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The Brassicaceae, Mustard Family, is a well marked natural

family, whose tetramerous flowers, tetradynamous stamens, and

distinctive bi- carpellary fruits, clearly distinguish it from related

families. It is a large family of some 3, 000 recognized species and

over 300 genera. Although numerous attempts have been made over

the past two centuries to develop a taxonomic system that would

organize the family into natural, or at the least convenient, group-

ings, no proposal has met with general acceptance.

This investigation is a new attempt to understand intergeneric

relationships. To scale this effort to a manageable scope, I selected

the genus Arabidopsis, in particular the species A. thaliana, as the

focus of all investigations. An important aspect of this thesis is that

it introduces research techniques that have evolved since the family

was last examined. Chemical methods used include protein



electrophoresis and thin-layer chromatography of flavonoid and

related compounds. A variety of computer-assisted numerical analy-

ses were performed on both chemical and morphological data sets. A

total of 54 species were investigated, representing 37 genera.

The electrophoresis survey showed that many of the bands of the

enzyme fructose 1, 6- diphosphate aldolase (1.U.B. No. 4.1.2.13) did

not represent true isozymes, but were the results of secondary inter-

actions between the enzymes and phenolic compounds. These artifacts

were eliminated when a number of precautions were exercised during

the extraction process, notably the washing of the plant extracts with

synthetic phenolic-binding compounds (XAD-4 and polyclar-AT).

Neither the electrophoresis nor the TLC surveys generated data sets

that produced rational phenograms when clustering strategies were

applied. Counter to expectations, each species was characterized by

unique flavonoid idiogram patterns. Similarly, the electrophoretic

phenotypes failed to generate reasonable phenograms although they

support recognized intrageneric groupings. A correlation was

observed between flavonoid distribution and plant habit.

A significant quality of the 37 genera analyzed was their failure

to form consistent groupings. The plants were shown to be widely

scattered in the multidimensional character space, and clusters were

markedly influenced by algorithm choice. However, two distinct

groupings did emerge when the several numerical approaches were



compared. The groups are separated by differing attitudes of the

cotyledons with respect to the seed radicle. This single character

difference was reinforced by weak but consistent correlations with

chemical data. This finding sustains the method devised by

de Cando lle and popularized by Schulz, who relied on cotyledonary

position as a primary criterion for delimiting the tribes of the

Brassicaceae. As a corollary, my numerical results place

Arabidopsis near Sisymbrium and remote from its historical allies,

Arabis and Cardamine. The limits of the genus Arabidopsis and a

natural classification system for the Brassicaceae were not resolved

by this work. However, the problems inherent in these tasks were

identified.
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A CHEMOSYSTEMATIC STUDY OF THE PHYLOGENETIC
POSITION OF ARABIDOPSIS THALIANA (L.) HEYNH.

(BRASSICACEAE) EMPLOYING
NUMERICAL METHODS

INTRODUCTION

The Brassicaceae is a large, worldwide family consisting of

some 300 genera and perhaps over 3,000 species found for the most

part in temperate and subarctic regions. The family has been

traditionally placed in the primitive Poppy order, Papaverales

(Benson, 1957; Engler and Prantl, 1891, inter alia); however, most

recent workers have repositioned the family, along with the Cap-

paridaceae, into the Capparales, making it more advanced in the

overall phylogeny of flowering plants (Cronquist, 1968; Tahktajan,

1969).

Members of the Brassicaceae are characterized consistently by

four regular sepals and four petals positioned opposite each other in

a square cross, giving rise to the commonly applied family name,

Cruciferae, or "cross-bearing." The stamens are typically six and

tetradynamous, four long and two short. The regular petals are

usually clawed and have a spreading limb. The family has superior

ovaries, a single pistil of two carpels, 1 usually two-loculed, with

Some authors prefer a four carpellary interpretation based upon the
work of Eames and Wilson (1930).
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parietal placentation. The fruit is a pod divided by a thin partition,

the replum. It is typically of two forms: when longer than broad it

is termed a silique; when about equal in length and breadth, a silicle.

These characteristics provide an unambiguous, wholly natural

grouping which is universally recognized; yet little agreement has

been reached in the treatment of the lower taxa within the family.

Attempts to set tribal and subtribal boundaries, directed at bringing

some semblance of order to the complexities of the family, have not

been widely accepted. Perhaps even more troubling, the limits of

genera have not been easily set. Recognizing this difficulty, authors

frequently will admonish their readers with cautions, as illustrated by

Bailey in his Manual of Cultivated Plants (1949):

Although Cruciferae is a 'natural' family, the genera are
largely artificial or arbitrary and the delimiting of them
is often difficult.

This dissertation is directed at a reexamination of the internal

taxonomy of the Brassicaceae by applying several techniques unavail-

able to Crucifer systematists of the past (the most recent effort was

Janchen's in 1942). In particular it applies the techniques of protein

electrophoresis, flavonoid thin-layer chromatography, and numerical

taxonomy to the systematics of the Brassicaceae.

To set manageable limits for this study, I selected Arabidopsis

thaliana (L.) Heynh. as an exemplary species of the family. It

possesses numerous attractive features, its suitability for research



3

having been amply reviewed by Redei (1969, 1975b). It is a small,

fast-growing annual (a full generation can be completed in under

30 days); its genetics have been well studied; seed banks exist in this

country in Columbia, Missouri, and in Europe in Germany and in the

Soviet Union, where mutant stocks are maintained; it is amenable to

aseptic culture in large numbers; its physiology and biology are well

documented; it is well represented in the flora of the Pacific states;

and a worldwide network of information exchange has been operating

for over a decade (as witnessed by the annual issue of the Arabidopsis

Information Service).

Moreover, Arabidopsis is a genus whose affinities have been

much debated and the limits of the genus are arbitrary. To illustrate

this point, Hedge and Rechinger in the Flora Iranica (1968) conclude

their generic description by stating:

Arabidopsis as defined by 0. E. Schulz in the Pflanzen-
reich, is in need of detailed re-investigation. With the
fairly abundant material now available, especially from
the Western Himalaya, where the crux of the problem
appears to lie, a review of all the species throughout their
ranges would be most valuable. In particular, the demarca-
tion line between Arabis and Arabidopsis is in need of
redefinition. Some species of Arabidopsis are closer to
Arabis than to other species of Arabidopsi.s. Schulz's
delimitation of the genus has been accepted in the absence
of a more satisfactory treatment.

In 1842 Heynhold published the first taxonomic description of

the genus Arabidopsis including but a single species, Arabidopsis

thaiiana. The species had, however, received earlier recognition,
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for Linnaeus in 1753 mentioned this species as a member of the genus

Arabis, naming it to honor Johannes Thal, who in 1577 had published

the first Harzflora. Since Linnaeus, the taxonomic position of

Arabidopsis has changed frequently. Further the selection of species

other than A. thaliana to be included within the genus has been highly

volatile. Table 1 is a compilation of the 17 species which have been

thought to be members of the genus; their several synonyms are

included to underline the magnitude of the taxonomic confusion. The

North American species A. glauca and the Siberian A. salsugineum

are listed separately, although most workers now concede that they

are likely to be the same species. The separate identity of Rydberg's

A. virgata and A. stenocarpa is also questionable.

Pivotal Taxonomic Characteristics

In setting limits for the tribes, subtribes, and genera of the

Brassicaceae, each author stresses the phylogenetic significance of

one characteristic over others. To set the stage for the exposition of

the history of Crucifer phylogeny which follows, I will first list and

describe the characteristics used to separate the tribes and genera.

Fruit characteristics were the first to receive emphasis. Most

Crucifers possess either a silique (as in Arabidopsis) or a silicle (as

in Draba). Certain genera are often separated because of the speci-

fics of their dehiscence. The silique or silicle may separate



Table 1. A partial listing of the species of Arabidopsis and their synonyms.

Arabidopsis Arabic Sisymbrium Stenophragma Others

A. thaliana Heynh A . thaliana Linnaeus

A . suecica Fries A . suecica Fries

A . toxophylla Busch A . toxophylla Bleb.

A . himalaica Schulz A . himalaica Edgew.

A . mollis Schulz A . hookeri Lange

S. thaliana Gay S. thaliana Celak. Erysimum thaliana Kittel
Conringia thaliana Reichenb.

S. suecicum Nyman S. suecicum Celak. Hylandra suecica LOve

S. bursifolium Linnaeus S. bursifolium Prantl

Turritis mollis Hook.
Halimolobus mollis Rollins

A. wallichii Busch S. wallichii Hook, and Thorns. Hesperis wallichii Kuntze

A. kneuckeri Schulz S. kneuckeri Bornm.

A. pumila Busch S. pumilum Stephan S. pumilum Celak Drabopsis oronticum Stapf

A. lasiocarpa Schulz S. lasiocarpum Hook, and Thorns. Hesperis lasiocarpa Kuntze

A. monachorum Schulz S . monachorum W .W . Smith

A. glauca Rydb. S. glaucum Nutt. Hesperis glauca Kuntze
Pilosella glauca Rydb.

A . salsuginea Busch

(Continued on next page)

S. salsugineum Pall. S. salsugineum Fraud Thellungiella salsuginea Schulz
Thelypodium salsugineum

Robins.

(51



Table 1. (Continued)

Arabidopsis Arabis Sisymbrium St e nophr agm a Others

A. virgata Rydb. S. v4rgatum Nutt. S. virgatum Greene Pilosella virgata Rydb.
Hesperis virgata Kuntze
Halimolobus virgata Schulz

A. parvula Schulz

A. stricta Busch

A. stenocarpa Rydb

A. mollissima Busch

S. parvulum Lipsky

S. strIctum Hook, and Thorns.

S. moilissimum Meyer

Diplotaxis parvula Schrenk

Malcolmia stricta Camb.

Pilosella stenocarpa Rydb .

Hesperis mollissima Kuntze

Cr,
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transversely into several one-celled one-seeded joints, a loment (as

in Raphanus). A few genera have completely indehiscent silicles that

are both one-celled and one-seeded and are shed entire (as in Thysan-

ocarpus); this type of fruit is sometimes called a nucament. These

fruit types are illustrated in Figure 1.

In addition, fruit forms can be distinguished by the attitude of

the replum. If the fruit is compressed parallel with the replum, that

is, in the long diameter, it is latiseptate (e.g., Lunaria); if it is

obcompressed, that is, in the short diameter at a right angle to the

replum, it is angustiseptate (e.g., Capsella). Many Cruciferous fruits

are nearly terete, therefore making a compression judgment difficult

(Arabidopsis, for example). Fruits of certain members of the family

possess a sterile upper portion or beak (as in Brassica), while others

are elevated above the receptacle by a stipe (as in Stanleya). Often,

importance will be awarded the form and distinctiveness of the nerves

on the valve; for example, Arabidopsis displays a single distinct mid-

rib with a reticulate system of veins barely visible. Finally, the

pattern or mosaic of the microscopic appearance of the replum sur-

face cells has been considered.

According to a majority of authorities, the relative position of

the radicle within the seed is especially decisive. A transverse

section through the seeds of plants in the Brassicaceae reveals differ-

ing attitudes of the primary root toward the cotyledons. Figure 2
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NUCAMENT

A
LOMENT

B
SILICLE

C

SILIQUE

II

Figure 1. Representative fruit types: A. Th sari2(2-r us curvi es.
B. Rap anus saliva. C. Draba verna. D. Arabido sis
thaliana.
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Figure 2. Cotyledon positions.
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presents illustrations of the five known types. The cotyledons are

accumbent when their edges are placed against the radicle (pleuro-

rhiz position); incumbent when they are backed up to the radicle

(notorhiz position); conduplicate when they are folded on either side of

the radicle (orthoploc position); diplecolobal when both folded and

lobed; and spirolobal when spirally wrapped about the hypocotyl-

radicle axis. The importance of this character is diminished in that

several genera, among which are Erysimum and Halimolobos, include

species with both accumbent and incumbent cotyledons.

In addition to the relative positions of radicle and cotyledons,

genera occasionally are delimited by whether the seeds become

mucilaginous when moistened. Of paramount importance to some

workers is the number of rows of seeds found in each locale. A

single row is uniseriate; two rows, one along each edge of the

replum, is biseriate.

Other parts, of the flower are seldom considered; however,

petal color and the shape and arrangement of the nectaries found at

the attachment point of the stamens to the receptacle are occasionally

employed.

The presence of hairs on the stems and leaves and their pattern

of branching is an eminent property and is universally applied to

delimit genera. Frequent use also is made of the localization of

myrosine cells. Electron microscopy has revealed that these cells
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contain large numbers of dictyosomes and mitochondria as well as a

high density of cytoplasmic inclusions. These myrosine idioblasts

are found in either the leaf mesophyll (e.g., in studied species of

Arabis) or along the vascular traces (e.g., in Arabidopsis thaliana).

Finally almost all systems used to subdivide the Brassicaceae

rely on the position of the stigma lobes. Those genera in which the

stigmas are situated over the valves are taxonomically separated from

the remainder, whose stigmas are placed over the placentae.

A History of Brassicaceae Taxonomy

The natural grouping of the mustards into a single entity has

been recognized since the birth of botanical science. Theophrastus

clearly recognized their natural unity when in 322 B.C. he wrote his

Enquiry into Plants. The early herbals of Mesopotamia, Greece, and

Rome all clustered the Cruciferous plants on contiguous pages.

Dios corides' great work of the first century A. D. united the genera

Brassica, Bunias, Sinapis, and Raphanus as a grouping within the

classification "pot herbs"; however he described other Crucifers

(Sisymbrium, Isatis, and Thlaspi) in scattered sections of the herbal.

Linnaeus

When formal taxonomy was given its impetus by Linnaeus in

1737, with the publication of Species Plantarum, the grouping of
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Crucifers within a single taxonomic unit was established and has since

remained unchallenged. His artificial classification scheme focused

on the numbers of floral parts and in particular the stamen count and

arrangement. He constructed the Class "Tetradynamia, " partitioning

the Crucifers into two parts based solely on fruit form: the "Silicu-

losa" and the "Siliquosa." Genera were established primarily on the

basis of flower and fruit morphology. Arabidopsis thaliana was

included in the genus Arabis (the name Arabidopsis literally means

"like Arabis, " to which it bears several notable resemblances).

Therefore genera such as Cardamine, Erysimum, and Sisymbrium

are found alongside Arabis. 2 This system of Linnaeus was based on

such a few observed properties that natural groupings remained

blurred; yet his primary distinction of fruit form has held up to the

present time.

de Cando lle

During the next 80 years after Linnaeus several changes were

offered. Adanson (1763) added the concept of the type of fruit com-

pression, thereby establishing four family subdivisions. Crantz

2 The genera that the species of Arabidopsis have most often been
assigned to, as seen from Table 1, are Arabis and Sisymbrium. In
this discussion of Brassicaceae taxonomy the position of Arabidopsis
is oriented by noting its proximity to Arabis and Sisymbrium and to,
in some instances, the allied genera Erysimum, Cardamine, and
Des curainia.



13

(1769) recognized genera with indehiscent fruits as a separate group-

ing. In 1789 Jussieu defined the family, naming it "Cruciferae, " but

retained the system of Linnaeus. Robert Brown, in Aiton's Hortus

Kewensis (1812), utilized seed characteristics for the first time.

A.P. de Cando lle (1821), in his desire to create a "natural" system of

classification, combined fruit form with other traits to divide the

Cruciferae into 21 tribes. In the de Cando lle system (Figure 3),
3 the

Cruciferae are subdivided into five groups (each termed a "subordo"

or subfamily) according to the position of the radicle with respect to

the cotyledons. Each of these groups is then subdivided into tribes,

based upon fruit form, compression, and dehiscence. In this system,

genera with linear siliques are in separate tribes within each of the

groups. He placed the genus Arabis, including A. thaliana, in the

Pleurorhizae-Siliquosae adjacent to the related genera Cardamine and

Turritis. Of interest is that de Candolle recognized a section

Arabidopsis within Sisymbrium, a genus which is characterized by

incumbent cotyledons and a latiseptate silique; however, this is not

the group that was later named as the genus Arabidopsis by Heynhold

(1842).

3 In Figures 3 through 10 the inclusion of certain genera within tribes
and subtribes is indicated. The genera listed are only those included
within this study (see Table 2) and are further restricted to only
those genera either specifically mentioned or readily deduced from
the system description.
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ribe
,--Group Diplecolobeae Tribe

ribe
ribe

"--Group Spirolobeae ribe
ribe
ribe

Group Orthoploceae ribe
Tribe
ribe
Tribe
Tribe

im--Group Notorhizeae

Tribe

Tribe

Brachycarpeae
Subularieae
Heliophileae
Buniadeae
Erucarieae
Raphaneae Raphanus
Zilleae
Psychineae
Velleae
Brassiceae Brassica
Anchonieae
Isatideae Isatis

[:;C6ardaria
Lepidineae epidium
Camelinmae Camel-Ina

Sisymbreae
Conringia
Erysimum

, Sisymbrium
Hesperis

Tribe Cakilineae
Tribe Anastaticeae
ribe Euclidieae

ribe Thlaspideae Capsella
hZaspi

Drabs
Group Pleurorhizea Alyssum

ribe Alyssineae Aubretia
Lunaria
ardamine
rabidopsis

ribe Arabideae Arabic
Barbarea
Rorippa

included as A rabis thaliana L.

Figure 3. The system of Cruciferae according to de Cando lle (1821).
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The de Cando lle system was perpetuated with little modification

during the next few decades by workers such as Fornier (1862). In

1830 Lindley renamed the family the Brassicaceae, a name which has

been slow to receive widespread usage, even to this date. In North

America, Asa Gray (1838) approving of de Cando lle's concept of a

natural classification system, accepted his delimitations of tribes but

rearranged them according to fruit form (see Figure 4).

While accepting the de Candolle system, authors that followed

elected to place Arabidopsis thaliana among the genera Arabis,

Sisymbrium, and Erysimum. It was placed in Sisymbrium due to the

hotorhiz position of the radicle; in Arabis because of its slender,

slightly compressed, silique; and in Erysimum because of the system

of veins on the valves and notorhiz seed character. Heynhold in

1842, using the name but not the limits of de Cando lle's Arabidopsis,

established a new genus with Arabidopsis thaliana as its type species.

In 1867 Celakovsky, perhaps unaware of Heynhold's publication,

established an independent genus Stenophragma, including several

species (see Table 1), but also nominating S. thaliana as the type.

This volatile positioning of Arabidopsis thaliana underscores the

reality that the de Cando lle system was not at all "natural." In this

system, and in those that follow, problems invariably arise when any

single morphological trait was selected to create subfamilial taxa.
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Siliculosae

1.--Nucamentaceae

Lomentaceae

Barbarea
Streptanthus

Tribe Arabideae Arabis
Cardamine
Phoenicaulis
Hesperis
Sisymbrium-

Tribe Sisymbreae Erysimum
Stanleya

Tribe Brassiceae Brassica
Tribe Selenieae

AZyssum
Tribe Alyssineae Draba
Tribe Camelineae--.--Camelina
Tribe Thlaspideae-----TKaspi

Lepidium
Tribe Lepidinea Capsella
Tribe Isatideae Thysamcarpus
Tribe Cakilineae
Tribe Raphaneae Raphanus

including Sisymbrium thaliana Gay.

