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ABSTRACT

Until recently, classification of Crataegus (Maleae, Rosaceae) has been mostly based on
morphological data. Phenetic and cladistic approaches allowed taxonomists to establish classifications of
the genus at the levels of sections and series, but without revealing clear phylogenetic relationships
between these infrageneric groups. Molecular studies suggest the existence of major evolutionary
lineages, some of which correspond to previously published subgenera (C. subg. Americanae and subg.
Sanguineae). The present paper aims to complete the subgeneric classification of Crataegus by raising C.
sect. Mespilus and sect. Brevispinae to subgenera. Also, in order to depict current knowledge of the
phylogenetic relationships within C. subg. Sanguineae, a new C. sect. Salignae is described. In addition,
we provide a new description of Crataegus and keys to distinguish it from other related Maleae genera, to
determine the subgenera and, within C. subg. Sanguineae, to determine the sections. In conclusion, we
summarize the current classification of Crataegus, excluding nothosubgenera and nothosections, in
relation to the phylogeography and leaf venation patterns of the genus. Published on-line
www.phytologia.org Published on-line www.phytologia.org Phytologia 102(3): 177-199. (Sept 21, 2020).
ISSN 030319430.
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Crataegus L. (Rosaceae Juss., subfam. Amygdaloideae Arn., tribe Maleae Small) is a well-defined
genus including over 200 species (Phipps, 2015) that mainly occur throughout the temperate zone of the
Northern Hemisphere in high light intensity habitats with hydrological regimes permitting the growth of
woody trees. Some species are cultivated as ornamentals, or for their fruit. The flowers, fruit, and foliage
are also the sources of natural health products (Edwards et al., 2012). Crataegus taxonomy is considered
complicated and has attracted the attention of researchers seeking to provide a solid basis for its
classification. J. C. Loudon (1838) proposed the first infrageneric divisions for the genus. He noted how
the number of “sorts” of hawthorns had more than doubled since the turn of the century and explicitly
chose to throw them “...into natural groups, according to the majority of their points of resemblance...,”
rather than preparing a technical key to sections; this was supplied instead as an appendix by the
horticulturalist George Gordon (Loudon, 1838). Loudon’s natural classification of Crataegus into 14
sections (as now understood) provided the basis for subsequent workers to deal with the rapid increase in
the number of hawthorn species described through the first half of the twentieth century.
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By the end of 1980s, the number of groups/sections/series had been nearly doubled. Most of the
treatments employed a hierarchy with just a single level between genus and species, either sections
(Schneider, 1906; Palmer, 1925; Cinovskis, 1971) or series (Rehder, 1940; Palmer, 1952; Kruschke,
1965; Rusanov, 1965). The first multilevel infrageneric classification of the whole genus was published
by J. B. Phipps (1983), who grouped series into sections. At that time the division of the genus into two
subgenera (C. subg. Crataegus and Americanae El Gazzar) by El-Gazzar (1980) was, besides being
recognized as being based in part on faulty data, a nomenclatural act of little immediate significance.
Rather, classification of Crataegus at the level of sections and series was well established as a means of
organizing the morphological diversity seen within the genus (Christensen, 1992; Lance, 2014; Phipps,
2015). However, while phenetic and cladistic analyses of Crataegus morphological data corroborated the
existence of groups, the latter failed to demonstrate definitive phylogenetic relationships (Phipps, 1983;
Christensen, 1992; Dickinson and Love, 1997; Phipps, 1999).

Since then, molecular phylogenies have demonstrated greater success in elucidating cladistic
relationships between sections. Molecular studies (Lo et al., 2007; Lo et al., 2009a; Lo et al., 2009b;
Zarrei et al., 2014; Zarrei et al., 2015) revealed the main lines of evolution in the genus, which, it turned
out, corresponded partially to the distinctions recognized by El-Gazzar (1980). Lo et al. (2009a) analyzed
a sufficiently wide sample of species to be able to delineate clades corresponding not only to El-Gazzar’s
subgenera but also to the one subsequently described as C. subg. Sanguineae Ufimov (Ufimov, 2013). We
have completed the subgeneric classification of Crataegus by raising two further sections to subgenera. In
addition, in recognition of the cladistic relationships within C. subg. Sanguineae (Zarrei et al., 2015) we
describe one further section of the genus.

OBJECTIVES

We provide a comprehensive subgeneric classification for the genus Crataegus in order to facilitate
communication and help focus research attention on the most challenging taxonomic problems, such as
relationships within C. subg. Americanae and Crataegus. In addition, we also describe C. sect. Salignae
T.A.Dickinson & Ufimov sect. nov. in order to accommodate C. ser. Cerrones J.B.Phipps in a way that
reflects its position within C. subg. Sanguineae, namely as sister group to C. sect. Douglasianae Rehder
ex C.K. Schneid.* and sect. Sanguineae Zabel ex C.K.Schneid. Finally, we interpret this classification in
light of the phylogeny on which it is based, using data from leaf venation that may be relevant to the
future interpretation of fossils, and the (limited) fossil data that are currently available.

MATERIALS AND METHODS

We illustrate the phylogenetic relationships between the infrageneric groups that we discuss using a
result from an earlier work (Fig. 1; Lo and Donoghue, 2012) and data from a recent study (Fig. 2; Liston
et al. in prep.; used with permission) in which whole plastome DNA alignments were obtained from 14
diploid Crataegus accessions and aligned to the Malus xdomestica ‘Golden Delicious’ plastome sequence
(Velasco et al., 2010). Relationships between these accessions were summarized as a maximum
likelihood tree (RAXML,; Stamatakis, 2014), rooted using the apple reference plastome. This tree was then
collapsed to show just the relationships between five subgenera (and the three sections in
C. subg. Sanguineae; Table 1) that are of interest here, using the function makeCollapsedTree in the R
package TREESPACE (Jombart et al., 2017). We project this tree onto a north polar projection of a

! According to Art. 21.2 and Art. 32.1 of the International Code of Nomenclature for algae, fungi, and plants
(Turland et al., 2018) the sectional name Douglasii was not validly published by Loudon (1838: 823) as it is a noun
in the genitive singular. The articles mentioned do not allow simple correction, so the earliest valid publication of a
section containing C. douglasii is that of C. K. Schneider (1906: 775), and his name is the correct one that we use
here.
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tectonic plate reconstruction for 37 Ma produced using the ODSN Plate Tectonic Reconstruction Service
(Hay et al., 1999; https://www.odsn.de/odsn/services/paleomap/paleomap.html) in order to show
informally the present-day biogeographic relationships between the terminals. 37 Ma was chosen as the
approximate time of diversification of the ‘Cratacgus’ clade at Eocene-Oligocene boundary (Lo and
Donoghue, 2012).

