Relationships within the Spiny-Fruited Umbellifer s (Scandiceae subtribes Daucinae STOR
and Torilidinae) as Assessed by Phylogenetic Analysis of Morphological Characters

Byoung-Y oon Lee; Geoffrey A. Levin; Stephen R. Downie
Systematic Botany, Vol. 26, No. 3. (Jul. - Sep., 2001), pp. 622-642.

Stable URL:
http:/links.jstor.org/sici ?sici=0363-6445%28200107%2F09%2926%3A 3%3C622%3A RWT SU%28%3E2.0.CO%3B2-8

Systematic Botany is currently published by American Society of Plant Taxonomists.

Y our use of the JSTOR archive indicates your acceptance of JISTOR's Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR's Terms and Conditions of Use provides, in part, that unless you have obtained
prior permission, you may not download an entire issue of ajournal or multiple copies of articles, and you may use content in
the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/journal s/aspt.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is an independent not-for-profit organization dedicated to and preserving a digital archive of scholarly journals. For
more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org
Wed Mar 14 16:32:11 2007


http://links.jstor.org/sici?sici=0363-6445%28200107%2F09%2926%3A3%3C622%3ARWTSU%28%3E2.0.CO%3B2-8
http://www.jstor.org/about/terms.html
http://www.jstor.org/journals/aspt.html

Systematic Botany (2001), 26(3): pp. 622-642
© Copyright 2001 by the American Society of Plant Taxonomists

Relationships Within the Spiny-Fruited Umbellifers (Scandiceae
subtribes Daucinae and Torilidinae) as Assessed by Phylogenetic
Analysis of Morphological Characters

BYOUNG-YOON LEE

Department of Plant Biology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
Present address: School of Biological Sciences, Seoul National University, San 56-1, Shinlim-Dong,
Kwanak-Gu, Seoul, Korea

GEOFFREY A. LEVIN

Center for Biodiversity, Illinois Natural History Survey, 607 East Peabody Drive,
Champaign, Illinois 61820

STEPHEN R. DOWNIE

Department of Plant Biology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
Author for correspondence (Email: sdownie@life.uiuc.edu)

Communicating Editor: Paul Wilson

ABSTRACT. Previous molecular systematic studies have indicated that the spiny-fruited umbellifers (Api-
aceae tribe Caucalideae sensu Heywood) comprise two major lineages, recently delimited as Scandiceae
subtribes Daucinae and Torilidinae, with the former including representation of tribe Laserpitieae sensu
Drude. These taxa are allied with the monophyletic Scandiceae subtribe Scandicinae whose members lack
spiny fruits. The relationship among these three subtribes is equivocal when nuclear ribosomal DNA internal
transcribed spacer sequences are compared. Evidence from plastid DNA, however, suggests that Daucinae
and Torilidinae are sister taxa. Herein, we provide results of a phylogenetic study of these spiny-fruited
umbellifers based on morphology in order to study the evolution of these characters and to ascertain their
utility for resolving relationships by comparison to the results of previous molecular analyses. Maximum
parsimony analysis of 56 morphological characters resulted in a paraphyletic Torilidinae (Astrodaucus, Cau-
calis, Glochidotheca, Lisaea, Szovitsia, Torilis, Turgenia, and Yabea) from which a monophyletic Daucinae (Agro-
charis, Ammodaucus, Cuminum, Daucus, Laserpitium, Orlaya, Pachyctenium, and Pseudorlaya) are derived. Scan-
dicinae are maintained as monophyletic, sister to Daucinae plus Torilidinae. The genus Artedia, previously
attributable to either Daucinae or Torilidinae, shows affinity with the former. The Daucinae plus Torilidinae
clade is supported by three fruit synapomorphies—the regular distribution of appendages on both primary
and secondary ridges, the presence of primary ridges and hairs on the face of the commissure, and the
presence of vittae under the lateral ridges—but each subtribe cannot be circumscribed unambiguously on
the basis of morphological data. Characters of the primary appendages exhibit less homoplasy than those of
the secondary fruit appendages and support many clades identified in the molecular analyses. Parsimony
analysis of combined morphological and ITS data, however, reaffirms the monophyly of subtribe Torilidinae
and provides greater resolution of relationships within each of the subtribes than do either of the separate
analyses.

Tribe Caucalideae Spreng. was described by Ben-
tham (1867) and Boissier (1872) for those Apiaceae
having spines, hooks, tubercles, or bristly hairs on
the primary and/or secondary (vallecular) ridges
of the fruits. This group reaches its greatest diver-
sity in the Mediterranean region (Heywood 1982b)
and includes such economically important mem-
bers as carrots (Daucus carota L.) and cumin (Cum-
inum cyminum L.) and widespread weeds such as
hedge-parsley (Torilis spp.). Heywood and Jury (in
Heywood 1982b) recognized 21 genera and 68 spe-

cies within the tribe, whereas more recent studies
incorporating molecular data have removed Aphan-
opleura Boiss., Kozlovia Lipsky, and Psammogeton Ed-
gew. (Katz-Downie et al. 1999; Lee and Downie
1999; 2000; Downie et al. 2000). The monotypic
Chaetosciadium Boiss. has been returned to Torilis
(as T. trichosperma (L.) Spreng.). It was also recom-
mended that the subspecific status of Daucus maxi-
mus Desf. be resumed (as D. carota subsp. maximus
(Desf.) Ball; Lee and Downie 2000).

The taxonomic history of Caucalideae and a sum-
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mary of the multidisciplinary studies the group has
received are presented in two symposium volumes
(Heywood 1971a; Cauwet-Marc and Carbonnier
1982). More recently, issues of relationship among
the spiny-fruited umbellifers and related species
have been addressed using a variety of molecular
characters. Phylogenetic analyses of nuclear ribo-
somal DNA (rDNA) internal transcribed spacér
(ITS) sequences (Lee and Downie 1999; Downie et
al. 2000), chloroplast DNA (cpDNA) restriction sites
(Plunkett and Downie 1999; Lee and Downie 2000),
and chloroplast rps16 intron sequences (Lee and
Downie 2000) of representative taxa each resulted
in three major lineages that were subsequently
treated as Scandiceae subtribes Daucinae Dumort.,
Torilidinae Dumort.,, and Scandicinae Tausch
{Downie et al. 2000). These groups were previously
attributable to the “"Daucus,” 'Torilis,” and ”’Sc-
andix” subclades, respectively, within a larger
"Daucus” clade (Plunkett et al. 1996; Downie et al.
1998; Plunkett and Downie 1999, 2000). Subtribes
Daucinae and Torilidinae, with the addition of rep-
resentatives of Drude’s (1898) tribe Laserpitieae in
Daucinae (i.e., Laser Borkh. ex P. Gaertn., B. Mey. &
Schreb., Laserpitium L., Melanoselinum Hoffm., Mon-
izia Lowe, and Polylophium Boiss.) and the exclusion
of Aphanopleura, Kozlovia, and Psammogeton, coincide
approximately with tribe Caucalideae sensu Hey-
wood (1982b) or Dauceae plus Scandiceae subtribe
Caucalidinae sensu Drude (1898). Subtribe Scandi-
cinae coincides closely with Scandiceae sensu Hey-
wood (1971b) or Scandiceae subtribe Scandicinae
sensu Drude (1898).

In this paper, we compare the results of previous
molecular analyses to a phylogeny for tribe Scan-
diceae as inferred by morphological characters. We
place emphasis on the spiny-fruited umbellifers
(i.e., Scandiceae subtribes Daucinae and Torilidinae
or tribe Caucalideae sensu Heywood); for while we
include representation of Scandiceae subtribe Scan-
dicinae, a more thorough analysis of the relation-
ships among its constituent genera, based on mo-
lecular, anatomical, and morphological data, are
presented elsewhere (Downie et al. 2000; Spalik
and Downie 2001; Spalik et al. 2001). Considerable
controversy exists as to what features of the fruit
are most useful in clade determination, for among
the spiny-fruited umbellifers the fruit is extremely
variable, both externally and internally (Heywood
1968a, 1982a; Heywood and Dakshini 1971; McNeill
et al. 1969; Jury 1982, 1986; Saenz de Rivas et al.
1982). Characters of taxonomic importance have in-
cluded the form and arrangement of the primary
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and secondary ridges and their associated append-
ages, the shape of the endosperm in transverse sec-
tion, and the position of the vittae (oil ducts). In
addition to improving resolution of relationships
within Daucinae and Torilidinae, we identify those
morphological characters that are most useful in
delimiting genera and infrageneric taxa within each
as well as those characters that would permit iden-
tification of the subtribes.

MATERIALS AND METHODS

Morphological Analyses. Forty-three accessions
representing 38 species and 17 of the 21 genera rec-
ognized by Heywood and Jury (Heywood 1982b) in
Caucalideae and maintained in Scandiceae sub-
tribes Daucinae and Torilidinae on the basis of phy-
logenetic analysis of molecular data were examined
for morphological character variation. Adequate
herbarium material of the rare, monotypic genus
Angoseseli was unavailable for analysis. Aphanopleu-
ra and Psammogeton, included in Caucalideae by
Heywood (1982b) but excluded from Scandiceae on
the basis of molecular data (Katz-Downie et al.
1999), were retained in this study to confirm if mor-
phology also corroborates their removal from Scan-
diceae. Also included were seven species (five gen-
era) of Scandiceae subtribe Scandicinae, including
the genus Kozlovia, which was previously treated in
Caucalideae (Heywood 1982b). Three species (two
genera) of Drude’s tribe Laserpitieae were also con-
sidered, as previous molecular analyses placed La-
ser and Laserpitium within subtribe Daucinae. Smyr-
nium and Lecokia were used to root the trees, as
earlier studies indicated that these genera are most
appropriate outgroups (Downie et al. 1998; Katz-
Downie et al. 1999). In total, 57 accessions were in-
cluded in the morphological data set (Table 1).

