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4.L Introduction

The term "reproductive biology" is often equated with breeding

or mating systems, but I have adopted the mo::e general interpre-

tation of events from anthesis to the establishment of the next

generation. Five characteristics are therefore considerecl:

(1) breeding systemsr or factors controlling the parentage of

seeds, (21 seed size and number, (3) dispersal potential,

(4) seedlÍng establishment and (5) generation length' Chromosome

numbers and. chiasma frequencies are also of relevance, but as

they are extensive topics I have discussed them in the next

chapter. rnterspecific hybridization is considered in chapter 8

as meiotic configurations and karyotype morphologies are an

integral part of the eviclenee.

The effects of differing modes of reproduction are cliverse.

Ornduff (1969) discussed the relationship between reproductive

biology and systematics, commenting that "systernatists should be

fully aware of the morphological patterns that are associated

with different reproductíve systems." For example, convergent

evolution in species adapted to the same potlinator or in species

possessing similar breeding systems may lead to the erroneous

grouping of distantly related taxa. Sirnilarly, the evolution of

autogamy in one of two closely related taxa may lead to rapid

morphological divergence and subsequent misclassification- Errors

of this kind are often avoided if a range of microcharacters,

not influenced by selection for different reproductive strategies t

are included in the study.

Differing reproductive systems affect not only the direction.

of rnorphological change, but also the patterns of variability

found within and between populations. Oblígate selfing wí11
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increase the chances of genetic homozygosity and the phenotypic

expression of locally different forms. outcrossing, by prornoting

inter-population gene-flow, will recluce the chance of localizecl

differentiation. As taxonomie delimitation of speeies relies on

the presence of discontinuities in variation, breeding systems

will strongly affect the final form of a classification'

Baker (1959) illustrated the effects of breeding systems

using the orchid genus EpiPactis as an example. very locaI, more

or less cleistogamous forms have been described as species on the

basis of differences in floral characters while the smaller

number of outbreeding species are acknowledged to be extremely

variable.
Although morphological expression may be increased by homo-

zygosity in autogamous populations, the overall genetic variation

wÍthin such populations rnay be less. Harnrick et al' (1979)

reviewed evidence of genetic variation in plants determined by

studies of enzyme polymorphisms. They compared overall genetic

varíation with a range of life history characteristics and con-

cluded that, in the ease of breeding systems, genetie variation

bras generally less in primarily selfing species.

Thus breeding systems, and other aspects of reproductive

biology, will affecÈ both the extent of genotypic variation and

its expression in the PhenotYPe.

The idea that the amount of genetíc variation within a popu-

Iation might be regulated by differing reproductÍve strategies

was considered in detaíl by Grant (1958). Grant discussed the

influence of a range of plant features including longevity,

breeding system, dispersal- potential and population size - on

the amount of genetic recombination expressecl per unit of

chronologícal time. Cornbínations of factors promoting recombina-

tion, sueh as short generations, cross pollination, wide dispersal
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and large populations characterize "open" recomtrination systerns

whereas long generation times, autogamy, restricted dispersal

and smalt populations characteríze "restrieted" ::ecornbination

systems. "Closedn systems are assocíated wíth asexual reproduc-

tion. According to Grant (1958) and Stebbins (1958) clifferent

recombination systems are selectecl for rvhen environmental eon-

ditions favour genetic uniformity or genetic diversity. Although

the factors listed by Grant have not met with oPposítíonr the

concept of "group' setection of these factors has been strongly

opposed by t.taynard Smith (1964) , füítliarns (1966) and Lloycì. (1979) .

As Lloyd eommentecl, the evolution of different reproduct.ive

strategÍes "must be sought in selective forces affecting indiví-

duals in each gerreratlotìr " not in theír hypothetical long-term

advantages. Ilowever, Ll-oyd also recognised that long-term a<lvan-

tages will be siç¡nificant in determining the persistence and

multiplÍcation of populations. In my opinion it is therefore

neeessary to consider both the imnediate and long-term advantages

of reproductive characters if present patterns of population

variation are to be understood.

4.2 Dlaterials ancl ltlethods

All specíes inelu<led in this study were observed both in the

field and under glasshouse conditions. Glasshouse specimens trere

usually raÍsed from seed but perenniat species (with the exception

of Bedfordía salicina could also be reaclily propagated from

cuttings. Axillary shoots about 5 cm long removed with a short
Iheeln of tissue $rere most successful, and produced roots withín

two to three weeks when treated with a commercial preparatíon of
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hormonal rooting powder.I Pots of fresh cuttings were PÌaced in

beds of moÍst vermicutite, but were left uneovered, as high levels

of humidity seemed. to promote fungal growth and to adversely

affect herbaceous stems. Glasshouse space d-íd not permit speci-

mens to be maintained in pots larger than 13 cm in diameter, but

this was not a serious probJ-em as all perennial specíes responded

weÌl to heavy pruning. Plants were regularly sprayed with a

pyrethrum-based ',garden safety sprayn as aphids were otherwise a

problem, causing distortion or withering of developing capitula'

Rare infestations by red spider mites !{ere treatecl with Malathion'

4.2.L Glasshouse Trials

Thebreedingsystemsofninespecies(seeTable4.l)were

tested by a series of four treatments of capitula:

1. Tagged but otherwise untreated to test for seed set

' under glasshouse conditionsi

2' 
.:::::r:;ï;,"wise 

untreated to test ror serr-

3.Baggedafterremovalofbisexualfloretstotest
for apomixis;

4.Baggedafterremovalofbisexualfloretsandlater

cross-pollinated with a plant of the same species

todetermineseedsetÍnself-íncompatiblespecies.

