendix 1 includes GenBank numbers for
all species in the present study as well as voucher
information for new sequences.

DNA extraction was performed with dried plant tis-
sue using a modified CTAB extraction method (Doyle
and Doyle, 1990) that included 2% PVP-40 in the
CTAB extraction buffer. PCR amplifications of the
DNA regions were conducted using either published
primers or those designed by the author (Table 1).
PCR mixtures, 25 pL in volume, consisted of 67 mm
Tris—HCI with 2.1% DMSO and 0.01% TritonX per
reaction or 1 x Ex Taq Buffer (Takara Bio Inc., Otsu,
Japan), 2 mm MgCl,, 0.2-0.25 mm dNTPs, 1 pm of
primers, 0.125-1 pL. Taq polymerase, and 0.1-2.5 pL
DNA sample, depending on the DNA concentration.
Amplifications were performed with an Eppendorf
Mastercycler Pro, using the primers and annealing
temperatures listed in Table 1. PCR products were
separated on a 1-1.5% agarose gel and stained with

ethidium bromide to determine if amplification had
occurred. Prior to sequencing, some PCR products
were purified with the QIAquick PCR purification kit
(Qiagen, Hilden, Germany).

Sequencing reactions were performed with BigDye 3.1
terminators [Applied Biosystems (ABI), Foster City,
CA, USA] and locus-specific amplification primers.
Sequencing products were precipitated using a modifica-
tion of the ethanol/EDTA/sodium acetate method
(ABI), and automated cycle sequencing was performed,
with an ABI 3730 DNA Analyzer, by the Life Sciences
Core Laboratory Center at Cornell University. Alterna-
tively, sequencing reactions and subsequent steps were
performed by the Life Science Core Laboratory Center
at Cornell University, using Big Dye terminators and
either an ABI 3700 or an ABI 3730. Sequence trace files
were compiled, examined, and edited with CodonCode
Aligner (CodonCode Corporation, Deadham, MA,
USA). Sequences were deposited in GenBank (Appen-
dix 1), and the matrix is available at Treebase (http://
purl.org/phylo/treebase/phylows/study/TB2:S14332).

Initial alignments were performed with MUSCLE
(Edgar, 2004) as implemented by the European Bioin-
formatics Institute’s MUSCLE server (www.ebi.ac.uk/
Tools/msa/muscle) using the default settings. Subse-
quent adjustments were made in Bioedit ver. 7.0.5.3
(Hall, 1999) and Winclada ver. 1.7 (Nixon, 2002).
Gaps were coded using simple indel coding (Simmons
and Ochoterena, 2000). For the molecular matrix,
25% of the sequence data is missing. Because the
resulting phylogenies are well supported and, in
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Table 1
Primers used in the present study, for amplification (A) and sequencing (S), and annealing temperature for PCR reactions

Region and primer Sequence T (°C) Amplification/sequencing
matK 48, 56-57

2F CAC TTG CTC AYG ATC ACG ATT* A, S
390F CGA TCT ATT CAT TCA ATA TTT C A, S
S590F AAG ATG CCT CTT CTT TGC AT* S
806R TTG TGT TTC CGA GCC AAA GT* S
881F AAC CCT TCA ATG GTA CGG AGT C* S
1069F CCC TTC AAT GGT ACG GAG TC* S
1107R AGT TTT AGC ACA AGA AAG CGA AGT* S
1389R TTG TGT TTC CGA GCC AAA GT S
1551R TTT TCA TTG CAC ACG GCT TT* A, S
1710R GCT TGC ATT TTT CAT TGC ACA CG A, S
ndhF 59

IF GTG GAT CAT ACC CTT GCT TCC* A, S
37F CTA TGT TAA TAG GAG TGG GGC TTC* A, S
274R ATT AAT ATT GAC ATA ATA GAA GTA AG S
463R GTC GTG CAA ACC AAA ATC CT* S
536R TCC CCT ACA CGA TTA GTT ACA A S
803R GAA AAA TTC CCG CCG CTA CCA TAG S
803F CTA TGG TAG CGG CGG GAA TTT TTC S
934F AAA GGG GCT TAG CTT ATT CCA C* S
975F TAT AAC CCA ATT GAG ACA TTG TGG* S
1318F GGA TTA ACY GCA TTT TAT ATG TTT CG S
1318R CGA AAC ATA TAA AAT GCR GTT AAT CC S
1603F CCT YAT GAA TCG GAC AAT ACT ATG C S
1603R GCA TAG TAT TGT CCG ATT CAT RAG G S
2110R CAT AAC CCC AAC GCT ATT TGT AAT* A, S
trnL—trnF 59

Tab C CGA AAT CGG TAG ACG CTA CG A, S
Tab D GGG GAT AGA GGG ACT TGA AC S
Tab E GGT TCA AGT CCC TCT ATC CC S
Tab F ATT TGA ACT GGT GAC ACG AG A, S
ITS 58

ITS4 TCC TCC GCT TAT TGA TAT GC A, S
ITS5 GGA AGT AAA AGT CGT AAC AAG G A, S

Place of publication for previously designed primers indicated in text.
*Primer designed for present study.

general, relationships are congruent among various
analyses, this amount of missing data did not appear
to considerably affect relationships in the resulting
phylogenies.

Morphological coding

The morphological matrix includes 27 characters
(Table 2). Sixteen characters are binary, while the
other 11 are multi-state. Morphological character data
were gathered from observations of living plant mate-
rial, herbarium specimens from BH, NY, TEX/LL,
and US, and digital images of species. For species for
which only a limited number of herbarium specimens
were available, published descriptions were also con-
sulted (Johnston, 1952, 1953a, b, 1954a, b; Popov,
1953; Riedl, 1967, 1997; Valentine and Chater, 1972;
Sahay, 1979; Xi, 1984; Ahn and Lee, 1986; Diez
et al., 1986; Al-Shehbaz, 1991; Diez and Valdés, 1991;
Thulin and Johansson, 1994; Jian-Chang et al., 1995;

Perveen et al., 1995; Zhu et al., 1995; Scheel et al.,
1996; Retief and Van Wyk, 1997, 2002; Biggazi and
Selvi, 1998, 2000; Lonn, 1999; Khatamsaz, 2001; Gag-
nidze et al., 2002; Boyd, 2003; Selvi and Bigazzi,
2003; Bigazzi et al., 2006; Aytas Ak¢in and Ulu,
2007; Maggi et al., 2008; Nikiforova, 2008; Thomas
et al., 2008; Ferrero et al., 2009; Liu et al., 2010;
Rabaey et al., 2010; Coutinho et al., 2012; Fokuda
and ITkeda, 2012). When ample material was available,
I observed at least 20 specimens for each species. If a
species included multiple states for a character, the
species was scored with all applicable states for that
character. In a few cases, it was not possible to col-
lect data (often related to pollen features or vestured
pits) for a particular species. In this situation, if all
the species in a genus had been observed to possess
the same character state, scores for the specific char-
acter were based on data from congeneric species.
However, if a genus is polymorphic for the character,
then the character state was scored as missing. For



J. I. Cohen | Cladistics (2013) 1-31 5

Table 2
Morphological characters, their states, additional information, and length and consistency index on trees from matrices that included morpholog-
ical characters

Character

Character states

Comments

Length and consistency index
(combined matrix/combined
cpDNA matrix)

1 Naphthoquinones
2 Vestured pits
3 Leaf position

4 Leaf venation

5 Cordate leaves
6 Floral bracts

7 Corolla shape

8 Corolla lobes

9 Corolla symmetry
10 Corolla color

11 Abaxial trichomes
on corolla

12 Adaxial trichomes
on corolla

13 Faucal appendages
14 Glands inside corolla
15 Type of herkogamy

16 Anther position
17 Androecial apical
projection

18 Stigma position
19 Stigma location

20 Conical stigmas

21 Pollen shape

22 Pollen pore number

23 Pollen pore position

24 Heterocolpate pollen

25 Fruit type

26 Nutlet surface
ornamentation

27 Nutlet attachment

(0) Present (1) Absent

(0) Present (1) Absent

(0) Cauline (1) Cauline and basal
(2) Cauline and pseudobasal

(0) Midvein (1) Midvein and
secondary veins

(0) Present (1) Absent

(0) Present (1) Absent (2) Only at

the base

(0) Salverform (1) Campanulate—
Mertensia-type (2) Funnelform (3)
Rotate (4) Salverform-funnelform (5)
Long-funnelform (6) Campanulate—
Cerinthe-type (7) Urceolate (8)
Campanulate—T7richodesma-type (9)
Tubular

(0) Flared (ca. 90°) (1) Erect/ascending
(< 45°) (2) Reflexed (ca. 180)

(0) Actinomorphic (1) Zygomorphic

(0) Blue (1) Purple (2) Orange (3)
Yellow (4) White (5) Red (6) Pink
(7) Green

(0) Present (1) Absent
(0) Present (1) Absent

(0) Present (1) Absent

(0) Present (1) Absent

(0) Approach herkogamy (1) Reverse
herkogamy (2) Non-herkogamy (3)
Reciprocal herkogamy

(0) Inserted (1) Exserted

(0) Absent (1) Borago-type (2)
Myosotis-type (3) Onosma-type (4)
Lobostemon-type (5)
Trichodesma-type

(0) Inserted (1) Exserted

(0) Terminal (1) Subterminal

(0) Present (1) Absent

(0) Ovoid (1) Prolate with a constricted
equator (Hourglass) (2) Cylindrical (3)
Ellipsoid (4) Oblate-square (5)
Triangular-prism (6) Spherical

(0) 2—5 (1) 6—8 (2) 8—12

(0) Equatorial (1) Sub-equatorial

(0) Present (1) Absent

(0) Drupe (1) Capsule (2) Nutlet

(0) Tuberculate (1) Glochidiate (2)
Marginal glochids (3) Rugose (4)
Smooth (5) Marginal wings (6) Scaly

(0) Basal (1) Not basal

“A pseudobasal rosette is defined as a
rosette that is sometimes present and
may be ephemeral. This type of rosette
includes leaves that, although they may
have short internodes between them,
are not necessarily from the base of
the stem.” (Cohen, 2011)

Three different types of campanulate
corolla are identified in Boraginaceae,
and each is associated with a genus
characteristic of it.