Morphological characters were examined from
herbarium material, living plants grown from seed
in the greenhouse, or material preserved in ethanol
using either an Olympus SZ dissecting microscope
(7-40X magnification) or an Olympus BHB optical
microscope (100-400X magnification). A list of her-
barium specimens examined for each species is
available in Lee (1998). Vouchers for greenhouse
propagated material are deposited at ILL. For those
species where herbarium material was limited (i.e.,
Aphanopleura and Psammogeton), supplementary in-
formation was obtained from revisionary studies
(Clarke 1879; Wolff 1927; Nasir 1972; Leute 1987).
Fifty-six characters (seven quantitative and 49 qual-
itative) were measured or scored for phylogenetic
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TABLE 1. Species of Apiaceae tribe Scandiceae and outgroups included in cladistic analysis of morphological data,
and source and voucher information for those specific accessions examined for nuclear rDNA ITS sequence variation
(Katz-Downie et al. 1999; Lee and Downie 1999). Herbarium acronyms according to Holmgren et al. (1990). UIUC =

University of Illinois at Urbana-Champaign.

Species

Source and voucher information for ITS data

Agrocharis incognita (C. Norman) Heywood &

Jury
Agrocharis melanantha Hochst.

Agrocharis pedunculata (Baker f.) Heywood & Jury

Ammodaucus leucotrichus (Coss. & Dur.) Coss. &
Dur.

Anthriscus caucalis M. Bieb.

Anthriscus cerefolium (L.) Hoffm.

Artedia squamata L.
Astrodaucus orientalis (L.) Drude

Caucalis platycarpos L.

Cuminum cyminum L.

Cuminum setifolium (Boiss.) Koso-Pol.
Daucus aureus Desf.

Daucus bicolor Sibth. & Sm. subsp. bicolor
Daucus bicolor subsp. broteri (Ten.) Okeke
Daucus carota L. subsp. carota

Daucus carota subsp. gummifer Hook. f.
Daucus carota subsp. halophilus (Brot.) Okeke

Daucus carota subsp. maximus (Desf.) Ball

Daucus carota subsp. sativus (Hoffm.) Arcang.

Daucus crinitus Desf.
Daucus durieua Lange
Daucus montanus Humb. & Bonpl.

Daucus muricatus L.

Daucus pusillus Michx.

Glochidotheca foeniculacea Fenzl
Kozlovia paleacea (Regel & Schmalh.) Lipsky

Kenya, Nairobi, DNA supplied by E. Knox (coll. 2578)

Kenya, Nairobi, DNA supplied by E. Knox (coll. 2579)
Malawi, Limbe, Mpingwe Hill, Hillard & Burtt 4131 (E)
Spain, Canary Islands, Tenerife, Santos-Guerra s.n. (ORT)

cult. UIUC from seeds obtained from Jardin botanique de Caen,
France, Lee 44 (ILL)

cult. UIUC from seeds obtained from Real Jardin Boténico,
Spain, Downie 35 (ILL)

Turkey, Tarsus, Namrun Plateau, Kasapligil 6483 (UC)

Iran, cult. UIUC from seeds obtained from Research Institute of
Forests and Rangelands, Iran, Lee 43 (ILL)

cult. UIUC from seeds obtained from Institut fiir Pflanzengene-
tik und Kulturpflanzenforschung, Gatersleben, Germany, Lee
29 (ILL)

India, cult. UTUC from seeds obtained from grocery store, Lee
120 (ILL)

Afghanistan, Kandahar, Ispoli, Hedge et al. W7083 (E)

cult. UIUC from seeds obtained from Institut fiir Pflanzengene-
tik und Kulturpflanzenforschung, Gatersleben, Germany, Lee
57 (ILL)

Israel, Judean Mtns., Har Herzel, cult. UIUC from seeds ob-
tained from O. Cohen, Lee 270 (ILL)

Lebanon, cult. UIUC from seeds obtained from USDA acc.
286611, Lee 185 (ILL)

Kazakhstan, cult. UIUC from seeds obtained from USDA acc.
478882, Lee 167 (ILL)

cult. UIUC from seeds obtained from Jardin botanique de Caen,
France, Lee 47 (ILL)

cult. UIUC from seeds obtained from J.-P. Reduron, Mulhouse,
France, Lee 81 (ILL)

cult. UTUC from seeds obtained from Institut fiir Pflanzengene-
tik und Kulturpflanzenforschung, Gatersleben, Germany, Lee
64 (ILL)

cult. UIUC from seeds obtained from Institut fiir Pflanzengene-
tik und Kulturpflanzenforschung, Gatersleben, Germany, Lee
73 (ILL)

cult. UIUC from seeds obtained from Jardim Botanico de Lis-
boa, Portugal, Lee 49 (ILL)

Israel, Samarian Desert near Sartaba, cult. UTUC from seeds ob-
tained from O. Cohen, Lee 271 (ILL)

Argentina, cult. Botanical Garden of the University of California,
Berkeley 94.0563

cult. UIUC from seeds obtained from Institut fiir Pflanzengene-
tik und Kulturpflanzenforschung, Gatersleben, Germany, Lee
36 (ILL)

cult. Botanical Garden of the University of California, Berkeley
92.0891

Turkey, Adana, Alaa 6698 (UC)

Afghanistan, Baghlan, Podlech 21615 (NY)
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TABLE 1. Continued.

Species

Source and voucher information for ITS data

Laser trilobum (L.) Borkh.
Laserpitium hispidum M. Bieb.
Laserpitium siler L.

Lisaea heterocarpa (DC.) Boiss.
Lisaea papyracea Boiss.

Lisaea strigosa (Banks & Sol.) Eig
Myrrhis odorata (L.) Scop.

Orlaya daucoides (L.) Greuter

Orlaya daucorlaya Murb.
Orlaya grandiflora (L.) Hoffm.

Osmorhiza longistylis (Torr.) DC.
Pachyctenium mirabile Maire & Pamp.
Pseudorlaya pumila (L.) Grande

Scandix balansae Reut. ex Boiss.

Scandix pecten-veneris L.

Szovitsia callicarpa Fisch. & C. A. Mey.
Torilis arvensis (Huds.) Link subsp. arvensis
Torilis arvensis subsp. purpurea (Ten.) Hayek
Torilis elongata (Hoffm. & Link) Samp.
Torilis japonica (Houtt.) DC.

Torilis leptophylia (L.) Rchb. f.

Torilis nodosa (L.) Gaertn.
Torilis scabra (Thunb.) DC.
Torilis tenella (Delile) Rchb. f.

Torilis trichosperma (L.) Spreng.

Turgenia latifolia (L.) Hoffm.

Yabea microcarpa (Hook. & Arn.) Koso-Pol.
Outgroups
Aphanopleura trachysperma Boiss.

Psammogeton canescens (DC.) Vatke
Lecokia cretica (Lam.) DC.

Smyrnium olusatrum L.

Azerbaijan, Caucasus, Vel-Veli-Chai, Pimenov et al. s.n. (MW),
cult. Moscow State University Botanical Garden, Russia

cult. UTUC from seeds obtained from Hungarian Academy of
Sciences Botanical Garden, Vacratét, Lee 68 (ILL)

cult. UIUC from seeds obtained form Johannes Gutenburg Uni-
versity, Germany, Downie 71 (ILL)

Iran, Durud, Luristan, Koelz 15501a (US)

Armenia, Gambarian s.n. (UC)

Azerbaijan, Baku to Marand, Lamond 3884a (E)

Europe, cult. Botanical Garden of the University of California,
Berkeley 89.1236

cult. UIUC from seeds obtained from Hungarian Academy of
Sciences Botanical Garden, Vacréatét, Lee 7 (ILL)

Macedonia, Kuceviste, Edmonston 27 (E)

cult. UIUC from seeds obtained from Karl Marx University Bo-
tanical Garden, Leipzig, Germany, Lee 41 (ILL)

USA, Illinois, Champaign Co., Urbana, Downie 738 (ILL)

Libya, E. Shahat, Cyrene, Davis 50249 (E)

cult. UIUC from seeds obtained from Jardim Botanico de Lis-
boa, Portugal, Lee 59 (ILL)

cult. UIUC from seeds obtained from Karl Marx University Bo-
tanical Garden, Leipzig, Germany, Lee 2 (ILL)

cult. UIUC from seeds obtained from Institut fiir Pflanzengene-
tik und Kulturpflanzenforschung, Gatersleben, Germany,
Downie 27 (ILL)

Azerbaijan, Moghan, Lamond 3195 (E)

England, Buckinghamshire, Amersham, Southam s.n. (RNG)

Morocco, Col du Nador, Jury & Wilson s.n. (RNG)