Figure 4. The system of Cruciferae according to Gray (1838).
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Bentham and Hooker

The system of Bentham and Hooker (1862) is reminiscent of that

by Gray. As shown in Figure 5, they established five series, based

on five fruit forms. 4 The tribes within each series were defined

principally by cotyledon position and by the number of rows of seeds

in each locule. This character, which has been sustained even by

current systematists, creates difficulties in the delimiting of certain

genera. Within the genera Arabidopsis, Arabis, Descurainia, and

Halimolobus, which are considered related, there are species found

that are both uniseriate and biseriate; this erodes Bentham and

Hooker's decision to award tribal importance to this character.

Bentham and Hooker include within the Sisymbrieae (as defined by

de Candolle) the distant genera Stanleya, Erysimum, Hesperis, and

Sisymbrium. Bentham and Hooker selected traits that are variable

within a genus and others that represent parallel evolution. This and

their arbitrary use of but a few traits caused them to group genera

that in many respects are morphologically dissimilar.

Notwithstanding the influence of its authors, the Bentham and

Hooker system did not receive wide acceptance. Important modifica-

tions were proposed in succeeding years. Baillon (1872) recognized

4 In addition to the four fruit forms of Figure 1, Bentham and Hooker
divide indehiscent fruits into two types based upon the length to
breadth ratio of the mature fruits.
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Tribe Sisymbrieae
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including Sisymbrium thaliana Gay.

Figure 5. The system of Cruciferae according to Bentham and
Hooker (1862).



19

the unique leaves of Subularia by placing it in its own tribe, and for-

mally specified tribal and subtribal designations for the first time.

Pomel (1883) reverted to the de Cando lle system but proliferated taxa

by establishing sections within many of the tribes. In Pomel's system

some genera were repositioned through better knowledge of their

cotyledonary characteristics. This removed Lepidium from its own

tribe and placed it, along with Cardaria, in the Brachycarpeae; but it

removed Dentaria from the Sisymbrieae and therefore from its close

ally Cardamine, by placing it in the Heliophileae. This splitting of

Dentaria away from Cardamine is almost surely artificial, since

current authors (e. g. , Hitchcock, 1964) include both taxa within a

single genus.

in 1884 Velenovsky provided a major reshuffling by emphasizing

the position and number of nectaries found at the base of the stamens.

Cos son (1887) put forth 22 separate tribes and numerous subtribes to

improve generic alignments. In 1889, Wettstein, having observed

that species of Erysimum and Cheiranthus freely hybridize to produce

fertile progeny, elected to unite the tribes in which Bentham and Hooker

had placed them (the Arabideae and Sisymbrieae) into a redefined

Arabideae. Under this revision, we find Arabidopsis placed among all

those genera with which it had been associated by earlier workers

(Arabis, Cardamine, Erysimum, Conringia, and Sisymbrium).



20

Stanleya, Streptanthus, and Caulanthus were also united for the first

time, as members of this large tribe, Arabideae, in Wettsten's system.

Prantl

This period of rapid change set the stage for Prantl (1891) who

issued a reclassification of the family that has persisted, despite

challenges, to this day. Prantl's system, shown in Figure 6, was

more successful than its predecessors in establishing natural rela-

tionships. It stressed an increased number of characteristics and

introduced pubescence as a crucial feature, emphasizing not only the

presence or absence of hairs, but their branching type as well. This

trait, which is perhaps overvalued, is widely used today; yet it, too,

is confounded by the occurrence within single genera of both hairy and

glabrous species (as in Arabidopsis). On the basis of pubescence,

Prantl distinguished two main groups, with two tribes in each. The

tribes are separated by the position of the stigma lobes in relation to

the placentae. The subtribes are defined by their sectaries, fruits,

and seeds.

Because of its branched hairs, linear siliques, and small

replum, Prantl placed Stenophragrna thaliana (=Arabidopsis thaliana)

in the tribe Hesperideae, subtribe Turritinae, along with both

Descu,rainia and Arabis (including section Cardaminopsis); yet this

system widely separates Arabidopsis from Sisymbrium and Cardamine.
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isymbrium

Alliariinae

Cochleariinae Iberis

Lepidiinae
rCardaria
LLepidium

Chamirineae
Heliophilinae
Cremolobinae

Streptanthus
Streptanthella

---Subtribe Stanleyinae Caulanthus
Thelypodium
Stanleya

Figure 6. The system of Cruciferae according to Prantl (1891).
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The taxonomic reliability of the presence vs. absence of pube-

scence has been challenged, for instance, by L.Zykist (1957), who

cultivated the hairy Cardamine pubescens in the shade and the glabrous

Cardamine glabrescens in full sun. He found that these two "species"

could be interconverted. Rollins (1958) found pubescence in Dithyrea

to be of "no taxonomic significance." Sun (1946) discovered a similar

interconversion in species of Brassica, Levin (1973) in an extensive

review of adaptations in plant pubescence concluded:

Intraspecific variation of trichome type and density is
known in many species, and often is clinal in accordance
with ecographic parameters.

Nevertheless, the Prantl system for the Cruciferae is used in

most contemporary floras, due to its clarity and the pervasive

influence of its author.

von Hayek

In 1905 Bayer revived Velenovsky's idea that nectary charac-

teristics should receive prime consideration in Crucifer taxonomy.

In the same year Schweidler presented an entirely new concept. After

examining the leaf anatomy of over 50 species, he noted three separate

patterns of distribution of myrosine cells. These cells, found in all

members of the Brassicaceae, are implicated in the production of

mustard oils. He coined the terms "exo-idioblast" (when myrosine

cells are restricted to the mesophyll region), "endo-idioblast" (when
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they are localized adjacent to the vascular bundle), and "hetero-

idioblast" (when both types are present). Within each of the three

major headings he established three suborders, one for each principal

cotyledon orientation; finally, he established tribes within each group

based upon fruit type.

The first attempt to incorporate all known parameters was made

by von Hayek (1911). The system appears to be quite well weighted,

awarding taxonomic value to all those traits employed by his predeces-

sors: cotyledon position, pubescence, stigma morphology, fruit

form, nectary shape and location, and Schweidler's categories of

myrosine cells. In addition, von Hayek included several new charac-

teristics. He recognized seven separate types of vascular bundles in

stem cross-sections, emphasizing the presence and arrangement of

pith rays. He utilized some specialized generic traits, including

zygomorphic flowers, the presence of a stipe on the pistil, and the

occasional abortion of the two smaller stamens. He also examined

the patterning of surface cells of the replum, where he encountered

ten identifiable types in a limited sample of only 19 genera.

The natural consequence of incorporating these new charac-

teristics, while sustaining the features of older systems, was a large

increase in infrafamilial taxa. As shown in Figure 7, von Hayek's

system includes ten tribes; the five larger ones are separated into

28 subtribes. With the exception of the Thelypodieae of Engler and
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Figure 7. The system of Cruciferae according to von Hayek (1911).
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Pranti and the Heliophileae of de Candolle, the system is uniquely

von Hayek's. In this system Arabidopsis is placed in the rather

loosely defined tribe Arabideae based primarily on fruit form.,

Arabidopsis and the related genera Cardaminopsis and Cardamine are

in the subtribe Cardaminineae, which is characterized by simple hairs

and myrosine cells near vascular traces. This latter feature sepa-

rates Arabis into the adjacent subtribe Arabidinae. The other genera

often associated with Arabidopsis are also included in the tribe

Arabideae (i.e., Descurainia, Sisymbrium, and Erysimum). Von

Hayek violated his own delimitation of the subtribes and yielded to his

intuition by not placing Arabidopsis in the forked-haired subtribe

Erysiminae.

Although the von Hayek system appears to be quite thorough, it

has failed to receive much acceptance. It does group Arabidopsis with

those genera it most closely resembles and seems to sustain most

natural intergeneric alliances. As detailed in a later section,

Janchen (1942) compares von Hayek's system favorably with competing

ones. Yet no modern flora that I have encountered has adopted von

Hayek for, as Rollins (1976) points out, there are "great holes" in

this "limited" treatment.

Schulz

The most recent and perhaps the most comprehensive treatment
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of the family was published in 1936 in Engler and Harms' Die

Naturlichen Pflanzenfamilien. This treatment, prepared by O.E.

Schulz, markedly departs from Prantl and shares with von Hayek an

attempt to include as many relevant features as practicable. An

inevitable outcome, as illustrated in Figure 8, is the expansion of the

number of taxa above the generic level. Schulz's system includes a

total of 19 tribes; the largest tribe, Lepidieae, has 12 subtribes. in

this system all unique generic traits are awarded tribal status. The

exertion and basal coalescence of the stamens mark the Stanleyeae

and the Romanschulzieae. The subtribes are separated by additional

characteristics not used in earlier systems.

Arabidopsis is placed in the Sisymbrieae according to Schulz,

distant from Cardamine, Cardaminopsis, and Arabis (Arabideae),

because of the notorhiz position of its cotyledons. Within the Sisym-

brieae several subtribes are delineated. Arabidopsis is separated

from Sisymbrium by the non-mucilaginous character of its seeds when

moistened, and its simple leaves distinguish it from the Descuraini-

inae. By these added criteria Arabidopsis is for the first time placed

in a subtribe of its own, giving some recognition to the taxonomic

isolation it may deserve. Schulz places 15 genera in the Arabidops-

idinae including six monotypic Australian endemics (Pseudarabidella,

Geococcus, Scambopus, Micromystria, Pachymitus, and Lemphoria).

Halimolobus and Arabidopsis, the only genera found in the Pacific
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Figure 8. The system of Cruciferae according to Schulz (1936).
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Northwest, are listed by Schulz as having 15 and 13 species respect-

ively.

Clearly Schulz's treatment is the most comprehensive in the

history of Brassicaceae taxonomy. It is carefully referenced for every

detail, is well illustrated, and describes a total of 350 separate

genera. Its utility is somewhat diminished by its complexity and by

its artificiality in separating some obviously allied genera.

Janchen

The system of Schulz was extensively criticized by Janchen

(1942). In particular, he challenged the tribes Arabideae and Sisym-

brieae and concluded that the system of von Hayek is superior. He

therefore borrowed from von Hayek the subtribe Cardamininae in

order to separate the Arabideae of Schulz into two subtribes, thereby

splitting Cardamine from Arabis and Cardaminopsis. Surprisingly,

when Janchen then constructed his own system, it appeared to repli-

cate the Schulz format with only subtle differences. He reordered the

tribes and subtribes in a sequence which he felt progressed from most

prirM,.ive to most advanced (witness the exchange of Stanleyeae and

Pringieeae, and the revised position of Arabideae). Although both

systems assumed the Brassicaceae were derived from the Capparida-

ceae, Janchen felt the evolutionary line was through the stipitate-

fruited Stanleya. He also decided to move Isatis (which like
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Arabidopsis, has had a varied taxonomic history) from the Lepidieae

to the Sisymbrieae. These minor distinctions offer little to separate

Janchen from Schulz. His system, shown in Figure 9, has little

resemblance to the von Hayek system he apparently favored.

It appears that Janchen did little research of his own, but merely

hybridized the Schulz and von Hayek systems. Yet he has had his

champions. Melchior, in his 1964 revision of Engler's Syllabus der

Pflanzenfamilien, incorporated the Janchen system without comment

or modification.

Abrams

The 200 year chronology ends with Janchen. Each system has

its difficulties, but the magnitude of effort required for a thorough

review of the Brassicaceae today seems inconsistent with the demands,

funding, and energies of contemporary workers. Rollins, who has

been accumulating relevant data for years, including a survey of pollen

grains by scanning electron microscopy, may be in a position to put

forth a revision. However, the present tendency is to prepare floras

that do not concern themselves with the tribal designations, but

merely present keys to the genera (e.g., Hitchcock et al., 1964; Munz,

1968; Gleason and Cronquist, 1963). An occasional author electing to

include a tribal arrangement will typically rely on earlier works; for

example, Davis (1965) in the Flora of Turkey uses the system of Schulz.
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Figure 9. The system of Cruciferae according to Janchen (1942).
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Abrams in his Flora of the Pacific States (1944) accepted the

Prantl system, based primarily on the presence of branched or

forked hairs and the relationship of the stigmatic lobes to the valves

of the fruit. Although he maintained the tribal plan, Abrams expanded

the number of subtribes to accommodate some special generic

features. Using these additional groupings and borrowing for them

de Cando lle' s nomenclature, he recognized the presence of stapes,

leaf morphology, and nectary traits to delimit the new subtribes.

As seen in Figure 10, Abrams separated the nonstipitate fruited

genera from the Stanleyinae into the Thelypodiinae and extracted

Raphanus from the Brassicinae.

Of special interest, Abrams removed Arabidopsis, as well as

Halimolobus and Descurainia, from the Turritinae, an entirely

forked-haired subtribe, and placed it within the simple-haired

Sisymbriinae. This caused him to write a rather awkward key; yet

Abrams judged their overall similarity to Sisymbrium to be redeeming.

This review of the several classification systems applied to the

Brassicaceae reveals at least two major points:

1. There is no general agreement on the best organization of the

family into tribal and subtribal taxa.

2. The position of Arabidopsis thaliana within the family is in

question.
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Figure 10. The system of Brassicaceae according to Abrams
(1944).
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These are problems that contemporary systematists can now

confront with newer techniques that were unavailable to 19th and early

20th century taxonomists.

Chemical and Numerical Methods

Improvements in scientific knowledge, methods, and tools have

significantly broadened the discipline of systematics during the past

25 years. The number of available new techniques is legion. The

commonplace accessibility of electron microscopes, high speed digital

computers, and spectacular biochemical techniques, among others,

have enticed the plant systematist to engage in fields not his own, to

revisit old taxonomic problems, and to approach new ones. On the

horizon is the direct comparison of the heart of the matter, the

actual nucleotide sequences of DNA.

However, the last decade has been clearly marked by the wide-

spread use of two new approaches: biochemical systematics and

numerical taxonomy. Their use in resolving the problems at hand

hardly needs defense. The books by Sneath and Sokol (1973) and

Alston and Turner (1963b) are two examples of authoritative works

which amply review the foundations and applications of these fields.

The trend now appears to be the joint use of both numerical techniques

and the examination of plant chemistry, under the collective term

"numerical chemotaxonomy." This new discipline has been used to
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add credence to phylogenetic speculations based on the more tradi-

tional means of morphological comparisons, chromosome counts, and

hybridization experiments, An example is the study of Chenopodium

by Crawford and Reynolds (1974). I have selected aspects of both

numerical and chemical systematics in addressing the problem of

Arabidopsis and its allies in the Brassicaceae.

A new standard has been established, whereby systematists

incorporate as many factors as practicable when examining the rela-

tionships among taxa. Although such "balanced" systematic studies

contain much potentially useful information, caution must be used in

weighting chemical data and in interpreting numerical results.

Crawford and Dorn (1974) offer this warning:

There is no a priori reason why the chemistry should be
any more or less useful than other characters. It has
its greatest value when it can be correlated with other
data.

It is perhaps unreasonable to ask every working systematist to

understand the theoretical foundation of mathematical methods or the

internal workings of complex computer operations; yet these aspects

can influence results. A common escape from this dilemma is to

apply several alternate numerical approaches and accept their findings

should they produce consistent results. Those results which appear to

be method-dependent are discarded as artifacts.
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Scope of the Study

Now the problem is set: to use numerical chemotaxonomy to

examine the phylogenetic relationships within the Brassicaceae while

focusing attention on the position of Arabidopsis. The approaches I

have chosen are: electrophoresis to assess the efficacy of applying

isozyme analysis to the problem; thin-layer chromatography (TLC) to

determine if phenolics and related compounds can provide insights into

Brassicaceae relationships; and an assortment of numerical methods

to analyze the combined protein, flavonoid, and morphological data

Data were accumulated on 54 species representing 37 separate

genera of the Brassicaceae. Selection of species was biased to include

members of genera generally considered to bear affinities to

Arabidopsis; for balance, members of remote genera were also

included to suggest an overall family pattern if possible.

Since the thrust of the study is directed at one of the largest

and most complex of flowering plant families, some economies had to

be implemented (see, for example, the section on choice of characters

in the next chapter). A complete revision of the classification system

of the Brassicaceae is reserved for workers who can, over a period of

years, accumulate sufficient data on the over 300 genera involved. I

hope the results of my effort will contribute to the understanding of

intergeneric relationships.
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II. MATERIALS AND METHODS

This entire research effort, with the exception of field collec-

tions, was performed in the laboratories and greenhouses of the

Department of Botany and Plant Pathology at Oregon State University.

This chapter describes the materials and methods employed, devoting

separate sections to the choice of plant materials, electrophoretic

procedures, thin-layer chromatography, numerical methods, and con-

cluding with a description of the characters included in the computer

analyses.

Plant Materials

Except for plants grown from seeds in the greenhouse, all

plant materials were harvested in the field at locations shown in

Table 2. Plants used in electrophoretic protein analyses were potted

in the field and were not harvested until just prior to homogenization.

All plants were selected for a uniform state of development in order

to minimize errors due to developmental differences. This standard

corresponds to that employed by Arabidopsis researchers (Brewbaker

et al., 1968; Grover and Byrne, 1975; Re/del, 1973c): all tested plants

possessed immature fruits, open flowers, and at least a few buds in

the inflorescence. This corresponds to six-weeks-old plants of

Arabidopsis thaliana grown in the greenhouse. In both electrophoresis



Table 2. Listing of plants studied.