If a species is coded as polymorphic

for this character, are two possible
reasons: (i) the corolla includes multiple
colors, or (ii) the species includes some
individuals that develop corollas of one
colour, but other individuals that
produce corollas of another colour.

Multiple types of herkogamy are
observed in some species.

Multiple states of androecial apical
projections are recognized because
those in each genus differ from
the others.

The presence of conical stigmas is
restricted to species of
Heliotropiaceae.

Nutlets of some species bear multiple
types of surface ornamentation, such
as marginal glochids and glochids.

Nutlet attachment that is not basal
can vary from sub-medial to medial.

16/14; 0.06/0.07
2/2; 0.50/0.50
42-43/39; 0.04/0.05

31/26; 0.03/0.03

5/4; 0.20/0.25
28/27; 0.07/0.07

52/49; 0.17/0.18

26/25-27; 0.07/0.07-0.08

7/7: 0.14/0.14
56-57/50-51; 0.08/0.09-0.10

17/15-16; 0.05/0.06
11/11; 0.09/0.09

17/14; 0.05/0.07
31/25-26; 0.03/0.03-0.04
45/42; 0.06/0.07

20-21/20; 0.04-0/05/0.05
6/6; 0.83/0.83

27-28/24-25; 0.03/0.04
11-13/8-9; 0.07-0.09/
0.11-0.12

1-2/1; 1-0.50/1

31/30; 0.16/0.16

16/14; 0.12/0.14
9/9; 0.11/0.11

3/2; 0.33/0.50

4-5/4; 0.40-0.50/0.50

49-51/46-47; 0.11-0.12/
0.12-0.13

6/5; 0.16/0.20
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Table 3

Type of data included, statistics, and phylogenetic characteristics of matrices used in present study

Type of data

Matrix characteristics

Phylogeny characteristics

Structural
characters Number of
nrDNA  (gaps and Number Number of informative Number of Length of

Matrix cpDNA  ITS inversions) Morphology  of taxa  characters  characters MP trees MP trees CI/RI
Combined X X X X 224 5924 1923 >1 000 000 8791 0.37/0.77
Molecular X X X 224 5897 1896 >1 000 000 8199 0.39/0.78
Combined X X X 212 5414 1598 >1 000 000 5531 0.46/0.83
cpDNA
cpDNA X X 212 5387 1571 >1 000 000 4983 0.50/0.84
Morphology X 224 27 27 >1 000 000 408 0.14/0.78

the morphological matrix, 10% of the cells are scored
as missing.

Matrix construction and phylogenetic analysis

Five matrices were constructed (Table 3): (i) the
combined matrix (morphological and all molecular
data), (i1) the molecular matrix (only molecular data),
(ii1) the combined cpDNA matrix (morphological and
cpDNA sequence data), (iv) the cpDNA matrix (only
cpDNA sequence data), and (v) the morphological
matrix (only morphological data). Taxon sampling dif-
fers among matrices because 13 species include only
DNA sequence data for ITS as well as scores for mor-
phological character data. Without the inclusion of
ITS, it was not possible to resolve the phylogenetic
placement of these 13 species. In order to reconstruct
a resolved phylogeny, it was necessary to remove these
species from the combined cpDNA and cpDNA matri-
ces. Despite the decrease in taxon samples, the strict
consensus trees of all the matrices, except that of the
morphological matrix, are largely congruent. For cla-
distic analysis, all characters were treated as non-addi-
tive and weighted equally.

Maximum parsimony phylogenetic analyses were
conducted with each of the five data matrices. The fol-
lowing search strategy was applied in all analyses: the
data were analysed using TNT (Goloboff et al., 2008),
with 1 000 000 trees held in memory, and five indepen-
dent iterations of 1000 parsimony ratchet iterations
(Nixon, 1999), with 20 trees held per iteration and a
10% probability of upweighting and a 10% probabil-
ity of downweighting, followed by 1000 cycles of tree
drifting; afterwards, 100 rounds of tree fusion and ran-
dom sectorial searches were performed (Goloboff,
1999). This search strategy was repeated 100 times and
then followed by TBR-max, swapping among all the
most-parsimonious trees until completion.

Clade support for all matrices was measured with
TNT (Goloboff et al., 2008). Ten thousand jackknife
replicates (36% removal probability) (Farris et al.,

1996) were performed. For each replicate, 10 TBR
searches were conducted, with 10 trees held after each
replicate, and a total of 99 999 trees held in memory
for the duration of the entire jackknife resampling.
Using TNT, SPR distance (Goloboff, 2007) between
strict consensus trees was calculated with 100 replica-
tions. Consistency indices (CI) and retention indices
(RI) were calculated after removal of parsimony-unin-
formative characters.

Patterns of character evolution were investigated
using Fitch optimization (Fitch, 1971), as implemented
in Winclada ver. 1.7 (Nixon, 2002). The number of
gains and losses and CI were recorded for each charac-
ter (Table 2).

Results
Sequence variation

Four DNA regions are included in the present anal-
yses (Table 4). Together, the three cpDNA regions
comprise a total of 5331 aligned nucleotides, 1571 of
which are parsimony informative. This number
includes 1515 informative nucleotides and 56 informa-
tive gaps and inversions (structural features) (Table 4).
The matK gene provides the greatest number of infor-
mative nucleotide sites, 581; and of the cpDNA
regions, it yields the largest percentage of informative
nucleotide sites, 33.2%. However, the trnL—trnF
spacer includes the greatest number of informative
structural features, 26. The longest cpDNA region,
ndhF, yields 40% more informative characters than
trnL—trnF, but due to the large length of ndhF (ca.
50% longer than trnL-trnF), ndhF bears the smallest
percentage of informative characters. The ntDNA ITS
yields 566 aligned nucleotides, and 325 (57.4%) are
parsimony informative. In total, the combined and
molecular matrices include 5897 aligned nucleotides,
with 1840 informative nucleotide sites and 56 informa-
tive structural features.
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Four DNA regions included in analyses
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Informative Informative Total number of
Number Aligned nucleotide site nucleotide Structural informative Total informative

Region of taxa length (bp) characters site characters (%) characters characters characters (%)
matK 160 1815 581 32 21 602 33.2

ndhF 154 2139 551 25.8 8 559 26.

trnL-trnF 181 1377 383 27.8 26 409 29.7

ITS 181 566 325 57.4 0 325 57.4

Mean 169 1474 460 31.2 14 474 32.1

Total 676 5897 1840 31.2 56 1896 32.1

Phylogenetic analyses

For each matrix, the number of most parsimonious
(MP) trees, tree length, CI, and RI are presented in
Table 3. The strict consensus trees from analyses of
the combined and molecular matrices are provided in
Figs 2 and 3, respectively, and those from analyses of
the combined cpDNA, cpDNA, and morphological
matrices are in Appendix 2. In general, analyses of the
combined matrix resulted in the most resolution, and
analyses of the morphological matrix resulted in the
least resolution. The SPR distance between the strict
consensus trees of the combined and molecular matri-
ces is 13 moves, and between the consensus trees of
the combined cpDNA and cpDNA matrices, the SPR
distance is three moves.

The phylogeny is rooted with Vahlia capensis
Thunb., and in all analyses members of Cordiaceae,
Ehretiaceae, Heliotropiaceae, and Hydrophyllaceae
form a well supported clade, with > 90% jackknife
support (jk). Wellstedia dinteri Pilg. is resolved as sister
to Boraginaceae (> 91% jk), and Codon schenkii
Schinz. is sister to the clade composed of Wellstedia
Balf.f. and Boraginaceae (> 88% jk).

In all analyses, Boraginaceae is resolved as mono-
phyletic (> 99% jk). Three traditionally recognized
tribes—Boragineae, Echiochileae, and Lithospermeae
—are recovered as monophyletic, with Echiochileae
sister to the rest of the family (> 92% in combined
and molecular matrices, and > 71% in combined
cpDNA and cpDNA matrices). The small tribe Trich-
odesmeac is not monophyletic because one of its mem-
bers, Suchtelenia Kar. ex Meisn., is nested within
Cynoglosseae; however, the remaining two genera of
Trichodesmeae are sisters (> 91% jk). The clade that
includes the other two members of Trichodesemeae
may be nested within Cynoglosseae, but in most analy-
ses a polytomy that includes Trichodesmeae, a clade
comprising Chionocharis hookeri 1. M. Johnst. and
Lasiocaryum munroi 1. M. Johnst., and at least one
other clade of species of Cynoglosseae is resolved at
the base of the clade composed of Cynoglosseae and

Trichodesmeae. In analyses of the combined matrix, a
clade of Myosotidum Hook. and Omphalodes Mill. is
sister to all other species of Cynoglosseae, but in anal-
yses of the combined cpDNA and cpDNA matrices,
this clade is sister to Asperugo L. + Mertensia Roth.
Analyses of the molecular matrix did not resolve the
relationship between these two clades. In most analy-
ses, the following genera in Cynoglosseae are recov-
ered as non-monophyletic: Cryptantha Lehm. ex
G.Don, Cynoglossum, Lappula Moench, Myosotis,
Paracaryum Boiss., and Trigonotis Steven.