Although the main purpose of this paper is to publish new names needed to complete the
infrageneric classification of Crataegus, we also wish to document leaf venation, a little-studied aspect of
morphological variation across the subgenera, and one that is critical for identification of fossil leaf
material. Leaves from specimens in the Green Plant Herbarium of the Royal Ontario Museum (TRT;
Table 1) were imaged with x-rays on Kodak Industrex M100 x-ray film using a Hewlett Packard Faxitron
Model K43805 (Ross, 2008) and digitized from the x-ray negative using a Hasselblad H5D-200c MS or
similar camera. The original x-ray film images are negatives, with veins in white against a bluish
background. “Positive” images (venation dark, against a light background) were produced using the
“negative” functions of image processing software for the Macintosh™ computer (ToyViewer v5.5,
Ogihara, 2014; all other images reproduced here were produced using Adobe PhotoShop™ and
Pixelmator Pro™). Access to an online taxonomic database of these and additional downloadable
Crataegus leaf venation images (Dickinson et al., 2020) is made possible by MorphoBank (O’Leary and
Kaufman, 2011, 2012).

We also refer to our own field observations and the field photographs of others, as well as to
published illustrations, in order to incorporate additional morphological data, notably concerning the
proleptic or sylleptic growth of lateral short shoots in the ‘Amelanchier+Crataegus’ clade (clade A in Fig.
1). Sylleptic and proleptic growth are understood as they are described by Hallé et al. (1978, p. 42 ff.).

RESULTS

The genera of the Maleae together with the genus Gillenia Moench form a clade (Fig. 1; Potter et
al., 2007; Lo and Donoghue, 2012) that can be referred to as supertribe Pyrodae C.S.Campb., R.C.Evans,
D.R.Morgan & T.A.Dickinson. Within the Pyrodae fruit type is heterogeneous, the four basal genera
having dry dehiscent fruits, while the remainder of this clade (subtribe Malinae Reveal) has fleshy fruits
developing from flowers that are epigynous (perigynous in Dichotomanthes Kurz; Rohrer et al., 1994).
Within the Malinae, composite fruit walls (lignified endocarp, fleshy epicarp, as in Prunus L.) occur
repeatedly, so as to make up tribe Crataegeae Koehne (Kalkman, 2004; Kalkman excludes
Dichotomanthes from the Crataegeae on the grounds that its fruit is an achene partially enclosed by an
accrescent hypanthium). However, the Crataegeae (named genera with black dots, Fig. 1) is clearly not
monophyletic as the component genera are distributed in each of Malinae clades A, B, and C (Fig. 1) as
well as in the two genera found in trichotomies (Pyracantha M.Roem., Osteomeles Lindl.; Fig. 1). The
remaining genera (not listed in Fig. 1) in clades A?, B®, and C* have berry-like fruits (the Cydonia group
and tribe Maleae in Kalkman, 2004).

All the subgenera of Crataegus are monophyletic (Fig. 2; Liston et al., in prep.). Crataegus subg.
Brevispinae (Beadle) Ufimov & T.A.Dickinson and Mespilus (L.) Ufimov & T.A.Dickinson are
monotypic; C. subg. Americanae and Sanguineae were each represented by multiple accessions in the
original analysis by Liston et al. (in prep.). Crataegus subg. Crataegus has been shown to be

2 Amelanchier Medik., Malacomeles (Decne.) Decne., Peraphyllum Nutt.

3 Aria (Pers.) Host, Aronia Medik., Chaenomeles Lindl., Cydonia Mill., Docynia Decne., Docyniopsis Koidz.,
Eriolobus (DC.) M.Roem., Malus Mill., Pourthiaea Decne., Pseudocydonia (C.K.Schneid.) C.K.Schneid.

4 Cormus Spach, Eriobotrya Lindl., Heteromeles M.Roem., Micromeles Decne., Photinia Lindl., Pyrus L.,
Rhaphiolepis Lindl., Sorbus L. s. str.
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monophyletic elsewhere (Lo et al., 2010; Lo and Donoghue, 2012). Crataegus ser. Cerrones has been
shown to be monophyletic and sister to one or both of C. sect. Douglasianae and Sanguineae (Lo et al.,
2010; Zarrei et al., 2014), and so warrants placement in C. subg. Sanguineae in its own section, C. sect.
Salignae. The subgenera we recognize can also be seen to differ to some extent in their patterns of
secondary venation (Fig. 3). The festooned semicraspedodromous secondary venation of
C. subg. Brevispinae (C. brachyacantha; Fig. 3a) is also seen in Hesperomeles Lindl. (online image,
Kelly, 2008), the sister genus of Crataegus (Li et al., 2012; Liu et al., 2020). Crataegus subg. Mespilus
appears to be unique in its reticulodromous secondary venation (C. germanica; Fig. 3b). The remainder of
the genus exhibits mostly craspedodromous or semicraspedodromous secondary venation (Fig. 3c—j;
Dickinson et al., 2020). Sylleptic development of short shoot vegetative increments occurs not only in
Amelanchier (Fig. 8a, Phipps 2016a) but apparently also in Malacomeles (Velazco-Macias, 2014) and
Peraphyllum (Boone, 2002—onwards; Campbell, 2015), in that these latter images appear to show two
coeval shoots developing, one reproductive and more advanced, and the other vegetative.

TAXONOMY

We provide a new description for Crataegus in the currently accepted circumscription as well as
descriptions of the new subgenera and section. We also provide keys to distinguish Crataegus from some
other genera in Maleae, a key to determine subgenera, and a key to determine sections in C. subg.
Sanguineae.

Crataegus L., Sp. Pl., 1: 475. 1753, nom. cons. (Talent et al., 2008; Brummit, 2011; Barrie, 2011).

= Mespilus L., Sp. pl., 1: 478. 1753.

= Oxyacantha Medik., Phil. Bot., 1: 150. 1789.

= Azarolus sensu M.Roem., Fam. nat. syn. monogr. 3: 132. 1847, non Lazarolus Medik., Phil. Bot.,

1:134. 1789.

= Halmia Medik. ex M.Roem., Fam. nat. syn. monogr. 3: 134. 1847.

= Anthomeles M.Roem., Fam. nat. syn. monogr. 3: 140. 1847.

= Phaenopyrum M.Roem., Fam. nat. syn. monogr. 3: 152. 1847. = Gymnomeles Oerst., Vidensk.

Meddel. Dansk Naturhist. Foren. Kjébenhavn, 1859: 111. 1860, nom illeg. = Phalacros Wenz.,

Linnaea, 38, 1: 164. 1874, nom. illeg.

= Polyomeles Oerst., Vidensk. Meddel. Dansk Naturhist. Foren. Kjobenhavn, 1859: 111. 1860.