Plant name
1

Collection site Collection/race no.
2

Electrophoresis TLC
3

Alyssum saxatile L. cultivated H J. Kaplan 463 A

Arabidorssis thaliana (L.) Heynh. Blanes, Spain* Bla-1
Chisdra, USSR* Chi-0 A

Enkheim, Germany* En-3

jusephine Co., Oregon* C. E. Fellows 995 SR AB

Caens, France* J288-1 SR

Linn Co., Oregon* H. J. Kaplan 365 AB

Klickitat Co., Washington H. J. Kaplan 433
5sth am m ar, Sweden* 5st-0
Palermo, Sicily* Pa-3
Boone Co., Missouri* RO SR

Arabis aculeolata Greene Josephine Co., Oregon H. J, Kaplan 428 SR A

Arabis brew eri Wats. Josephine Co., Oregon K. L. Chambers 4201 SR A

Aubretia deltoidea DC. cultivated H, J. Kaplan 466 A

Barbarea orthoceras Ledeb. Benton Co., Oregon H. J. Kaplan 424 SR A

Brassica campestris L. Benton Co., Oregon H. J. Kaplan 426 SR A

Brassica oleracea L. var. gemmifera Zenker cultivated H. J. Kaplan 427 SR A

Camelina microcarpa Andrz. Crook Co., Oregon H. J. Kaplan 458 A

Capsella bursa-pastoris (L.) Medic . Benton Co., Oregon H. J. Kaplan 422 SR A

Cardamine oligosperma Nutt. Benton Co., Oregon H. J. Kaplan 419 SR AB

Cardamine penduliflora Schulz Benton Co., Oregon H. J. Kaplan 469 A

Cardamine pulcherrima Greene Benton Co., Oregon H. J. Kaplan 442 A

Cardaminopsis arenosa (L.) Hayek Boone Co., Missouri* RCA SR AB

(Continued on next page)



Table 2, (Continued)

Plant name Collection site 1 Collection/race no. e ctr o ph or esis
2

TLC3

Cardaminopsis petraea (L,,) Huit. Boone Co., Missouri* CA16 (i.e., 2N=16)
Boone Co., Missouri* CA32 (i.e., 2N=32)

Cardaria draba (L.) Hand. Klickitat Co., Washington H. J. Kaplan 437 SR A

Caulanthus cassicaulis (Tam.) Wats. Lander Co., Nevada R R. Halse 1355 - A

Chorispora tenella (Pall.) DC Crook Co., Oregon H. J. Kaplan 457 A

Conringia orientalis (L.) Dumort. Crook Co., Oregon R . R . Halse 1364 A

Descurainia pinnata (Watt.) Britt. Linn Co., Oregon H. J. Kaplan 454 A

Descurainia sophia (L.) Webb. Crook Co., Oregon H. J. Kaplan 459 A

Draba verna L. Benton Co., Oregon H. J. Kaplan 423 SR AB

Erysimum asperum (Nutt.) DC Crook Co., Oregon H. J. Kaplan 460 A

Frysimum capitatum (Dougl.) Greene Josephine Co., Oregon H. J, Kaplan 443 A

Frysimum perofskianum Spreng cultivated H, J , Kaplan 450 A

Frysimum repandum L. Crook Co., Oregon H. J. Kaplan 453 A

Hesperis matronalis L. Benton Co., Oregon H, J. Kaplan 474 A

Hylandra suecica (Fr.) Love Boone Co., Missouri* RH SR

Iberis sempervirens L. cultivated H. J. Kaplan 420 SR AB

Idahoa scapigera (Hook.) Nels. and Macbr. Klickitat Co., Washington H. J. Kaplan 435 SR A

Isatis tinctoria L. Siskiyou Co., California H J. Kaplan 455 A

Lepidium campestre (L.) R. Br. Josephine Co., Oregon H Kaplan 444 SR A

Lepidium fremontii Wats. Mono Co., California R . R , Halse 1373 A

(Continued on next page)



Table 2. (Continued)

Plant name Collection site Collection/race no, Electrophoresis
2

TLC
3

Lepidium nitidum Nutt. var. oreganum Jackson Co., Oregon H. J. Kaplan 447 SR A

(How.) C. L. Hitchc.

Lepidium perfoliatum L. Crook Co., Oregon H. J. Kaplan 475 S A

Lesquerella douglasii Wats. Elko Co., Nevada H. J. Kaplan 476 A

Lesquerella kingii Wats. White Pine Co., Nevada R. R. Halse 1352 A

Lesquerella occidentalis Wats. Harney Co., Oregon H. J. Kaplan 465 S A

Lobularia maritima (L.) Desv. cultivated H, J. Kaplan 473 S A

Lunaria annua L. Benton Co., Oregon H. J. Kaplan 421 SR A

Phoenicaulis cheiranthoides Nutt. Crook Co., Oregon H. J. Kaplan 456 S A

Physaria chambersii Roll. White Pine Co., Nevada R. R, Halse 1353 A

Raphanus sativus L. Benton Co., Oregon H. J, Kaplan 425 SR A

Rorippa curvisiliqua (Hook.) Bessey Benton Co., Oregon H. J. Kaplan 467 S A

Rorippa nasturtium-aquaticum (L.) Schinz and Thell. Benton Co., Oregon H. J. Kaplan 472 S A

Sisymbrium officinale L. Benton Co., Oregon H. J. Kaplan 439 SR A

Stanleya pinnata (Pursh.) Britton Mono Co., California R. R. Halse 1372 A

Streptanthella longirostris (Wats.) Rydb. Elko Co., Nevada H. J. Kaplan 477 A

Streptanthus tortuosus Kell. Ei. Dorado Co., California R. R, Halse 1367 A

Thelypodium crispum Greene Mono Co., California R. R. Halse 1389 A

Thelypodium laciniatum (Hook.) Lindl. Crook Co., Oregon H. J. Kaplan 462 S A

(Continued on next page)



Table 2. (Continued)

Plant name
1

Collection site Collection/race no,
2

Electrophoresis TLC

Thlaspi fendleri Gray var. glauoum Josephine Co., Oregon

Josephine Co., Oregon

Klickitat Co., Washington

H. J. Kaplan 429

K. L. Chambers 4203

H. J , Kaplan 434

SR

SR

SR

AB

A

A

(A. Nels.) C. L. Hitchc.

Thiaspi montanum L. var. siskiyouens e P. Holmgren

Thysanocarpus curvipes Hook.

3

1 County and state, or city and country listed; an asterisk (*) indicates the plants were grown in greenhouses at Oregon State University; their
collection site is therefore given as the source of seeds.

2

3

S = standard procedure employed; R = revised procedure; - = not performed.

A = ethyl acetate fraction spotted on TLC plates; B = n-butanol fraction.
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and chromatography procedures, whole plants were used to reduce

further any errors due to developmental differences.

The greenhouse-cultured plants (Arabidopsis, Cardaminopsis

and Hylandra) were grown from seeds following the procedures of

Anand and Maheshwari (1966). After seeds had been vernalized at

4 °C for a minimum of 48 hours, they were planted in 4-inch ceramic

pots in a soil mixture of two-thirds sterilized loam, one-third coarse

sand. The plants were automatically mist-watered. Environmental

conditions were kept constant; day length was set at 14 hours at a light

intensity of 750 to 1100 foot candles (using standard Sylvania daylight

fluorescent lamps, complemented by an equal number of Gro-lux

lamps). Temperatures were automatically regulated to 19 0 4 °C.

An additional 12 plants of Arabidopsis thaliana were grown

aseptically in a growth chamber, in one-inch culture tubes with poly-

urethane plugs. Environmental conditions were as in the greenhouse,

except that temperatures were controlled to within 2 °C. The growth

medium used (see Table 3) and procedures were taken from Lang ridge

(1957) and Anand and Waheshwari (1966).

Seeds of Cardaminopsis, Hylandra, and the Missouri stock (RO)

of Arabidopsis, were furnished by G.P. Reidei of the University of

Missouri at Columbia. Seeds of the European races of Arabidopsis

thaliana were furnished by G. Rbbbelen of the Institut fur Pflanzen bau

and Pflanzenzttchtung, GOttingen, Germany, with the exception of
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Table 3. Composition of mineral medium.

Solution Concentration

NH
4
NO3 200 mg/liter

MgSO4 71120 100 mg/liter

CaH
4

(PO
4) H20 100 mg/liter

KH
2

PO4 100 mg/liter

K2HPO4 50 mg/liter

FeC
6
H507'3H20 2.5 mg/liter

Trace solution' 1 ml /liter

Sucrose 20 grams /liter

Agar 9 grams /liter

Double distilled H2O as required

las specified by Murashige and Skoog (1962).
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J-288 (see Table 2), which was provided by the Jardin Botanique at

Caen, France. The German race En-3 and the Missouri race RO are

the standards that have been widely used for A.rabidopsis research on

the two continents.

Electrophoresis Procedures

Electrophoresis technology and the availability of inexpensive

disc gel apparatus prompted systematists to make use of this poten-

tially powerful new tool, as detailed by Gordon (1969). The whole

concept of "molecular evolution, " whose history is thoroughly pre-

sented by Ayala (1976), provides a new dimension to systematic studies.

Proteins, which are direct gene products, can now be examined to

provide genetic comparisons. The observation that functionally

similar proteins may exhibit more than one band when subjected to

electrophoresis make the prospects even more attractive. This dif-

ferential electrophoretic mobility can occur when an enzyme is the

product of varying alleles of a given structural gene; such proteins

differ not in function but in the distribution and number of charged

amino acids. These "isozymes" revealed by electrophoresis can be

used to determine a probable genetic identity of an organism. During

the past decade electrophoresis has become a popular tool of geneti-

cists and systematists as well (Allard et al., 1975). The examples

are numerous; illustrative studies include Gottlieb (1974), Grover and
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Byrne (1975), Levin (1975), and Reidei (1972). Lewontin (1974) has

provided a review of the older literature.

Redei (1973b) used polyacetate electrophoresis of the glycolytic

enzyme fructose 1, 6- diphosphate aldolase to verify the taxonomic

relationship among Arabidopsis, Hylandra, and Cardaminopsis.

Because I selected his study as the starting point for my research, I

employed Redei's method (1975a) which is a modification of the pub-

lished procedure of Penhoet et al. (1966).

Standard Procedure

Plants were harvested, washed with distilled water, blotted

dry, weighed, and their volume estimated. Two hundred milligrams5

of plant material was excised and minced on an ice-cooled glass plate

coated with aluminum foil. Delicate annuals were homogenized in an

ice-jacketed, glass-teflon homogenizer in one volume of 0.1 M Tris-

HC1 and 0.001 M EDTA at pH 7.5. All other plants were ground using

the same homogenizing buffer, in a pre-cooled mortar with a small

amount of washed sand. The homogenate was strained through four

layers of commercial cheese cloth and centrifuged at 27,000 g for

60 minutes at 1°C.

5 For those species that are typically small in bulk (such as Draba and
Idahoa) the sample included some 20 to 30 individuals; for larger
species (such as Brassica and Iberis) a single specimen provided
sufficient plant material.
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Electrophoresis was performed using a Gelman semi-micro

electrophoresis chamber (no. 51212). The chamber was tested using

a standard 0.1 M Na-barbital, 0.001 M EDTA Gelman high resolution

buffer at pH 8.8. A sample of albumin ("Rat-1, anti-") was applied

at the center of the cellulose acetate strip (Sepraphore III, Gelman

no. 510C'3, 1 x 6-3/4 inches). The strips were run for 30 minutes at

250 vdc and then stained with Ponceau S and finally washed with 7%

acetic acid.

The standard aldolase runs required presoaking of the acetate

strips in 0.06 M Na-barbital, 0.01 M p-mercaptoethanol at a pH 8.6

for 10 minutes. The strips were removed and blotted dry; approxi-

mately 7 pi of the supernatant was applied to the strip at a point 1 cm

towards the anode side of center, using a Gelman applicator (no.

51225). The strip was then transferred to the chamber and run at

250 vdc for 90 minutes.

An aldolase specific assay developed by Susor and Rutter (1971)

was then performed by developing the strips on assay plates at 37°C

for 20 minutes. The electrophoretic bands became visible when

illuminated with a long-wave UV source. To prepare the plates

10 ml of 0.05 M Tris-HCI, 0.01 M Na-arsenate at pH 8.0, containing

0.5% (w/v) Noble agar, was boiled until the agar was fully dissolved.

After cooling to 42°C in a water bath, 1 ml of 0.1 M Na-FDP (fructose

diphosphate), 1 ml of 5 mg /ml nitroblue tetrazolium, 0.3 ml of
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1 mg irril phenazine methosulfate, and 1 ml of 7 mg /ml DPN+ were

added. Just before pouring the assay plates 0.1 ml of glyceraldehyde-

3-phosphate dehydrogenase (Sigma no. G5126) was added. The solu-

tion was poured onto shallow-rimmed glass petri plates and cooled

at 4 o C to solidify. The strips were then placed upside down on the

plates to allow color development.

Revised Procedure

For reasons discussed in the next chapter, a revised protocol

was developed during the course of this study. However, the standard

procedure was followed except where specifically mentioned below.

In the revised protocol the pH of the homogenizing buffer was

lowered from 7.5 to 7.0 and a small amount of acid-washed amberlite

XAD-4 (Rohm and Haas Company) was added to the buffer. After

grinding the homogenate was mixed with 200 mg of acid-washed

polyvinylpyrrolidone (Polyclar-AT from GAF Corporation) and 300 mg

of washed Amber lite XAD-4 and was left standing for 10 minutes.

The centrifuge time was reduced from 45 to 20 minutes.

Related Procedures

The assay for judging the efficacy of the preparative procedure

was the degree of color deterioration (browning) of the supernatant

over a period of 24 hours. Quantification of the amount of browning
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was acquired through spectrophotometric surveys of the supernatant

from 500 to 230 nm employing a Beckman DB spectrophotometer.

The 280/260 ratios were calculated and the resultant curves were

inspected for the presence of absorption peaks in the 300 to 350 nm

range.

The activity assay, taken from the Worthington Enzyme Manual

(1975), is based upon the reaction of hydrazine with 3-

phosphoglyceraldehyde to form hydrazone which absorbs at 240 nm.

In the procedure two cuvettes are prepared. The control contains

2.0 ml of hydrazine sulfate (0.0035 M in 0.0001 M EDTA, pH 7.5)

and 1.0 ml of H2O. The test cuvette contains 2.0 ml of the hydrazine

solution, 1.0 ml of 0.012 M fructose 1, 6- diphosphate (FDP), and

after a 10 minute non-enzymatic period, 0.1 ml of the supernatant

to be tested. Change in absorbency (less the non-enzymatic rate) is

determined and the activity calculated based on the Worthington

formula of one unit of activity equaling a change in absorbency of

1.00 per minute.

Proper plate color development was assessed by applying com-

mercial aldolase (Grade I, Sigma) to a control strip and running it

concurrently with the test strips.

In order to acquire densitometer readings of the electrophoretic

bands, the developed strips were cleared by a revised procedure

developed by the Gelman Instrument Company (1975). T he strips
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were removed from the plates and soaked in reagent grade methanol

(absolute) for 30 seconds and then transferred to a bath of 10% acetic

acid in methanol for 1 minute. The strip was placed on a clean glass

slide and all excess acetic acid solution was expressed. The slide

was then placed in an 80°C oven; clearing occurred in 5 to 10 minutes.

The Schoeffel SD 3000 spectrodensitometer was used for densitometer

recordings.

Thin-layer Chromatography

Chromatography as a tool in plant systematics has been popu-

larized by B.L. Turner and coworkers at the University of Texas.

A summary of the role of flavonoids in chemosystematics is given by

Harborne (1975). A. variety of procedures have been utilized. A

comprehensive treatment of thin-layer chromatography procedures

was prepared by Randerath (1968). The particular procedure selected

for this study, described below, was developed by Wilkins and Bohm

(1976) at the University of British Columbia.

Extraction

Whole plants were harvested and selected, as in the electro-

phoretic survey, to insure that inflorescences included several

immature fruits. The plants were dried rapidly employing a bank of

incandescent lights. After drying they were minced, and
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approximately 200 mg of the plant material was placed in an Erlen-

meyer flask and covered with 100% methanol. Flasks were gently

shaken on an automatic shaker for a minimum of 12 hours. The

methanol extract was then decanted and set aside. Fresh methanol

was added to the residue and the extraction process continued. After

4 hours the extract was again decanted. The pooled extracts were

taken to dryness using a flash evaporator.

In order to remove fats, chlorophylls, and other lipophilic

materials, approximately 50 g of Celite 503 (J. T. Baker Chemical

Co.) was added to the flask along with 200 ml of boiling distilled

water and approximately 20 g of NaCI. The slurry was then poured

into a Buchner funnel and vacuum filtered. The filtrate was treated

three times with approximately 100 ml of ethyl acetate in a separatory

funnel. The solution was gently swirled and left standing until the

upper phase turned a clear yellow. The lower phase was withdrawn

and retreated. After pooling, the three upper phases were taken to

dryness, again with the flash evaporator.

Utilizing the above procedure, the residual lower phase was

repetitively treated with n-butanol and also taken to dryness.

Plate Preparation

To prepare the TLC plates, 16 g of Machery Nagel MN Poly-

amide DC 6.6 TLC sorbent was mixed with 90 ml of distilled water
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and 20 ml of methanol for 30 seconds in a Waring blender. The solu-

tion was spread on six 20 x 20 cm clean glass plates positioned on a

spreader board, using a Desaga spreader set at a 3 mm layer thick-

ness. The plates were air dried. When dry, the Polyamide layer

was divided into quarters by scribing lines at the centerlines with a

dissecting needle; this permitted running four extracts on a single

plate.

Chromatography

Two solvent systems were employed in the chromatography: an

organic system made up of 55 parts benzene, 20 parts methanol, 22

parts 2-butanone, and 1 part water; and an aqueous system of 20 parts

dioxane, 45 parts n-butanol, 35 parts acetone, and 210 parts dis-

tilled water. In each corner of the plate 10 p.I of extract (redissolved

in methanol) was spotted and air dried. The spots were examined

under a UV source and respotted if the intensity was low. The plates

were first run in the organic solvent system, completely dried under

a fume hood, rotated 90o, then run in the aqueous system, and again

dried.

Af ter this second drying, the plates were sprayed until uni-

formly lightly wetted with a 0.5% solution of diphenyl boric acid

ethanolamine complex (Aldrich Chemical Company) in a 1:1 solution of
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methanol and distilled water. Wollenweber (1975) is credited with

the development of this spray reagent.

The plates were again dried and observed under a UV light; the

resultant chromatogram was traced and colored to match. Tentative

identities were assigned to each spot based on comparisons with known

standards and through guidelines developed by Wilkins and Bohm (1976).

Numerical Methods

The methods of numerical taxonomy have gone through several

stages of modification since they were first publicized in the late

1950's. As the early techniques came under attack new refinements

were developed. The pitfalls of character choice, character weighting

(both intentional and unintentional), selection of similarity coeffi-

cients, and the workings of the alternative clustering algorithms, have

all been argued and defended. Each approach has its proponents and

antagonists. This study will not enter into these debates, but will

merely present the particular methods used and state the rationale

for their selection. In a few instances alternate approaches were

employed and their results compared. The wisdom of applying

numerical methods to taxonomic problems is defended by Gilmartin

and Harvey (1976) and Rogers et al. (1967).

The mathematical and statistical foundations of the methods

included are also omitted from this review. There are now a
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significant number of excellent texts that address these subjects;

Clifford and Stephenson (1975), Jardine and Sibson (1971) and Sneath

and Sokol (1973) are perhaps the best references.

Computer Programs

The computer programs used in this study were developed by

F.J. Rohlf of the State University of New York at Stony Brook and

were brought to Oregon State University and adapted to the OS-3

(CDC 3300 ) computer system by C.B. Miller. The system is known

as *MINT (mini-numerical taxonomy system) and is a scaled-down

version of the original Rohlf NT-SYS system (Rohlf et al., 1971).