The clade of Cynoglosseae + Trichodesmeae is sister
to one composed of Boragineae + Lithospermeae. This
latter clade receives strong support (> 87% jk) in all
analyses. In analyses of the combined matrix, a clade
comprising species of Elizaldia Willk., Melanortocarya
Selvi, Bigazzi, Hilger & Papini, Nonea Medik., Par-
askevia W.Sauver & G.Sauer, and Pulmonaria L. is sis-
ter to the rest of Boragineae, but in analyses of the
molecular, combined cpDNA, and cpDNA matrices, a
clade composed of Moritzia DC. ex Meisn. and Thau-
matocaryon Baill., two South American genera, is
resolved as sister to the remainder of the tribe. In
analyses of the combined matrix, this clade of South
American species is nested within Boragineae and sis-
ter to a clade composed of Anchusa, Gastrocotyle Bun-
ge, and five other genera. Borago L. is recovered as
monophyletic (> 92% jk). Pentaglottis Tausch is
resolved as sister to a clade composed of Symphytum
L. and Procopiania Gusul. (> 78% jk). In analyses of
the combined matrix, Procopiania is sister to Symphy-
tum, while in others the former is nested among the
latter. Anchusa is also resolved as non-monophyletic
due to species of Anchusella Bigazzi, E.Nardi & Selvi,
Cynoglottis (Gusul) Vural & Kit Tan, Hormuzakia
Gusul., Lycopsis L., Phyllocara Gusul., and Gastrocot-
yle (except in analyses of the combined matrix) scat-
tered among its members. The clade composed of all
of these genera receives > 81% jk in analyses.

A clade comprising Alkanna Tausch and Podonosma
Boiss. (> 99% jk) is sister to the rest of the Lithosper-
meae (> 91% jk). In most analyses, Lithospermeae is
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Fig. 2. Strict consensus of combined matrix (L = 8791, CI =0.37, RI = 0.77) and phylogenetic distribution of characters. Numbers above
branches are jackknife values > 50%. Bracts: red rectangles, bracts present; white rectangles, bracts absent; light red rectangles, bracts present
only at base of inflorescence. Corolla symmetry: yellow square, zygomorphic corollas. Faucal appendages: green ellipse, faucal appendages pres-
ent; white ellipse, faucal appendages absent. Heterostyly: blue circle, origin of heterostyly; white circle, loss of heterostyly. Leaf venation: orange
hexagon, origin of leaves with midrib and evident secondary veins; white hexagon, origin of leaves with only evident midrib. Pollen pore number:
purple rounded rectangle, two to five pores; light purple rounded rectangle, six to eight pores; white rounded rectangle, eight to 12 pores. Shapes
with two colours indicate two possible ancestral states resolved.

well resolved; however, in analyses of the cpDNA I. M. Johnst., Moltkiopsis 1. M. Johnst., Neatostema 1.
matrix, the tribe has little resolution. A clade com- M. Johnst., and Paramoltkia Greuter is present in all
posed of Halacsya Dorfl., Lithodora Griseb., Mairetis analyses, but with varying degrees of support (49-99%
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jk). In analyses of the combined and molecular matri-
ces, this clade is sister to one that includes two species
of Cerinthe L. (73-78% jk). Buglossoides Moench,
Glandora D.C. Thomas, Weigend & Hilger, Lithosper-
mum L., and Ulugbekia Zakirov are resolved in a well
supported clade (> 94% jk), and so are Echiostachys
Levyns, Echium L., Lobostemon Lehm., and Pontechi-
um U.-R. Bohle & Hilger (> 78% jk). In Lithosper-
meae, Arnebia Forssk. and Omnosma are resolved as
non-monophyletic in at least one analysis. Arnebia is
non-monophyletic because Macrotomia  densiflora
(Ledeb.) J.F. Macbr. is nested among members of
Arnebia. In analyses of the combined cpDNA matrix,
Maharanga DC. is resolved among species of Onosma,
but this relationship receives weak support (< 50% jk)
and is only recovered in this particular analysis. In
analyses of other matrices, Maharanga is sister to Ono-
sma, and this relationship receives moderate support
(71-78% jk).

Patterns of morphological character evolution

Patterns of morphological character evolution are
quite variable among the 27 investigated characters.
Most characters have a very small CI (< 0.15); how-
ever, seven characters—vestured pits, cordate leaves,
androecial apical projection, conical stigma, heterocol-
pate pollen, fruit type, and nutlet attachment—have a
CI > 0.20 (Table 2). Despite the small CI for the other
20 characters, most have states diagnostic of particular
clades, even if the character exhibits much homoplasy
across the family. For example, the CI of stigma posi-
tion is 0.03-0.04, but stigmas exserted from the corolla
tube are a synapomorphy for at least one large and
one small clade in each of three tribes: Boragineae,
Cynoglosseae, and Lithospermeae. Additionally,
stigma insertion is a synapomorphy for Echiochileae,
while stigma exsertion is a synapomorphy for Trich-
odesmeae. Evolutionary patterns for each character
are presented in Appendix 3.

Discussion
Phylogenetic relationships

Outgroup  relationships. The phylogenies recon-
structed in the present study are largely congruent
with each other as well as those from previous
investigations (Gottschling et al., 2001; Luebert and
Wen, 2008; Nazaire and Hufford, 2012). The trees are
rooted with Vahlia capensis because previous analyses
have resolved Vahliaceae as closely related or sister to
Boraginales (Bremer et al., 2002; Luebert and Wen,
2008; Nazaire and Hufford, 2012). Among the
outgroups, Hydrophyllaceaec 1is sister to a clade

composed of  Cordiaceae, Ehretiaceae, and
Heliotropiaceae, with different phylogenetic
relationships resolved among the latter three families,
depending on the inclusion or exclusion of ITS (Figs 2
and 3). The clade comprising Cordiaceae, Ehretiaceae,
Heliotropiaceae, and Hydrophyllaceae is sister to one
composed of Boraginaceae, Codon L., and Wellstedia.

Wellstedia is resolved as sister to Boraginaceae, and
Codon 1is sister to the clade composed of Wellstedia
and Boraginaceae. Some authors, such as Gtrke
(1897), Pilger (1912), and Takhtajan (1997), have rec-
ognized the affinity between Wellstedia and Boragina-
ceae, with the latter two authors placing the genus as
a subfamily of Boraginaceae s.l., and Codon often has
been placed as a member of Hydrophyllaceae (Cron-
quist, 1981; Takhtajan, 1997, Ferguson, 1998).
Although Wellstedia, Codon, and Boraginaceac are
resolved as a monophyletic group, it is not advisable
to treat the three taxa as members of one family.
Instead, the two genera should each be recognized as
separate families, as previous authors have suggested
(Novdk, 1943; Merxmdiller, 1960; Weigend and Hilger,
2010). Although Boraginaceae, Codon, and Wellstedia
share some morphological features, such as alternate
leaves, the flowers (four-merous in Wellstedia and 10-
to 12-merous in Codon) and fruit (capsules in both
genera) differ. The present study is the first to include
Wellstedia, but arguments have been made that Codon
be included in Boraginaceae (Nazaire and Hufford,
2012). These arguments have centred on the
phylogenetic position of the taxon, not on the creation
of a utilitarian manner in which to circumscribe Bora-
ginaceae, a family currently diagnosed by multiple flo-
ral and fruit features. Including these two genera in
Boraginaceae would necessitate expanding the circum-
scription of a recognizable family and, in doing so,
make diagnostic characters for a broader Boraginaceae
difficult to identify. Until phylogenetic results place
these genera within Boraginaceae or a useful manner
is identified in which to circumscribe a broader Bora-
ginaceae, the author recommends that Wellstedia and
Codon be members of Wellstediaceae and Codonaceae,
respectively.

Ingroup relationships.  In the present analyses, clades
corresponding to five tribes are resolved. Of these,
Echiochileae is sister to the rest of Boraginaceae, and
two large clades each composed of two tribes—
Cynoglosseae + Trichodesmeae and Boragineae +
Lithospermeae—are also recovered. Two of these
tribes are not monophyletic. Two genera of the small
tribe Trichodesmeae, Caccinia Savi and Trichodesma
R.Br., are sisters, but the third, Suchtelenia, is nested
within Cynoglosseae, the tribe to which de Candolle
(1846), Giirke (1897), Johnston (1924), and others
assigned the genus. Therefore, in order to circumscribe



J. 1. Cohen | Cladistics (2013) 1-31 13

a monophyletic Cynoglosseae, future taxonomic
systems should include Suchtelenia in Cynoglosseac.
The acceptance of Trichodesmeae, even if composed of
only  Caccinia and  Trichodesma, may make
Cynoglosseae paraphyletic because the former is either
resolved as sister to the latter or nested within it. The
two tribes share some features, such as nutlets with
non-basal attachment, but the pollen differs. The
pollen of Trichodesmeae has two to five pores and is
isocolpate, while that of Cynoglosseae has six to eight
pores and is heterocolpate. The pollen of Suchtelenia is
identical to that of Cynoglosseae, so it is unsurprising
that the genus is resolved in the tribe. Because of the
pollen differences and ambiguous phylogenetic
position, Trichodesmeae should be retained, for the
time being, as a distinct tribe (perhaps to be
recognized as subtribe in future classifications).