ßventy capitula from each species were tested in each treatment -

a total of 80 capitula per species. To achieve this number a

minimum of 8 and a maximum of L2 plants htere raised from seed

colrected from severar prants 'in a population. Methods were

as follows:

l. Capitulaandtreatmentsk'ereidentifiedbyhardware

I'serradixn 2. for semi hardwoods. May and Baker (M and B)Pty'Ltd'
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Iatrels attache<l to each pedunele '

2.PollenwasexcÌudedbybagsconstructedfrornrect-

anglesofglassinepaperedgedwithdouble-sid'ed.adhesive
(Figa.lA).Whencapitulawerereadytobebaqged¡theadhesive

backingwasremovedandthebagformedbyfoldingtherectangle

in half and sealing the edges (Fig. 4.tB). If neeessa]îy, bags

wereopenedbyinsertingthetipsofapairofforcepsintothe

bagnexttothepeduncleandgentlyprisingtheed'gesapart.

This method, clescribed to me by Dr' R' o' Belcher (personal

communieation), has the advantages of negliqible bag weight and

abagsizeappropriat'elyadjustedtocapitulumsize.Itwas

therefore possible to treat many capitula v¡ithout unduly weighting

the inflorescenee.

3.Capitulaofradiateanderechthitoidspecieswere

effectively emascuLated by removing all bisexual- florets before

any ftorets had opened (Fiq' 4'1et Dt G and H) ' The rernaininq

female florets were bagged for two to four days until styles hacl

emerged (Fig. 4.1 E and r) and then pollinated if included' in

treatment 4. Capitula with all bisexual f l-orets (senecio hyP"-

leueusrs.odoratusands'vu1Earis)werenotemasculated'
ornduff (f964) removed pollen from similar capitula by cutting

offtheupperportionsofyoungflowerheadswitharazorblade.

However, his technique relies on spatial separation of the style

apex and anther collar which cLid not oeeur it 9' ueglel¡s and

l.odoratus.Inbothspeciesthestyleapexremainedjustbelow
the anther collar throughout development. Treatment 3 was there-

fore omitted for the above-mentioned capitula, and cross-pollina-

tion of entire capitula examined in treatment 4 '

4.Capítutavfereharvestedwhenthephyllariesspread

apart (Fig. 4.IF and J) indicating ful1 seed development' Bagged

capitula and their identifying labels were harvested into
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FÍg.4.lTreatmentofcapituladuríngcrossingprograms.

A. Glassine bag edged with double-sided adhesive for pollen

exclusion. B. Bag folded over immature capitulum' c-F Effective

emasculation of a radiate capitulum by removal of bisexual

florets,andsubsequentdevelopmentoffemalerayflorets.

G-J. Similar sequence in an erechthitoid capitulum with female

filiform florets.
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individual envelopes, and total floret numbers and proportionate

seed set scored in the laboratory. In these experiments, fertile

seed was always plump and. variously colourecl whereas steril-e see<l

was white and shrivelled. Intermediates v'tere eneountered only in

the case of interspecific crosses described in chapter 8 '

4.2.2 Pollen-ovule Ratios

These were determined by counting all pollen grains in one

anther lobe from each of f ive plants. I{hole anthers htere mounted

in water, squashed gently to spread the pollen grains in a single

layer, and examined at 10ox magnifieation. Pollen-ovule ratios

are usually determined by dividing the number of pollen grains

per flower by the number of ovules per flower (cruden 1977). As

compositae florets mature only one ovule the calculation for

bisexual florets is simple. Ilowever, some florets within rad'iate

and erechthitoid capitula are female ancl procluee no pollen' I

therefore decided to calculate pollen-ovule ratios as "per capit-

ulum[ valuesr âS parental resource allocatíon with respect to

pollen must aceount for both female and bisexual floret numbers'

Pollen-ovule ratios per capitulum I'¡ere calculated using the

following formula:

pollen grainsr/lobe x lobesr/floret x bisexual floreLs/capitulum

totar froret number'/caPitulum

4 .2.3 Seed Size and Number

seed weight was used as an indieator of see<l size. Indiviclual

weights qrere calculated from the total weight of 50 see<ls as many

seeds were very small (about 0.0002 gms). Seecl number per plant

was estimated from the total floret number per plant - the product
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of tLoreEs/caPitulum'

plant.

capitular/inflorescence and inflorescences/

4.2.4 Seedlinq Establishment

percentage germination v¡as recorded for fifty seeds of each

taxon. À standard. soil míx of two parts sterile garden loam ancL

one part vermiculite was usecL in all eases. The followíng para-

meters were measurecl in :l 0 seec1.lj.ngs of each species: 1' hypocotyl

length 2. cotyledon petiote length 3. cotyledon blade length and

rvidth. AIl measurements welîe made when the first true leaf had

extend.ed to one quarter the length of a cotyledon (about one week

after germination) as st::uctures expanclecl rapicì.ly during the

f irst fevr daYs.