= Symphyomeles Oerst., Vidensk. Meddel. Dansk Naturhist. Foren. Kjobenhavn, 1859: 111. 1860.

Type (lectotype, designated by W. W. Eggleston in Britton and Brown, 1913: 294):

C. oxyacantha L. nom. utique rej. (Lambinon, 1981; Brummitt, 1986; Voss, 1987)

(= C.rhipidophylla Gand.).

Shrubs and polycormic or monocormic trees up to 10-15 m tall. Resting buds subglobose or ovoid,
sometimes subconical, rarely conical, indumentum more or less the same as on the twigs. Twigs of the
current year epruinose, rarely pruinose, glabrous or more or less pubescent to densely tomentose, lanate or
villous. Young twigs (of the previous years) variable in color from grey, brown and reddish to yellow and
orange. Mature bark greyish or brownish, sometimes more or less orange, platelike, exfoliating in small,
angular scales. Aphyllous thorns present at least on some shoots, variable in length (1-10 cm), curvature,
stoutness and color. Spine-tipped, leafy short shoots (leafy thorns, as in Pyracantha, Fig. 26 in Phipps,
1983) present or absent. Branched thorns may be present on mature trunks. Long (extension) shoots
present, sterile short shoots present or not. Leaves deciduous, sometimes winter-persistent, alternate, in
spiral phyllotaxy, simple, separated by internodes 2—3 cm long on long shoots, more or less crowded on
short shoots (internodes often < 0.5 cm), glabrous or pubescent, microphylls, notophylls, or mesophylls
(for the explanation of terms see Ellis et al., 2009); stipules caducous or persistent, free, falcate, margins
entire to finely serrate, glandular or eglandular; petioles present, sometimes glandular; leaf blades often
more variable in shape on long shoots than on short shoots, unlobed or more or less lobed to deeply
incised, more or less narrowly to broadly ovate, elliptic, or obovate, margins entire, serrate, crenate, or
dentate, teeth sometimes gland-tipped; secondary venation reticulodromous or weakly brochidodromous,
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craspedodromous or semi-craspedodromous, in some cases approaching camptodromous. Inflorescence
terminal (on few-leaved short flowering shoots, which arise from the resting buds on short, long, or
flowering shoots of previous year), 1-50-flowered, sympodial, corymbose, umbellate, or flowers solitary;
bracts sometimes present, leafy; bracteoles caducous or persistent, symmetric or falcate/stipuliform, with
entire or glandular-serrate/dentate margin; pedicels present, pedicels and peduncles glabrous or
pubescent, their indumentum similar to that of the twigs. Hypanthium more or less obconic, constricted
apically, glabrous or pubescent, its indumentum usually similar to that of the inflorescence, but can be
quite different. Indumentum of young twigs, leaves, inflorescence, and hypanthium tends to change over
time and can disappear when fruits are mature. Inner surface of the free portion of the hypanthium nectar-
secreting. Perianth and androecium epigynous, inserted on the rim and inner portion of the free portion of
the hypanthium; ovary inferior; sepals 5, triangular, entire or more or less glandular-serrate/dentate,
usually persistent, rarely caducous (e.g. C. phaenopyrum (L.f.) Medik.), usually shorter than the petals;
petals 5, white, rarely pale cream or pinkish, more or less orbicular or elliptic, base barely clawed, apex
rounded or notched; stamens 5-45, usually shorter than petals, anthers variable in color from white,
cream, and pink to reddish, or purple; carpels 1-5 (-6), adnate to hypanthium and more or less fully
connate; styles 1-5 (-6), free or more or less connate/touching, usually persistent, attached to pyrenes
apically or more or less laterally, exserted or emerging through hypanthial disc; ovules 2 per locule,
superposed, with an obturator at the bases of the two funiculi. Both ovules are fertile, but only the
micropyle of the lower one is adjacent the obturator, so that only very exceptionally (<< 0.1%) is the
upper ovule fertilized and also develops into a seed. Mature fruits ellipsoidal, orbicular, or pyriform
polypyrenous drupes, up to 4 cm in diameter, varying in color from brown, greenish, yellow and orange,
to red, bluish/purplish, and black, glabrous or pubescent; grit cells absent to abundant; hypanthial opening
narrow to broad, mature hypanthial disc well developed, undulating and firm or reduced to a remnant
disc, pyrene apices covered by its tissue or not so, and exposed; carpels woody; pyrenes 1-5 (-6), with
one seed each, dorsally grooved, plane or more or less pitted/eroded/excavated/sulcate on ventral/radial
surfaces, hypostyle glabrous or pubescent.

Key to genera in Rosaceae tribe Maleae with fruits drupaceous or drupe-like (Crataegus,
Chamaemeles, Dichotomanthes, Hesperomeles, Osteomeles, Cotoneaster, Pyracantha) and, within the
‘Amelanchier+Crataegus’ clade (Fig. 1, clade A), the other genera lacking such fruits (Amelanchier,
Peraphyllum, Malacomeles). Clade attributions (A—C) refer to the phylogeny based on plastid loci (Fig. 1
here; left side of Fig. 1 in Lo and Donoghue, 2012).

1. Flowers perigynous. Ovary superior, unicarpellate, free from hypanthium, but hypanthium persistent
and fleshy at maturity. Fruit an achene but appearing functionally drupaceous because of the accrescent
hypanthium. 2 collateral ovules per locule, 1 seed per achene. Thorns absent. China.
............................................................................................................................ Dichotomanthes (clade B)
— Flowers epigynous. Ovary inferior (hypanthial), 1-5 (—6)-carpellate. Fruit fleshy. Thorns present on at
1eaSt SOME SNOOLS OF ADSENT. .....eiuieiiieee sttt st et e e e st e teesaesteeneentesneesaenre e 2
2. Leaves compound, pinnate, leaflets entire. Ovary inferior, 1-5-carpellate, 1 ovule per locule. Fruit
drupaceous. China and Pacific islands. ..................... Osteomeles (in a trichotomy with clades B and C)