In Cynoglosseae, the relationships resolved from
analyses of the five different matrices are, in general,
congruent. A clade composed of two species, Chiono-
charis hookeri and Lasiocaryum munroi, is resolved
towards the base of the tribe. These two species have
not been included in prior phylogenetic analyses and,
unlike most members of the tribe, these two are
restricted to higher elevations of the Himalayan
Mountains and adjacent areas (Zhu et al., 1995). The
flowers of Chionocharis hookeri and Lasiocaryum mun-
roi resemble those of other members of Cynoglosseae,
but their small habit, which may be specialized for
alpine environments (Korner, 2003), differs from many
other members of the tribe. This habit may provide
information as to that of the ancestor of Cynoglos-
seae, or it may represent a derived characteristic of
these montane species.

Mpyosotidium and Omphalodes are resolved in the
same clade, which is characterized by cordate leaves
and nutlets with marginal wings and/or marginal
spines. This clade is of particular interest from a
biogeographic perspective because species of Omphal-
odes are native to Eurasia and North America, while
Myosotidium is restricted to the Chatham Islands
located 800 km east of New Zealand. Although taxon
sampling of these two genera is limited in the present
study, analyses of the combined and molecular matri-
ces resolve Omphalodes aliena A.Gray ex Hemsl., a
New World member of the genus, sister to the other
species in this clade. This reconstruction suggests that
Omphalodes may have originated in the New World
and subsequently colonized the Chatham Islands and
Eurasia. If this is the case, this pattern would be oppo-
site most others in Boraginaceae, in which members
originate in the Old World and subsequently colonized
the New World (Raven and Axelrod, 1974; Langstrom
and Chase, 2002; Cohen and Davis, 2009, 2012). How-
ever, results of the combined cpDNA and cpDNA
matrices resolve Omphalodes lojkae Sommier & Levier,

a Eurasian species, as sister to the other members of
the clade (Appendix 2). This reconstruction is congru-
ent with a Eurasian origin followed by migration to
the other regions. Regardless of the pattern of migra-
tion, Myosotidium appears to be nested among species
of Omphalodes, resulting in the latter being paraphylet-
ic. Additional taxon sampling of Omphalodes will help
elucidate phylogenetic relationships in order to clarify
biogeographic patterns and taxonomy in this clade.

Eritrichium Schrad. ex Gaudin, Hackelia Opiz,
Lappula, Lepechiniella Popov, Rochelia Rchb., and
Suchtelenia comprise a clade. Students of Boraginaceae
have long recognized the close relationship among the
first five genera (Johnston, 1923; Popov, 1953; Boivin,
1966; Gentry and Carr, 1976; Ovchinnikova, 2009;
Khoshsokhan et al., 2010; Mozaffar et al., 2013;
Huang et al., in press), which have often been included
in Eritricheae. However, this clade is nested within
Cynoglosseae. Consequently, the recognition of Eritri-
cheae, while it is monophyletic, results in the non-
monophyly of Cynoglosseae and therefore should not
be accepted (perhaps to be recognized as subtribe in
future classifications). Of the genera in this clade,
Lappula 1s resolved as non-monophyletic because
Lepechiniella albiflora Riedl is nested among species of
the genus, a result also recovered by Mozaffar et al.
(2013). These authors also resolved Eritrichium as non-
monophyletic, but the present study, which includes
greater taxon sampling of the genus, reconstructs FEri-
trichium as monophyletic. Previous researchers have
proposed a close relationship between Suchtelenia and
Cynoglossum (Valdés, 2004), but not between Suchtele-
nia and members of Eritricheae. However, the nutlets
of the latter two taxa are similar. Indeed, some indi-
viduals of Suchtelenia develop nutlets with small mar-
ginal spines (Popov, 1953), and a similar type of nutlet
is present in many species of Eritricheae.

In Cynoglosseae, a clade composed of Brachybotrys
Maxim. ex Oliv., Myosotis, Pseudomertensia Riedl,
Trigonocaryum Trautv., Trigonotis, and in some

Fig. 4. Leaf venation in Boraginaceae. (a) Leaf with only evident
midrib. (b) Leaf with evident midrib and secondary veins.
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analyses Bothriospermum Bunge is characterized by
smooth nutlets. With the exception of Myosotis, all spe-
cies of this clade are endemic to Eurasia. The presented
phylogenetic analyses suggest a Eurasian origin of
Mpyosotis, with subsequent colonizations of the New
World, Australia, and New Zealand. One member of
this clade, Trigonocaryum, a monotypic genus restricted
to the Caucasus (Gagnidze et al., 2002), is nested within
Myosotis (Fig. 3). Although the two genera differ in
chromosome number, their close relationship has previ-
ously been recognized due to the presence of similar
nutlets (Popov, 1953; Gagnidze et al., 2002).

A large clade in Cynoglosseae includes the species-
rich genus Cryptantha and its relatives, and this clade
is the largest radiation of Boraginaceae in the New
World. The present results are congruent with those of
Hasenstab-Lehman and Simpson (2012), who report
that Cryptantha is not monophyletic because species of
multiple New World genera, including Amsinckia
Lehm. and Plagiobothrys Fisch. & C.A. Mey., are
nested among its species. Hasenstab-Lehman and
Simpson (2012) resurrected the genus Oreocarya
Greene, a genus with many heterostylous species,
which was resolved as monophyletic in their study;
however, the present analyses recover at least two sep-
arate clades that include species of the genus (Figs 2
and 3). These disparate results may be due to different
taxon sampling of species of Oreocarya, as the overlap
among included species is minimal between the two
studies. It also is possible that Oreocarya is not mono-
phyletic, and the genus may need to be divided into
two genera.

Another explanation for the different phylogenetic
results may be due to the inclusion, in the present
analyses, of Dasynotus 1. M. Johnst., a highly derived
monotypic genus endemic to Idaho, USA. Dasynotus
has a unique morphology, which includes large white
salverform corollas with long horn-like faucal append-
ages and large nutlets covered with sparse trichomes,
that is not present in other species of Boraginaceae.
The phylogenetic position of Dasynotus varies depend-
ing on the matrix analysed, and this makes it difficult
to identify closely related species and to infer the ori-
gin of the unusual morphology. One closely related
species identified in analyses of the combined matrix,
Oreocarya fulvocanescens (S.Watson) Greene, seems a
likely candidate as it develops corollas that are white,
> 1 cm in length, and bear faucal appendages (Fig. 2).
However, given the ambiguous phylogenetic placement
of Dasynotus, it seems that the best approach to clarify
close relatives is via sampling additional taxa.

Oncaglossum pringlei (Greenm.) Sutory, a species
endemic to Mexico (Sutory, 2010), is resolved as sister
to the clade of Cryptantha and its relatives. Oncaglos-
sum pringlei develops nutlets with glochids, which are
not common among Cryptantha and its relatives. Selvi

et al. (2011) suggest that nutlets with glochids, such as
those present in Oncaglossum and Cynoglossum, may
travel great distances because the glochids allow the
nutlets to become tangled in the hair of migrating ani-
mals. This dispersal strategy may have helped the
ancestral species of this clade colonize North America,
with alternate dispersal strategies developing in most
species of Cryptantha and its relatives.

Recently, Selvi et al. (2011) recognized that Cyno-
glossum is not monophyletic because Pardoglossum
Barbier & Mathez and Solenanthus Ledeb. are nested
among its species. The present analyses resolve similar
relationships, and provide evidence that species from
other genera, such as Brandella R.R.Mill, Cynoglossop-
sis Brand, Lindelofia Lehm., and Paracaryum, are also
interdigitated among species of Cynoglossum. This
clade, in which glochidiate nutlets are a synapomor-
phy, should be the subject of lower-level phylogenetic
investigations in order to establish diagnosable, mono-
phyletic genera.

Boragineae and Lithospermeae are resolved as sis-
ters, and, with few exceptions, the species of these two
tribes are characterized by the presence of floral bracts
and nutlets with basal attachment. In analyses of the
combined matrix, a clade composed of Melanorto-
carya, Nonea, and three other genera is resolved as sis-
ter to the remainder of Boragineae, but in analyses of
the other three matrices, a clade of two South Ameri-
can genera, Moritzia and Thaumatocaryon, is recon-
structed in this position. This latter placement is
consistent with Weigend et al. (2010) and some analy-
ses of Nazaire and Hufford (2012), studies that utilized
only DNA sequence data. It seems well established
that these South American genera are members of
Boragineae, and their phylogenetic placement has
implications for the time at which the tribe colonized
the New World. If the clade that includes Moritzia
and Thaumatocaryon is sister to the rest of the tribe,
this provides evidence that members of Boragineae
were present in the New World early in the diversifica-
tion of the tribe, but this separate New World lineage
did not radiate to the same extent as the Old World
members. Alternatively, if the clade of South Ameri-
can species is resolved as sister to Anchusa and its rela-
tives, then the colonization of the New World by
species of Boragineae may not have occurred until
later in the evolution of the tribe. The clade of Moritz-
ia and Thaumatocaryon then would represent an off-
shoot of the tribe, not a separate New World lineage
the same age as the clade of Old World species.