Rohlf developed *MINT as a modest series of programs directed

at simplicity and computer independence (rather than the sophistica-

tion and efficiency that characterize NT-SYS). The system includes

an entire catalogue of individual programs, many of which are not

suitable for the analysis of a particular data set. Therefore, input to

the *MINT system differs from that of a "typical" computer program,

where data are furnished and the program performs a series of com-

putational steps automatically. Not only does the user have the option

of program choice, but he can readily alter the program sequence to

suit his particular requirements.

A brief description of the programs currently implemented for

*MINT is presented in Table 4, which is an abridgement of a similar
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Table 4. List of *MINT programs.

*COPH Computes cophenetic values from a tree matrix.

*DUMP Dumps MINT memory.

*EIGN Computes eigenvalues and eigenvectors of a real sym-
metric matrix.

*FINI Indicates the end of computations for a given computer run.

*GOWR Performs Gowr's transformation of a distance matrix
for principal coordinate analysis.

*INPT Inputs data into the MINT memory.

*KCNT Performs the k-centroids cluster analysis.
*MRCP Compares two symmetric matrices by plotting one against

the other and computing the correlation between the two.

*OUTP Prints or punches data from MINT memory.

*PHEN Prints phenogram from a tree matrix.
*PR OJ Projects standardized data onto vectors.

*RRNG Rearranges columns of a data matrix according to the
order specified by a tree matrix.

*SCN Computes a shortest connection network (Prim Network)
from a similarity or dissimilarity matrix.

Computes similarity and dissimilarity coefficients among
pairs of columns of a data matrix based upon interval
type data.

*SIMQ Computes similarity and dissimilarity coefficients between
pairs of columns of a data matrix based upon qualitative
data.

*STAN Standardizes a rectangular matrix by rows.
*SUBS Computes all sub-sets of a set of OTU's which satisfy a

specific criterion.
*TAXN Performs pair-group method of cluster analysis.

*TRNP Transposes a rectangular matrix.

*WAGI Computes a Wagner network from a data matrix.

*WAG2 Computes the character states for the HTU's implied by a
given Wagner tree.

*WALT Prints a Wagner tree given a vector specifying the
ancestor function.
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table found in the *MINT User's Manual (Rohlf, 1971). Computations

may be performed in any convenient order subject to certain logical

restrictions. The details of operation are straightforward. The user

first logs on and equips the computer, calls on *MINT, enters his

data (*INPT), followed by his selection of computational programs,

and concludes (*FINI followed by LOGOFF). Simple control language

is employed, which occasionally requires amplification by FORTRAN

statements. Detailed operation is explained in the User's Manual

(Rohlf, 1971).

Similarity Coefficients

*MINT offers the user a choice of eight measures of taxonomic

distance in terms of similarity and dissimilarity. The choice depends

upon the type of input data (qualitative or quantitative) and its nature

(presence / absence, interval type, multistate, etc.). In using the

program all data must be of a uniform type. If the similarity coeffi-

cient is to be based upon interval data, the data set must be trans-

formed into real numbers by *STAN. In this case the *SIMI program

is used and the measures of similarity can be a correlation coefficient,

average Euclidian distance, the average Manhattan distance, or a

variance-covariance matrix. Since *SIMI was not employed in this

study, for the reasons put forth below, the mathematical formulations

for these distance measures are not presented here; Sneath and Sokol
(1973) inter alia provide detailed exposition of these measures.



57

The alternate strategy is to employ *SIMQ by converting the

data set to a binary form. A selection decision was forced in that

*MINT as now programmed does not permit the mixing of the two

types of data. My choice of *SIMQ was motivated by two overriding

considerations. First the bulk of the characteristics selected for this

study are already, by their nature, qualitative (for example, the

presence or absence of beaks, styles, and pubescence). Examination

of the list of characters presented in the following major section

reveals that most attributes need no transformation at all to a binary

format; most obvious are the many electrophoresis and TLC para-

meters.

Second, if a small amount of care is exercised, unnecessary

biases can be avoided. The reverse transformation to real numbers

has an automatic bias that cannot be eliminated a priori. For example,

if a character is of the presence/absence type, each operational

taxonomic unit (OTU) will be assigned either a 1 or 0 for this trait.

When standardized (such that the mean, X = 0; and the standard

deviation, s = 1) the weighting of the character will be a function of

the numbers of l's and 0's in the sample. If all but one of the 52

OTU's is assigned a 0 for a given character, the standardized values

(for X = 0.0192, s = 0.1385) would be +7.082 for the "1" and -0.139

for each of the 0's. If, however, another character is evenly dis-

tributed among the OTU's, the transformed data input (for X = 0.5000,
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s = 0.5045) would be +0.992 for the l's and -0.992 for the O's. This

would result, in effect, in the extraordinary weighting of those charac-

ters appearing in a small proportion of the OTU's. It is not possible

to avoid all biases; the process of selecting characters is perhaps the

most significant source of bias, but as numerical taxonomists argue,

the procedure is made "robust" by including as many characters as

possible.

Within the *SIMQ program, four separate coefficients can be

computed. The simplified expression of these coefficients follow,

using the convention that a = the number of joint occurrences, b + c =

the number of mismatches between any two OTU's, and d = the number

of joint absences. Then:

the simple matching coefficient a + d
a+b+c+d

the Jaccard coefficient

the Dice coefficient

the Yule coefficient

a
a+b+c+d

2a
2a + b + c

ad bc
ad + bc

The Yule coefficient, see Brisbane and Rovira (1961), balances

matches against mismatches, rendering it nearly useless for taxo-

nomic work; this is a seldom-used measure. The Dice coefficient

awards double weighting to joint occurrences while ignoring joint

absences (Dice, 1945). This intentional bias is more apt in ecology

studies. The Jaccard coefficient is heavily used by ecologists and,



59

like the Dice coefficient, disregards those instances when two OTU's

are both awarded a 0 for a given character. This coefficient,

developed by Sokol and now often used in ecology studies, was selected

for computing similarities based upon TLC results. Here the joint

occurrence of a particular compound between OTU's was judged to be

of greater importance than the observation that neither of an OTU pair

possessed it. The absence of a particular flavonoid or phenolic acid

can be due to manifold causes; any of a host of mutational events

could disable its production by the plant; environmental or ontogenetic

factors could be involved in blocking synthetic pathways.

However, for all the remaining characters joint non-occurrence

is of equal significance to joint presence. For example, for fruit

form a silique is awarded a "1" and a silicle a "0." The choice of

which character state received the 0 and which the 1 was purely

arbitrary. They must be equally weighted alternatives, and this is

precisely how the simple matching coefficient is computed. It was

therefore the measure used, except as noted above, throughout this

study. This is perhaps the oldest and simplest coefficient and has

been widely used since its introduction. It also has the virtue of

being intuitively satisfying, in that the computed value is not a

mathematical abstraction but a readily understood measure of simi-

larity.
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Clustering Algorithms

Analyses for clustering by the pair-group method are performed

by the *TAXN program. A variety of clustering analyses that are

sequential, agglomerative, and hierarchical are available to the

*MINT user. A single digit code on the parameter card calls the

algorithm of choice. The clustering methods available, all of which

were utilized during this study, are;

- single linkage (nearest neighbor)

- complete linkage (furthest neighbor)

- centroid (unweighted) linkage

weighted pair-group method using arithmetic averages
(WPGMA)

- unweighted pair-group method using arithmetic averages
(UPGMA)

flexible sorting (with p choice options)

Each of these methods is described in considerable detail in

Sneath and Sokol (1973); Williams et al. (1971) provide an ample

discussion of the merits and limitations of these clustering strategies.

I will, however, present a brief sketch of each method.

The nearest-neighbor method has the advantage of presenting

genuine similarities among OTU's, making computed linkages less

likely to be artifacts of the clustering technique. It contracts the

multidimensional space by sequentially connecting new OTU's to the
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nearest member of a newly formed cluster. When a data set

includes rather discrete aggregations of individuals that are widely

separated in space, this single-linkage method leads to an accurate

portrayal of hierarchical relationships. If, however, the OTU's are

rather scattered (which is likely to be the case in analyzing the inter-

generic affinities in the Brassicaceae) an unwanted quality, known as

"chaining, " will occur. Chaining is the repetitious tendency for new

OTU's to be assigned to existing clusters, one at a time, rather than

starting new ones. This chaining, which occurs whenever the OTU's

are scattered in multidimensional space, does not permit convenient

classification of OTU's. Nearest-neighbor methods also will contract

the character space, implying a closer than realistic taxonomic dis-

tance. For these reasons this approach was rejected, although,

along with all the algorithms, confirming runs were performed on

both the generic and specific data sets.

Complete linkage, which is the direct antithesis of single link-

age, will preserve the set of distances that complete the linkages

between clusters. By making the connections based upon the most

distant member of an existing cluster, the entire distance space is

dilated. New linkages are made with a difficulty that increases with

cluster size. This feature also is disabling to the making of hierarchi-

cal classification judgments, since most clusters will remain

unconnected until high values of dissimilarity are reached. Resulting
phenograms will provide few insights to the taxonomist.
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Centroid clustering finds the centroid of the QTU's forming an

existing cluster, and measures the dissimilarity of any candidate OTU

to this point in space. This process tends to conserve space and is

intuitively appealing, for the resultant dissimilarities have a simple

geometric interpretation. One pitfall of this method is that reversals

will occur, especially when OTU's are scattered in space. A new

candidate OTU could very well be more similar (i.e., possess a

smaller Euclidian distance) to the centroid of a cluster than to any of

the cluster's individual members; on occasion this OTU-to-centroid

distance can be even smaller than the distance between the existing

members of the OTU. Figure 11 illustrates this point. OTU 'A' is

joined to 'B' since the distance AB is smaller than AC or BC. The

method then computes the point 'X,' the centroid of AB. Then C is

joined to the cluster; however, the distance CX is smaller than AB,

causing the reversal. As the number of OTU's within a cluster

increases, the closer the resultant centroid approaches the center of

the multidimensional space, thereby causing a stepwise reduction in

the intercluster distances.

The commonly employed unweighted pair-group method using

arithmetic averages computes the average dissimilarity of a candidate

OTU to an already formed cluster, weighting each member of the

cluster equally. This equality is maintained regardless of how

recently an OTU has joined the cluster and also is independent of its
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Figure 11. Illustration of a reversal by centroid clustering (for
explanation see text).
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structural position in the cluster. Although structurally similar to

the complete linkage method, it is a more tedious operation since new

dissimilarities and a complete set of pair-wise comparisons must be

made after each clustering step. A further disadvantage of UPGMA is

that the resulting phenogram has no direct geometric interpretation.

This feature, and its space-conserving attribute, are shared by the

weighted pair-group method, which also uses arithmetic averages.

WPGMA differs from the UPGMA approach by making the

member most recently admitted into a cluster equal in weight to all

previous members. This causes a distortion of taxonomic relation-

ships in favor of the most recent arrival. This, like the single

linkage method, can cause chaining.

Lance and Williams (1967) developed the following formula for

differentiating among the various clustering strategies:

U .

(3, k)1 (a'jtjj,1 + akUk, 1 + (3 U. + (U. U )k 1 k, 1

where U is the dissimilarity coefficient; the fused cluster is (j, k); the

new candidate is designated (1); and the Greek letters refer to arbi-

trary constants that determine the nature of the particular clustering

strategy. For example the WPGMA is represented when a= 1/2,

and 3 = = 0. By adjusting the value of p between -1 and +1, Lance

and Williams simulated the spectrum of results from single to com-

plete linkage. When constraining the parameters a.=
k,

2 a+ p = 1,
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"Y= 0, and p <1, a technique is established which they termed a

"flexible clustering strategy." In this system p can be varied to suit

the nature of the data. p, of course, should be selected prior to seeing

the results. Lance and Williams recommend an intermediate value

of p = -0.25, which is also preferred by McNeill (1975). However,

McNeill, among others, made this preference after attempting seven

other clustering strategies. This is a common method and has the

advantage of not requiring a priori judgments about the nature of the

character space. The taxonomic conclusions are felt justified when,

as McNeill finds, the groupings are more or less constant under the

changing clustering methods. This "robustness" is limited to those

taxonomic problems wherein the OTU's form rather tight clusters.

If the OTU's are somewhat scattered in space, the groupings will show

significant variability from method to method. Williams et al. (1971)

describe the reasons for this anomaly.

Flexible clustering is dependent upon group size; once a cluster

has been formed, it becomes more difficult for an OTU to join the

cluster than for it to join another individual. As the size of a cluster

increases, the space about the cluster becomes dilated. The single

linkage, complete linkage, and centroid methods tend to result in

large numbers of hierarchical groupings. For taxonomic convenience,

a smaller number of major groupings would be preferred. This is

accomplished by the pair-group methods; however, the hazard of this
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approach is that heterogeneous residual OTU's may be recognized and

treated as "good" groups. As pointed out by McNeill (1975), flexible

sorting affords some degree of protection against such an outcome.

For these reasons, I selected flexible coupling for use in this study,

employing an intermediate value forp, -0.25. This corresponds with

Lance and Williams' (1967) recommendation.

Notwithstanding this selection, I ran the specific and generic

data sets employing each of the algorithms discussed, including

several values of fi for the flexible sorting. I did this because *MINT

had the programmed capability, and I was tempted by the idea of

robustness mentioned earlier.

Wagner Networks

The *MINT program for computation of Wagner networks was

based on the method described by Farris (1970). The resultant net-

work is founded on the OTU selected by the user as the ancestral OTU.

The output of the program is a list of connections for each OTU and

HTU (hypothetical taxonomic unit) and their vector lengths. A second

program optimizes the vectors to reduce the overall length of the net-

work. The length of each character is calculated, and the character

state values for each HTU are computed. Finally, a Wagner tree is

constructed based on the list of connections. The optimization

technique is also taken from Farris (1970).
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Prim Network

This *MINT program computes the shortest connection network

for a set of OTU's based upon the matrix of distances. The program

yields a list of connections and their vector lengths, from which the

Prim network can be constructed.

Principal Component Analysis

To perform the principal components analysis, the matrix of

simple matching coefficients was transformed by the *GOWR program.

This transformation, described by Gowr (1966), produces a symmet-

ric matrix which can be used to extract eigenvectors. The user

specifies the number of principal components (k) desired. The *EIGN

program produces a system of coordinates including a tabulation of

the desired number of eigenvectors and the corresponding eigenvalues.

This process is typically used to reduce the dimensionality of

the distance space. A cumulative sum of the eigenvalues yields an

accurate assessment of the amount of dispersion accounted for by the

first k eigenvectors. The *MINT program procedure follows the

method developed by Stewart (1970).

Additional Computations

The *SUBS program was also run. This computation is based
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upon a program prepared by Sale (1971). It outputs a listing of all sub-

sets of OTU's that satisfy the condition that the maximum dissimilarity

between members of the subset is less than the least dissimilarity

between any member of the subset and any OTU not in the subset.

These are what are termed "ball clusters" by Jardine et al. (1969).

The program is lengthy for it must inspect all combinations of OTU's,

except that it wisely ignores single OTU's and the set of all OTU's.

The output includes the diameter of each cluster and the length of

the gap between it and its nearest neighboring subset.

The final program used was *KCNT (or k-centroids). This

program partitions a set of OTU's into k groups, the value of k being

assigned by the user. The assignment is made by minimizing the

distance of each OTU to its closest centroid. This program, often

termed a "primal heuristic technique, " limits the potential centroids

to OTU's that are actually in the data set. The input to the program

is the distance matrix, while the output lists the OTU groups and the

distance of each member to its centroid.

Other *MINT programs were not run (see Table 4) primarily

because missing values (e.g., unknown chromosome numbers) are

handled arbitrarily and all data must be first standardized, which I

judged to be impractical for the arguments offered earlier. Further,

the number of reclassifications resulting is likely to be quite few as

illustrated by the work of Denton and del Moral (1976).
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Description of Characters Included
in Numerical Analyses

The characters employed in numerical analyses included the

results of thin-layer chromatography and FDP aldolase electrophore-

sis. These data were supplemented by morphological characters,

selected to include those used in contemporary floras to delimit the

genera of the Brassicaceae. In addition, chromosome number and

ploidy level were included when known. Morphological data were

acquired by direct examination or were taken from descriptive floras;

the references consulted were .Abrams (1944), Bailey (1949), Davis

(1965), Hedge and Rechinger (1968), Hitchcock et al. (1964), Munz

(1968), Peck (1961), and Tutin et al. (1964). Chromosome numbers

were taken from Federov (1969), Moldenke (1973), and Ornduff (1968).

Rollins (1940) was consulted regarding the western species of Arabis.

Each of the characters listed below bears an identification

number (in brackets); this is the character number assigned by the

*MINT computer program. The character correlation matrices found

in Appendix III are coded accordingly. The bulk of the computer runs

applied morphological data, chromosome number, and summary

chemical data (characters 1-33). Special runs incorporated detailed

TLC results (38-97), electrophoretic banding (98-105), and habitat

data (34-37).
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Morphological Data

Two characters were assigned (11, 12) to account for leaf corn-

poundness (vs. simplicity) and the form of the leaf margin.

Characters (13, 14) were coded for the alternative cotyledon

positions (accumbent, incumbent, or conduplicate).

Several fruit characters were incorporated: dehiscence or

indehiscence (15); direction of dehiscence -- longitudinally or cross-

wise (16); fruit formsilique or silicle (17); compressionangusti-

septate or latiseptate (18); locule number--two or one (19); seeds per

loculenumerous or one (20); and seed arrangementbiseriate or

uniseriate (21). The presence or absence of a stipe (30) and a beak

(31) were also included.

A final morphological character was included to represent the

position of the stigmatic lobes with respect to the placenta or the

valves (22).

Special Characters

Two characters were coded for the chromosome base number

(23, 24) and the ploidy level (25).

Glabrous and pubescent forms were distinguished (26). All

pubescent plants were further distinguished by simple vs. branched

trichornes (27).
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Flower color (32, 33) was arbitrarily based upon three group-

ings: essentially white; purple, blue, or pink; and predominantly

yellow.

Perennial and annual forms were separated (28), and in the case

of perennials, a woody vs. herbaceous distinction was also made (29).

Habitats were catalogued by moisture stress-xeric or mesic

(34, 35); and by elevation--above or below 500 m (36. 37).

Chemical Data

An overall subjective index of TLC results was assessed by

counting the number of separately identifiable spots and judging their

relative intensity (1-5); an amplification of these characters, which

formed the basis of separate computer runs, is described below

(characters 38-97).

In like fashion, the localization and number of electrophoretic

bands were coded (6-10). The presence or absence of bands at the

origin, at the position where the commercial aldolase is found (some

2 cm toward the anode side of the origin), and at electrophoretic

distances on either side of this position were coded on a 1/0 basis.

The total number of observable bands was also used. As in the case

of TLC results, a separate computer run was made using electro-

phoretic data exclusively. For this case, additional characters were

included (98-105) representing band locations at 5 mm intervals from
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1 mm toward the cathode end from the origin to nearly 4 cm toward the

anode. Electrophoresis data used in the numerical treatments were

taken exclusively from runs that used extracts acquired by the

standard preparative procedure.