— Leaves simple crenate, serrate, dentate, or entire, lobed or unlobed. ..o, 3
3. Lateral inflorescence-bearing short shoots develop sylleptically. Fruits baccate, endocarp not lignified.
Ovary inferior or semi-inferior, carpels 1-5 with additional false partitions, thus fruit 4-10-loculed. ....... 4
— Lateral inflorescence-bearing short shoots may develop proleptically. Fruits drupaceous, seeds
contained within thick-walled, lignified endocarps (pyrenes) that are themselves enclosed in a more or
LTSRN LTS VA 1 o g o SRS 6
4. Leaves drought-deciduous or persistent. Thorns absent. Texas, Mexico, Central America.
.................................................................................................................................. Malacomeles (clade A)
— LeaVves WINTEr-08CTAUOUS. .......oiiieiiie ettt ettt ettt sttt s te et e e see et e sbeeseesaeeteeneesaeeneeseeaneeneesneans 5
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5. Leaves faintly and scarcely serrate, subentire or entire. Leaf blades more or less narrowly elliptic to
oblanceolate or linear. Inflorescence reduced, few-flowered. Carpels 2-3. Mature fruits yellow-orange.
WESEEIN USA. e Peraphyllum (clade A)
— Leaves serrate or dentate, sometimes doubly, often only in the distal 1/2 or 1/3, rarely almost entire.
Leaf blades elliptic, oval, ovate, obovate, more or less oblong, or orbiculate. Inflorescence usually 5-15-
flowered, rarely number of flowers is less than 5. Carpels 2-5. Mature fruits pinkish or brownish to
bluish, purple or black. Eurasia, north Africa, North America. .........cc.ccccceevvevennnn. Amelanchier (clade A)
6. Ovary unicarpellate, with 2 collateral ovules, 1 seed per pyrene (achene). Mature fruits white.
MAUEITA. ... Chamaemeles (clade B per Li et al., 2012)

— Carpels (1-) 2-5. Mature fruits orange or red to BIack. ... 7
7. Leaves entire. Carpels not connate, basal 2/3 adnate. 2 collateral ovules per locule, 1 seed per pyrene.
ThOrns @DSENT. EUMASIA. ....c.vivviviieiiiieeeeeeee e Cotoneaster (clade C)

— At least some leaves more or less crenate-dentate or serrate, rarely subentire. Thorns present. ............ 8
8. Ovules usually 1 per locule, rarely 2, if 2 then superposed, 1 seed per pyrene. Central and South
AMELICA. wiivviiiiieic e Hesperomeles (clade A per Li et al., 2012; Liu et al., 2020)
— OVUIES USUAIIY 2 PEI TOCUIE. ...t 9
9. Leaves deciduous, sometimes winter-persistent. Carpels mostly connate and adnate. Ovules
superposed, pyrenes typically single-seeded. North America, Eurasia. ............cccco....... Crataegus (clade A)
— Evergreen. Carpels half adnate and not connate. Ovules collateral. Eurasia. .............c.c....... Pyracantha
(unresolved; in a trichotomy with clade A and the clade comprising Osteomeles and clades B and C)

Crataegus subg. Mespilus (L.) Ufimov & T.A.Dickinson, stat. nov.

Basionym: Mespilus L., Sp. pl. 1. 478. 1753. = Crataegus sect. Mespilus T.A.Dickinson &

E.Y.Y.Loin E.Y.Y.Lo, Stefanovi¢ et T.A.Dickinson, Syst. Bot., 32, 3: 609. 2007.

Type: M. germanica L. (lectotype, designated by M. L. Green in Hitchcock and Green, 1929: 158).
Single species C. germanica. This species appears to be sister to the rest of the genus, or to all of the
genus except for C. brachyacantha (Lo et al., 2007), or to all of the genus except for C. subg. Crataegus
(Liuetal., 2019; Liu et al., 2020; Liston et al., in prep.).

Crataegus subg. Brevispinae (Beadle) Ufimov & T.A.Dickinson, stat. nov.
Basionym: Crataegus [unranked] Brevispinae Beadle in Small, FI. S.E. U.S.: 532. 1903.
= Crataegus sect. Brevispinae (Beadle) C.K.Schneid., Ill. Handb. Laubholzk., 1: 791. 1906.
= Crataegus ser. Brevispinae (Beadle) Rehder, Man. Cult. Trees, ed. 2: 366. 1940.
Type: C. brachyacantha Sarg. & Engelm.
Single species C. brachyacantha. This species appears to be sister to the rest of the genus, or to all of the
genus except for C. germanica (Lo et al., 2007), or to all of the genus except for C. subg. Crataegus
(Liston et al., in prep.).

Key to subgenera in Crataegus

1. Leafy thorns present. Aphyllous thorns less than 15 mm long. Stipules usually persistent, rarely
caducous (C. germanica), eglandular or inconspicuously glandular. Leaf margins serrate, crenate or
1P 2
— Leafy thorns absent. Aphyllous thorns usually more than 15 mm long, often more than 20 mm long.
Rarely thorns can bear buds and reduced, caducous leaves. Stipules caducous or persistent, if persistent
then conspicuosly glandular-serrate. Leaf margins serrate; secondary venation craspedodromous or
semicraspedodromous; teeth with prinCipal VEINS. ..o e 4
2. Leaf blades of short and flowering shoots more or less lobed, sometimes only shallowly to almost
unlobed (e.g. C. laevigata (Poir.) DC. Fig. 3d, C. cuneata Siebold & Zucc.), very rarely unlobed (e.g.
C. scabrifolia (Franch.) Rehder), margin more or less serrate and never entire; teeth usually with a
principal vein (Fig. 3c, d). Leaf blades of long shoots usually more or less lobed, very rarely unlobed.
Each lobe with a secondary vein conspicuously reaching its apex; other secondary veins often reach
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apices of teeth, especially in the distal 1/3 of lamina; single secondary veins leading to nadirs of sinuses
present (secondary venation craspedodromous or semicraspedodromous; Fig. 3c, d). Mature fruits varying
in color from yellow to red, purple, and black. Pyrenes sulcate or plane on ventral/radial surfaces.
............................................................................................................................................ subg. Crataegus
— Leaf blades of short and flowering shoots unlobed with finely crenate-serrate, serrate or entire
margins, their secondary veins not conspicuously reaching the apices of teeth, but rather forming nodes
just below the sinuses between them. Leaf blades of long shoots unlobed or more or less lobed; if lobed,
secondary veins reaching the tips of lobes and teeth sometimes present, single secondary vein leading to
nadirs of sinuses sometimes present. Mature fruits brown or bluish/purplish black. Pyrenes plane on
VENTFAI/TAAIAL SUITACES. ...ieiieiiie ittt sttt et e bt et e beeseesbeeteetesteeneentesneeneeneens 3
3. Aphyllous thorns recurved. Resting buds subglobose or ovoid. Stipules more or less persistent,
especially on long shoots. Leaves glossy; leaf blades of flowering and short shoots up to 3 cm long. Teeth
of leaves of flowering and short sterile shoots present, lacking a principal vein (Fig. 3a); secondary
venation festooned semicraspedodromous. Inflorescence multi-flowered. Sepals considerably shorter than
petals. Post-mature petals more or less orange. Stamens 20. Mature fruits up to 15 mm in diameter, bluish
or purplish black, hypanthial opening narrow (10-30% of width of fruit); pyrenes not covered by tissue of
RYPANTNIAI ISC. ....eeeieiccee s subg. Brevispinae
— Aphyllous thorns straight. Resting buds conic. Stipules caducous. Leaves not glossy, abaxially pilose;
leaf blades up to 12 cm long. Teeth of leaves of flowering and short sterile shoots absent (Fig. 3b), or
present with a small principal vein; secondary venation reticulodromous. Inflorescence 1-2-flowered.
Sepals are equal or longer than petals. Post-mature petals pale brown. Stamens 20-40. Mature fruits up to
40 mm in diameter, brown, hypanthial opening wide (50-90% of width of fruit); pyrenes covered by
tissue of hypanthial disc unless fruit Cracks. ... subg. Mespilus
4. Considerable proportion of stipules persistent, especially on long shoots. Stipuliform, falcate bracteoles
present. Leaves lobed to varying extents; secondary veins of leaves of flowering and short sterile shoots
leading to sinus nadirs present (Fig. 3h) or not (Fig. 3e—qg, i, j). Pyrenes strongly pitted on ventral/radial
SUMTACES. .ottt subg. Sanguineae (sect. Sanguineae)
— Stipules usually caducous, but sometimes persistent on long shoots. Stipuliform, falcate bracteoles
absent. Secondary veins of leaves of flowering and short sterile shoots leading to sinus nadirs absent.