The largest genus in Boragineae, Anchusa, is
resolved as non-monophyletic because Anchusella,
Cynoglottis, Hormuzakia, Lycopsis, Phyllocara, and
possibly Gastrocotyle are nested among its species,
results similar to those of Hilger et al. (2004) and
Mansion et al. (2009). As with Cynoglossum, Anchusa
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and its relatives should be investigated as part of a
lower-level phylogenetic study to reconstruct stable
relationships and identify the best manner in which to
circumscribe genera.

Of all the tribes in Boraginaceae, Lithospermeae has
received the most attention recently (Bohle et al.,
1996; Hilger and Bohle, 2000; Buys, 2006; Thomas
et al., 2008; Cecchi and Selvi, 2009; Cohen and Davis,
2009, 2012; Ferrero et al., 2009; Selvi et al., 2009; We-
igend et al., 2009; Cecchi et al., 2011; Cohen, 2011).
The phylogenies presented provide additional resolu-
tion to clarify phylogenetic relationships for groups
that have not been the subject of prior studies, such as
Arnebia and Onosma. Arnebia is not monophyletic
because Macrotomia is nested among its species, and
Huynhia, a monotypic genus originally placed in
Arnebia (Johnston, 1952), is resolved as sister to Arne-
bia + Macrotomia. Pollen with 8-12 subequatorial
pores is a synapomorphy of the clade composed of
these three genera, and this is the only clade in the
tribe that bears this combination of pollen characteris-
tics. Cystostemon Balf.f., Maharanga, and Onosma are
members of a clade, and the close relationship among
these genera was hypothesized by Johnston (1954a).
The species of these three genera have very similar
morphologies, with differences observed primarily in
corolla shape. In analyses of the combined cpDNA
matrix, Maharanga is nested within Onosma, but this
relationship receives weak support. Cecchi et al. (2011)
resolve a similar relationship, with Maharanga sister to
an early diverging clade of Onosma, and this relation-
ship is well supported in their analyses. Together,
Cystostemon and Maharanga include 10 species, and
greater taxon sampling in future studies will help
resolve whether the genera are nested within Onosma
or represent separate lineages with distinct corolla
shapes. The clade composed of Cystostemon, Maha-
ranga, and Onosma is sister to one that includes Echio-
stachys, Echium, Lobostemon, and Pontechium. Pollen
with three pores is a synapomorphy for the clade that
includes all seven genera, while zygomorphic funnel-
form corollas are a synapomorphy for the clade com-
posed of the latter four genera.

Vegetative characters

Four vegetative characters were investigated in the
present study, and two—rvestured pits and pattern of
leaf venation—provide noteworthy evolutionary pat-
terns. In Boraginales, vestured pits are present in four
families: Boraginaceae, Cordiaceae, Ehretiaceae, and
Heliotropiaceae (Rabaey et al., 2010). In Boragina-
ceae, vestured pits originated at least twice, once in
Antiphytum DC. ex Meisn. and once in Lithospermeae.
Jansen et al. (2003, 2009) suggest that vestured pits
may reduce embolism, particularly in alpine and arid

regions. Species of Antiphytum and Lithospermeae
inhabit these types of area, but they do not appear to
do so at a greater frequency than species of the family
that do not develop vestured pits (Zhu et al., 1995;
Cohen, in review). Therefore, until additional studies
shed light on the functional ecology of vestured pits in
Boraginaceae, the character remains just a useful
diagnostic feature.

Most species of Boraginaceae develop leaves with
only an evident midrib (Fig. 4a), which is the ancestral
condition for the family. In Boraginaceae, the pattern
of leaf venation appears evolutionarily labile, with
multiple origins of species that bear leaves with evi-
dent secondary venation (Fig. 4b), and this character
state is a synapomorphy for numerous clades, particu-
larly in Cynoglosseae (Fig. 2, hexagons). In this tribe,
this type of leaf venation characterizes four clades—
Myosotidium + Omphalodes, Mertensia, Hackelia, and
Cynoglossum and related genera—as well as six species
in other clades. The evolutionary pattern of leaf vena-
tion in Cynoglosseac is similar to that in vanilloid
orchids. In this group, Cameron and Dickison (1998)
were able to use leaf architecture to differentiate
among genera. In Cynoglosseae, evident secondary leaf
venation can help distinguish the species of Hackelia
included in the present study from those of closely
related genera, all of which only develop leaves with
an evident midrib.

Leaves with more and larger veins can have several
advantages, such as greater mechanical support,
hydraulic conductance, and vascular redundancy
(Roth-Nebelsick et al., 2001; Sack et al., 2008; McK-
own et al., 2010). Species of Boraginaceae that bear
leaves with more veins tend to have larger leaves and
habits, which may require greater biomechanical sup-
port and hydraulic conductance. The third advantage,
vascular redundancy, may provide another explanation
for the success of some geographically widespread
groups of moderate size, such as Hackelia, Omphal-
odes, and Symphytum, that bear leaves with evident
secondary veins. Leaves with more secondary veins
have greater vascular redundancy, and this helps the
plant tolerate more mechanical damage than leaves
with only an evident midrib (Sack et al., 2008). How-
ever, some of the most speciose and cosmopolitan gen-
era in the family, such as Cryptantha and Onosma,
produce leaves with only an evident midrib. Many of
the plants in these two genera are small in stature,
develop abundant relatively narrow leaves, and have a
thick indument, which could protect the plant from
mechanical damage or herbivory (Chamberlain, 1979;
Kelley and Wilken, 1993; Agrawal et al., 2009). Conse-
quently, some species of Boraginaceae may have
evolved a redundancy system of secondary venation to
protect against damage, while others may have devel-
oped a dense indument for the same purpose, a feature
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also observed in species of Asclepias L. (Agrawal
et al., 2009).

Floral characters

Inflorescence bracts.  With only three exceptions, all
species of Boragineae, Echiochileae, and
Lithospermeae  develop  bracteate inflorescences
(Figs 1f and 2, rectangles). In contrast, most species of
Cynoglosseae do not (Fig. le) and, unlike most tribes
of Boraginaceae, the development of bracts appears
quite evolutionarily labile in this tribe. Cynoglosseae is
also the only tribe in which species develop bracts only
at the base of the inflorescence. This state may seem
intermediate  between bracteate and ebracteate
inflorescences, but in Boraginaceae it is resolved as a
stable condition, not a transition between the two
extremes (Fig. 2).

The function of the inflorescence bracts does not
appear to relate directly to pollination biology or fruit
dispersal, as is the case in other groups of plants, such
as Bougainvillea Comm. ex Juss. or Atriplex L. (Man-
dak and Pysek, 2001). Unlike these other groups, the
bracts in species of Boraginaceae are green and resem-
ble leaves. Therefore it seems likely that these bracts
serve the same function as leaves and are advanta-
geous to plants that bear them because the bracts will
provide increased photosynthetic products to flowers
and fruit (Hori and Tsuge, 1993; Zhao and Oosterhuis,
1999).

Corollas.  Corolla shape 1is quite variable in
Boragineae and Lithospermeae. In these two tribes,
nine of the 10 identified corolla shapes are present,
with three of them restricted to these two tribes. In
contrast, seven corolla shapes are found in
Cynoglosseae and Trichodesmeae. In Boragineae and
Lithospermeae, corolla shape is more evolutionarily
labile than in Cynoglosseae and Trichodesmeae, but
most large clades in the former two tribes are
characterized by a particular corolla shape. For
example, in Boragineaec the clade that includes
Brunnera Steven and Anchusa is characterized by
salverform corollas, which are a synapomorphy for the
clade.

Although corolla shape is variable throughout the
family, this is not the case for other corolla features,
such as corolla symmetry (Figs 1h and 2, squares).
Ninety per cent of the species of Boraginaceae
included in the present analysis develop actinomorphic
corollas, with zygomorphic corollas originating at least
six times among the other 10%. This type of corolla
symmetry often evolved in only one or two species,
and no reversals to actinomorphic corollas are
resolved (but see Buys, 2006). The repeated, yet
uncommon, origin of zygomorphic corollas in Bora-

ginaceae suggests that few species have developed the
specialized pollination syndromes often associated with
bilateral symmetry (Neal et al., 1998). However, one
exception—the clade that includes Echium and Lobos-
temon—is notable. Species of this clade have diversi-
fied throughout the Canary Islands (Echium) and
South Africa (Lobostemon), with many species possess-
ing specialized pollination syndromes (e.g. Olesen,
1988; Van Wyk et al., 1997). Given the association
between zygomorphic corollas and distinct pollinators,
this corolla symmetry may have played a role for the
species of this clade in their diversification and success
in new habitats.

Faucal appendages.  Faucal appendages (also referred
to as “fornices”) are thickenings or inward
evaginations of the corolla that develop at the
intersection of the base of the corolla lobes and the
apex of the corolla tube (Cohen, 2011). These
appendages have evolved multiple times in
Boraginaceae, and most species of Boragineae and
Cynoglosseae produce flowers with faucal appendages
(Fig. 2, ellipses). These appendages are ancestral to
each of these tribes, but the optimization is ambiguous
as to whether or not the appendages of the two tribes
are homologous. Other origins of faucal appendages
also are resolved, including at least three in
Lithospermeae and one in Echiochileae. Despite the
numerous gains of faucal appendages, at least eight
losses are resolved, with each occurring in only one
species or in small clades.