Morocco, Col du Nador, Jury & Wilson s.n. (RNG)

not included in molecular analysis

Asia Minor; cult UIUC from seeds obtained from Anonymous
(K), Lee 107 (ILL)

England, Isle of Wight, Linington & Shepard s.n. (K)

Japan, Okinawa, Beauchamp 1217 (US)

Jordan, Ajlun, Schtafeenah, Lahham & El-Oglah 1 (Yarmouk Uni-
versity Herbarium, Jordan)

Jordan, Um-Qais, near Irbid, Lahham & El-Oglah 4 (Yarmouk
University Herbarium, Jordan) [as syn. Chaetosciadium trichos-
permum (L.) Boiss.]

cult. UIUC from seeds obtained from J.-P. Reduron, Mulhouse,
France; Lee 82 (ILL)

USA, Arizona, Pima Co., Holmgren 6772 (WTU)

not included in molecular analysis

not included in molecular analysis

Jordan, Ajlun, Schtafeenah, Lahham & EIl-Oglah 7 (Yarmouk Uni-
versity Herbarium, Jordan)

cult. UIUC from seeds obtained from Karl Marx University Bo-
tanical Garden, Leipzig, Germany, Lee 113 (ILL)
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TABLE 2. Morphological characters and character state
descriptions used in the cladistic analysis of Apiaceae
tribe Scandiceae and outgroup taxa. Ordered characters
are indicated.

1. Cotyledon type: round or ovate (0), linear (1).

2. Pollen type: subrhomboidal (0), oval (1), subrectan-
gular (2), equatorially-constricted (3).

3. Stem habit: erect or ascending (0), procumbent or
semi-climbing (1).

4. Stem surface or vestiture type: glabrous (0), hispid and
spreading (1), retrorsely appressed (2), glochidiate (3),
pilose (4).

5. Basal and lower cauline leaf division: ternate (0), 1-
pinnate (1), 2-4 pinnate (2), bi-ternate (3).

6. Basal and lower cauline leaf lobe shape: linear-lance-
olate (0), filiform (1), oblong-ovate (2).

7. Bracts: absent or rarely one (0), present but caducous
(1), present but not caducous (2).

8. Bract shape: simple and linear (0), 3-fid (1), pinnatisect
2).

9. Bract position after anthesis: unchanged (0), strongly
curving upwards (1), deflexed (2).

10. Bracteoles: absent (0), present (1).

11. Bracteole division: entire or bifid (0), mostly 3-fid (1),
pinnatisect (2).

12. Terminal inflorescence: present (0), absent (1).

13. Ray surface or vestiture type: glabrous (0), hispid and
spreading (1), retrorsely appressed (2), glochidiate (3),
pilose (4).

14. Ray position after anthesis: unchanged (0), curving
upwards (1).

15. Ray number (ordered).

16. Ratio of longest to shortest ray (ordered).

17. Flower sexuality: all flowers perfect (0), perfect and
staminate flowers present (1).

18. Central flowers purple: absent (0), present (1).

19. Length of outer petals (ordered).

20. Ratio of longest to shortest petal (ordered).

21. Ratio of style to stylopodium (ordered).

22. Length of style (ordered).

23. Bristles on petal: absent (0), present (1).

24. Stylopodium shape: flat-conic (0), conic (1), depressed
).

25. Fruit length (ordered).

26. Fruit shape: globose to ovoid (0), elliptic or linear (1).

27. Fruit beak: present (0), absent (1).

28. Fruit compression: compressed laterally or not com-
pressed (0), distinctly dorsally compressed (1).

29. Mature fruit epidermis color: green (0), black (1).

30. Mericarp surface: smooth (0), papillate (1), tuberculate
(2), spiny mass (3), peg-like (4).

31. Appendages on fruit surface: absent (0), present (1).

32. Appendage distribution: absent, or infrequent only on
primary or secondary ridges (0), regular on both pri-
mary and secondary ridges (1).

TABLE 2. Continued.

33.

35.
36.
37.
38.
39.
40.
41.
42.

43.
. Secondary ridge appendage type: multiple-celled pro-

45.

48.

49.
50.

51.
52.

53.

54.
55.

56.

Primary ridge hairs on fruit dorsal surface: absent (0),
present (1).

. Primary ridges and hairs on mericarp commissural

face: absent (0), present (1).

Primary ridge indumentum: bristles (0), bristles with
swollen bases (1), spines (2), spine-like hairs (3).
Primary hair apex: straight (0), curved (1).

Primary appendage grouping: none (0), multiple (1).
Primary hair arrangement: up to biseriate (0), more
than tri-seriate (1).

Primary hair orientation: spreading laterally, or more
or less erect (0), directed toward stylar end (1).
Primary hair attachment to mericarp: simple (0), lobed
().

Primary hair surface: striate or smooth (0), tuberculate
(1), papillate (2).

Development of secondary ridges: not developed (0),
developed with broad ridges (1), developed with nar-
row ridges (2).

Secondary ridge appendages: absent (0), present (1).

jections (0), long bristles (1), spines (2), undulate wings
(3), spatulate plicate (4), dentate wings (5).
Secondary ridge appendage arrangement: one row (0),
two rows (1), more than two rows (2).

. Secondary appendage base: free (0), confluent (1).
47.

Secondary appendage apex: simple or tapering (0),
glochidiate (1), tuberculate (2), rounded (3).
Secondary appendage surface: striate or smooth (0),
papillate (1), peg-like (2), tuberculate (3), stiff, tiny
bristles (4).

Mesocarp thickness: thick (0), too thin to tell mesocarp
from exocarp (1).

Vittae development: very tiny or reduced (0), conspic-
uously developed (1).

Vittae shape: elliptic or oval (0), triangular (1).
Number of vittae below secondary ridge: one (0), nu-
merous (1).

Number of vittae on commissural face: two (0), four
(1), numerous (2).

Vittae under lateral ridge: absent (0), present (1).
Endosperm shape in cross section: flat (0), curved (1),
recurved (2).

Chromosome base number: x = 6 (0), x = 7 (1), x =
8(2,x=9(@3),x=104), x =11 (5).

analysis (Table 2). Thirty-one of these are fruit char-
acters, ten are inflorescence or bract characters,
eight are floral characters, and five are vegetative
characters. Pollen type and chromosome base num-
ber were also considered, with this information ob-
tained from Moore (1971), Constance et al. (1971),
and Cauwet-Marc and Jury (1982). Line illustrations
of the primary and secondary fruit appendages ex-
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amined are presented in Lee (1998); illustrative ma-
terial and photographs of other characters are avail-
able in Cerceau-Larrival (1962), Heywood (1968a,
1973), Okeke (1978, 1982), Jury (1986), Heywood
and Dakshini (1971), and Saenz de Rivas et al.
(1982). In several instances, however, some pub-
lished illustrations and descriptions appeared to be
inconsistent or in disagreement with our original
observations. Our rationale for character and state
selection and coding is presented in Lee (1998) and
expanded upon in Spalik and Downie (2001). In the
present study, the term morphological is used to
represent broadly all aspects of the phenotype, in-
cluding anatomy and chromosome number.

The seven quantitative characters (i.e., characters
15, 16, 19, 20, 21, 22, and 25; Table 2) were coded
using the gap-weighting method (Thiele 1993). This
coding method divides the range of taxon means
for a character into a series of equal segments, each
of which corresponds to an ordered state. Each tax-
on is assigned the state containing the taxon’s mean
value. Among currently available methods for cod-
ing quantitative data, Levin (unpublished data)
found gap weighting to be among the best at re-
taining phylogenetic information. In this study we
used 26 character states for each quantitative char-
acter, the limit imposed by MacClade (Maddison
and Maddison 1992). Raw data for all quantitative
characters are presented in Lee (1998). The 49 qual-
itative characters were treated as non-additive (un-
ordered). The resultant data matrix for all 56 char-
acters is presented in Appendix 1. Approximately
10% of all cells in the data matrix were scored as
unknown or inapplicable. Because the number of
states differed considerably among characters, par-
ticularly between quantitative characters with 26
states and qualitative characters with generally few-
er than four states, all characters were weighted in
inverse proportion to their number of steps using
the SCALE option in PAUP version 3.1.1 (Swofford
1993). For the analysis of morphological characters
alone, weights were assigned to all characters such
that the minimum possible length of each character
was as close to 1000 as possible (fractional weights
cannot be used in this version of PAUP). Thus bi-
nary characters were assigned a weight of 1000,
three-state characters a weight of 500, four-state
characters a weight of 333, and so on, to the quan-
titative characters, which have 26 character states
and so each received a weight of 40.

The data were analyzed phylogenetically using
PAUP version 3.1.1 on a Power Macintosh 8500/120
computer. Heuristic searches were conducted with
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100 random addition replicate searches and tree bi-
section-reconnection branch swapping. The options
mulpars, steepest descent, collapse, and acctran op-
timization were selected. To assess the relative sup-
port for each monophyletic group, bootstrap values
(Felsenstein 1985) were calculated from 100 repli-
cate analyses using the heuristic search strategy
and simple addition sequence of taxa. Also, the
weights = simple option was used to assign each
character an equal probability of being sampled
and to use the weight attached to each character
during the following search (Swofford 1993). Decay
analyses (Bremer 1988) with tree lengths greater
than those most parsimonious were conducted un-
til PAUP ran out of tree storage memory. Measures
of character fit in the parsimony analysis were es-
timated using the consistency (CI; Kluge and Farris
1969) and retention (RI; Farris 1989) indices.