Pyrenes plane, eroded or pitted on ventral/radial SUITACES. ..........cccccovriiiiiiiiiii s 5
5. Mature fruits black, purplish black or purple. ... subg. Sanguineae (sect. Douglasianae, sect. Salignae)
— Mature fruits usually red, sometimes yellow, orange, pinkish or green. ................... subg. Americanae

Crataegus sect. Salignae T.A.Dickinson & Ufimov, sect. nov.

Type: Crataegus saligna Greene

Shrubs or small trees up to 5 m tall; thorns 15-30 (40) mm long, more or less straight, slender, 1.5—
3.5 mm in diameter at the base; young shoots of the current year glabrous or sparsely pubescent, mature
shoots of the previous year vary from reddish brown to red purple, older branches gray or copper-colored.
Leaf blades of flowering and short shoots (notophylls-) microphylls, vary from lanceolate and
oblanceolate to more or less elliptic or rhombic-elliptic, 20-60 mm long and (10)15-40 mm wide,
glabrous at maturity, unlobed (Fig. 3j) or sparsely lobed, sinuses shallow. Inflorescence 5-10(15)-
flowered. Pedicels, peduncles and hypanthia glabrous. Sepals entire, 1.0-1.5 mm long, stamens 20,
anthers cream, and styles 4-5 (C. saligna), or sepals more or less glandular-serrate, 3.5-4.0 mm long,
stamens 10, anthers pink, and styles 3-5 (C. erythropoda Ashe, C. rivularis Nutt. ex Torr. & A.Gray).
Fruit purple to black (diameters of dry fruits in mm: C. saligna, 5-6.5; C. rivularis, 6.5-8.5;
C. erythropoda, 7.5-8.5).

Crataegus sect. Salignae is distinguished by its fruit color from the red-, orange-, and yellow-
fruited members of C. sect. Sanguineae (C. ser. Sanguineae (Zabel ex C.K.Schneid.) Rehder and ser.
Altaicae J.B.Phipps; not C. ser. Nigrae (Loudon) Russanov). It differs from black-fruited C. ser. Nigrae
and C. sect. Douglasianae in thorn diameter, leaf shape, and geographic distribution.
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Key to sections in Crataegus subg. Sanguineae

1. Stipules usually persistent. Inflorescence with falcate bracteoles at the base of lower branches. Mature
fruits vary in color from yellow, orange, and red to purple or black. Pyrenes strongly pitted on
ventral/radial surfaces. Plants native t0 EUrasia. ..........cccccvviieieieeie s sect. Sanguineae
— Stipules usually caducous, but sometimes persistent on long shoots. Inflorescence without bracteoles at
the base of lower branches. Mature fruits purple, purplish black or black. Pyrenes more or less plane,
shallowly pitted or excavated on ventral/radial surfaces. Plants native to North America. .........cc.cccceneee. 2
2. Thorns slender. Subterminal leaf blades of flowering shoots usually more than 2 times as long as wide.
Rocky Mountains and southwestern United States. ... sect. Salignae
— Thorns stout, conic. Subterminal leaf blades of flowering shoots usually less than 1.5 times as long as
wide. Pacific Northwest and disjunct in the Upper Great Lakes Basin. .............c.cco..... sect. Douglasianae

Though E. L. Greene (1896) initially noted a probable affinity to C. rivularis, C. saligna was
considered closely related to C. brachyacantha by E. J. Palmer (1925) and included in sect. Brevispinae,
which was accepted by Phipps et al. (1990). Although field observations and a cladistic analysis (of
morphological data) led Phipps (1999) to observe that C. saligna is allied to C. rivularis and
C. erythropoda, he refrained from concluding that the North American black-fruited Crataegus species
are monophyletic because of the limited sample of red-fruited out-group species in the analysis. At the
same time, however, C. erythropoda was the sole and type species of ser. Cerrones (Phipps, 1998: 1872)
when first published. Subsequently, however, Phipps et al. (2003) included C. rivularis in ser. Cerrones.
Analyses of microsatellite (Dickinson et al., 2008) and a combination of nuclear and plastid loci sequence
data (Lo et al., 2009a) led to enlarging ser. Cerrones further by adding C. saligna, the series thus
comprising all three black-fruited species found in the southern Rocky Mountains (Colorado, Idaho, New
Mexico, Utah, Wyoming) and adjacent states (Arizona, Nevada; Dickinson et al., 2008). This concept of
the series was then used in Flora of North America (Phipps, 2015).

Crataegus sect. Salignae includes only one series — ser. Cerrones — and forms a clade within C.
subg. Sanguineae sister to members of C. sect. Douglasianae and Sanguineae in phylogenetic analyses of
DNA sequence variation in ITS2 (Zarrei et al., 2014), cpDNA loci (Fig. 2; Zarrei et al., 2015; Liston et
al., in prep.), and 245 single-copy nuclear loci (Liston et al., in prep.). The section appears to be an
agamic complex, in which C. saligna is the diploid taxon, and C. rivularis and C. erythropoda are
apomictic allotetraploids whose pollen parents are tetraploid members of red-fruited C. subg. Americanae
(thorns long, calyces abundantly toothed, 10 stamens per flower). The allotetraploids are thus
morphologically intermediate in some respects between C. saligna and their C. subg. Americanae parents
(Table 2 in Liston et al., in prep.). Nevertheless, all three species demonstrate high morphological affinity
(in thorn length and diameter, color of mature twigs and fruits, shape of leaves) that can be easily
observed in the field. We do not support the idea of separating C. rivularis and C. erythropoda from
C. saligna into nothotaxa of any rank, although we cannot exclude such possibility in future work.
Therefore, in order to maintain nomenclatural stability, we chose to describe a new section with an
orthospecies C. saligna as the type rather than publish a name at new rank.