On one hand, the prevalence of faucal appendages
in Boraginaceae and the limited number of losses sug-
gest that these appendages may provide an advantage
for the plant, but on the other hand, most species of
the large tribe Lithospermeae do not bear flowers with
faucal appendages. Additionally, in this latter tribe
most of the origins of faucal appendages are in single
species, not speciose clades. Although most species of
Lithospermeae lack faucal appendages, these append-
ages may be advantageous. This appears to be due to
the various manners in which faucal appendages can
be modified to better attract pollinators, such as bear-
ing glands, having a different colour from the rest of
the corolla, or developing specialized epidermal cells
(Kelley and Wilken, 1993; Cohen, 2011), as well as the
ability of faucal appendages to constrict the apex of
the corolla tube, thus influencing the orientation of the
pollinator.

The lack of faucal appendages in Lithospermeae
may be explained by the diversity of corolla shapes in
the tribe. Faucal appendages often are associated with
particular corolla shapes, such as salverform, but not
with others, including urceolate and funnelform
(Cohen, 2011). These latter shapes are common in
Lithospermeae, but not in other tribes. Consequently,
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species of Lithospermeae may have evolved one man-
ner to attract pollinators—specialized corolla shapes—
while members of other tribes have developed faucal
appendages for this function.

Heterostyly.  In the present study, eight to 10 origins
of the breeding system heterostyly are resolved, two to
three in Cynoglosseae, two to three in Boragineae, and
four in Lithospermeae (Fig. 2, circles), and, within
Lithospermum, Cohen (2011) resolved at least four
additional origins of heterostyly. Therefore the
breeding system originated at least 12 times within
Boraginaceae. The present study resolves only one loss
of heterostyly, in Amsinckia, but additional losses have
previously been reported in the same genus (Schoen
etal, 1997, Li and Johnston, 2010). To date,
representatives from all genera of Boraginaceae with
heterostylous  species have been included in
phylogenetic analyses (Schoen et al., 1997, Thomas
et al.,, 2008; Ferrero etal., 2009; Cohen, 2011I;
Hasenstab-Lehman and Simpson, 2012), but this is not
the case for all heterostylous species of the family. As
more heterostylous species, particularly those of
Cryptantha and its relatives, are included in
phylogenetic analyses, the number of origins will likely
increase.

In Boraginecae and Cynoglosseae, non-herkogamy
(lack of spatial separation between anthers and stig-
mas) is common, and heterostylous species are
resolved to have originated from a non-herkogamous
ancestor. In Lithospermeae, approach herkogamy
(stigmas positioned above the anthers) is common,
and approach herkogamous species are ancestral to
three origins of heterostyly (the fourth origin is ambig-
uous). The different types of herkogamy exhibited by
the ancestral species suggest two distinct manners in
which heterostyly may have arisen. In Boragineae and
Cynoglosseae, the non-herkogamous ancestors are
congruent with the evolution of heterostyly proposed
by Charlesworth and Charlesworth (1979), in which a
non-herkogamous ancestral population develops self-
and intramorph-incompatibility prior to reciprocal
herkogamy. In contrast, the approach herkogamous
ancestors resolved in Lithospermeae are congruent
with scenarios proposed by Anderson (1973) and
Lloyd and Webb (1992a). These authors hypothesized
that in an ancestral population of approach herkoga-
mous species, reciprocal herkogamy evolved before
self- and intramorph-incompatibility. Consequently,
the manner in which heterostyly developed in Litho-
spermeae appears to differ from that in Boragineae
and Cyngolosseae. In addition to the phylogenetic
data, distinct floral developmental patterns and self-
and intramorph-incompatibilities have been reported
in each of the three tribes with heterostylous species
(Ganders, 1979; Philipp and Schou, 1981; Schou and

Philipp, 1983; Casper, 1985; Li and Johnston, 2010;
Cohen et al., 2012). The present study is the first to
report distinct manners (i.e. scenario of Charlesworth
and Charlesworth, 1979 vs. scenarios of Anderson,
1973 and Lloyd and Webb, 1992a) in which hetero-
styly may have arisen in different clades of the same
family.

Twenty years ago, Lloyd and Webb (1992b) stated
that Boraginaceae is one of “the most obvious candi-
dates for divergent routes to heterostyly.” However,
these authors may not have hypothesized that the 12—
14 origins of heterostyly resolved in Boraginaceae
would be the greatest number of origins presently
identified in any family. Despite this large number,
multiple origins of the breeding system are not uncom-
mon. Heterostyly evolved independently two to 10
times in Linaceaec (McDill et al., 2009), five times in
Lythraceae (Morris, 2007), four times in Pontederia-
ceae (Kohn et al., 1996), and two to three times in Ru-
biaceae (Ferrero et al.,, 2012). Current research
suggests that within angiosperm families, multiple ori-
gins of heterostyly are more common than is a single
origin followed by multiple losses, a pattern resolved
only in Menyanthaceae (Tippery and Les, 2008, 2011).
Due to the large number of different origins of hetero-
styly, Boraginaceae can serve as a model for the inves-
tigation of the various manners in which the
heterostylous breeding system can arise.

Pollen characters

In Boraginaceae, pollen varies in size, shape, pore
number, pore position, and other features. Seven differ-
ent pollen shapes are present in Boraginaceae. Ellipsoid
pollen is resolved as ancestral for the family as well as
for each tribe; however, this shape is not present in
Echiochileae, the tribe sister to the rest of the family.
Species from this early diverging tribe develop pollen
shapes, such as oblate-square and triangular-prism,
uncommon in the rest of the family. Of the five tribes,
pollen shape is most diverse in Lithospermeae, and pol-
len shapes are diagnostic and synapomorphic for large
clades in this tribe. For example, ovoid pollen is a syna-
pomorphy for two clades: Podonosma + Alkanna and
the clade that includes Echiostachys, Echium, Loboste-
mon, and Pontechium. Additionally, although heterosty-
lous species are present in three tribes of Boraginaceae,
Lithospermeae is the only one that includes heterosty-
lous species that bear pollen dimorphic in both size and
shape (Johnston, 1952), and this type of pollen origi-
nated at least twice within the tribe.

The advantage of pollen shape diversity within
Boraginaceae could relate to a type of lock-and-key
pollination (Ghorbel and Nabli, 1998; Biggazi and Sel-
vi, 2000; Cohen, 2010). Biggazi and Selvi (2000) pro-
vide evidence that pollen of a particular shape can be
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captured and retained between stigmatic papillae of a
complementary shape. This lock-and-key pollination
orients pollen of the correct shape while restricting
access and retention of foreign pollen to the stigmatic
surface. The extent of the interconnection between pol-
len and stigma papillac shape has been explored pri-
marily in Boragineae (Ghorbel and Nabli, 1998;
Biggazi and Selvi, 2000), but this type of pollination
appears to be more widespread in the family, with
Cohen (2010) providing evidence of this relationship in
Lithospermeae. By placing in a phylogenetic context
the shapes of both pollen and stigmatic papillae, it
would be possible to identify the number of origins of
this lock-and-key pollination and to test if shifts in the
shape of one are associated with changes in the other.

As with pollen shape, pollen pore number is variable
in Boraginaceae (Fig. 2, rounded rectangles), and this
character is most evolutionarily labile within Boragi-
neae and Lithospermeae. Within these tribes, seven
and five transitions, respectively, are resolved for pol-
len pore number (Fig. 2). In Boragineae, most of these
transitions are in single species, but in Lithospermeae,
shifts in pollen pore number tend to characterize larger
clades. In general, pollen pore number in Boraginaceae
has increased from three pores to six or greater, a
trend observed in other groups as well, such as Cuscu-
ta L. (Welsh et al., 2010), Dioscorea L. (Schols et al.,
2005), and Sanguisorbeac (Chung et al., 2010). Dajoz
et al. (1991) and Furness and Rudall (2004) suggest
that an increase in pollen pore number may be advan-
tageous because a greater number of pores results in a
greater number of germination sites, and therefore a
greater probability that at least one of these sites will
be in an area favourable for germination. This advan-
tage provides an explanation for the trend of increas-
ing pollen pore number in Boraginaceae. Despite this
putative advantage, most species of the family, and
many of the more speciose and geographically wide-
spread genera such as Anchusa and Onosma, bear pol-
len with three to five functional pores. Dajoz et al.
(1991) provide evidence that, although pollen with
fewer pores may not germinate as quickly as pollen
with more pores, pollen with fewer pores is longer
lived and tends to produce pollen tubes with an
increased growth rate. This helps explain the small
number of pores in most species of the family as well
as the presence of heterocolpate pollen in Cynoglos-
seae. Given that pollen with more pores and with
fewer pores both have advantages, variation in pollen
pore number may be expected, even if a consistent
unidirectional trend is also identified.

Fruit characters

All species of Boraginaceae develop nutlets, as do
some members of Ehretiaceae and Heliotropiaceae. In

each of these three families, nutlets originated indepen-
dently. Although the type of fruit in Boraginaceae is
constant, variation occurs in nutlet ornamentation
(Fig. la—). In most of the tribes of Boraginaceae, this
variation is limited, with species bearing nutlets that
are rugose, tuberculate, or smooth. In contrast, in
Cynoglosseae and Trichodesmeae nutlet ornamenta-
tion is diverse. Species develop nutlets that range from
rugose, tuberculate, or smooth to glochidiate, with
marginal wings, and/or with marginal glochids
(Fig. 1b,c). These latter three types of nutlet are exclu-
sive to these two tribes, and specific types of nutlet
ornamentation characterize particular clades. For
example, nutlets with marginal glochids or wings
(Fig. 1b) characterize the clade that includes Omphal-
odes and Myosotidium, and glochidiate nutlets are a
synapomorphy for the clade that includes Paracaryum
and Cynoglossum. Unlike the nutlets of most species
of Boraginaceae, which appear to be barochorious
(Mora-Vicente et al., 2009), those with glochids or
wings have adaptations for additional types of
dispersal, such as epizoochory (Ma et al.,, 2010;
Goémez-Gonzdlez et al., 2011; Selvi et al., 2011) or
anemochory (Thorsen et al., 2009). The greater dis-
persal ability of the nutlets of species of Cynoglosseac
may help explain why, compared with other tribes of
the family, this tribe has the most widespread
geographic distribution as well as the greatest number
of independent colonization events of the New World,
South Africa, Australia, and New Zealand.