Combined Analysis of Morphological and ITS
Data. The spiny-fruited umbellifers were the sub-
ject of a previous phylogenetic study using nuclear
rDNA ITS 1 and ITS 2 sequences (Lee and Downie
1999). Source and voucher information for the 54
accessions referred to herein is provided in Table 1.
ITS data are also available for Aphanopleura and
Psammogeton, but because these genera are clearly
excluded from Scandiceae when molecular data are
analyzed (Katz-Downie et al. 1999) they were not
included in this portion of the investigation. ITS
data for Torilis japonica were not available. Align-
ment of all 54 complete ITS 1 and ITS 2 sequences
resulted in a matrix of 473 positions, of which 66
positions were excluded because of alignment am-
biguities. Of the remaining 407 unambiguously
aligned positions, 233 were potentially parsimony
informative, 118 were constant, and 56 were auta-
pomorphic. Additional sequence characteristics as
well as the phylogenetic hypotheses inferred using
these data (which include Polylophium and three ad-
ditional outgroup taxa) are presented in Lee and
Downie (1999, 2000).

Phylogenetic analysis of combined morphological
and molecular data were carried out in two ways.
First, only the 49 qualitative morphological char-
acters were combined with the ITS data and these
were analyzed using equally-weighted maximum
parsimony, as the seven weighted and ordered
quantitative morphological characters cannot be
combined with DNA sequence data without consid-
erations of weighting for both partitions. Second, a
weight of 1000 was applied to each molecular char-
acter while maintaining the weights assigned ear-
lier in the separate analysis of all 56 morphological
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FIG. 1. Strict consensus of three minimal length 160,395 step trees derived from maximum parsimony analysis of
56 weighted morphological characters for 57 accessions of Apiaceae tribe Scandiceae and outgroup taxa (CI = 0.341; RI
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characters. Maximum parsimony analysis of these
weighted data were carried out as described pre-
viously. The strict consensus trees derived from
both types of analyses were highly congruent, with
the only differences between them being increased
resolution of relationships within Daucus carota plus
Torilis in the weighted analysis and the exchange of
positions between Lisaea papyracea and L. strigosa
and between Kozlovia and Myrrhis. The weighted
parsimony analysis, however, did not permit timely
completion of the bootstrap and decay analyses,
and the branch lengths obtained were highly in-
flated. Thus, all subsequent discussions of com-
bined morphological and molecular data weight all
characters equally and exclude the seven quantita-
tive characters.

RESULTS

Morphological Analyses. Maximum parsimony
analysis of the 56 morphological characters resulted
in three minimal length trees differing only in the
arrangement of the three species of Agrocharis. The
strict consensus of these trees, with accompanying
bootstrap and decay values, is presented in Fig. 1.
Each of these trees, constructed with weighted
characters, had a length of 160,395 steps, a CI of
0.341, and a RI of 0.739. Decay values ranged from
80 to 525; however, because all characters are
weighted, these values are higher relative to those
typically obtained when equally-weighted charac-
ters are considered. Bootstrap estimates were gen-
erally very low, with many basal nodes supported
by values = 12%.

The previously designated Scandiceae subtribes
Daucinae, Torilidinae, and Scandicinae, erected on
the basis of phylogenetic analyses of ITS sequences
(Downie et al. 2000) and supported by other mo-
lecular phylogenetic studies (e.g., Plunkett and
Downie 1999; Lee and Downie 2000), are indicated
on this tree (and all other trees presented herein).
Daucinae, with included Artedia, is monophyletic
with a decay value of 360 and a bootstrap value of
12%. Also included within Daucinae are the genera
Agrocharis, Ammodaucus, Cuminum, Daucus, Laserpi-
tium, Orlaya, Pachyctenium, and Pseudorlaya. Daucus
is not monophyletic as the genus includes Pachyc-
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tenium and Pseudorlaya. Daucus carota is monophy-
letic, as are D. bicolor, Agrocharis, Laserpitium, Cum-
inum, and Orlaya. Torilidinae are paraphyletic. Its
paraphyly, however, is only weakly indicated, with
its basal branches supported by bootstrap values of
either 4 or 5%. Within the previously circumscribed
Torilidinae, three major lineages are evident; we re-
fer to these as the "Astrodaucus,”’ "Torilis,”” and
""Caucalis” subclades. The " Austrodaucus” subclade
comprises the genera Astrodaucus, Glochidotheca
(=Turgeniopsis Boiss.), and Szovitsia. The ""Torilis”
subclade comprises Torilis and Yabea, and the
""Caucalis” subclade comprises Caucalis, Lisaea, and
Turgenia. The genus Torilis, with seven of its ten
species included in this investigation (Heywood
1982b), is monophyletic and supported by a boot-
strap value of 87%. Also included within this clade
is Torilis trichosperma, previously recognized as
Chaetosciadium  trichospermum (Lee and Downie
2000). Scandicinae are maintained as monophyletic
but with a bootstrap value of 55% and a decay val-
ue of 165. Included within this subtribe are the gen-
era Anthriscus, Kozlovia, Myrrhis, Osmorhiza, and
Scandix, all members of a “‘crown” clade with very
close affinity (Spalik and Downie 2001). Scandici-
nae arise as sister to Daucinae plus Torilidinae. The
genera Aphanopleura and Psammogeton are resolved
as sister taxa near the base of the tree, and their
position there outside of Scandiceae is consistent
with the results of earlier molecular studies. How-
ever Laser groups with Aphanopleura and Psammo-
geton; its position there is in contrast to the previous
molecular studies where it occurs within Daucinae.

Performance of Morphological Characters. One
of the three maximally parsimonious trees was se-
lected arbitrarily in order to show relative branch
lengths and the positions of all character state
changes for the 49 qualitative characters, as opti-
mized by accelerated transformation (acctran) in
PAUP (Fig. 2). On this tree, 28 nonhomoplastic qual-
itative character state changes are inferred, and of
these, those characters of the fruit (which account
for 19 of these unique state changes) appear to be
most useful in delimiting clades. For example, the
five examined genera of Scandicinae are circum-
scribed by the presence of beaked fruits (character

«—

= (.739). Bootstrap values, for 100 replicate analyses, are presented above branches; decay values are presented below
branches (and are inflated owing to the differential and sometimes large weights assigned to these characters). Scan-
diceae subtribes Daucinae, Torilidinae, and Scandicinae are indicated based on previous analyses of molecular data.
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FIG. 2. One of three minimal length 160,395 step trees derived from maximum parsimony analysis of 56 weighted
morphological characters for 57 accessions of Apiaceae tribe Scandiceae and outgroup taxa (CI = 0.341; RI = 0.739).
Branch lengths are proportional to the number of acctran-inferred character state changes occurring along them (note
scale bar); the positions of all character state changes for the 49 qualitative characters are indicated (open and solid
circles). Non-homoplastic qualitative character state changes are shown by solid circles, with character and state changes
indicated (see Table 2 for descriptions).
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27, state 0) whereas the clade of Daucinae plus To-
rilidinae is defined by the regular distribution of
appendages on both primary and secondary fruit
ridges (character 32, state 1), the presence of pri-
mary ridges and hairs on the commissural face of
the mericarp (character 34, state 1), and the pres-
ence of vittae under the lateral ridges (character 54,
state 1). The " Astrodaucus” subclade is defined by
primary hairs having a curved apex (character 36,
state 1) and the presence of peg-like projections on
the surfaces of its secondary appendages (character
48, state 2). Members of the "’Caucalis” subclade are
characterized by having a bristly indumentum on
the primary ridges with swollen bases (character
35, state 1). The genus Daucus (with Pachyctenium
and Pseudorlaya included) is characterized by a
lobed primary appendage base (character 40, state
1), whereas Laserpitium is characterized by second-
ary ridge appendages with undulate wings (char-
acter 44, state 3). Scandiceae subtribe Daucinae are
characterized by four qualitative and five quanti-
tative character state changes that are each homo-
plastic, such as the presence of non-caducous
bracts, dorsally-compressed fruits with well-devel-
oped narrow secondary ridges, and flat endosperm.
Similarly, Torilis and Yabea, comprising the " Torilis”
subclade of subtribe Torilidinae, also share nine ho-
moplastic state changes (five qualitative and four
quantitative) such as tuberculate mericarps and sec-
ondary appendages. Considering further the distri-
bution of fruit characters on the tree in Fig. 2, the
primary appendage characters (33—41) have higher
consistency (range 0.25-1.0; average 0.66) and re-
tention (range 0.4-1.0; average 0.88) indices than
those characters of the secondary appendages (42—
48). Indeed, five primary appendage characters (34,
35, 36, 37, and 40) each have a RI of 1.0. The seven
secondary appendage characters have an average
CI of 0.44 (range 0.2-0.83) and an average RI of 0.68
(range 0.43-0.96). Apparently, characters of the pri-
mary appendages have greater power to discern
clades than do those of the secondary appendages.