A total of 59 distinct spots appeared on the TLC plates after

treatment with the Aldrich spray reagent. These spots were charac-

terized on the basis of their color reaction to the spray and by their

Rf values under the organic a.nd aqueous solvent systems. Rf values

were generalized as shown in Figure 12. All spots were placed into

one of the nine coded areas. According to Wilkens and Bohm (1976),

the position of the spot on the plate is determined by the degree of

glycosylation; the aglycones will migrate only in the organic solvent

system (areas 1, 4, and 7). The monoglycosides migrate about 1/3

of the way across the plate in the aqueous solvent system (areas 2,

5, and 8); and the diglycosides travel about 2/3 of the way across the

plate in the aqueous solvent (areas 3, 6, and 9). The kinds of com-

pounds represented by the differently colored spots were postulated,

based upon comparisons with known standards and by adhering to

guidelines set by Wilkens and Bohm (1976). Bright orange (charac-

ters 38-44) was labeled as myricetin; yellow-orange (45-51) as

quercetin; lime-green (60-67) as kaempferol; lavender or purple (83-

91) as phenolic acids; yellow-green (52-59) probably isorhamnetin or
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Figure 12. Matrix for coding chromatogram Rf values.
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syringetin; blue-green (68-74), aquamarine (75-82), and brick red

(92-97) received no tentative compound assignment.

Characters Omitted from This Study

The validity of any numerical taxonomic treatment is clearly a

function of the number and diversity of the characters included in the

analysis. Although some 105 characters were used in this study,

more than half corresponded to compounds discerned by thin-layer

chromatographic techniques. As a result, the suggested goal of 50

characters, proposed by most advocates of numerical taxonomy, has

not been met. Certainly, should my objective have been to reclassify

and monograph the Brassicaceae, this would have been a notable

shortcoming. However, some comments seem warranted regarding

certain excluded characters, which have from time to time been used

in delimiting the genera of the Brassicaceae. Their omission was

prompted primarily by the lack of reliable, accessible data and by

the restricted scope of this study.

As mentioned in the Introduction, several workers have

regarded the number, form, and position of the nectaries found at

the base of the stamens to be important traits. Most of these workers

based their classification on representative species and paid scant

attention to population variability. My observations of the nectaries

of six species, including several samples of each, differed



75

significantly from those of von Hayek (1911) or Schulz (1936).

Figure 13 is an illustration of this comparison. The nectary types

appear to form a continuum, and the establishment of discrete cate-

gories would of necessity be arbitrary. Further, their morphology

is markedly influenced by ontogeny.

Three other characters mentioned by von Hayek are the localiza-

tion of the myrosine cells in leaf cross-sections, the reticulate pattern

of surface cells of the replum, and the anatomy of vascular traces

in the stern. Unfortunately, von Hayek's survey of these traits was

incomplete, and to my knowledge, no exhaustive presentation has

since been attempted. They are omitted here because of the paucity

of published data and the lack of acceptance of these characters by

contemporary workers.

Although not unique to the Brassicaceae, the myrosine cells

appear to be universally present in the family. These cells are

implicated in the production of myrosin, an enzyme necessary for the

synthesis of mustard oils. The omission of these mustard oils from

my numerical taxonomic study may perhaps be questioned. Kjaer

(1960) surveyed the distribution of isothiocyanate glucosides (mustard

oils) among flowering plants. He found that all species of Brassica-

ceae examined contained at least some forms of this class of com-

pounds. Kjaer also found mustard oils in many representatives of

the nearby families Resedaceae and Capparidaceae, as well as in
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77

isolated instances among more distant groups (the Euphorbiaceae,

for example). Of the 54 species included in my study, Kjaer listed

only 13; for eight of these only the number (unidentified) of mustard

oils was listed. The distribution of the species of isothiocyanates

may prove to be a most important trait in establishing affinities with-

in the Brassicaceae. Kjaer and Hansen (1958) demonstrated their

utility in a study of the genus Arabis. Here they confirmed the sug-

gestion made earlier by Rollins (1940) that Arabis hookeri Lange be

transferred to Halimolobos mollis Rollins.

In Kjaer's 1960 compilation, and in the summaries of Altman

and Dittmer (1964) and Spector (1956), a great number of distinct

types of mustard oils have been reported. Their diversity and number

(which is now several hundred) diminishes their taxonomic utility. A

taxonomy of the mustard oils themselves is needed in order to apply

them to a systematic study of the plants in which they are found.
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III. RESULTS OF EXPERIMENTS

The information from my research is presented in this chapter,

the data and interpreted results being presented in the chronological

sequence of experiments. To improve the readability, and because of

the number of species involved, only representative findings are

placed in this chapter; the remainder of the results, which are

repetitive, can be found in the several appendices.

FDP Aldo lase Electrophoresis

Prior to initiating a comparative survey of FDP aldolase iso-

zymes in selected representatives of the Brassicaceae, an investiga-

tion of the extraction procedures employed by Redei (1973c), Grover

and Byrne (1975), and Jacobs and Schwind (1973) was conducted. This

effort was prompted by the precautions advocated by Loomis (1974).

Loomis argues convincingly:

In the living plant cell, the small amount of protoplasm
is protected from large amounts of potentially damaging
materials by compartmentalization, and by the fact that
many of these materials are present in 'detoxified' forms
such as glycosides. When a plant tissue is homogenized in
order to isolate enzymes or organelles, the compartmental-
ization is destroyed and everything is mixed, with effects
ranging from undesirable to devastating, depending on the
tissue, and on the isolation techniques.

The specific hazard with respect to electrophoresis of proteins

is that the phenols and quinones released during homogenization will

react with the cellular proteins to form compounds that are likely
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to have altered electrophoretic mobility. Loomis catalogues the

potential reactions into four types: hydrogen bonding, oxidations,

ionic interactions, and hydrophobic interactions. If electrophoresis

is performed on these secondary products, the banding patterns may

proliferate. The added bands may be artifacts and their interpretation

as isozymes may be unjustified.

The solutions proposed by Loomis and in part tested herein,

involve using polymers in the extracting media to bind the phenolic

compounds, operating at reduced pH levels, operating in an oxygen-

free environment, and reducing the total time of extraction to a

practical minimum.

Optimizing the Extraction Protocol

Using greenhouse-grown Arabidopsis thaliana (F-995), the

effects of pH and the two commercial polymers XAD -4 and polyclar-

AT were assessed in a series of experiments. These runs and sum-

mary results are presented in Table 5. The optimization criterion

was to maximize the ratio of absorbancies at 280 and 260 nm. A

second criterion was used at Loomis' (1976) suggestion: the ratio of

the absorbancy at 280 nm (the wave length that proteins have maximum

absorbance) to the bottom of the trough in the vicinity of 240 nm.

These points are labeled "B" and "C" in Figure 14. Also shown in

Table 5 is an indication of whether a peak occurred in the 330 to



Table 5. Spectrophotometric comparison of alternative extraction procedures.

RunRon pH XAD-4 1 Polyclar-AT 1 300 nm
Peakz A280 /A260 A

280
/A240 Comments

1 7.5 0 0 yes 0.714 0.714 60 min centrifuge

2 7.5 0 1.0 yes 0.775 0.775 60 min centrifuge

3 7.5 1.0 0 yes 0.945 1.066 60 min centrifuge

4 7.5 1.0 1.0 yes 0.783 0.856 60 min centrifuge

5 6.8 0 0 yes 0.709 0.709 60 min centrifuge

6 6.8 0 1.0 yes 0.750 0.750 60 min centrifuge

7 6.8 1.0 0 yes 0.757 0.765 60 min centrifuge

8 6.8 1.0 1.0 yes 0.897 1.136 60 min centrifuge

9 7.0 0 0 yes 0.874 0.851 45 min centrifuge

10 7.0 0 0. 1 yes 0.909 0.800 45 min centrifuge

11 7.0 0 0.5 yes 0.875 0.824 45 min centrifuge

12 7.0 0 1.0 yes 0.869 0.824 45 min centrifuge

13 7.0 0.1 0 yes 0.874 0.862 45 min centrifuge

14 7.0 0.1 0.1 yes 0.913 0.903 45 min centrifuge

15 7.0 0.1 0.5 yes 0.847 0.827 45 min centrifuge

16 7.0 0.1 1.0 yes 0.899 0.899 45 min centrifuge

17 7.0 0.5 0 yes 0.824 0.968 45 min centrifuge

18 7.0 0.5 0. 1 yes 0.895 0.979 45 min centrifuge
co

(Continued on next page)



Table 5. (Continued)

Ru
no.

n
PH XAD-4 1 Polyclar-AT 1 0 nm30Peak2

A280 /A260 A280 /A240 Comments

19 7.0 0.5 0.5 no 0.815 1.019 45 min centrifuge

20 7.0 0.5 1.0 no 0.817 1.250 45 min centrifuge

21 7.0 1.0 0 yes 0.765 1.200 45 min centrifuge

22 7.0 1.0 0.1 no 0.794 0.949 45 min centrifuge

23 7.0 1.0 0.5 no 0.943 1.195 45 min centrifuge

24 7.0 1.0 1.0 no 0.913 0.982 45 min centrifuge

25 7.0 0 0 yes 0.883 0.651 60 min centrifuge
26 7.0 2.0 1.0 no 0.925 1.122 45 min centrifuge

27 7.0 1.5 0.8 no 0.920 0.980 45 min centrifuge

28 7.0 1.5 1.0 no 1.069 1.382 45 min centrifuge

29 7.0 1.5 0.8 no 1.042 1.415 20 min centrifuge

30 7.0 1.5 1.0 no 0.841 0.974 octonol added

31 7.0 1.5 1.0 yes 0.892 0.669 oxygen excluded

1 The values listed are multiples of measured plant fresh weight of Amberlite XAD-4 and polyclar-AT
that were mixed with the extracts of Arabidopsis thaliana.

2 That is, the peak in the 330 to 360 nm range.
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Figure 14. Comparison of absorption spectra of whole plant
extracts of Arabidopsis.
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360 nm range (point "A" in Figure 14)., This range corresponds to

the wavelengths where phenolics characteristically have peak absor-

bancy, and the response there is a further indication of the effects of

the extraction procedure.

The results given in Table 5 prompted a modification of the

extraction procedure to incorporate a "washing" of the plant extract

with 1.0 equivalent weights of washed polyclar-AT and 1.5 weights of

washed XAD-4.

Figure 14 compares the absorption spectra of the standard pro-

cedure, adopted from the methods employed by Redei (1972), and the

final selected "revised" procedure. This revised procedure not only

included the synthetic washes, but the reduced pH and centrifuge time

as well. Table 5 does not indicate any marked improvement due to

lowering pH; a pH of 7.0 was selected on recommendations by Loomis.

Reducing the centrifuge time to 20 minutes did improve the critical

ratios and did not adversely affect the clarity of the extract. During

the series of runs, the stepwise reduction to final elimination of an

observable peak in the neighborhood of 360 nm was definitive (point

"A" on Figure 14). This was accompanied by steadily improved

definition of the 260 nm hump at "B" and the development of a well-

defined trough near 240 nm (point "C"). Collectively, these absor-

bancy parameters suggested that the washes were quite effective in

binding phenolics and in producing a cleansed extract.
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Also shown in Table 5 are the two attempts to reduce the oxygen

available to the extract during homogenization. In run 30 a few drops

of octonol were added to the glass-teflon homogenizer to reduce foam-

ing. This was visually effective, but the spectrophotometric results

were not impressive. An alternative approach was tried on run 31.

Here nitrogen gas was caused to flow through an omnimixer vessel

prior to adding the plant material and buffer. The poor performance

of this method is likely due to the excessive heating in the omnirnixer

(even though run in an ice bath) during the homogenization.

Electrophoresis Results

During the initial effort, polyacetate electrophoresis of the FDP

aldolase was run using both the standard and revised extraction pro-

cedures, each being further replicated to reduce experimental error.

Typical results are shown in Figures 15 and 16, which are representa-

tions of the electrophoretic phenotypes for Arabidopsis thaliana and

Cardamine oligosperma. Similar results for an added 18 species are

included in Appendix I (Figures 35 through 48). All remaining species

were run utilizing only the standard procedure. These results can

also be found in Appendix I (Figures 49 through 54).

Photographing the developed polyacetate strips proved to be

difficult. The developing aldolase plates were partially opaque,

making back-lighting less effective. The electrophoretic bands are
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Figure 15. Electrophoretic phenotype of Arabidopsis thaliana
(F-995).
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standard procedure

revised procedure

Figure 16. Electrophoretic phenotype of Cardamine oligosperma.
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only visible under long-wave UV illumination. No available UV light

sources properly diffused the light, which appeared as a pattern of

stripes overlying the aldolase bands on the developed print. Perhaps

a more serious problem was the instability of the developed bands.

After electrophoresis was complete, the development of the aldolase

bands was monitored during the oven incubation period. The bands

first became visible in about 10 minutes and reached their maximum

intensity at 20 minutes,at which time, according to procedure, the

strips were removed from the oven. The bands then continued to

intensify for another five minutes at room temperature. This was

followed by an immediate fading. The half-life of the bands was less

than 15 minutes, their durability being a function of the original

intensity.

To avoid this problem, several efforts were made to intensify

the banding by increasing the protein concentration of the extract.

Vacuum dialysis was tried, using a dialysis bag that passed molecules

whose molecular weight is less than 10, 000 (FDP aldolase has a

molecular weight of approximately 55, 000). Although run in a cold

room, the time required to halve the extract volume was nearly one

hour. This was counter to the experimental objective of reducing

processing time to a practical minimum. No improvement in band

intensity was encountered. An alternate approach was tried by placing

the dialysis bag in a tube containing aquacide II (Calbiochemical
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No. 17851). This method also proved to consume excessive time and

results were disappointing. The option finally chosen was simply to

reduce the volume of buffer used in the extraction to the least amount

that would permit an operable centrifugation step. Only 10 ill were

required for electrophoresis. The polyclar-AT and the XAD-4 were

hydrated, and a narrow gauge centrifuge tube permitted the collection

of about 0.05 ml of cleaned extract, which was more than sufficient

for electrophoresis. Darker banding patterns resulted.

Photographic results still fell short of expectations. Figure 17

illustrates this point. The figure depicts the results with Hylandra

suecica, giving a representation of the banding pattern to illustrate

the technique used in creating each of the electrophoretic phenotypes

in Appendix I.

The initial trials of Arabidopsis thaliana (Figure 15), employing

the standard procedure, accurately replicated the results obtained by

Rgdei (1972), displaying two bands near the origin and a single band

2 cm toward the anode end. The two bands at the origin were quite

close together and on repeated runs appeared as a single, somewhat

enlarged, band. To resolve this ambiguity, the strips were cleared

and run on a spectrodensitometer. The results are shown on Figure

18, which resolves this large band into two distinct bands.

A significant finding of this study was revealed when the

revised procedure was employed; Arabidopsis thaliana then displayed
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Figure 17. Illustration of technique for representing electro-
phoretic phenotypes; banding of Hylandra suecica
are shown.
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but a single band (Figure 15). Perhaps coincidentally, this band has

the same electrophoretic mobility as that of commercially procured

FDP aldolase, which is harvested from rabbit muscle (Sigma No.

A-6253); see Figure 19. Cardamine oligosperma (Figure 16) also

exhibited a reduction in visible bands, from four to two. As seen in

Appendix I, this typical pattern of band reduction was independent of

the plant extract used. Of the 21 species run using both standard and

revised procedures, only Lepidium nitidum, Figure 44, did not display

reduced banding under the revised procedure (although there were

noticeable changes in the mobilities of the bands).

The premise accepted was that the "extra" bands seen in the

standard method were the secondary compounds produced by phenolic

interactions as predicted by Loomis. This supposition was tested by

mixing a plant extract that had been heated for 40 minutes at 60°C to

destroy native aldolases with commercial aldolase and then performing

the 90-minute electrophoresis. As shown in Figure 19, instead of the

typical single band characteristic of commercial aldolase, the pattern

displayed four bands, all quite typical of the plant's phenotype, Figure

21 Since the plant's aldolases were no longer present, the extra

bands must have been produced by an interaction between compounds

found in the plant extract and the commercial aldolase. The intensity

of these bands, however, was more typical of that of the highly con-

centrated commercial preparation. The heat-killed extract was
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commercial aldolase with heat killed
extract from Hylandra suecica
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+

Figure 19. The effects upon electrophoretic banding of mixing
purified aldolase with heat killed plant extracts.
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Figure 20. FDP aldolase activity assay in Arabidopsis thaliana.
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run without adding the commercial aldolase; in this case no banding

was visible.

A further effort was made to understand this phenolic-aldolase

interaction by running activity assays on both washed and untreated

extracts. As seen in Figure 20, FDP aldolase activity is markedly

less when the extraction follows the standard procedure.

In order to complete the comparison with the Redei experi-

ments, further aldolase electrophoresis runs were made using plants

grown from seeds obtained from the University of Missouri seed bank.

The electrophoretic phenotypes of Hylandra suecica and Cardaminop-

sis arenosa (Figure 21) again showed the identical form reported by

Re /del (1972) when he used these "isozymes" to confirm the taxonomic

relationships among Arabidopsis, Hylandra and Cardaminopsis.

The ten races of Arabidopsis thaliana (see Table 2 for a listing)

were run using the standard procedure to determine if there was evi-

dence of interracial polymorphism of the FDP aldolase enzyme.

Nine of the ten races displayed the typical three bands, as illustrated

in Figure 22, The singular race exhibiting a fourth band (see Figure

21) was J288-1, received from Caens, France. These plants were

also unique in that their rosette leaves were pinnately dissected.

This, coupled with the appearance of four distinct bands, demonstrated

that these plants were probably Cardaminopsis arenosa and had been

incorrectly identified.
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Figure 21. Electrophoretic phenotypes of Arabidopsis and
related species.
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Figure 22. Electrophoretic phenotypes of races of Arabidopsis
thaliana.
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Although the banding pattern of the nine races was uniform in

number and similar in position, there were some minor differences in

their electrophoretic mobility. These differences were in the range of

experimental error. The Gelman electrophoresis chamber accommo-

dated a total of ten strips. It took, on the average, two minutes to

blot the strip, mark it, apply the extract, and position the strip in the

chamber. The visible pigments in the extract began migrating even

though the power supply was off. By the time the final strip was in

place and the power turned on, the first strip showed evidence of

migration of some 3 to 5 mm. This pre-power migration, confirmed

by running replicates with reversed positioning, caused a predictable

bias in the final mobilities.

Thin-layer Chromatography

As indicated in Table 2, thin-layer chromatography was run on

extracts from 53 separate species. Following the procedure of

Wilkins and Bohm (1976), both an ethyl acetate and an n-butanol

soluble fraction were removed from the methanol extract and spotted

on the TLC plates. In all cases these were run in both the organic

and aqueous solvent systems. Idiograms were constructed from the

TLC plates. These were photographed as exemplified by Figure 23.