DISCUSSION

Potter et al. (2007) inferred a North American origin for the Rosaceae as a whole but pointed out
the need for detailed studies of the phylogeny and phylogeography of the different tribes of the family.
The predominantly Holarctic distributions of large genera in the Maleae (and not just Crataegus, Fig. 2)
makes it clear that the history of these genera involves one or both of the Bering Land Bridge (BLB) and
the North Atlantic Land Bridge (NALB; terminology as in Graham, 2018). Graham uses the large,
cosmopolitan non-Rosaceous genus llex L. as an exemplar of a group for which some data are equivocal,
but nevertheless support migration across the BLB and from North America into South America, aided in
part by its fleshy red fruits and concomitant bird and mammal dispersal much as is known to occur in
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hawthorns (reviewed in Dickinson, 1985). Comparisons can also be made with other fleshy fruited genera
like Toxicodendron Mill. (Jiang et al., 2019) and Viburnum L. (Landis et al., 2020). We envision roles for
land bridges for hawthorns, rather than (extreme) long distance dispersal (LDD), because simulations
(Nathan, 2006) and observational studies (on Prunus; Jordano, 2017) suggest that short to medium
distance (up to 10s of km) dispersal events will be much more frequent than ones that are 10 to 100 times
longer. Short to medium distance dispersal events also seem more likely to deposit seeds within habitats
permitting offspring to germinate and establish. Moreover, given the gametophytic self-incompatibility
found in the Maleae diploids (Dickinson et al., 2007), successful spread must have depended on multiple
dispersals to any given patch of suitable habitat, in order for newly established individuals to be able to
reproduce successfully.

Recent molecular phylogenies of similarly fleshy-fruited Amelanchier (Burgess et al., 2015), Malus
(Nikiforova et al., 2013), and Sorbus s. str. (Li et al., 2017) each show sister-group relationships across
the BLB. The Amelanchier results suggest a North American origin of the genus followed by expansion
of two sister clades, one in western North America (clade A; Burgess et al., 2015) and the other, crossing
the BLB, into Eurasia (clade O; Burgess et al., 2015). The earliest (Eocene) divergence in Malus is
between North American M. sect. Chloromeles (Decne.) Rehder and the rest of the genus, all of which
occurs in Eurasia (Nikiforova et al., 2013). Nikiforova et al. also corroborate earlier indications of the
uniqueness in North America of M. fusca (Raf.) C.K.Schneid. (Dickson et al., 1991; Routson et al., 2012).
This Pacific Northwest crabapple, in Asian M. sect. Sorbomalus Zabel, evidently crossed the BLB from
west to east (Nikiforova et al., 2013), probably no earlier than the late Miocene and possibly much more
recently (Williams, 1982; Routson et al., 2012). Sorbus s. str. diversified in Eurasia, but each of two early
diverging clades (S. sect. Sorbus and Commixtae MCcAII.) contain North American species whose
ancestors could have crossed the BLB from west to east as early as the Oligocene or Miocene (Li et al.,
2017). Li et al. did not include North American members of S. sect. Tianshanicae (Kom. ex T.T.Yu)
MCcAII. (S. occidentalis (S.Watson) Greene, S. sitchensis M.Roem.) in their sample, but if affiliation of
these species with S. sect. Tianshanicae (McAllister, 2005) is confirmed, then this group too is one in
which a later crossing of the BLB occurred (late Miocene at earliest; Li et al., 2017).

Crataegus (Fig. 2) appears to resemble its sister genera, Amelanchier and Central and South
American Hesperomeles, in their strong (or exclusive) association with the New World (cf. Evans, 1999).
Unlike these other genera, however, the early diversification of Crataegus appears to have taken place
across the NALB beginning in the Eocene or possibly earlier (Lo et al., 2009a; Lo and Donoghue, 2012;
Wen et al., 2016). Ancestors of C. subg. Crataegus persisted on the east side of the Atlantic but became
extinct in North America apart from their modern, apparently hybrid derivatives, C. marshallii Eggl.,
C. spathulata Michx., and C. phaenopyrum (L.f.) Medik. (Lo et al., 2009a; Phipps, 2015). Extinction of
C. subg. Crataegus in North America is suggested by its absence at present, and the occurrence of fossil
leaves resembling those of C. subg. Crataegus in the late Eocene Florissant Beds of Colorodo
(e.g. C. copeana MacGinitie; MacGinitie, 1953; iDigPaleo, ongoing). In contrast, the ancestors of
C. subg. Brevispinae persisted on the west side of the Atlantic and became extinct in Eurasia if they were
ever present there. Crataegus subg. Americanae and Sanguineae, however, likely arose on the west side
of the NALB. Difficulties in resolving which of the earliest arising groups (C. subg. Crataegus,
Brevispinae, and Mespilus; Fig. 2) is sister to the rest of the genus could be explained by their rapid
radiation, with the single species of the latter two subgenera being all that remains from their precursors,
on either side of the expanding Atlantic and extinct elsewhere. Long distance dispersal could also explain
the presence of the hybrid derivatives of C. sect. Crataegus in North America but, as noted above, such
events seem less likely than either the shorter distance dispersals underlying migrations across land
bridges, or a combination of vicariance and extinction events (but we note the evidence for LDD from
species with bipolar distributions; Popp et al., 2011; Villaverde et al., 2017). Vicariance related to the
disappearance of the NALB and asymmetric extinctions appear to us as better explanations of the
geographic relationships of C. subg. Brevispinae and Mespilus. Understanding this history will require
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better resolution of the early branching in the phylogeny, and more data from fossils that would provide
location and time control.

Fossil wood (Maloidoxylon Grambast-Fessard) resembling that of Amelanchier and Crataegus is
known from the Eocene and Miocene of Colorado (Wheeler and Matten, 1977; Wheeler and Manchester,
2002), as well as from the Miocene of Patagonia (Pujana, 2009) and Europe (InsideWood, 2004—-onwards;
Wheeler, 2011). Fossil leaves attributed to Crataegus are known from not only as early as the Eocene of
North America (MacGinitie, 1953; Dillhoff et al., 2005; DeVore and Pigg, 2007) but also, from the
Oligocene on, in Europe (Paleobiology Database, http://fossilworks.org). Paleogeographic reconstructions
in Sanmartin et al. (2001) and Graham (2018) suggest that the NALB was available into the Oligocene so
that migration from North America into Eurasia from the west, followed by vicariant diversification on
each continent as the North Atlantic widened, seems plausible.