CI values for the five vegetative characters
ranged between 0.14-0.50 (average 0.42) and their
RI values ranged between 0-0.82 (average 0.55).
Considering the 10 inflorescence characters, CI and
RI values ranged between 0.14-1.0 (average 0.43)
and 0.25-1.0 (average 0.61), respectively. The eight
floral characters, of which half were quantitative,
possessed CIs of 0.14-1.0 (average 0.37) and Rls of
0.27-1.0 (average 0.60). While many floral and veg-
etative characters have low consistency and reten-
tion indices, a few are quite useful in defining
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monophyletic groups. As examples, the sister rela-
tionship between Turgenia and Lisaea is supported
by the shared presence of a once-pinnate com-
pound leaf (character 5, state 1). The nine examined
accessions of Torilis are each characterized by a re-
trorsely appressed stem indumentum (character 4,
state 2) and appressed hairs on the rays (character
13, state 2). A major clade within Daucus is char-
acterized by a curved ray after anthesis (character
14, state 1). Overall, however, the seven quantitative
characters performed relatively poorly, with CI val-
ues ranging from 0.14 (character 22) to 0.42 (char-
acter 21; average 0.23). CI values for the 49 quali-
tative characters ranged from 0.14 (characters 6 and
7) to 1.0 (characters 10, 14, 23, 27, 34-37, 40, 52-54;
average 0.46).

Phylogenetic Analysis of Combined Data. Max-
imum parsimony analysis of combined morpholog-
ical and ITS data for 52 accessions of tribe Scandi-
ceae plus two outgroup genera resulted in 16 min-
imal length trees. Their strict consensus, with ac-
companying bootstrap and decay values, is
presented in Fig. 3. These trees, constructed with
all characters equally weighted, each have a length
of 1,200 steps, a CI (excluding uninformative char-
acters) of 0.425, and a RI of 0.754. Major differences
between the combined analysis and that of the sep-
arate analysis of morphological data include the re-
affirmation of the monophyly of subtribe Torilidi-
nae, a sister relationship between the "’ Astrodaucus’’
and "Torilis” subclades (albeit one that is very
weakly supported), and the relative placements of
Agrocharis, Laser, Pachyctenium, Pseudorlaya, and
Scandix. Relationships among the three genera com-
prising the ”Astrodaucus” subclade vary as well, as
do those genera within subtribe Scandicinae. Sim-
ilarly, the position of the New World endemics Dau-
cus montanus and D. pusillus within the genus Dau-
cus differs between the results of the two analyses,
as does the position of D. crinitus. Subtribe Dauci-
nae (with included Artedia) is maintained as mono-
phyletic and is sister to subtribe Torilidinae. Scan-
dicinae are also retained as monophyletic. Boot-
strap support for each of these subtribes (78-100%)
as well as each of the three subclades within Toril-
idinae (59-93%) is much higher than that of the
analysis of morphological data alone. Given that all
characters were equally-weighted, the decay values
are more readily interpretable than those of the pre-
vious analysis. Here all three subtribes and all three
subclades within Torilidinae, as well as the sister
group relationship between Daucinae and Torilidi-
nae, are supported by decay values =3.
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The results of the combined analysis are highly
consistent with those inferred using ITS data alone
(Lee and Downie 1999, 2000). While the latter, how-
ever, are equivocal in resolving relationships
among the three subtribes, the analysis of com-
bined morphological and molecular data clearly
supports a sister group relationship between Dau-
cinae and Torilidinae. Indeed, greater resolution of
relationships is achieved throughout the entire tree
upon simultaneous consideration of both morphol-
ogy and ITS data than upon separate analysis of
either of these two data sets. The results of the com-
bined morphological and ITS analysis are also sim-
ilar to those inferred upon the basis of phylogenetic
analysis of cpDNA restriction sites (Lee and Down-
ie 2000), but again, with greater resolution when
combined data are considered. While the restriction
site study included only 32 accessions, both the
monophyly of Daucinae and Torilidinae and their
sister relationship was supported. Similar results
were reported upon consideration of chloroplast
rps16 intron sequences (Lee and Downie 2000),
with the only notable difference between this and
previous studies being the placement of Artedia
within Torilidinae and not sister to remaining Dau-~
cinae.

DISCUSSION

Most classifications of Apiaceae, including that of
Drude (1898), rely on a diverse array of subitle fruit
differences to demarcate major taxonomic groups.
Such characters include the degree and direction of
mericarp compression, the shape of the endosperm,
the distribution of sclerenchyma and calcium oxa-
late crystals in the fruit walls, and various charac-
teristics of the vittae and fruit ridges. Serious
doubts have been raised on the phylogenetic utility
of these characters (e.g., Theobald 1971; Davis 1972;
Cronquist 1982; Jury 1982; Hedge et al. 1987; Shney-
er et al. 1992). Indeed, the results of recent phylo-
genetic analyses of molecular data (Plunkett et al.
1996; Downie et al. 1998; Katz-Downie et al. 1999)
provided very little support for Drude’s system or
for any other non-phylogenetic treatment of the
family based largely on anatomical and morpholog-
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ical fruit characters. The utility of floral and vege-
tative features in circumscribing suprageneric
groups fares no better, as the former are often quite
uniform and the latter differ substantially even
among closely related species (Okeke 1982). Con-
sidering the spiny-fruited umbellifers, a group
characterized by the common possession of spines
or other similar appendages on the primary and/
or secondary ridges of the mericarps, each genus
possesses a unique set of fruit surface features
(Heywood and Dakshini 1971; Heywood 1986; Jury
1986; Saenz de Rivas et al. 1982). These characters,
while permitting the easy recognition of species,
are less useful in providing information on inter-
generic relationships.

Previous molecular systematic studies incorpo-
rating data from either the chloroplast or nuclear
genome (Lee and Downie 1999, 2000; Plunkett and
Downie 1999; Downie et al. 2000) and the results
of our analysis of combined morphological and ITS
data revealed or confirmed three major clades with-
in Apiaceae tribe Scandiceae: subtribes Daucinae,
Torilidinae, and Scandicinae (Downie et al. 2000).
Each of these clades is often well supported, with
bootstrap values generally ranging between 85 and
100%. Subtribes Daucinae and Torilidinae (with the
exclusion of those members treated by Drude in
Laserpitieae) correspond approximately with Hey-
wood’s tribe Caucalideae or Drude’s tribe Dauceae
plus Scandiceae subtribe Caucalidinae. Subtribe
Scandicinae coincides closely with Scandiceae sen-
su Heywood (1971b) or Drude’s Scandiceae sub-
tribe Scandicinae. In the present study, we com-
pared a phylogeny for Scandiceae inferred from 56
morphological characters with those estimated us-
ing molecular data. While Daucinae are maintained
as monophyletic, it seems to arise from within a
paraphyletic Torilidinae when only morphology
was considered. Scandicinae are maintained as dis-
tinct, sister to Daucinae plus Torilidinae. Within
subtribe Torilidinae several smaller clades are evi-
dent (i.e., the Astrodaucus, Torilis, and Caucalis sub-
clades), with many of these same clades resolved
upon analyses of molecular data.

Traditionally, Caucalideae are circumscribed

—

FIG. 3. Strict consensus of 16 minimal length 1,200 step trees derived from maximum parsimony analysis of 49
equally weighted qualitative morphological characters and nuclear rDNA ITS1 and ITS2 sequences for 54 accessions of
Apiaceae tribe Scandiceae and outgroup taxa (CI without uninformative characters = 0.425; RI = 0.754). Bootstrap
values, for 100 replicate analyses, are presented above branches; decay values are presented below.
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largely upon the form and arrangement of the sec-
ondary (vallecular) ridges, as these are often more
strongly developed than the primary ones. How-
ever, our analyses indicate that characters of the
secondary appendages are highly homoplastic and
that the relationships proposed on the basis of these
data do not parallel those inferred using molecular
evidence. For example, members of Drude’s tribe
Laserpitieae (e.g., Laserpitium), while lacking spi-
nose fruit ridges, have prominent secondary ridges
that are often extended into wings. However, these
wings are inferred to have been lost at least twice
independently during the evolution of subtribe
Daucinae (Lee and Downie 2000). Indeed, within
subfamily Apioideae in general, it has been noted
that dorsal flattening and the formation of winged
secondary appendages has likely evolved as a dis-
persal mechanism in many independent lineages
(Theobald 1971; Plunkett et al. 1996, Downie et al.
1998) and it is not unrealistic to presume that mul-
tiple independent losses of wings can also occur.
Moreover, anatomical and developmental studies
have shown that dorsal flattening and wing for-
mation can occur in a variety of different ways
(Theobald 1971). In the present study, other highly
homoplastic secondary appendage characters were
inferred and include: character 46 (appendage base
free or confluent; CI = 0.20); character 47 (append-
age apex simple, glochidiate, tuberculate, or round-
ed; CI = 0.33); and character 45 (appendage ar-
rangement one row, two rows, or more than two
rows; CI = 0.33). Some species lack secondary ap-
pendages entirely (e.g., Lisaea strigosa and Laser tri-
lobum). In Artedia, only the lateral secondary ridges
have developed into expanded wings; the others
are slender and filiform.