The remaining idiograms can be found in Appendix II (Figures 55

through 69). The dots and arrows on these figures indicate the origin
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Iberis sempervirens Arabidopsis thaliana

Sisymbrium officinale Cardaminopsis arenosa

Figure 23. TLC idiograms of Iberis, Arabidopsis, Cardaminopsis,
and Sisymbrium; ethyl acetate fraction.
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and direction of migration in the organic solvent system. After

completing runs on six plants (Arabidopsis thaliana, Cardaminopsis

arenosa, Cardamine oligosperma, Iberis sempervirens, Draba verna,

and Thlaspi fendleri), I concluded that the information content of the

n-butanol fraction was minimal. Examination of Figures 55, 56, and

57 of Appendix II reveals that all chromatogram spots contained on the

TLC plates of the n-butanol fractions are also on the chromatograms

of the ethyl acetate fraction; significantly, however, the converse is

not true. The ethyl acetate fraction chromatograms contained on the

average 20% more distinct spots. For this reason the remaining

plants were run using only the ethyl acetate fraction.

Figure 23 illustrates the diversity of color, number, and Rf

value contained among the chromatograms of the 53 species. As

indicated in the Methods chapter, compounds were identified when

adequate guidelines were available or when Rf values for standards

were known. Each of the plants investigated appears to have a dis-

tinctive fingerprint, and expected between-plant correlations were

not obvious. The diversity in flavonoid patterns recalls the isozyme

variability among plants reported in the electrophoresis survey.

Numerical Analysis

As already mentioned, a wide variety of numerical methods

were applied to both the chemical and morphological data. Due to the
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bulk of the results, once again an appendix has been used to improve

the readability of this section. Results are detailed in an essentially

chronological sequence.

Initially, similarity coefficients among the taxa were calculated.

Several sorts of the data were made; coefficients were calculated for

electrophoresis data only, for TLC results only, for morphological

data, and for a combination of the three. In each case two sets of

values were generated: one that included the 52 species analyzed,

and a second set that was restricted to single representatives of each

genus (a total of 36 taxa). Table 6 lists the similarity coefficients

among the genera of Brassicaceae, calculated from combined

morphological-chemical data (characters 1 through 33 as described

in the previous chapter) using the simple matching coefficient. This

is the most significant similarity matrix and formed the raw data for

performing many of the numerical analyses described in the pages

that follow. Included in Appendix III are the similarity matrices

based on the same data set for all 52 species (Table 10) and an

inverted matrix which contains the character correlations (Table 11).

Clustering

The similarity matrices formed the basis for clustering opera-

tions and the construction of phenograms, The results of clustering

each of the data sets for species are depicted in Figures 24-26; in
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Table 6. Similarity coefficients for genera using simple matching
coefficients.1

Legend

1. Arabidopsis 19. Chorispora
2. Cardaminopsis 20. Hesperis
3. Iberis 21. Isatis
4. Lunaria 22. Phoenicaulis
5. Capsella 23. Camelina
6. Draba 24. Descurainia
7. Barbarea 25. Thelypodium
8. Raphanus 26. Lesquerella
9. Brassica 27. Aubretia

10. Arabis 28. Rorippa
11. Thlaspi 29. Physaria
12. Sisymbrium 30. Conringia
13. Idahoa 31. Caulanthus
14. Cardaria 32. Lobularia
15. Thysanocarpus 33. Alyssum
16. Cardamine 34. Streptanthella
17. Lepidium 35. Streptanthus
18. Erysimum 36. Stanleya

'Genera 1 through 10 by 36 are included on the first sheet; the
remainder of the symmetrical matrix appears on the second sheet.
Coefficients were calculated from the combined chemical and
morphological data set.



Table 6. (Continued)

1 2 3 4 5 6 7 8 9 10

1 1.000
2 .818 1.000
3 .364 .485 1.000
4 .606 .667 .515 1.000
5 .667 .788 .515 .636 1.000
6 .576 .636 .606 .727 .727 1.000
7 .515 .576 .545 .606 .545 .636 1.000
8 .545 .606 .455 .636 .576 .606 .788 1.000
9 .727 .727 .394 .758 .576 .545 .667 .636 1.000

10 .697 .697 .545 .667 .727 .636 .697 .667 .606 1.000
11 .667 .667 .636 .758 .697 .667 .545 .515 .697 .667
12 .697 .697 .364 .788 .667 .576 .636 .545 .788 .697
13 .636 .636 .606 .667 .667 .879 .758 .667 .606 .697
14 .606 .788 .697 .697 .758 .667 .485 .515 .576 .606
15 .545 .667 .636 .758 .636 .667 .545 .576 .576 .606
16 .758 .758 .606 .667 .667 .636 .697 .606 .667 .879
17 .636 .758 .667 .606 .788 .636 .455 .424 .485 .636
18 .636 .697 .424 .606 .667 .576 .576 .485 .667 .515
19 .727 .667 .394 .758 .576 .545 .667 .697 .697 .788
20 .758 .758 .545 .545 .727 .576 .576 .667 .545 .818
21 .515 .576 .545 .545 .485 .455 .515 .485 .606 .515
22 .727 .781 .515 .697 .636 .667 .606 .576 .697 .848
23 .727 .667 .394 .636 .576 .667 .545 .455 .576 .606
24 .618 .819 .303 .667 .667 .515 .576 .606 .788 .697
25 .667 .667 .515 .636 .636 .545 .545 .515 .636 .727
26 .667 .545 .515 .697 .515 .545 .545 .515 .636 .727
27 .667 .667 .576 .697 .697 .727 .727 .697 .576 .909
28 .567 .667 .576 .697 .515 .606 .788 .636 .697 .727
29 .545 .667 .636 .697 .636 .667 .606 .515 .576 .727
30 .758 .759 .424 .727 .606 .576 .697 .545 .909 .636
31 .545 .727 .636 .697 .636 .606 .727 .697 .697 .788
32 .576 .758 .727 .727 .727 .697 .636 .606 .545 .697
33 .606 .606 .576 .616 .576 .667 .606 .455 .636 .667
34 .758 .818 .424 .727 .727 .515 .576 .545 .788 .636
35 .667 .727 .515 .697 .697 .545 .606 .576 .758 .667
36 .485 .667 .636 .576 .576 .485 .667 .576 .636 .727



Table 6. (Continued)

11 12 13 14 15 16 17 18 19 20
11 1.100
12 .606 1.000
13 .667 .515 1.000
14 .758 .606 .606 1.000
1F .607 .545 .667 .758 1.000
16 .788 .636 .758 .667 .606 1.000
17 .606 .636 .576 .841 .667 .636 1.000
18 .606 .636 .515 .606 .424 .515 .576 1.000
10 .636 .727 .606 .F15 .636 .788 .545 .545 1.000
20 .606 .636 .636 .667 .545 .818 .636 .515 .727 1.000
21 .545 .515 .576 .667 .727 .515 .515 .455 .485 .576
22 .697 .667 .667 .636 .576 .848 .606 .606 .758 .727
23 .515 .667 .667 .576 .455 .606 .606 .788 .576 .606
24 .606 .759 .576 .606 .545 .697 .576 .697 .788 .758
25 .697 .667 .606 .515 .576 .788 .606 .485 .758 .667
26 .636 .605 .606 .576 .576 .727 .545 .485 .697 .606
27 .636 .606 .788 .636 .636 .848 .606 .485 .758 .788
2P .697 .667 .727 .636 .636 .788 .606 .545 .697 .606
20 .697 .606 .606 .759 .636 .727 .727 .606 .636 .606
30 .667 .879 .636 .606 .545 .697 .576 .697 .727 .636
31 .758 .666 .667 .697 .697 .788 .545 .485 .636 .667
32 .667 .515 .697 .788 .848 .697 .758 .576 .606 .636
33 .697 .545 .727 .636 .576 .727 .606 .606 .576 .545
34 .727 .759 .576 .667 .606 .758 .636 .636 .727 .697
35 .697 .727 .606 .636 .636 .667 .545 .606 .636 .667
35 .636 .545 .545 .576 .576 .727 .545 .545 .576 .606



Table 6. (Continued)

21 22 23 24 25 26 27 28 29 30
21 1.000
2? .485 1.000
23 .545 .636 1.00e
24 .636 .727 .727 1.000
25 .364 .753 .515 .667 1.000
26 .545 .753 .636 .667 .636 1..7000
27 .545 .813 .636 .667 .636 58 1..758000
23 .606 .697 .697 .667 .636 .697 1.000
29 .545 .818 .636 .606 .636 .818 .758 .753 1.000
30 .636 .727 .667 .813 .667 .606 .606 .727 .606 1..667000
31 .606 .818 .455 .606 .697 .636 .758 .758 .758
32
31

.576

.605
.667
.753

.545

.697
.576
.606

.606

.576
.606
.697

.727

.758
.667
.758

.727

.758
.5167 5

.6
34 .515 .727 .545 .759 .788 .606 .606 .606 .606 .818
35 .506 .697 .576 .727 .75P .576 .636 .636 .576 .788
36 .545 .751 .515 .606 .697 .636 .697 .697 .758 .606

31 32 33 74 35 36
31 1.000
32
33

.727

.636
1.6.000

67
1.54534 .727 .616 1.000

35 .318 .606 .515 .841 1.060
36 .879 .667 .636 .667 .758 1.000
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rDraba verna
Idahoa scapigera
Barbarea orthoceras
Raphanus sativus
Iberis sempervirens

t:::::Thlaspi fendleri

ThZaspi montanum
Thysanocarpus curvipes
Lobularia maritima
Isatis tinctoria
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paella bursa-pastoris
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Cardaria

Lepidium nitidum
Lepidium perfoliatum
Lepidium fremontii

Figure 24. Phenogram, morphological data, flexible coupling,
a = 0.625.
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-Draha verna
Sisymbrium officinale
ThZaspi fendleri
Camelina microcarpa

1 -Rorippa curvisiliaua
Lepidium nitidum
-Descurainia sophia
TheZypodium Zaciniatum
-Lesauerella occidentaZis
Aubretia deZtoidea

Figure 25. Phenogram, flavonoid data, Jaccard coefficient, flexible
coupling, a= 0.625.
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Figure 26. Phenogram, electrophoresis data, simple matching
coefficient, flexible coupling, a = 0.625.
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each of the phenogram figures 3.5 inches equates to 100% dissimilar-

ity. A cursory glance at the phenograms resulting from chemical data

(Figures 25 and 26),shows that plants within the same genus failed to

cluster (most notable in the TLC phenogram). The morphological data

set, Figure 24, generated a phenogram that generally preserved the

integrity of genera.

These species phenograms were generated using flexible sorting

with an a= 0.625 and 3 = -0.250. As mentioned earlier flexible sort-

ing was selected as the primary clustering algorithm. The influence

of the choice of p value is shown in Figures 27 through 29. Additional

phenograms of genera are included in Appendix III (Figures 70 through

74). These figures illustrate two of the pitfalls expected when using

these algorithms. Chaining is clearly evident in the phenograms

generated by pair-group and single linkage methods (Figures 70-72).

The difficulty in forming clusters is well illustrated by Figure 73 (as

expected in complete linkage or furthest neighbor clustering) and to a

lesser degree with centroid clustering (Figure 74). The dispersion of

the taxa in character space was sufficiently great that the hazard of

reversals using centroid clustering was not realized. A comparison

of the eight phenograms generated from the similarity matrix of

genera, demonstrates the utility of the flexible sorting algorithm and

justifies the selection of p = -0.250 as optimum for this data set.
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;Figure 27. Phenogram, morphological data, flexible coupling,
a = 0.625, genera only.
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Figure 2P. Phenogram, morphological data, flexible coupling,
a = 0.500, genera only.
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Figure 29. Phenogram, morphological data, flexible coupling,
a = 0.700, genera only.
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Supporting Numerical Analyses

The Prim network generated by *MINT is shown in Figure 30.

Note the central position of Arabidopsis and its relation to its reputed

allies Cardamine, Cardaminopsis, Descurainia, Arabis, and Sisym-

brium. The relative distances on the network are to scale where one

inch is equivalent to a computed spacial distance of 1.00; however,

the scale is distorted about 1.00 to slightly exaggerate differences.

The construction of Wagner trees also illustrates this central

role of Arabidopsis. The *MINT program requires the user to select

the ancestral OTU. Stanleya was selected since most authorities,

Cronquist (1968) for example, feel that the Brassicaceae were derived

from the Capparidaceae and the stipe represents a primitive condition.

Subject to the limitations of interpretation of Wagner networks,

which are fully explored by Farris (1970), Figure 31 represents a

possible phylogenetic relationship among the genera of Brassicaceae,

under the assumption that Stanleya is the ancestral genus. The net-

work includes 28 hypothetical intermediary taxa (HTU's), calculated

to complete the network connections. The total length of this tree is

175.0 units, where a unit is equivalent to a single character state

difference. However, if Arabidopsis is declared to be the ancestral

genus, a more parsimonious tree is constructed, the total length

being 163.0 units. This does not require the interpretation that
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Arabidopsis is more primitive than Stanleya; the result illustrated by

comparing the two trees, Figures 31 and 3Z, is most likely to have been

caused by the possession by Arabidopsis of median traits in the par-

ticular array of genera and characteristics included in this study.

This feature is further confirmed by inspection of the similarity

matrix. Here the average similarity (column 1 in Table 6) of

Arabidopsis to the remaining 35 genera is 0.638 compared to 0.494

for Stanleya. Perhaps Arabidopsis lies near a center of evolutionary

radiation within the family, which could very well be phylogenetically

remote from the ancestral form.

In an effort to clarify the intergeneric relationships, a principal

component analysis was run on the morphological data set. The run

was set up to include the first ten principal components. This analy-

sis clearly confirmed the highly scattered locations of the genera in

the character space. This quality was already suspected by the rather

low values in the similarity matrix and by the great sensitivity of the

clusters shown on the phenograrns to the choice of clustering algo-

rithms. The principal components analysis revealed that the first

three principal components could only account for 37.8% of the dis-

persion of OTU's in the character space. In all, eight principal com-

ponents are required (as calculated by cumulatively summing the

eigenvalues) to explain a more acceptable 70%. The distribution of

genera in relation to the first three principal axes is illustrated in
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Figure 31. Wagner tree (Stanleya ancestral); scale; one character state difference =
5 mm.
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Figures 33 and 34. Because of the low eigenvalues, interpretation of

these figures is hazardous. Interestingly, Figure 33 (representing

26.4% of the total, inter-OTU dispersion) reveals two widely separated

clusters. Arabidopsis is found in a group containing Sisymbrium and

Descurainia and is remote from the Cardamine-Arabis grouping.

This grouping is echoed in the results of the centroid clustering

analysis. Table 7 represents the tightest clustering under the con-

straint that the total number of groups shall equal four. Relaxing this

constraint to yield six groupings produces the arrangement contained

in Table 8. In both cases, Arabidopsis is separated from both

Arabis and Cardamine.

The final computer analysis searched the character space to

find any coherent (tight) cluster. The results here, as portrayed in

Table 9, underline the finding that the genera evaluated are highly

separated in the 33 dimension character space. The table reveals

that the ten tightest "ball" clusters include only two OTU's each. The

twelfth and final cluster is barely separated from the first 11 formed

clusters (as indicated by the low minimum gap of 0.3871) and is

clearly a collection of unrelated highly scattered OTU's that can only

be loosely linked.
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Table 7. Results of centroid clustering (k = 4).

Group 1 Group 2 Group 3 Group 4

Arabidopsis Arabis Barbarea Alyssum
B ra ssica Aubretia Capsella Cardaria
Came Tina Cardamine Draba Lepidium
Cardaminopsis Caulanthus Physaria Lesquerella
Choris pora Hes peris Thelypodium
Conringia Iberis Thlaspi
Des curainia Idahoa
Erysimum Isatis
Lunaria Lobularia
Phoenicaulis Stanleya
Raphanus Thysanocarpus
Rorippa
Si s ymbriurn
Streptanthella
Streptanthus



Table 8. Results of centroid clustering (k = 6).

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Arabidopsis
B ras sica
Came lina
Cardamino psi s
Chorispora
Con ringia
Descurainia
Erysimurri
Phoenicaulis
Raphanus
Rorippa
Sisymbrium
Streptanthella
Streptanthus

Arabis
Aubretia
Cardamine
Caulanthus
Hesperis
Iberis
Idahoa
Isati s
Lobularia
Thysanocarpus

Capsella Alyssum Cardaria Barbarea
Draba Le pidium Lunaria Stanleya
Physaria Lesquerella
Thelypodium
Thlaspi



Table 9. Genera separated into subsets (ball clusters) by the method of Sale (1971).

Group no. Max. dia. Min. gap. Genera included in subset

1 0.9063 0.8125 Brassica, Conringia
2 0.9000 0.8696 Arabis, Aubretia
3 0.8846 0.8696 Caulanthus, Stanleya

4 0.8750 0.7273 Draba, Idahoa
5 0.8750 0.8000 Lesquerella, Physaria
6 0.8462 0.8148 Streptanthella, Streptanthus
7 0.8438 0.8125 Cardaria, Lepidium
8 0.8387 0.7419 Lobularia, Thysanocarpus

9 0.8000 0.7241 Camelina, Erysimum
10 0.7879 0.7500 Lunaria, Sisymbrium
11 0.7879 0.7813 Barbarea, Iberis, Raphanus, Rorippa
12 0.4516 0.3871 Alyssum, Arabidopsis, Capsella, Cardamine,

Cardaminopsis, Chorispora, Des curainia,
Hesperis, Isatis, Thelypodium, Thlaspi
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IV. DISCUSSION OF FINDINGS

This chapter is intended to underline all important findings and

to suggest explanations by adding background information and examin-

ing causes. The sequence adopted repeats that employed in the

chapters on methods and results.

Enzyme Electrophoresis

The most obvious result of the electrophoresis survey is that

phenolic substances do indeed react to form secondary compounds

with the glycolytic enzyme FDP aldolase. Moreover, the stepwise

approach to solving this problem indicated that these reactions take

place quite rapidly after cell lysis. The recommendations of Loomis

(1974) appear to be well founded. The effectiveness of removing

phenolics by mixing plant extracts with synthetic polymers that

absorb phenols and act as quinone scavengers has been demonstrated.

It is clear that it requires great care during extraction and storage to

avoid altering native plant proteins. If precautions are not used, a

variety of experimental hazards may occur. Loomis (1974) points

out that protein determinations by conventional means (the Lowry

method for example) can yield order-of-magnitude errors when pheno-

lics are present in the extract; even "artifactual organelles" can be

included in experimental results. The experiments I have performed
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have shown that electrophoretically separable "isozymes" can be

merely artifacts.

It is difficult to assess how widespread is the occurrence of

secondary phenolic-protein products masquerading as isozymes in

the literature. My results prove the existence of such products only

with respect to the experiments of Reldei (1972, 1973a, b, c, d, 1974).