Because leaves are so abundant in the fossil record, it is important for paleobotanists to appreciate
the range of leaf morphologies present within just the genus Crataegus. The soft x-ray leaf images (Ross,
2008 in Dickinson et al., 2020) in Fig. 3 are a selection from those deposited and freely accessible online
(Dickinson et al., 2020). This collection of images augments Crataegus leaf images available in the
Cleared Leaf Image Database (Das et al., 2014) and elsewhere (e.g. the University of California Museum
of Paleontology Cleared Leaf Collection, https://ucmp.berkeley.edu/collections/paleobotany-collection/
ucmp-cleared-leaf-collection/), and provides greater detail and more comprehensive taxonomic coverage
of the genus than is available elsewhere. It is important to note, however, that the resolution obtained in x-
ray images is limited by the size and resolution of the x-ray images. The images are the same size as the
leaves themselves, so that resolution is a function here of the grain size of the x-ray film and then, of the
resolution of the digital camera that captures the image from the x-ray negative. Digital x-ray imaging is
available commercially or can be accomplished using synchrotron (x-) radiation (Blonder et al., 2012).
Alternatively, magnified, high resolution digital images of leaf venation can be obtained using the lenses
and sensor of a digital camera and chemically cleared and stained leaves (Buechler, 2010; Das et al.,
2014; Zhu and Manchester, 2020; Blonder, undated). However, this approach is much more labor
intensive, and effectively represents destructive sampling when leaves are obtained from herbarium
specimens (cf. Wing, 1992; Dickinson et al., in prep.).

CONCLUSIONS

Whereas there is no debate on C. brachyacantha being Crataegus, C. germanica is often and
arguably treated outside of Crataegus as the only species of Mespilus (Phipps, 2016a, b). Even though
one can always find morphological characters to distinguish these two genera, their close relationship is
evident from both recent molecular studies (Lo et al., 2007; Zarrei et al., 2015; Liston et al., in prep.) and
morphological affinity. Moreover, synapomorphies such as proleptic lateral shoots, presence of thorns,
two superposed ovules with only one being fertilized, absence of false locules, and woody endocarp,
make them very distinct from the ‘Amelanchier’ clade, which appears to be sister to the
‘Crataegus+Hesperomeles’ clade (Li et al., 2012; Lo and Donoghue, 2012; Liu et al., 2019; Liu et al.,
2020). Given the impossibility of finding objective measures of dissimilarity that can be applied
universally to discriminate taxonomic ranks and the fact that there is always some arbitrariness in
distinguishing such ranks especially at and above the genus level (Stevens, 1997), we believe that
accepting Mespilus and Crataegus as a single genus can only lead to a better understanding of their
evolution. A concept of Crataegus that embraces Mespilus promotes taxonomic stability (Talent et al.,
2008; Kurtto et al., 2013) and fosters research programs focused on understanding evolution in all the
descendants of a common ancestor.

The current classification of Crataegus includes five subgenera corresponding to main lineages
discovered by molecular studies (Table 1), each of which, apart from C. subg. Crataegus, has a largely



Phytologia (Sep 21, 2020) 102(3) 187

stable array of sections and series. Sections in C. subg. Crataegus, however, are somewhat debatable
since no study to date has used sufficient accessions to represent all the putative sections or series in the
subgenus. Crataegus sect. Crataegus sensu K. I. Christensen (1992) seems to be monophyletic and
morphologically consistent, whereas C. pinnatifida Bunge is most likely sister to it (either included or
separated to sect. Pinnatifidae Zabel ex C.K.Schneid.). The few molecular data available for C. sect.
Cuneatae Rehder ex C.K.Schneid. and Hupehenses J.B.Phipps suggest they should be placed in
C. subg. Crataegus, but these data fail to suggest what the relationship between C. cuneata and
C. hupehensis Sarg. and C. sect. Crataegus is. Finally, there are almost no molecular data for
C. scabrifolia (Franch.) Rehder (C. sect. Henryanae Sarg.). Those that are available (Du et al., 2019) are
suspect because the illustration for their material may suggest inaccurate identification of studied species.
Li et al. (2017) included vouchered C. scabrifolia as the sole Crataegus species among the outgroup taxa
in their study of the phylogeny of Sorbus s. I., but none of their sequence data are from loci shared with
other phylogenetic studies of Crataegus to date. Including C. scabrifolia in C. subg. Crataegus has been
based up to now entirely on morphological evidence (e.g. occasional presence of leafy thorns, short
aphyllous thorns, and more or less persistent stipules on long shoots) and has ignored the unlobed leaves
found in this species.

The system we present does not include hybrids between species belonging to different subgenera
(or sections). Nothosubgenera have not yet been described. At the sectional level, only C. nothosect.
Crataeguineae K.1.Chr., Coccitaegus K.I.Chr. & T.A.Dickinson, Crataeglasia K.I.Chr. & T.A.Dickinson,
Phippsara T.A.Dickinson & E.Y.Y.Lo, and Crataemespilus (Camus) T.A.Dickinson & E.Y.Y.Lo are
known. Distant hybrids and hybrids with ambiguous parentage in Crataegus are to be the main focus of
further studies, so some additional sections are very likely to get status of nothosections, and a number of
new ones might need to be described. In addition, C. marshallii, C. phaenopyrum, and C. spathulata need
to be confirmed as paleohyrbids between some species of C. subg. Americanae and Sanguineae and
members of an extinct lineage close to C. subg. Crataegus (as was suggested by Lo et al., 2009a).
Considering that many allotetraploids have yet to be discovered (especially in C. subg. Americanae), we
refrain from providing a comprehensive classification of Crataegus with respect to nothotaxa.
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Table 1. Current subgeneric and sectional classification of Crataegus (excluding C. marshallii, C.
spathulata, C. phaenopyrum, and other intersubgeneric and intersectional hybrids). Includes information
for vouchers of hawthorn individuals used here as sources of leaves for x-rays shown in Fig. 3. Ploidy
level and other data as per the publications shown. Localities are all in Canada or the U.S.A. Voucher
specimens are deposited in the Green Plant Herbarium of the Royal Ontario Museum (TRT). TRT
accession numbers are linked to online specimen images (https://crataegus.library.utoronto.ca/
TRTnnnnnnnNn.JPG); ™M numbers are the online  MorphoBank  media  numbers
(http://morphobank.org/permalink/?P1390; http://dx.doi.org/10.7934/P3190). Sections marked with (*)
are provisional with very little or no molecular evidence known.