In contrast to the highly variable and sometimes
homoplastic secondary appendage characters, those
of the primary appendages provide much support
for those clades inferred on the basis of molecular
data (Fig. 1 in Lee and Downie 1999). As examples,
spiny primary ridges (character 35, state 2) char-
acterize Turgenia and Lisaea, curved primary hairs
(character 36, state 1) are synapomorphic for Astro-
daucus, Glochidotheca, and Szovitsia, grouped prima-
ry appendages (character 37, state 1) are found in
only Cuminum and Ammodaucus, appressed prima-
ry hairs directed towards the stylar end of the fruit
(character 39, state 1) characterize all examined To-
rilis species, and a lobed primary hair base (char-
acter 40, state 1) is synapomorphic for Daucus, Pseu-
dorlaya, and Pachyctenium (but not Agrocharis). The
clade of Daucinae plus Torilidinae (this study) is
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also supported by the presence of hairs on the pri-
mary ridges of the mericarp commissural face
(character 34, state 1). Retention indices for five of
the nine primary appendage characters are 1.0. The
distribution and characterization of these primary
appendage characters, heretofore underutilized in
taxonomic studies of these plants, can offer much
insight into evolutionary relationships. However,
unlike the larger secondary appendages, which
have an obvious role in fruit dispersal, the func-
tional significance of these primary appendage
characters is not known. The value of nonfunctional
characters in classification has long been appreci-
ated (Darwin 1859).

The clade comprising subtribes Daucinae and To-
rilidinae is supported by three synapomorphies:
the regular distribution of appendages on both the
primary and secondary ridges (character 32, state
1), the presence of primary ridges and hairs on the
commissural face of the mericarp (character 34,
state 1), and the presence of vittae under the lateral
fruit ridges (character 54, state 1). Included within
this clade are members of Drude’s tribe Laserpi-
tieae, a group traditionally recognized by lacking
spines on their fruits but by having both primary
and prominent secondary ridges and strongly dor-
sally compressed fruits, features typical of many
Daucinae. The separation of Daucinae from Torili-
dinae, however, is not straightforward. No obvious
morphological or anatomical synapomorphy sup-
ports either of these clades. Indeed, elsewhere with-
in Apiaceae, morphology is of limited value for es-
timating phylogenetic relationships, at least at high-
er taxonomic levels (Downie et al. 1998, 2000). Sim-
ilarly, such synapomorphies are unavailable for
suprageneric groups in other angiosperms delim-
ited on the basis of molecular data (Angiosperm
Phylogeny Group 1998). It may be difficult, per-
haps impossible, to find unique morphological or
anatomical characters supporting the monophyly of
each of these two subtribes. Nevertheless, support
for their sister-group status is achieved, in accor-
dance with the results of phylogenetic analyses of
plastid DNA data (Plunkett and Downie 1999; Lee
and Downie 2000).

Phylogenetic Taxonomy. Here we discuss the
phylogenetic relationships within Scandiceae sub-
tribes Daucinae and Torilidinae as inferred from
morphological characters, with emphasis on those
phylogenetic resolutions not discussed in Lee and
Downie (1999, 2000). Relationships within Scandi-
ceae subtribe Scandicinae, inferred on the basis of
molecular (Downie et al. 2000), morphological
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(Spalik and Downie 2001), and anatomical (K. Spa-
lik, A. Wojewédzka, and S. Downie, unpubl. data)
evidence, are discussed elsewhere, as is the delim-
itation of genera within the subtribe (Spalik et al.
2001). Our goal in revising the taxonomy of the
spiny-fruited umbellifers is to recognize only those
groups that are monophyletic. Some realignments
of species and genera have already been made
(Katz-Downie et al. 1999; Lee and Downie 1999,
2000; Downie et al. 2000), and others are suggested
below upon confirmation of further analysis.

DAUCINAE. Subtribe Daucinae, as sampled
herein, comprise the genera Agrocharis, Ammodau-
cus, Cuminum, Daucus, Laserpitium, Orlaya, Pachycten-
ium, and Pseudorlaya. Also included on the basis of
phylogenetic analysis of molecular data are Melan-
oselinum, Monizia, Polylophium, Thapsia L., and pos-
sibly Laser (Lee and Downie 1999, 2000; Downie et
al. 2000), all genera previously attributable to Dru-
de’s (1898) tribe Laserpitieae. ITS studies also in-
clude Athamanta della-cellae Asch. & Barbey ex E.A.
Durand & Barratte (Downie et al. 2000; Spalik and
Downie 2001; Spalik et al. 2001).

The genus Artedia is dubiously assigned to this
clade. Upon consideration of separate analysis of
ITS sequences (Lee and Downie 1999) and mor-
phology, Artedia falls sister to all remaining Dau-
cinae. This relationship, however, is very weakly
supported with bootstrap values of 12-47%. When
these data are combined greater bootstrap support
is achieved (78%), but this result is in stark contrast
to that inferred using rps16 intron sequences where
Artedia is placed well within Torilidinae (Lee and
Downie 2000). Artedia is clearly anomalous within
tribe Scandiceae. Its fruits are strongly dorsally
compressed and its lateral secondary ridges have
developed into deeply lobed, scaly, expanded
wings. Its other secondary ridges, like those of its
primary ridges, are slender and filiform. It may
very well constitute a separate lineage within the
tribe (such as a monotypic subtribe) as its affinities
to any other taxon have not yet been well estab-
lished. The placement of Artedia demands further
attention.

Laser is another genus of uncertain phylogenetic
placement. Our analysis of morphological data po-
sitions Laser trilobum outside of Scandiceae where it
allies weakly with Aphanopleura and Psammogeton.
Both ITS (Lee and Downie 1999) and rps16 intron
analyses, however, place it alongside other Laser-
pitieae (such as Laserpitium and Polylophium) in sub-
tribe Daucinae. Similarly, our analysis of combined
morphological and ITS data show it allied with Am-
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modaucus, Cuminum, and Laserpitium siler, although
this union is very poorly supported. While Laser
has prominent secondary ridges, its fruits (like
those of subtribe Scandicinae and the various out-
group genera) do not bear primary or secondary
appendages; thus many characters had to be scored
as “inapplicable,” likely accounting for its basal po-
sition within the tree. Laser is further distinguished
from the spiny-fruited umbellifers by having four,
not two, apparent vittae on each commissural mer-
icarp face.

Daucus is the largest and most variable genus in
the tribe. Heywood (1982b) recognized 21 species
in seven sections, of which we have sampled eight
species from all sections, including five subspecies
of D. carota and two subspecies of D. bicolor. The
results of the analyses presented herein, and those
of previous molecular investigations, show a close
relationship among Daucus, Pseudorlaya (3 spp.) and
the monotypic Pachyctenium. Indeed, in all of these
studies, Pseudorlaya and Pachyctenium arise within
Daucus, the latter being either polyphyletic or par-
aphyletic. Pseudorlaya is distinguished from Daucus
in having two rows of fruit secondary spines in-
stead of one (Davis 1972; Zohary 1972), and while
we have confirmed that the secondary spines of
Pseudorlaya pumila are arranged in this same fash-
ion, we have also observed that, within each row,
these paired spines alternate with single ones. This
pattern appears to be unique to subtribe Daucinae.
Another diagnostic character for Pseudorlaya is its
dome-shaped primary ridges. Otherwise, Pseudor-
laya is very similar to Daucus, both morphologically
and chemically (Harborne et al. 1969; Heywood and
Dakshini 1971; Williams and Harborne 1972). The
Libyan endemic Pachyctenium is uniquely distin-
guished by its secondary appendages having spiny
(dentate) wings in the lower half of the fruit yet
while being naked above (Jafri 1985). Thus, while
it may appear that both Pseudorlaya and Pachycten-
ium are distinct morphologically, when compared
alongside a large number of Daucus species they
represent no more than endpoints in a continuum
of morphological variation. The genus Daucus is
highly variable morphologically, phytochemically
(Harborne 1967; Crowden et al. 1969; Harborne and
Williams 1972; Williams and Harborne 1972), cy-
tologically (Cauwet-Marc and Jury 1982), and pal-
ynologically (Cerceau-Larrival 1962, 1965; Guyot et
al. 1980), and thus, it is difficult to define unam-
biguously, particularly if Pachyctenium and Pseudor-
laya are considered. Some realignment of species
and genera may be needed but these will be de-
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ferred until all Daucus and Pseudorlaya species and
subspecies have been examined.

The molecular data also suggest a close relation-
ship between Daucus and Agrocharis. In the ITS
trees, Agrocharis is sister to the clade of D. bicolor, D.
durieua, D. pusillus, and D. montanus (Lee and Down-
ie 1999), and a similar position is observed in our
analysis of combined data (Fig. 3). Agrocharis is the
only spiny-fruited umbellifer endemic to tropical
Africa (Heywood 1982b), and its close affinity with
Daucus reflects some similarities in their fruit anat-
omy and morphology (Heywood 1973). However,
Agrocharis lacks the lobed primary hair base (char-
acter 40) that is characteristic of Daucus, Pachycten-
ium, and Pseudorlaya. The possible transfer of Agro-
charis to Daucus warrants further investigation.