Gottleib (1973, 1974), Grover and Byrne (1975), Jacobs (1971),

Jacobs and Schwind (1973, 1975), Schwartz (1960), Vaughan and

Denford (1968), Vaughan et al. (1966), and Vaughan et al. (1970) are

but a small sample of researchers that have used plant isozymes in

population genetics and systematic studies. None of these workers

have incorporated in their experimental protocol any of the extraction

precautions I have described. Their electrophoresis results may

very well indicate the occurrence of true isozymes in the plants

investigated. This appears to be corroborated by crossing experi-

ments in which isozyme bands display typical Mendelian patterns of

association and segregation in hybrids. While this feature is con-

vincing, it does not rule out the possibility that it is not the enzyme

genes that are segregating, but rather those genes involved in the

biosynthesis of the phenolics and related compounds.

If the latter were the case, the consequences are not necessarily

to nullify the conclusions reached by treating artifacts as isozymes.

The indicated polymorphisms and electrophoretic "fingerprints" of
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the taxa examined are likely to be valid. Only the name applied

becomes misleading. In recent decades geneticists and systematists

have shown an inclination to prefer proteins for analysis, for it is

argued (by Takhtajan [1973] for example) they are direct gene pro-

ducts. They are therefore more readily interpreted and their adaptive

significance is less ambiguous. The developmental pathways of

morphological traits and non-protein chemical compounds are often

poorly understood. Consequently, it would perhaps diminish the

quality of results to treat bands appearing in electrophoretic gels as

equal to any other taxonomic trait; my findings suggest that this more

cautious interpretation is warranted.

King (1973, 1974) demonstrated that single bands revealed by

standard electrophoresis methods are often an allelically heterogeneous

group of charge classes possessing similar electrophoretic mobilities

but varied amino acid sequences. Since this identity of mobility could

not be unambiguously equated to identity of amino acid sequence, he

coined the expression "electromorph" (King and Ohta, 1975). Use of

the term electrornorph avoids the potentially misleading implications

of the term isozyme. I suggest that, when working with plants,

electromorph can also be construed to include those bands that could

possibly be artifacts. Electromorph is precisely what each band is;

its use carries the implicit precaution of not awarding a band's

appearance any unjustified qualities. In labeling the several figures
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displaying representations of the electromorph patterns, I have used

a term borrowed from Gottlieb (1974): "electrophoretic phenotype."

This (also cautious) expression describes the series of electromorphs

appearing on each polyacetate strip.

Following this line of reasoning, it then seems appropriate to

regard electrophoretic phenotypes with the same respect and weight

as any other taxonomic characteristic.

Experience with the taxonomy of diverse groups of plants has

shown that some characters are particularly useful in delimiting taxa

within one group, but at the same time are almost useless in other

groups. For example, Le John (1975) studied the isozymes of gluta-

mic dehydrogenase in some 80 species of widely separated fungal

taxa; he found:

The results showed that, by and large, the electrophoretic
properties of isozymes within the same genus are uniform,
but are significantly different when intergeneric properties
are compared. In a few cases, organisms that have been
placed in different genera showed remarkable enzyme corre-
lations and this hinted at a closer relationship than hitherto
suspected using purely taxonomic criteria.

Excusing the final implication by Le John that isozymes are not

taxonomic characters, his findings are quite typical. Most textbooks

in systematics warn the student to avoid accepting any single charac-

ter as having intrinsic superiority in making taxonomic conclusions.

To illustrate, I quote Cronquist (1968):
A character which distinguishes families in one order may
distinguish genera in another family, or species in another
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genus, or it may vary on a single individual of another
species. For example, the Boraginaceae may generally
be distinguished from the Verbenaceae by having alternate
leaves. . . . Within the family Scrophulariaceae the
arrangement of leaves is usually a good generic character,
some genera having the leaves opposite, others alternate.
Within the genus Cornus, the species Cornus alternifolia
has alternate leaves, whereas most of the other species
have opposite leaves. In the common sunflower, Helianthus
annuus, the leaves near the base of the stem are opposite,
but the others are alternate.

Cronquist goes on to include the illustration of the generally

crucial ovary position and its diminished importance in some groups

(e.g., Saxifraga).

Hence, there was no a priori reason to suspect that the FDP

aldolase electrophoretic phenotypes would be uniquely useful in

resQlving the taxonomy of the Br4ssicaceae. However, I had hope.

The results here parallel the somewhat confusing outcome of

Le John's experience with the fungi. Most of the species examined

appear to possess a unique electrophoretic phenotype. Yet some

diverse plants shared common phenotypes. A rabidopsis thaliana

(Figure 15) resembles the banding of Isatis tinctoria (Figure 54); the

phenotypes of Cardaminopsis arenosa and Brassica oleracea are com-

parable (see Figures 36 and 43). In general, the electrophoretic

results failed to correlate with established relationships within the

Brassicaceae; however, some results were comforting (cf. the several

species of Erysimum shown in Figure 48). I adopted the test that the

"goodness" of FDP aldolase electrophoretic phenotypes as taxonomic
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markers was their ability to maintain the grouping of species within

the genera to which they are traditionally assigned. Under this

criterion the electrophoresis results are rather disappointing. How-

ever, the observed similarities are clearly not random. A compari-

son of Figures 25 and 26 shows that the electrophoresis results are

superior to those attained from thin-layer chromatography. Not-

withstanding this minor consoling point, the electrophoretic survey,

by itself, did little to resolve any of the difficult taxonomic questions

inherent in the Brassicaceae.

Flavonoid Idiograms

While electrophoresis has been a thoroughly exploited tool of

the population geneticist, chromatography has become a most popular

adjunct to systematics work. The routine application of chemical

characters for taxonomic inquiries is now more than ten years old

and began with the pioneering work of Alston and Turner in the early

1960's. Their publication of an authoritative text (Alston and Turner,

1963b) prompted the rapid expansion of the field of chemotaxonomy.

During much of the early sixties, spot patterns on both paper and

thin-layer chromatograms formed the basis of taxonomic investiga-

tions. Many significant papers were issued and numerous taxonomic

relationships were illuminated by applying these chemical attributes.

Noteworthy are the studies of the genus Baptisia by Alston and Turner
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(1963a), Alston et al. (1965), and Turner and Alston (1959). As the

importance of chromatography increased, new techniques, biochemi-

cal procedures, and references evolved to enable the systematic

identification of the flavonoid compounds responsible for the spots

appearing on chromatograms. For a thorough exposition of proce-

dures in use for the identification of flavonoids, refer to Mabry et al.

(1970). It has become fashionable to identify all chromatogram spots

used in taxonomic work, in order to lend credence to the conclusions

drawn. The work of Wilkins and Bohm (1976) on the genus Heuchera

is but a single illustration of this well accepted approach.

Studies that rely solely on unidentified chromatogram spots

are subject to frequent, often caustic, criticism. Since 1970 articles

have appeared in systematics journals attacking the practice of award-

ing any taxonomic significance to unknown chemicals revealed by

chromatography. Adams (1972) and Weimark (1972) exemplify the

quality of such criticisms. This claimed unsuitability for taxonomic

evaluations of nonidentified substances on chromatograms challenges

my decision to utilize such data in this study.

Although I accept that the flavonoid data I have used would have

added significance if each substance was isolated, run through a

column, and definitively identified, I propose that the spot patterns

are not unlike any morphological trait. I have assigned tentative

identities to the various spots, based on their color reactions to the
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spray reagent and their Rf values. The imprecision of the identifica-

tion and the lack of knowledge of the biosynthetic pathway or involved

enzymes (or genes) has parallels among most morphological traits.

The morphogenetic pathway and the adaptive function of many plant

physical traits are rarely, or at least poorly, understood. Yet,

their value as valid taxonomic characters is unchallenged.

Crawford and Dorn (1974), although arguing in favor of identifying

phenolic spot patterns, suggest that often the precision of the identifi-

cations is overestimated by the researcher. They point out that Rf

values have a typical tolerance of 10% and that color reactions may be

differently interpreted by different workers. This criticism suggests

that fine distinctions in the developed colors and their intensities, as

well as their migratory distances, cannot be relied on. Unwarranted

claims of precision, as seen for example in Weimarck (1972), may be

only an image of professionalism and may not reflect any great

superiority over the "cruder" method I have employed.

The thin-layer chromatography was directed at providing some

insights to relations among genera of the Brassicaceae and at explain-

ing some of the electromorphs revealed by electrophoresis. Many of

the compounds that react with the spray reagent (diphenyl boric acid

complex) are implicated in the formation of the secondary protein pro-

ducts responsible for the proliferation of electromorphs. The protein

and flavonoid data were therefore inspected for correlations between
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banding and the presence of phenolic acids, which are the likely

sources of protein interactions. The agreement was quite good. Both

the total number of TLC spots (character no. 4) and the frequency of

phenolic acids (characters 83-91) showed a high correlation (an

average of 0.818) with the number of electrophoretic bands (character

no. 7). Cause and effect are not confirmed, but those plants display-

ing the greatest expansion in electromorph number due to use of the

standard preparative procedure were also generally characterized

by chromatograms with high spot frequencies. Erysimum capitatum

(cf. Figures 48 and 61) best exemplifies this interpretation of the

rather significant correlation coefficients.

Flavonoids in Brassicaceae phylogeny

The second purpose of the TLC survey, to help understand the

phylogeny of the Brassicaceae, was even less fulfilled than was the

electrophoresis effort. The interspecific similarity matrix contained

universally low values (typically 0.300 to 0.500). When clustering

algorithms were applied to this matrix, clusters were formed with

great difficulty (Figure 25). Even at a dissimilarity level of 0.750

most clusters remained unlinked. The Jaccard coefficient was applied

to improve the situation, but with little success. Further, most

natural alliances were upset. With the exception of Brassica and
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Erysimum, intrageneric distances exceeded those between species

belonging to different genera.

These troublesome results are not without some historical pre-

cedent. Dass and Nyborn (1967) using the same spray reagent employed

here, studied the flavonoid patterns within the genus Brassica. The

unidentified chromatogram spots failed to correlate with "known"

relations in the genus. The genus Baptisia was exhaustively studied

for a dozen years by Alston, Turner, and their colleagues to elucidate

species groupings based on the distribution of flavonoid compounds.

Markham et al. (1970), when summarizing this extensive effort,

found that each species of Baptisia had a unique flavonoid complement.

The infrequency of such reports is predictable, because flavonoid

studies whose results do not match with established classification

systems, generally fail to reach the journals. Negative findings are

rarely reported. My point was expressed by Alston and Turner (1963b)

in their original text:

The distribution of a substance will not necessarily have
positive phylogenetic significance in all cases. Sometimes
the compounds may have clearly evolved independently in
several plant groups and will thus be phylogenetically use-
less at major taxonomic levels.

In an effort to extract some utility from the TLC survey, a

series of correlation attempts were tried. Electrophoretic, and

morphological data were compared to each of the major flavonoid

characters and to idiogram summary traits. An inspection of
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Table 11 (Appendix III) reveals that the two flavonoid summary charac-

ters (relative intensity and number of spots) show maximum correla-

tion with plant habit. The correlations of the flavonoid characters

(number 3 and 4) with woodiness (character 29) are 0.917 and 0.889,

the two highest values contained in the entire character correlation

matrix. The correspondence with perennial habit (character 31) is

also high (0.667 and 0.694), but not nearly so impressive as the

correlation with those perennials that become woody.

The adaptive function of the many classes of flavonoids has been

much argued. McClure (1975) and Swain (1975) summarize the sug-

gested roles and available evidence for flavonoid function in studied

plant groups. For the most part the function for many of this class

of compounds is unknown or incompletely understood. One of the

more frequent suggestions is that the flavonoids are possibly involved

in predator defenses and disease resistance. Isolated examples have

indicated that certain flavonoids may function as pollinator attractants,

especially those compounds biochemically linked to pigmentation.

Regulatory functions have also been proposed in certain cases. Human

palatability of vegetation that is rich in flavonoids is generally quite

low; most garden vegetables, which are bred for high palatability,

are characterized by minimal flavonoid content. The variety of

Brassica oleracea (common broccoli) studied here is illustrative of

this general rule (see Figure 59). The reduction of predation is
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clearly of greater adaptive value to perennials than to short-lived

annuals. Longer-lived perennials, which are typified by a tendency

towards woodiness, should then show high correlations with flavonoid

diversity and quantity. This proposition echoes the position developed

by Feeny (1975) who puts forth "escape" as an alternative to the

acquisition of chemical defenses.

Following this line of reasoning, it is possible that taxonomic

relationships indicated by flavonoid similarities may be only mirror-

ing similarities in habit. This could in large part explain the lack of

correspondence between flavonoid information and accepted generic

and intergeneric classification systems. As already argued, this

ecological explanation of flavonoid presence which may be true for the

members of the Brassicaceae studied, may have limited applicability

to other plant groups.

It is statistically unlikely that many flavonoid compounds have

evolved independently in several lines within the family. More likely

is that the genetic capacity for flavonoid production is commonly held

by the majority of Crucifers, and its expression is varied by ecologi-

cal responses and by evolutionary changes among regulatory genes.

The importance of regulatory genes in evolution has gained much

popularity in the years since their discovery by Jacob and Monod.

Wilson (1975) explains evolutionary rates that exceed expectations

based on classical mutation theory, by stressing the role of regulatory

genes and chromosomal rearrangements.
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Collectively, the foregoing suggest a hypothesis that the struc-

tural genes responsible for flavonoid production are held in common

by the members of the Brassicaceae; their exhibited differences in

flavonoid complement are then a manifestation of regulation differ-

ences. This hypothesis, though untested in this study, could provide

a basis for fertile research as a continuation of this effort.

Inasmuch as the distribution of flavonoids and aldolase electro-

morphs has not been especially helpful in resolving the phylogeny of

the Brassicaeae, the alternative of applying mustard oils must again

be considered. They were not included in the study for the reasons

stated in the Materials and Methods chapter (viz., lack of reliable

data and the enormous diversity of compounds reported). However,

there was no guarantee that they would have been a superior choice.

Kjaer, who had been investigating the incidence and identification of

mustard oils in the Capparidales for many years, had encountered

some success in resolving systematic relationships (notably, in the

genus Lepidium; Et linger and Kjaer, 1968). Yet when shifting to the

genus Erysimum, the results were ambiguous (Kjaer and Schuster,

1973). He found that E. rhaeticum had the same glucosinolate pat-

terns as E. virgatum; however he reluctantly admitted that these two

species belong to ". . . two complexes of no established close

affinity." Kjaer felt, nonetheless, that the mustard oils ". . .may

prove useful as an auxiliary tool in the task of bringing clarity to the



136

systematics of this extremely difficult genus." The utility of mustard

oil distribution in the systematics of taxa below the family level has

been sparingly demonstrated; Rodman (1976) found correlations in

the genus Cakile, another genus of Brassicaceae. Kjaer (1974), after

demonstrating that mustard oils fully sustained the dissecting of the

Rhoeadales into two distinct orders, the Papavarales and the

Capparidales, concluded:

At the genus and species level knowledge of the glucosino-
late pattern has, in a few cases, been put to good use as an
auxiliary character in analyzing delimitations. The data
available are, however, in sufficient to define their specific
merits for such purpose. The systematic complexity of
numerous glucosinolate-producing taxa, e.g. within
Cruciferae, provides a permanent challenge to our under-
standing of the biological position and importance of this
chemically well-defined and steadily growing group of plant
constituents.

This counsel, which has direct applicability to the present

study, is the commonplace experience of all systematists. In no

biological category is there a single character that can reliably form

the basis of a classification, nor are correlations among crucial

taxonomic characters ever complete. It is a well-accepted standard

that systematic studies employ multiple characters (Cronquist, 1973).

Efficacy of Numerical Techniques

The Results chapter has included a sampling of the diversity of

outputs and analyses available to the *MINT user. The programs
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included in *MINT (Table 4) embody a diversity of approaches and

strategies sufficient to address most taxonomic and ecological prob-

lems. The data set is, however, size-limited; matrices greater than

65 x 65 cannot be accommodated (but recall, *MINT is an abridged

version of the larger, more sophisticated system developed by

Rohlf, NT-SYS). This limitation proved to be irksome yet sur-

mountable. In other respects, I found *MINT to be a flexible,

accommodating, versatile program compendium, without the limita-

tions inherent in other programs available at Oregon State; for

instance, missing data points presented no difficulties.

The numerical analyses all had to deal with an array of OTU's

that were widely scattered in the character space. This made the

resultant clustering attempts especially sensitive to algorithm choice.

I feel the results indicate that flexible coupling was the optimum

choice for this study. The several types of analyses yielded consis-

tent results, which I will discuss in the section that follows. The

difficulty in applying numerical approaches to complex systematic

problems has been well illustrated here. However, when discounted

for the magnitude of the undertaking, the effort produced certain

revelations that would have been obscured had classical methods been

exclusively applied. The clarity of the several trees and connection

networks best illustrate this point.
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Brassicaceae Classification

The history of the classification systems that have been applied

to the Brassicaceae, reviewed in the Introduction, dramatically points

to a confusion and lack of agreement about the systematics of the

family. The results of this study explain why acceptable tribal and

subtribal definitions have not been attained. There appear to be few

natural subdivisions within the family, or if such subdivisions are

present, they must contain only a few genera and must therefore be

cumbersomely numerous. This quality of weak intergeneric alliances

was clearly recognized by Schulz, when he described 19 tribes and

41 subtribes, by Janchen (15 tribes and 49 subtribes), and to a lesser

extent by von Hayek (10 tribes and 33 subtribes).

Considering that the Brassicaceae probably contains no more

than 300 legitimate genera, a system that places an average of six or

seven genera within a subtribe has limited utility. This utility is

dependent upon one's purpose in subdividing the family into subordi-

nate taxa. It is often said that man has an almost instinctive predilec-

tion to classify and categorize the world about him, the systematist

being the specialist in such matters. Classification systems are

generated to bring order to a complex array of diverse units. In

biology, classification, if performed properly, can aid in the under-

standing of organisms and facilitate communication regarding them.
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If phylogeny is considered, an evolutionary perspective is also

acquired. This latter quality is lost when the system is artificial,

causing current systematists to abandon artificiality whenever pos-

sible. At their own admission, past workers in the Brassicaceae

have created artificial tribal limits, motivated primarily by the

desire to reduce the number of taxa to a manageable level.

Certainly, the advantage of subfamily and tribal systems has

been well demonstrated in several large and complex families such

as the Poaceae, Asteraceae, a.nd Rosaceae among others. However,

the situation in the Brassicaceae, as emphasized by the results

attained here, may not be amenable to the creation of well-marked,

highly correlated, subfamilial taxa. The results illustrated by the

several numerical analyses indicate that the 36 genera (53 species)

fall into small clusters of one to three genera, which are weakly

linked to nearby clusters. This linkage is sensitive to weighting and

emphasis. Through the alteration of principal components this

linkage will vary in both strength and direction.