Despite the lack of glochids and wings present on
the nutlets of most species in the family, other adapta-
tions for nutlet dispersal are evident. In Myosotis
(Thorsen et al., 2009), Mortizia (Melcher et al., 2000),
Arnebia, and other genera, the calyx, which produces
stiff trichomes, envelops the nutlets. This leads to all
four nutlets being dispersed together as a unit inside
the calyx. This method of dispersal is similar to that
present in many species of Cynoglosseae, but it
involves modification of different plant organs—the
calyx rather than the ovary. Given the close spatial
proximity of the sepals to the gynoecium, the similari-
ties in fruit dispersal could be the result of transference
of function (Baum and Donoghue, 2002). Rather than
produce glochids on the surface of the nutlets, the
development of these structures (i.e. stiff trichomes)
may have shifted to the calyx. This hypothesis can be
tested by investigating whether the same or different
genes are involved in the development of each type of
dispersal unit.

Conclusion

In Boraginaceae, Cynoglosseac has the greatest
diversity of nutlet ornamentation, while floral and
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pollen features are most diverse in Boragineae and
Lithospermeae. Given these differences among tribes,
it appears that specific features of the plant have been
under fewer evolutionary and/or developmental con-
straints in particular clades: fruit in Cynoglosseae, and
flowers and pollen in Boragineac and Lithospermeae.
Consequently, species of Cynoglosseae have developed
nutlets with diverse surface ornamentations, which
appear to have provided members of the tribe with
increased opportunities to colonize more areas more
often. In contrast, Boragineae and Lithospermeae have
developed greater variation in floral morphology and
breeding systems, such as heterostyly (Schoen et al.,
1997; Thomas et al., 2008; Ferrero et al., 2009; Cohen,
2011; Hasenstab-Lehman and Simpson, 2012), lock-
and-key pollination (Biggazi and Selvi, 1998), and
zygomorphy, allowing these two tribes to exploit more
diverse pollination syndromes compared to members
of Cynoglosseae.

The present study is the first to investigate phyloge-
netic relationships of the entire Boraginaceae using both
molecular and morphological data. From these phyloge-
nies, it is evident that additional species-level phyloge-
netic studies should be undertaken on specific clades in
which large, widespread genera, such Myosotis,
Cynoglossum, Eritrichium, and Anchusa, are resolved as
non-monophyletic. Further analyses of these genera and
their relatives will help to determine the most appropri-
ate manners in which to circumscribe genera. In future
family-level studies of Boraginaceae, it will be important
to include more East Asian representatives of the
family. Many genera, particularly small genera, are
endemic to this region (Zhu et al., 1995), but to date,
East Asian members have been poorly sampled in evolu-
tionary studies of Boraginaceae. Including species from
this region will provide critical data on phylogenetic
relationships and character evolution, and will allow for
a comprehensive reevalution of the taxonomy of the
family, which is overdue.

Given the morphological diversity, as well as the
patterns of evolution of vegetative, floral, pollen, and
fruit features, Boraginaceae can serve as a model for
the investigation of various morphological features,
including heterostyly, corolla shape and symmetry,
inflorescence bracts, leaf venation, pollen shape and
pore number, and fruit ornamentation (Figs 1, 2 and
4). Future studies can focus further on the examina-
tion of the morphology, anatomy, development, genet-
ics, and evolution of these and other variable
characters within this diverse family.
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Appendix 2 (b) _ .

Strict consensus trees of the (A) combined cpDNA

(L = 5531, CI/RI = 0.46/0.83), (B) cpDNA (L = 4983,
CI/RI = 0.50/0.84), and (C) morph matrices (L = 408,
CI/RI = 0.14/0.78). Numbers above branches are
jackknife values

Fig. Al. (Continued).
Fig. Al. £ ( )



Fig. Al. (Continued).
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Appendix 3

Patterns of evolution for each of the 27 morphological
characters investigated in the present study

Patterns of morphological character evolution
Morphological characters — vegetative

Naphthoquinones.  Most species of Boraginaceae do not
produce naphthoquinones, which result in a red or purple color in
the roots, and the lack of these secondary compounds is ancestral
for the family. At least 11 independent origins of naphthoquinones
are resolved, along with no unambiguous losses. All tribes, except
Trichodesmeae, include species that synthesize naphthoquinones, and
Lithospermeae has the greatest number of species that produce these
secondary compounds. Naphthoquinones are a synapomorphy for
many species pairs as well as the clade that includes Arnebia,
Huynia, and Macrotomia.

Vestured pits. Vestured pits are not present in most species of
Boraginaceae, but the presence of vestured pits characterizes species
of Antiphytum and Lithospermeae. This feature is a synapomorphy
for the tribe.

Position of leaves.  The development of only cauline leaves is
the ancestral condition for the family and for Echiochileae, and
most species of Lithospermeae develop only cauline leaves. Most
species of Cynoglosseae and Boragineae are characterized by both
basal and cauline leaves, and this is the ancestral condition for the
latter. Although most species of a tribe develop a particular leaf
position, the alternate type of leaf position originated multiple times.
With the exception of the clade that includes Gastrocotyle and
Anchusa, most of these origins in Boragineac and Cynoglosseae
occur in individual species.

Pattern of leaf venation. ~ Most species of the outgroup are
characterized by leaves with an evident midvein and secondary veins,
but this is not the ancestral condition for Boraginaceae. Most
species of Boraginaceae develop leaves with only an evident midvein,
although multiple origins of leaves with both a midvein and
secondary veins occur in the family. In Cynoglosseae, this type of
leaf venation is a synapomorphy for four medium to large clades:
Myosotidium + Omphalodes, Mertensia, Hackelia, and the one that
includes Cynoglossum, Lindelofia, and four other genera. In
Boragineae, leaves with both a midvein and secondary veins is a
synapomorphy for the clade that includes Trachystemon and
Moritzia. As with the position of leaves, a reversal is resolved in the
tribe, with leaves that only include a midvein being a synapomorphy
for the clade that includes Gastrocotyle and Anchusa.

Cordate leaves. A cordate leaf shape is uncommon in
Boraginaceae. Most origins of this type of leaf are in single species,
but cordate leaves are a synapomorphy for the clade that includes
Myosotidium and Omphalodes.

Morphological characters — floral

Floral bracts. Although most species of Echiochileae develop
floral bracts, which is a synapomorphy for the tribe, the ancestral
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condition for this character is ambiguous. Most members of
Cynoglosseae lack floral bracts, although floral bracts originated at
least 14 times within the tribe. Additionally, Cynoglosseae is the
only tribe that includes species with floral bracts present only at the
base of the inflorescence. All species of Lithospermeae develop floral
bracts, and this is also the case for almost all species of Boragineae.
In this tribe, three losses of floral bracts are resolved: in Moritzia, in
Brunnera, and in the clade that includes Procopiania and
Symphytum.

Corolla shape. 1 identified ten different corolla shapes. The
salverform shape is most common, but funnelform corollas are
resolved as ancestral for the family. This corolla shape is common in
Echiochileae, but not in other tribes, although this shape is a
synapomorphy for the clade that includes Echiostachys, Echium,
Lobostemon, and Pontechium. Salverform corollas are ancestral in all
other tribes. The funnelform-salverform shape is a synapomorphy
for the clade comprising species of Buglossoides and Ulugbekia as
well as for other species pairs. Most other corolla shapes tend to
originate in individual species. Most species of Cynoglosseae develop
salverform corollas, but this is not the case in Boragineaec and
Lithospermeae. In these latter two tribes, corolla shape is quite
diverse with multiple origins of different shapes of corollas as well as
more diversity in corolla shape than is observed in Cynoglosseae.

Corolla lobes.  Most species of Boraginaceae bear corollas
with flared lobes, and this is the ancestral condition for the family.
Multiple independent origins of erect corolla lobes are resolved in
the present phylogenies. Erect corolla lobes are a synapomorphy for
small clades consisting of one or two genera, such as Asperugo +
Mertensia, as well as the large clade composed of Moltkia, Echium,
and six other genera. Many species are polymorphic for both erect
and flared corolla lobes. Only a small number of species bear
corollas with reflexed corolla lobes, with this condition most
common in Lithospermeae. In most cases, reflexed corolla lobes
originated independently in single species.

Corolla  symmetry. Most species of Boraginaceae bear
actinomorphic corollas, but zygomorphic corollas originated at least
six times. These origins occurred in all tribes except Cynoglosseae.
In general, zygomorphic corollas originate within a single species or
genus, but this type of corolla symmetry is a synapomorphy for
Echiochilon as well as the clade composed of Echiostachys, Echium,
Lobostemon, and Pontechium.