The precise delimitation of Daucus carota is prob-
lematic, with some 11-13 wild subspecies described
(Heywood 1968b, c, 1983; Okeke 1978). Strong ste-
rility barriers have not developed among the sub-
species of D. carota nor between D. carota and relat-
ed species, often leading to viable hybrid progeny
(McCollum 1975, 1977; Small 1978; DeBonte et al.
1984). Moreover, intermediate forms among sub-
species of D. carota from European coastal to inland
areas make it hard to delimit subspecific bound-
aries (S. Jury, pers. comm.). In this study, as in the
ITS study of Lee and Downie (1999), we have in-
cluded five subspecies of D. carota, including D. car-
ota subsp. maximus (=D. maximus Desf.), and in each
of these studies the group unites as a moderately
to strongly supported clade. The cpDNA restriction
site study of Lee and Downie (2000) also includes
D. carota subspecies commutatus, hispanicus, and
maritimus, and these too unite strongly with the
aforementioned assemblage.

The morphological analysis places Daucus crinitus
sister to D. carota (Fig. 1.), in contrast to the molec-
ular studies where D. carota and Pseudorlaya pumila
are sister taxa (Lee and Downie 1999, 2000). The
close relationship between D. crinitus and D. carota,
as inferred by Sdenz Lain (1981) on the basis of
vittae size and shape, is also supported by the
shared presence of purple flowers in the center of
the inflorescence and the absence of calyx teeth.

Daucus aureus, treated as the sole member of sec-
tion Chrysodaucus Thell. by Heywood (1982b), is sis-
ter to D. muricatus (in the monotypic section Platys-
permum (Hoffm.) DC.). These species share closely
located vascular bundles on the commissural sur-
face, reduced elliptic vittae, sclerenchymatous cells
between their commissural vittae, and similar leaf
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lobing and bract shape. Molecular data also support
this union.

Daucus pusillus and D. montanus, both native to
the New World, are placed in different sections on
the basis of vittae shape (Thellung 1926; Sdenz Lain
1981; Heywood 1982b). This is inconsistent with the
results of both molecular and morphological anal-
yses where these species arise as closely related
(e.g., Fig. 3; Lee and Downie 1999) or sister taxa
(e.g., Fig. 1; Lee and Downie 2000). Both species
have only perfect flowers and obsolete calyx teeth.

Daucus bicolor can be distinguished from all other
Daucus species by its bracts, which are trifid rather
than pinnatisect or leaf-like, and the unique color
of its rays and styles. We have observed that the
outer portion of the ray is pink whereas the inner
portion is green, the style is pink, the stylopodium
cream colored, and the calyx green. In contrast, all
other species of Daucus (plus Pseudorlaya and Pa-
chyctenium) have green rays and calyx teeth, and
cream colored styles and stylopodia. The two sub-
species of D. bicolor unite strongly in all analyses,
with the only difference between them being the
presence of central purple flowers in D. bicolor
subsp. bicolor.

Cuminum also has a complex taxonomic history.
On the basis of similarity of fruit bristle structure,
Boissier (1872) placed Cuminum alongside Chaetos-
ciadium and Psammogeton in his tribe Caucalideae.
In contrast, Drude (1898) treated Cuminum in
Apieae subtribe Carinae near Aphanopleura and
Szovitsia. Cuminum and Daucus share similar pri-
mary appendage characters (Heywood and Dak-
shini 1971), whereas Cuminum and Orlaya share a
similar and unique flavonoid chemistry (Harborne
and Williams 1972). Both our morphological and
molecular analyses confirm the position of Cumin-
um among the spiny-fruited umbellifers and, spe-
cifically, within Scandiceae subtribe Daucinae. Fur-
thermore, its sister relationship to Ammodaucus, as
inferred by the molecular analyses, is also sup-
ported by the shared presence of multiple grouping
of primary appendages (character 37, state 1). The
grouping of Laser within this clade is not readily
explained on the basis of morphology.

The incorporation of members of Drude’s (1898)
tribe Laserpitieae (i.e., Laser, Laserpitium, Melanose-
linum, Monizia, and Polylophium) into subtribe Dau-
cinae is consistent, in part, with the classificatory
systems of Calestani (1905) and Koso-Poljansky
(1916) where a close relationship between Laserpi-
tium and Daucus (and other taxa) was suggested on
the basis of fruit anatomical characters. Laserpitieae
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(sensu Drude 1898 or sensu Pimenov and Leonov
1993), however, are not monophyletic with several
independent derivations occurring within Daucinae
(Lee and Downie 2000). The genus Laserpitium may
not be monophyletic either, for on the basis of mo-
lecular evidence L. siler and L. hispidum arise in sep-
arate clades (Lee and Downie 1999, 2000). The mor-
phological data, on the other hand, unite these Las-
erpitium species, with their undulately winged sec-
ondary appendages (character 44) synapomorphic
for the group. It is not unrealistic to presume that
winged secondary appendages can evolve multiple
times. Indeed, in other umbellifers, the presence of
wings on the secondary appendages is a highly ho-
moplastic character (Theobald 1971; Downie et al.
1998).

TORILIDINAE. Subtribe Torilidinae, as circum-
scribed on the basis of molecular data (Lee and
Downie 1999; Downie et al. 2000), comprises the
genera Astrodaucus, Caucalis, Glochidotheca, Lisaea,
Szovitsia, Torilis, Turgenia, and Yabea. The morpho-
logical study, however, fails to support the mono-
phyly of the group. On the basis of phylogenetic
analyses of molecular and morphological data, both
separately and combined, at least three major line-
ages are recognized within the subtribe, designated
herein as the "’Astrodaucus,” ""Torilis,”” and "’Cauc-
alis” subclades. The genus Yabes, however, is only
weakly affiliated with the ""Torilis”” subclade and in
the ITS study of Lee and Downie (1999) it com-
prises a fourth major branch within the subtribe.

Astrodaucus, Glochidotheca, and Szovitsia, compris-
ing the ""Astrodaucus” subclade, share two synapo-
morphies: primary hairs having a curved apex
(character 36, state 1) and the presence of peg-like
projections on the surfaces of the secondary ap-
pendages (character 48, state 2). Otherwise, these
taxa differ remarkably. Astrodaucus has double rows
of pyramid-shaped spines on its secondary ridges,
which almost conceal the thread-like primary ridg-
es (Heywood 1968d), Szovitsia is characterized by
unique spatulate pouches for the secondary ap-
pendages, and Glochidotheca has strongly laterally
compressed fruits.

The genus Torilis (in the "Torilis” subclade) is ex-
tremely polymorphic, given the variability seen in
its cauline leaf and fruit morphology, and calls for
its revision have been put forth by Davis (1972), Al-
Attar (1974), Heywood (1982b, 1986), and Jury
(1986). Cannon (1968) divided Torilis arvensis into
four subspecies, all of which have been treated sub-
sequently as separate species (Meikle 1977). On the
basis of morphology, T. arvensis subsp. arvensis and

LEE ET AL.: PHYLOGENY OF DAUCINAE AND TORILIDINAE

637

T. japonica are sister taxa, and while these taxa can
be distinguished upon consideration of their bracts
(Zohary 1972; Hedge et al. 1987), both share such
features as the presence of bristles on the petals
(character 23, state 1), styles longer than the stylo-
podium, numerous rays, and fruit secondary spines
in three or four rows. Torilis arvensis subsp. purpurea
and T. elongata differ from T. arvensis subsp. arvensis
in having perfect flowers, styles almost sessile, few-
er rays, and secondary spines in only two rows.
Also, the lower umbels of T. elongata are sessile,
whereas those of other Torilis species are pedun-
culate (Jury 1996). The separation of Torilis arvensis
subspp. arvensis and purpurea is also supported by
analysis of cpDNA restriction sites (Lee and Down-
ie 2000) and when T. japonica is included in the ITS
matrix (B.-Y. Lee, unpubl. data). Torilis nodosa clear-
ly belongs within Torilis (in spite of their unusual
fruit characters), and statements to the contrary
(e.g., Davis 1972) are unsupported upon consider-
ation of both morphological and molecular data.

Torilis trichosperma (syn. Chaetosciadium trichosper-
mum) can be distinguished from all other species
of Torilis by its pale pink versus cream colored sta-
mens, larger petals, and multicellular versus simple
secondary appendages (Heywood and Dakshini
1971). Also unique within the spiny-fruited umbel-
lifers are its mericarps, which are covered by fine,
long bristly hairs made up of a series of tube-like
elements. However, T. trichosperma shares with oth-
er Torilis species a similar flavonoid chemistry
(Crowden et al. 1969; Harborne and Williams 1972),
base chromosome number (x = 6; Constance et al.
1971), appressed hairs on their stems and rays, pri-
mary hairs directed towards the stylar end of the
fruit, and a tuberculate ornamentation on the pri-
mary hair surface (Heywood and Dakshini 1971;
Zohary 1972; Cauwet-Marc and Jury 1982).