The entire OTU set appears to be a nearly continuous series,

wherein each cluster shares characters and diversity with most other

clusters. The numerical analyses are robust, in that certain generic

pairings are maintained regardless of approach (cf., Figures 29

through 34 and Tables 7 through 9). These groupings are repetitively

demonstrated:
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Streptanthus Streptanthella

Caulanthus Stanleya

Arabidopsis Cardaminopsis Descurainia

Brassica Conringia

Arabis - Aubretia

Cardaria Lepidium

Lesquerella - Physaria

Erysimurn - Camelina

Barbarea Raphanus

Draba Idahoa

The remaining genera are either typically isolated (e.g.,

Iberis) or show considerable volatility in their alliances (e.g.,

Cardamine). A comparison of the several approaches reveals that the

overall picture is best presented on the Prim network (Figure 30).

The central position of Arabidopsis, which is also indicated by the

balance inherent in Figure 32, is clearly shown. Through Cardamine

it is linked to Arabis and 15 other genera in a well-defined (in the

context of this study) cluster. Arabidopsis is linked through Descu-

rainia to Conringia and Sisymbrium and a second grouping. Finally,

the remaining genera, which are loosely arrayed, are linked to

Arabidopsis through Cardaminopsis. This same picture is perhaps

shown with greater clarity by the principal components analysis

(Figures 33 and 34). Here two groups of tightly clustered genera are
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evident. The first includes a, core of Descurainia, Conringia, Sisym-

brium, Arabidopsis, and Brassica; the second and larger cluster is

centered around Arabis and Cardamine.

Significantly, the first group includes only genera that possess

incumbent cotyledons, while members of the second grouping all had

accumbent cotyledons. If this criterion is employed, the borderline

genera Lunaria and Hesperis would exchange their positions. The

third genus that lies between the two groups is Thelypodium. Most

systems have placed Thelypodium together with the two pair-groups

Caulanthus-Stanleya and Streptanthus-Streptanthella, which according

to this analysis appear to be distinct. Inspection of the assortment of

analytical results indicates Thelypodium is oscillating between asso-

ciations with the Stanleya pair and the Streptanthus pair. This implies

an intermediate position and therefore the necessary bridge to permit

classifying the five genera together. The cotyledons of Thelypodium

are obliquely accumbent, a characteristic also considered to be inter-

mediate. This primary grouping according to cotyledon position is

reminiscent of the system first put forth by de Candolle and sustained

by Schulz.

The third possible grouping indicated in the figures includes a

set of genera that are notably diverse but are entirely silicle fruited.

They have other common characteristics (such as stigma position),

but none of these are unique to the group.
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Whether these groupings are natural is doubtful, and I am not

suggesting they form the foundation of a new classification format for

the family. Their appearance does, however, endorse the System of

Schulz over others reviewed here. Janchen's revision to the Schulz

system is mostly supported by my findings, exemplified by the

revised position of Isatis. As discussed earlier, these two systems

have the drawback of numerous intermediate taxa. It seems, on the

basis of my study, that this is a necessary outcome when dealing with

the Brassicaceae.

The Phylogenetic Position of Arabidopsis

The position of Arabidopsis deserves comment, I had initially

favored the von Hayek system, because it placed Arabidopsis within a

tribe that included all the genera to which it has been historically

linked (i.e., Arabis, Cardamine, Cardaminopsis, Descurainia,

Halimolobus, and Sisymbrium). I now feel, as a consequence of this

work, that its ties to Sisymbrium and to Descurainia in particular are

much closer than to either Arabis or Cardamine. This is an endorse-

ment of the Schulz system, which makes this separation.

Those workers who have placed Arabidopsis nearer to Sisym-

brium than to Arabis, have done so primarily on the basis of its

incumbent cotyledons. Yet, in this study, cotyledon position was but

a single character among over 100 utilized. Correlation coefficients
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among characters (Table 11) provide some insights as to why the

numerical analyses have sustained the importance of cotyledon posi-

tion. The chemical data, while showing rather weak correlations, do

indicate a higher incidence of flavonoid spots as well as electro-

morphs among genera whose cotyledons are incumbent. The correla-

tion coefficients for spot frequency are 0.556 for incumbent compared

to 0.417 for accumbent cotyledons; for electromorph number the

coefficients are 0,611 and 0.361 respectively. The net effect of this

correlation difference is to enlarge the taxonomic distance, indicated

by numerical analyses, initiated by the differences in cotyledon

position. The principal component analysis, which selects the axes to

include a maximum information content, reveals the two aforemen-

tioned clusters, characterized by cotyledon difference. This is not

likely to be a mere coincidence.

Although cotyledon position is a somewhat cryptic characteris-

tic, I suggest it is useful in delimiting genera for it appears to be

correlated with other traits (notably fruit compression and myrosine

cell localization). Arabidopsis can be separated readily from Sisym-

brium and Descurainia by its typically white flowers, simple leaves,

and single median nerve on the valves of the fruit (in which respect it

resembles Arabis).

Other features that separate Arabidopsis from A rabis include its

nearly terete, rather than compressed, siliques and the localization



144

of the myrosine cells. Chromosome number, while favoring a

Sisymbrium alliance, is equivocal. Chromosome counts indicate a

basic number of x = 8 for the genus Arabis, while x = 7(8) in Sisym-

brium and Descurainia. Arabidopsis thaliana is confirmed as x = 5;

however, other members of the genus have basic numbers of 7, 8,

10, and 13.

Laibach (1958), Hylander (1957), and R'dei (1973b) have

demonstrated the biological and chemical proximity of Cardaminopsis

arenosa, to Arabidopsis thaliana. However, morphologically Car-

daminopsis is intermediate between Arabis and Arabidopsis as wit-

nessed by its slightly compressed siliques. Cardaminopsis, whose

separation from Arabis by von Hayek (1911) is strongly disputed by

Rollins (1940), possesses accumbent cotyledons. Its proposed amphi-

ploid derivative was assigned to a new genus, Hylandra, by Uwe (1961)

based on the findings of Hylander and Laibach. This monotypic genus

(represented by the species formerly named Arabidopsis suecica

Fries) possesses incumbent cotyledons. The results of my study,

which provide some support for cotyledon position as a valid taxonomic

character, suggest the placing of Cardaminopsis with Arabis and

Hylandra within A.rabidopsis. The arguments of 'Jive are not convinc-

ing; the creation of another genus in the Brassicaceae should only be

accepted when the distinctions are clearly pronounced and the taxonomy

of the family is clarified. For the same reason, I sustain the position



145

of Rollins (1940) and Hopkins (1937) that Cardaminopsis be retained as

a section of Arabis. In reviewing the genus Arabis, Rollins removed

A. hookeri and A. whitedii from Arabis and transferred them to

Halimolobus, primarily based on their incumbent cotyledons.

The difficulty in dealing with Arabidopsis is due, as Hedge

(1968) pointed out, to the rather diverse group of species that have

been included from time to time in the genus (see Table 1). Many of

its typical traits (white flowers, simple leaves, branched pubescence,

uniseriate seed arrangement, and terete siliques) do not hold for all

its members. The diversity of chromosome numbers is somewhat

exceptional for a single genus. A generic monograph is certainly

war ranted.
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V. CONCLUDING REMARKS

The research effort, of which this paper represents a culmina-

tion, was s survey of a single major plant group, exploring the

applicability of biochemical tools and numerical methods towards the

systematic understanding of a complex plant family. I shall reserve

to the reader whether this objective has been met. I will, however,

summarize those findings I judge to be significant. Since the ques-

tions raised outnumber the answers provided, I will suggest possi-

bilities for further lines of research that are the natural consequences

of the work begun here.

Notable among the findings of this study is the revelation that

the FDP aldolase electrophoretic bands did not in all cases represent

isozymes, but were in part artifacts of the preparative and extraction

methods. These bands, which I prefer to term electromorphs, are

likely to be indications of secondary compounds resulting from chemi-

cal interactions with plant phenolics that become mixed with cyto-

plasmic constituents during homogenization. These compounds are

also characterized by reduced enzymatic activity. If these electro-

morphs are to be interpreted as isozymes, great care must be

exercised during the extraction process; the suitability of synthetic

washes, such as polyclar HT and XAD-4 and to a lesser extent, of

lowering buffer pH to 7.0, in preventing these phenolic interactions

has been demonstrated.
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The indication from TLC of whole plant extracts is that the

species of Brassicaceae studied possess unique chromatogram

"fingerprints." Idiogram patterns, as expressed by the assortment

of compounds present and their migration distances (Rf values),

among species within a genus are as disparate as those between

species of distinct genera. Clustering methods demonstrated that a

coherent rational arrangement of species and genera cannot be con-

structed from flavonoid data alone. The sole correlation found by

analyzing spot patterns was a relationship with plant habit. Annuals

tended to possess fewer compounds with lower average intensity.

Perennials, especially those that are typically woody, were found to

have greater numbers of distinct compounds (spots) which were

generally of higher overall intensity. I have suggested an ecological

explanation for this finding. Phenolics and related compounds, which

are implicated in plant defense systems, may have a higher premium

to long lived perennials than to ephemeral annuals.

This study has again demonstrated that numerical approaches

have an important place in systematic studies, especially in cases

where relationships are not obvious. None of the findings contained

in this paper were at all apparent when the raw data were inspected.

Further, the use of a variety of numerical techniques proved to be

useful in detecting subtle relationships. In situations, such as in the

case of the Brassicaceae, where the OTU's are loosely arranged in
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character space, flexible co ipling appears to be the most suitable

algorithm of those attempted.

I feel that the greater affinity of Arabidopsis to Sisymbrium

(vis-a-vis Arabis) has been shown, although when regarding the

family as a whole, clear natural groupings were not revealed by this

study. Cotyledon position appears to be of special importance,

although this finding is tempered by the caution not to place too much

reliance on any single character. The genera are not only widely

distributed in the character space, but their dispersion is due to the

combined effect of many characters. Of the total taxonomic distance,

no single character contributed more than 4%; yet most characters

are individually the cause of at least 2-1/2% of the total spread. This

lends support to the commonly used practice of avoiding tribal and

subtribal distinctions entirely. This approach is perhaps the most

reasonable one until this review of the Brassicaceae can be expanded

and taken several steps further.

The number of characters used should be increased to include

those omitted from this study. Plants should be statistically sampled

in order that all analyses can include the variance and reliability of

characters. Finally, the number of representative taxa should be

expanded to a practical maximum,

As already mentioned, a monograph of the genus Arabidopsis is

fully warranted and would provide understanding to one of the least

defined parts of the family.
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Other areas of continued research, which are natural successors

to this effort, include the systematic identification of the TLC spots,

the conduct of a controlled experiment to test the generality of the

relation between flavonoids and habit, and finally, a test of the

hypothesis that flavonoid expression is being caused by changes in

regulatory genes.

Arabidopsis and its relatives are a sample of the complexity of

the biological world, which cannot be fully understood during a morn-

ing walk. A lifetime is but a beginning.
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APPENDIX I

Electrophoretic Phenotypes

4- indicates origin

-I-- indicates the direction of the anode



standard procedure

revised procedure
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Figure 35. Electrophoretic phenotype of Arabis breweri.
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standard procedure

revised procedure

Figure 36. Electrophoretic phenotype of Cardaminopsis arenosa.
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standard procedure

revised procedure

Figure 37. Electrophoretic phenotype of Cardaria draba.



166

standard procedure

revised procedure

Figure 38. Electrophoretic phenotype of Iberis sempervirens.
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standard procedure

revised procedure

4-

Figure 39. Electrophoretic phenotype of Idahoa scapigera.
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standard procedure

+

revised procedure

4-

+

Figure 40. Electrophoretic phenotype of Lunaria annua.
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standard procedure

+

revised procedure

+

+

Figure 41. Electrophoretic phenotype of Raphanus sativus.
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standard procedure

I I I

revised procedure

Figure 42. Electrophoretic phenotype of Thysanocarpus curvipes.



171

B. oleracea standard procedure

B. oleracea revised procedure

1+

B. carnpestris standard procedure

B. carnpestris revised procedure

Figure 43. Electrophoretic phenotypes of Brassica species.
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L. nitidum standard procedure

1 I I
L. nitidum revised procedure

L. campestre - standard procedure

L. campestre revised procedure

Figure 44. Electrophoretic phenotypes of Lepidium species.



173

T. fendleri standard procedure

T. fendleri revised procedure

T. montanum standard procedure

I I

T. montanurn revised procedure

1 1

Figure 45. Electrophoretic phenotypes of Thlaspi species.
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S. officinale standard procedure

I
+

S. officinale revised procedure

+

+

+

B. orthoceras standard procedure

4'

B. orthoceras revised procedure

+

+

Figure 46. Electrophoretic phenotypes of Barbarea and
Sisymbrium species.
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D. verna - standard procedure

+

D. verna revised procedure

+

C. bursa-pastoris standard procedure

. +

+

C. bursa-pastoris revised procedure

+

Figure 47. Electrophoretic phenotypes of Draba and Capsella
species.
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E. perofskianum standard procedure

E. asperum standard procedure

E. capitaturn standard procedure

1 I

E. capitatum revised procedure

Figure 48. Electrophoretic phenotypes of Erysimum species.
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R. nasturtium-aquaticum

R. curvisiliqua'

Figure 49. F1ectrophoretic phenotypes of Rorippa species (standard
procedure).
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Cardaminopsis petraea

Cardarnine penduliflora

Arabis aculeolata

Arabis oregana

4

Figure 50. Electrophoretic phenotypes of Arabis, Cardamine, and
Cardaminopsis standard procedure.
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Alyssum saxatile

Phoenicaulis cheiranthoides

Thelypodium laciniatum

Erysimum asperum

Figure 51. Electrophoretic phenotypes in the Brassicaceae standard
procedure.
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Descurainia pinnata

Lepidium perfoliatum

Chorispora tenella

I I I

Cardamine pulcherrima

1

Figure 52. Electrophoretic phenotypes in the Brassicaceae -
standard procedure .
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Hesperis matronalis

Aubretia deltoidea

I I
Conringia orientalis

Lobularia maritima

Figure 53. Electrophoretic phenotypes in the Brassicaceae
standard procedure.
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Isatis tinctoria

Came lina microcarpa

Descurainia sophia

Lesquerella occidentalis

Figure 54. Electrophoretic phenotypes in the Brassicaceae
standard procedure.
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APPENDIX II

TLC Idiograms

indicates origin

indicates direction of migration
in the organic solvent system
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Thlaspi fendleri Thlaspi fendleri
(n-butanol fraction) (ethyl acetate fraction)

S

Arabidopsis thaliana Arabidopsis thaliana
(ethyl acetate fraction) (n-butanol fraction)

Figure 55. TLC idiograms.
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Cardamine oligosperma Cardaminopsis arenosa
(n-butanol fraction) (n-butanol fraction)

+e0
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OPt 1.
OP
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Cardamine oligosperma Cardaminopsis arenosa
(ethyl acetate fraction) (ethyl acetate fraction)

Figure 56. TLC idiograms.



Draba verna
(n-butanol fraction)

Iberis sempervirens
(n-butanol fraction)

Draba verna

0
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44111at
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Iberis sempervirens
(ethyl acetate fraction) (ethyl acetate fraction)

Figure 57. TLC idiograms.
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Barbarea orthoceras

41.

Raphanus sativus

0

Capsella bursa-pas toris Lunaria annua

Figure 58. TLC idiograms; ethyl acetate fractions.
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Brassica campestris Arabis aculeolata

a

41,le t

Brassica oleracea Sisymbriurn officinale

Figure 59. TLC idiograms; ethyl acetate fractions.
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Arabis breweri Thlaspi rnontanum

Thysanocarpus curvipes Cardamine pulcherrina

Figure 60. TLC idiograms; ethyl acetate fractions.
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Erysimum capitatum Lepidium campestre

I

Idahoa scapigera Cardaria draba

Figure 61. TLC idiograms; ethyl acetate fractions.



Erysimum repandum Isatis tinctoria

*m
.11k 11.

Erysimum perofskianum. Hesperis rnatronalis

Figure 62. TLC idiograms; ethyl acetate fractions.
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Lepidium perfoliatum Descurainia pinnata

Lepidium nitidum Chorispora tenella

Figure 63. TLC idiograms; ethyl acetate fractions.



193

Descurainia sophia Erysimum asperum

at.

0

0

dif

46 1
Camelina rricrocarpa Aubretia deltoidea

Figure 64. TLC idiograms; ethyl acetate fractions.
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Thelypodium laciniaturn Rorippa curvisiliqua

SI

111
4116-1

Phoenicaulis cheiranthoides Lesquerella occidentalis

Figure 65. TLC idiograrns; ethyl acetate fractions.
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Caulanthus crassicaulis Rorippa nasturtium-
aquaticum

Cardamine penduliflora Physaria chambe rsii

Figure 66. TLC idiograms; ethyl acetate fractions.
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Lesquerella kingii Streptanthella longirostris

Lobularia maritima Alyssum saxatile

Figure 67. TLC idiograms; ethyl acetate fractions.
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Streptanthus tortuosus Lepidium fremontii

V

Conringia orientalis Lesquerella douglasii

Figure 68. TLC idiograms; ethyl acetate fractions.
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Arabidopsis thaliana (K-365) Rorippa curvisiliqua

S.

Stanleya pi nna ta Thelypodium crispum

Figure 69. TLC idiograms; ethyl acetate fractions.
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APPENDIX III

Supplementary Results of Numerical Analyses

blackp
Text Box
p.200 not used.











205

Table 11. Correlation coefficients of combined morphological and
chemical characteristics.

Legend 1

1, 2, and 3 Flavogram spot distribution
4 and 5 Flavogram spot intensity
6, 7, and 8 Electromorph band sites
9 and 10 Electromorph number
11 Compound vs. simple leaves
12 Entire vs. dissected leaves
13 and 14 Cotyledon position
15 Dehiscent vs. indehiscent fruits
16 Mode of dehiscence
17 Siliques vs. silicles
18 Fruit compression
19 Number of locules
20 Number of seeds per locule
21 Biseriate vs. uniseriate seed arrangement
22 Orientation of stigmatic lobes
23 and 24 Chromosome base number
25 Chromosome ploidy level
26 Presence of hairs
27 Simple vs. branched hairs
28 Perennial vs. annual habit
29 Woody vs. herbaceous habit
30 Presence of a stipe
31 Presence of a beak
32 and 33 Petal color

1 Detailed descriptions of characters are included in the Methods and
Materials chapter.
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Figure 70. Phenogram, morphological data, weighted pair-group
method (WPGMA), genera only.
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Figure 71. Phenogram, morphological data, unweighted pair-group
method (UPGMA), genera only.
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Figure 72. Phenogram, morphological data, single linkage (nearest
neighbor) method, genera only.
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Figure 73. Phenogram, morphological data, complete linkage (furthest
neighbor) method, genera only.
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Figure 74. Phenograrn, morphological data, centroid clustering
method, genera only.