Corolla color. Eight different corolla colors were identified.
White is reconstructed as the ancestral corolla color for
Boraginaceae. Although this color is common in Echiochileae, it is
not as common among species of the other tribes. Corolla color is
quite variable throughout Boraginaceae, and many species are
scored as polymorphic. Despite this variability, particular corolla
colors are synapomorphies for large clades, such as blue for
Cynoglosseae, yellow for Lithospermeae, and white for Cryptantha
and relatives.

Abaxial trichomes on the corolla.  The absence of abaxial
trichomes on the corolla is the ancestral condition for the family,
but the majority of species of Echiochileae included in the present
study bear corollas with abaxial trichomes. Within Boraginaceae, at
least 10 independent origins of the presence of abaxial trichomes on
corollas are reconstructed, with most occurring in Boragineae and
Lithospermeae. In Boragineae, this state tends to originate in single
species, but in Lithospermeae, this state is a synapomorphy, in
analyses of the combined matrix, for the clade that includes all of
the tribe except Alkanna + Podonosma. In analyses of the cpDNA
combined matrix, the presence of abaxial trichomes on the corolla

are is a synapomorphy for two large clades: Arnebia, Lithospermum,
and three other genera as well as Echium and Lobostemon. In this
tribe, at least two reversals are resolved to corollas that are glabrous
abaxially.

Adaxial trichomes on the corolla.  Most species of
Boraginaceae do not bear corollas with adaxial trichomes, and this
is the ancestral condition for the family. The presence of corollas
with adaxial trichomes originated at least 10 times. In all but one
instance — Echiochilon — this state arose in isolated species.

Faucal appendages.  Although in Boraginaceae the absence of
faucal appendages is the ancestral condition, faucal appendages are
present in most of the sampled species of the family. All tribes of
Boraginaceae include species that bear flowers with faucal
appendages, and this is the case for most species of Boragineae and
Cynoglosseae. However, it is ambiguous as to whether or not the
faucal appendages in these two tribes are ancestral. In contrast to
Boragineae and Cynoglosseae, most species of Lithospermeae
develop flowers without faucal appendages. Faucal appendages have
been lost at last seven times in Boraginaceae.

Glands inside corolla.  Although most species of
Boraginaceae bear corollas with glands, the absence of glands is
resolved as the ancestral condition for the family, and this is the
condition for all but one species of Echiochileae, Antiphytum
hintoniorum L.C. Higgins & B.L. Turner. Most species of
Cynoglosseae and Boragineae bear corollas with glands, but the
opposite condition is most common in Lithospermeae, although the
presence of corolla glands is a synapomorphy, in Lithospermeae, for
the large clade that includes Buglossoides and Lithospermum. In
Boraginaceae, at least 14 reversals to corollas without glands are
resolved, with most of these reversals occurring in individual species
or small clades.

Type of herkogamy.  Non-herkogamy is ancestral for the
family as well as for all tribes, except Trichodesmeae in which
approach herkogamy is the ancestral state. Most species of
Boragineae and Cynoglosseae are non-herkogamous, although
approach herkogamy originated multiple times in each of these
tribes. In Boragineae, approach herkogamy is a synapomorphy for
the clade that includes Trachystemon and Symphytum. Approach
herkogamy is most common in Lithospermeae, and it is a
synapomorphy for the large clade composed of Cerinthe and
Echium. Reverse herkgaomy as a fixed state is present only among
isolated species in Boraginaceae. Reciprocal herkogamy originated at
least eight times among species of Boraginaceae.

Anther position.  Although most outgroup species develop
flowers with anthers exserted from the corolla, most species of
Boraginaceae do not, and this is the ancestral condition for the
family as well as all tribes, except Trichodesmeae in which exserted
anthers are a synapomorphy. Most instances of anther exsertion
occur in isolated species or in species pairs, but this state is a
synapomorphy for a large clade in Lithospermeae that includes
Moltkia and Echium in analyses of the combined matrix and
Echium and Pontechium in analyses of the combined cpDNA
matrix.

Androecial apical projection.  Five different types of
androecial apical projections were identified in the present study.
Each of these is characteristic of a particular genus or group of
genera, and all but one state, Myosotis-type, is a synapomorphy for
a clade. For example, different types of apical projections are
synapomorphies for Borago and for Trichodesma.
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Stigma position.  Most species of Boraginaceae bear stigmas
included in the corolla, and this is the ancestral condition for the
family. Each tribe, except Echiochileae, includes one large clade
characterized by exserted stigmas. For example, in Lithospermeae
exserted stigmas are a synapomorphy for the clade that includes
Moltkia, Echium, and six other genera, and in Cynoglosseae, this
condition is a synapomorphy for the clade composed of Paracaryum
and Lindelofia.

Stigma location.  Terminal stigmas is both the ancestral and
most common condition in Boraginaceae. Subterminal stigmas
originated at least 11 times in the family. Most of these origins
occur among individual species; however, two genera, Buglossoides
and Echiochilon, are characterized by subterminal stigmas, and this
state originated independently in each.

Conical stigmas.  Stigmas with a conical shape only are
present in species of Heliotropium. This type of stigma is resolved to
have originated one to two times among members of the genus.

Pollen  shape. Seven different pollen shapes have been
identified in Boraginaceae. The ancestral condition for the family is
ellipsoid, and this also is the most common shape in Boraginaceae,
especially in Boragineae and Lithospermeae. Although ellipsoid
pollen is resolved in Cynoglosseae as ancestral, many species in this
tribe bear pollen that is prolate with a constricted equator
(hourglass). However, a reversal to ellipsoid pollen is identified, and
this type of pollen is a synapomorphy for the large clade that
includes Cynoglossum and Cryptantha. Ovoid pollen is restricted to
Lithospermeae, and it is a synapomorphy Alkanna + Podonosma as
well as the clade that includes Echium, Echiostachys, Lobostemon,
and Pontechium. Other pollen shapes characterize only a few species,
and in most cases, each shape is a synapomorphy for a small group
of species.

Pollen pore number.  Pollen with two to five pores is the
ancestral condition for Boraginaceae. Pollen with a more pores has
originated multiple times. These origins are most common in
Boragineae and Lithospermeae. In Boragineae, Symphytum is
characterized by pollen with eight to twelve pores, and pollen with
six to eight pores originated independently in Trachystemon,
Moritzia, and Hormuzakia. In Lithospermeae, pollen with six to
eight pores is a synapomorphy for a large clade that includes species
of Lithospermum and Neatostema. Pollen with eight to twelve pores
is a synapomorphy for two small clades in Lithospermeae: Huynhia
+ Macrotomia as well as three species of Moltkia. In Boraginaceae,
only two instances are identified in which pollen pore number
decreased, and both of these — Halacsya and, in analyses of the
combined matrix, the clade that includes Onosma and Echium —
occur in Lithospermeae

Pollen pore position.  Pollen with equatorial pollen pores is
the ancestral condition for the family, and most species develop

pollen with equatorial pores. According to the present phylogenies,
at least six independent origins of pollen with subequatorial pores
are resolved throughout the family. All of these origins occur in
Lithospermeae, except one in Moritzia.

Heterocolopate  pollen. Heterocolpate  pollen is a
synapomorphy for Cynoglosseae, and species of Cynoglosseae are
the only species in Boraginaceae that bear this type of pollen. Two
outgroup species, Phacelia tanacetifolia Benth. and Tysonia africana
Bolus, are the only other species included the present study that
develop heterocolpate pollen, and this type of pollen originated
independently in each.

Organismal characters — fruit

Fruit type.  All species of Boraginaceae bear nutlets, and for
the family, this fruit type is a synapomorphy. Nutlets are also
present in Heliotropiaceae and Ehretiaceae, and phylogenetic results
suggest that nutlets originated independently in each of these two
families. Capsules are a present in Hydrophyllaceae, Codon, and
Wellstedia, and drupes are a synapomorphy for the clade that
includes Cordiaceae, Ehretiaceae, and Heliotropiaceae.

Nutlet surface ornamentation. 1 identified eight different
types of nutlet surface ornamentation. The ancestral type is
ambiguous for the family. In analyses of the combined matrix,
rugose and tuberculate nutlets are ancestral for Boragineae and
Lithospermeae, respectively, while in analyses of the combined
cpDNA matrix, smooth nutlets are resolved as ancestral for the
clade that includes both of these tribes. Nutlets with tuberculate or
rugose ornamentation arose independently in  Boragineae,
Cynoglosseae, and Lithospermeae. Nutlets with glochids, marginal
glochids, or marginal wings are restricted to Cynoglosseae and
Trichodesmeae. Each of these nutlet types is a synapomorphy for a
medium to large clade. For example, the presence of marginal
glochids is a synapomorphy for the clade consisting of Eritrichium,
Hackelia, Lappula, and Lepechiniella. Additionally, in Cynoglosseae
smooth nutlets are a synapomorphy for the clade that includes
Bothriospermum, Brachybotrys, Myosotis, Pseudomertensia,
Trigonocaryum, and Trigonotis.

Nutlet attachment. Al species of Boragineae and
Lithospermeae included in the present analyses develop nutlets with
basal attachment, and this condition is a synapomorphy for the
clade composed of these two tribes. In contrast, all species of
Cynoglosseae and Trichodesmeae, with the exception of species of
Brachybotrys and Pseudomertensia, bear nutlets with non-basal
attachment. In Echiochileae, nutlet attachment is more variable.
Although most members of the tribe develop nutlets with basal
attachment, two independent origins of non-basal attachment are
resolved.