Historically, the placement of Yabea among the
spiny-fruited umbellifers has been controversial al-
though Saenz de Rivas (1975) agreed with Koso-
Poljansky (1917) in the separation of Yabea from
Caucalis, arguing that the former differs in the size
of the fruit and its secondary spines, the absence of
sclerenchyma in the secondary ridges, its smaller
vascular bundles, and a flat versus curved endo-
sperm. While Yaben is distinct morphologically, it
does have the same base chromosome number as
Torilis. This number, x = 6, is not known for any
other genus within the tribe. While the proper
placement of Yabea within subtribe Torilidinae is
still unclear, its separation from Caucalis is main-
tained.
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The “Caucalis” subclade comprises the genera
Caucalis, Lisaea, and Turgenia. Caucalis has had a re-
markable classificatory history, with many species
at one time included within the genus now referable
to Agrocharis, Angoseseli, Astrodaucus, Orlaya, Torilis,
Turgenia, and Yabea (Cannon 1967, Heywood and
Dakshini 1971; Heywood 1973, 1982b, 1986). Cau-
calis is now treated as monotypic, containing only
C. platycarpos. Caucalis shares with Turgenia and Lis-
aea a similar endosperm shape when seen in trans-
verse section, where the inner ends of the endo-
sperm are curved towards the commissural surface
and then are recurved back towards the dorsal
ridges (character 55, state 2). Turgenia and Lisaea
differ from Caucalis, however, in having round and
not linear cotyledons (Cerceau-Larrival 1962; Guyot
et al. 1980), 1-pinnate versus 2-3 pinnate leaves
(character 5; Townsend 1964), castellate spine mas-
ses between the tuberculate fruit spines (Heywood
and Dakshini 1971), spines on their primary ridges
(character 35), and a base chromosome number of
x = 8 or 9 versus x = 10 (Cauwet-Marc and Jury
1982).

In conclusion, Scandiceae subtribes Daucinae and
Torilidinae are each supported as monophyletic and
are sister taxa upon phylogenetic analyses of cp-
DNA restriction sites (Plunkett and Downie 1999;
Lee and Downie 2000) and rps16 intron sequences
(Lee and Downie 2000). However, upon ITS se-
quence comparisons, the relationships among the
three subtribes are equivocal, and as such, three
clades of equal rank have been recognized (Lee and
Downie 1999; Downie et al. 2000). While morphol-
ogy fails to support the distinction between sub-
tribes Daucinae and Torilidinae, their union is sup-
ported by three synapomorphies. As is increasingly
becoming apparent in Apiaceae taxonomy, many of
those suprageneric taxa recognized on the basis of
recent analyses of molecular data cannot be delim-
ited by morphological synapomorphies without ho-
moplasies.

Among the spiny-fruited umbellifers, like the
family itself, features of the mature fruit have been
traditionally given much importance in delimiting
genera and inferring relationships. Indeed, the tra-
ditional emphasis on fruit characteristics for delim-
iting taxa has found some confirmation from our
analysis. We have also shown that the primary ap-
pendage characters are more useful in delimiting
clades than those of the secondary appendages.
These primary appendage characters are less ho-
moplastic, although their functional significance is
less well known than the more obvious spines,
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hooks, hairs, and wings on the well-developed sec-
ondary ridges that are usually explained as differ-
ent strategies of fruit dispersal.
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APPENDIX 1. States of the characters indicated in Table 2 for 57 species of Apiaceae tribe Scandiaceae and outgroups.
Parentheses indicate polymorphisms and “?” indicates unknown or inapplicable data. The quantitative characters (15,
16, 19, 20, 21, 22, and 25) were coded using gap weighting (Thiele 1993) using 26 ordered character states (0-9, A-H,

J-N, and P-R).
Characters

Taxa 1 11 21 31 41 51
Agrocharis incognita 1111202001 0000221040 5401A11100 1111000{01}00 2212001001 000115
Agrocharis melanantha 2101202001 00402210?? 2?01?11100 1111000{01}00 2212001101 000115
Agrocharis pedunculata 1101202001 00109C1040 EG01C11100 1111000{01}00 2212001001 000115
Ammodaucus leucotrichus 1200202{12}01 {12}000211040 B701E11100 1111001000 2211200401 000112
Anthriscus caucalis 1200220721 0110??102? 2?02?10011 100022?2??? 20022722210 00001{13}
Anthriscus cerefolium 1200220721 0110501042 7302A10011 0000?????? 2007?22?10 000?13
Artedia squamata 1000212221 2000G710MN B501C11100 1011000000 2202272200 000102
Astrodaucus orientalis 120020{01}0?1 0000F510E9 9E01B11000 1111010000 2112111200 000114
Caucalis platycarpos 1301220221 0000331082 7E01E11000 1111100000 0012000000 000?24
Cuminum cyminum 1200012{01}01 0000430050 6601B11100 1111001000 0210200001 100101
Cuminum setifolium 1200012001 {01}000?2002? 2201211100 1111001000 0211200001 100101
Daucus aureus 1201202221 1011N91095 GL01911101 1111000001 2212001100 000105
Daucus bicolor subsp. bicolor 1201202101 {01}010KL11A5 AB01E11102 1111000101 2212011300 000105
Daucus bicolor subsp. broteri 1201202101 {01}0102210?? 2201211102 1111000101 2212011300 000105
Daucus carota subsp. carota 12012022{01}1 {01}011PJ11A9 9502511100 1111000001 2212001001 100103
Daucus carota subsp. gummifer 12012222{01}1 {01}011MC11C5 DC02711100 1111000001 2212001001 100103
Daucus carota subsp. halophilus 12012222{12}1 {01}01???11?? ??01?11100 1111000001 2212001001 100103
Daucus carota subsp. maximus 1201202201 {01}011RR1195 B702411100 1111000001 2212001001 100103
Daucus carota subsp. sativus 1201202201 {o1}011QD1174 6501711100 1111000001 2212001001 100103
Daucus crinitus 1200212201 {01}011B911C2 NRO1B11100 1111000001 2212000301 100105
Daucus durieua 1201202201 21102F1010 5201711102 1111000101 2212001300 000105
Daucus montanus 1101202201 {01}000CcJ0011 7301711100 1111000001 2212001001 000105
Daucus muricatus 1201202221 {01}011DR10C8 A902C11100 1111000001 2212011000 000105
Daucus pusillus 1101202201 1010KA0000 6001511100 1111000101 2212001001 100105
Glochidotheca foeniculacea 1200210??{01} 0000011096 0301E11004 1111010000 2112101200 00011?
Kozlovia paleacea 1200020221 0000D?1086 780?A10001 1010300000 0002222210 22?015
Laser trilobum 2200320221 0000221022 22017211100 0200?2?222? 2202222201 10100?
Laserpitium hispidum 1201222001 0010LA1040 8902D11100 1111000000 2213012001 000105
Laserpitium siler 2200320221 0000141020 ??01F11100 1101222222 2213012001 000105
Lisaea heterocarpa 030{13}122001 00308410MD LP01D11002 1111200000 1012002200 000?2?
Lisaea papyracea 0303122001 00305310E8 BFO1F11002 1111200000 1012002300 000?22
Lisaea strigosa 030{13}122001 00309510JB KP01A11000 1012200000 0002222200 000?2?
Myrrhis odorata 1200220221 00109710B5 8COOR10011 0000222222 2002222200 2?2?2015
Orlaya daucoides 1300202001 00001110HE RJ02H11100 1111000000 0212000001 000102
Orlaya daucorlaya 1300202001 00008310NJ PJ02H11100 1111000000 0212010001 000101
Orlaya grandiflora 1300202001 00008410RR QLO2F11100 1111000000 0212{01}00001 000104
Osmorhiza longistylis 120{04}322001 0000??10?? 2201210011 1010000010 0002?22?10 222012
Pachyctenium mirabile 2201202001 0010EL1040 3602?11?00 1111000001 2215012100 20010?
Pseudorlaya pumila 1201222{01}01 {01}0106F1050 2301F11100 1111000101 2212{01}01001 000102
Scandix balansae 1202200221 0100221022 2200710011 0000222222 2002?22?10 000012
Scandix pecten-veneris 1201200221 1100101055 ED00G10011 0000???22? 2002?72?10 000015
Szovitsia callicarpa 1200210221 0000611094 €801911000 1111010000 2114003201 00011?
Torilis arvensis subsp. arvensis 1202200221 0020931063 NF12801002 1111000010 1012201300 000110
Torilis arvensis subsp. purpurea 1202200221 0020000052 3902B01002 1111000010 1012101300 000110
Torilis elongata 1202200721 0020210020 4002B01002 1111000010 1012101300 000115
Torilis japonica 1202222001 0020951068 B712501002 1111000010 1012200300 00011{02}
Torilis leptophylla 1202200221 01202C0050 2D02A11002 1111000010 1012{01}01300 000110
Torilis nodosa 1212220221 01202M0010 1802501002 1111000010 1012100300 000110
Torilis scabra 22022202721 00202200?? 2202711002 1111000010 1012{12}00300 00011?
Torilis tenella 1202200221 0020220022 2202?11002 1111000010 1012001300 000110
Torilis trichosperma 1302220771 0120430071 JF02911002 1111000010 1011200400 000110
Turgenia latifolia 0301122001 00103210C6 5901H1100{23} 1111200000 1012002300 000?2{23}
Yabea microcarpa 1201202201 00106A0020 4001911002 1111000100 2012000300 000110
Aphanopleura trachysperma 1204312001 0000942031 9402001000 1000222222 2002222201 000005

bgeton ¢ 1204302001 0010A31070 FC01201000 1000222222 2002222201 10000?
Lecokia cretica 2200220721 00002?2102? 2201211000 1000??222? 2002222200 012012
Smyrnium olusatrum 0000220220 2000A71040 5F01D01010 0000222222 2002222200 012025