TRT Accession
and o,
MorphoBank 2n (=17); Collector and - .
stamen Publication Locality
numbers number number
(Dickinson et
al., 2020)
Crataegus L.
subg. Mespilus (L.) Ufimov and T.A.Dickinson
sect. Mespilus (L.) T.A.Dickinson and E.Y.Y.Lo
C. germanica (L.) Kuntze TRTO00026644 2X Hess, W., and | (Evans and Illinois, DuPage Co. Morton
M584768 As M. Linden Dickinson, | Arboretum (665-80).
6220Vv93 2005; Talent | Cultivated from seed from
& Dickinson, | wild in Tauria, Crimean, State
2005) Nikita Bot. Gard., Jalta,

Tauria, Ukraine

subg. Brevispinae (Beadle) Ufimov and T.A.Dickinson

sect. Brevispinae Beadle ex C.K.Schneid.

C. brachyacantha Sarg. & Engelm. | TRT00000025 2-3x Reid, C. 5202 | (Talent & Louisiana, Ouachita Parish.

M584760 Ax Dickinson, Ouachita WMA, ca. 7.5 miles
2005) SE of Monroe
subg. Crataegus
sect. Crataegus
C. laciniata Ucria sensu K.I.Chr. TRT00002426 2x Dickinson, (Talent & Massachusetts, Suffolk Co.
M584673 A T.A.s.n. Dickinson, | Cultivated, Arnold Arboretum
2005) (AA238-71A)
C. laevigata (Poir.) DC. TRT00002174 2x Zika, P. 18472, | (Talent & Washington, San Juan Co.
M584601 Ax with A. L. Dickinson, Bird sown in thickets, T36N
Jacobson and | 2005) R2W S19, San Juan Islands,
L. Falb Crane Island, E end

sect. Pinnatifidae Zabel ex C.K.Schneid.*

sect. Cuneatae Rehder ex C.K.Schneid.*

sect. Hupehenses J.B.Phipps*

sect. Henryanae (Sarg.) J.B.Phipps*
subg. Americanae El Gazzar

sect. Coccineae Loudon

C. opaca Hook. & Arn. TRT00002042 2x Dickinson, (Talent Louisiana, Sabine Parish.
M584679 A T. A. 2003-33, | &Dickinson, | Cultivated

with N. Talent |2005; Zarrei
and S. Nguyen | etal., 2015)
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C. triflora Chapm. TRT00021431 2x Dickinson, (Talent & Alabama, Autauga Co. Jones
M584762 Az T. A.2003-22, | Dickinson, Bluff, SSW of Peace
with N. Talent, | 2005)
S. Nguyen and
R. Lance
sect. Macracanthae Loudon
C. calpodendron (Ehrh.) Medik. TRT00002039 2x Dickinson, (Talent & Ontario, Middlesex Co. Mosa
M584551 Ay T. A., N. Talent | Dickinson, Tp., Conc. Rd. VII-VIII, E of
NT166 and 2005) Mosa Side Rd. 8
E. Garrett
subg. Sanguineae Ufimov
sect. Salignae T.A.Dickinson & Ufimov
C. saligna Greene TRT00001047 2x + Dickinson, (Talent & Utah, Duchesne Co. River
M584583 A T. A.2004-05 | Dickinson, Road, 4 miles N of Duchesne
2005; Zarrei
etal., 2015)
sect. Douglasianae (Rehder) C.K.Schneid.
C. suksdorfii (Sarg.) Kruschke TRT00001805 2x Zika, P. F. (Talent, Washington, Clark Co. ca. 1.5
M584618 Az 18485 2006; Zarrei | air miles NNW of Ridgefield
etal., 2015)
sect. Sanguineae Zabel ex C.K.Schneid.
C. wattiana Hemsl. & Lace TRT00001881 4x Dickinson, (Talent & Québec; Cultivated, Jardin
M584549 Ax T.A.s.n,and | Dickinson, Botanique de Montréal,
R. C. Evans 2005) Arboretum (1280-50); det.

K.I. Christensen 2011
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Figure 1. Simplification of the major clades in Rosaceae tribe Maleae (A, B, C; see text for included
genera) based on a maximum likelihood tree for 11 plastome loci (coding and non-coding), rooted using
species of Prunus (left half of figure 1 in Lo and Donoghue, 2012). Branch support indicated by bootstrap
(left #) and posterior probability (right #) at nodes. Genera with drupaceous fruits (tribe Crataegeae)
indicated by black dots; Chamaemeles (dagger) placed on the basis of the results in Li et al. (2012).
Hesperomeles (asterisk) placed on the basis of the results in Liu et al. (2020).
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37 Ma Reconstruction

Figure 2. North polar projection of a tectonic plate reconstruction for 37 Ma produced using the service at
www.odsn.de (Hay et al., 1999). Superimposed on the map is the RAXML tree for Crataegus subgenera:
C, C. subg. Crataegus; A, C.subg. Americanae; S, C. subg. Sanguineae; B (dashed line), C. subg.
Brevispinae; and M, C. subg. Mespilus. Sections in C. subg. Sanguineae are labeled Si, C. sect. Salignae,
Sz, C. sect. Douglasianae, and Ss, C. sect. Sanguineae. The RAXML tree was inferred from a complete
plastome alignment for a sample of 14 diploid accessions representing all of the infrageneric groups
shown here (Table 1; Liston et al., in prep.), rooted using the apple plastome (Velasco et al., 2010), and
collapsed as described in the text to show just the subgenera and the three sections within C. subg.
Sanguineae. Support values are > 95% for all nodes except the one supporting C. brachyacantha (B;
46%). Labels are placed approximately in the center of the geographic distribution of the corresponding
group. Branch lengths are arbitrary.
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Figures 3. X-ray images of Crataegus short shoot leaf venation from taxa in the infrageneric groups
discussed here (Table 1). (a) Crataegus subg. Brevispinae, C. brachyacantha (TRT00000025, M584760);
(b) C.subg. Mespilus, C. germanica (TRT00026644, M584768); Crataegus subg. Crataegus, (c)
C. laciniata (TRT00002426, M584673); (d) C. laevigata (TRT00002174, M584601); Crataegus subg.
Americanae, (e) C. calpodendron (TRT00002039, M584551), (f) C. triflora (TRT00021431, M584762),
(9) C. opaca (TRT00002042, M584679); Crataegus subg. Sanguineae, (h) C. wattiana (TRT00001881,
M584549). (i) diploid C. suksdorfii (TRT00001805, M584618); (j) C. sect. Salignae, C. saligna
(TRT00001047, M584583). Scale bars either 0.5 cm (b, j) or 1.0 cm in length (all others). Numbers in
parentheses are barcode numbers for specimens in the Green Plant Herbarium (TRT) of the Royal Ontario
Museum linked to collection data and online images, and the online MorphoBank media numbers. See
Table 1 for taxonomy, details of the voucher specimens and images, and details of the MorphoBank
project where x-ray images can be accessed.