4.2.5 LongevitY

Fielcl and qlasshouse observations lfere cornbined to assess

longevity. AI1 sPecies excePt Bedfordia salicina t/ere maintained

uncler glasshouse conclitiOns for at least 1g months, or in the

case of annuals, untíl natural senescence oceurred' The longe-

vity of four species is still ín d-ouÌ:t as they behavecl as annuals

in the glasshouse but appeared, by size and hrranching patterns, to

be short-lived perennials in the field. These species are indi-

cated by a guestion mark in Table 4'2'

4.3 Results and Observations

4 .3.1 Direct and Indirect Flviclenc e of Breedinq Systems

The breed.ing systems of nine species were directly assessed

by glasshouse trials. The indirect evidence of capitulum

tshowiness"r pollen-ovule ratios and seed set in untreated'

capitula $/ere then used to predict the breeding systems of other

species. Results of the four treatments used in glasshouse
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trials are given in Table 4.1. Very low seed set ('6 to 1'98)

rfas recorded for S. lautUs and S.'pterOphOrus in treatment 3,

in which all bisexual florets had been removed. These results

could be evidence of a low level of apomixis but I believe that

accidentat contamination is a more likely explanation- Po1len

exclusion by bagAing in treatment 2 indicated that four species

are self-compatible and five are self-incompatible. However,

none of the self-compatible species are obligate selfers as high

seed set was recorded for cross-pollinated female florets

(treatment 4). Treatrnents I and 2 gave very simílar results,

so that seed set in untreated capitula (treatment I) ís in<lica-

tive of breeding systems.

The indirect evidence of pollen-ovule ratios (Cruden 1977) and

capitulum showiness (Stebbins 1958) are also indicative of breed-

ing systems. The four autogamous species have a pollen-ovule

ratio of less than 2oo and. inconspíeuous capitula, whereas all

self-compatible species have pollen-ovule ratios in excess of

2OO0 ànd showy capitula. Showy capitula have either large ray

florets or densely clustered dÍscoid capitula v¡ith well exserted

florets. Inconspicuous capítuÌa have very reduced ray florets or

discoid capitula with florets searcely exserted. OD the basis

of results presented in Table 4.I the breeding systems of all

other species vtere predicted from observations of seed set in

untreated glasshouse plants, pollen-ovule ratios and capitulum

morphology. Results are presented in Table 4.2 alonq r^rith seed

parameters and evidence of longevity. Data for subspecies and

varíeties have been pooled to give mean values for each species.

New Zealand plants of S. lg!5, however, are listed separately

as their breeding system d.iffers from that of maínland forms.



TABLE 4.I

Direct and Indirect tr¡idence of Breeding

System in Nine SPecies of Senecio

Species, collection
numbers**

Percentage seed set*
1234

Breeding
Systern

P/o
Ratio

3345

5066

2252

2980

287 0

L46

68

68

135

Capitulum
TyPe

R/sh

R/sh

R/sh

D/sh

D/sh

R/In

D/În

E/frl

n/tn

q

S

s Iautus

. gregorl-l-

. pterophorus

S . hyPo leucus

e odoratus

S . glossanthus

g. vulgaris

0.3 0 0.6644

1010

647

646

657

475

552

0

0

0

0

68.0

83.7

47 .6

6L.2

00
0.6 r.9

0-

0.2

74.2 0

'7L.5

4l_.0 0

58.4 0

80.5

64.2

63.0

62.7

73.3

82.2

8'7.2

61.3

73.4

I

I

I

I

I

c

c

c

c

q. quad.ridentatus 790

S. glomeratus 648

* mean values of 20 capitula in each of four treatments d'escribed in 4.2.I.

** see popuration rocalities given after each species description in chapter 3.

slrmbors: r = self-incompatible; c= self-compatible; P/o = pollen-ovulei R = racliate;

D = cliscoicL; [ = erechthitoicli Sh = showy; In = inconspieuous
N
H
rÞ
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TABLE 4.2

Features of ReProductive BíologY
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Senecio lautus (Australia)

spathulatus

qregorrl-

. magnificus

. Þectinatus

velleioides
alifolius

s. cunninghamii

s

g

q
Q

I
g

g

g

s

1
g

S

I
s

3345

4426

5066

7008

3522

4333

4948

589 0

5234

23j-5

2903

2980

2870

3200

4090

4240

R/S

R/S

R/s

R/s

R/S

R/s

R/s

R/s

R/s

R/S

R/s

D/s

D/s

D/s

D/S

D/s

PS

PS

TJ

PS

PH

?A

PH

PS

?A

PS

PS

PS

PS

PS

PS

PS

23

14 8*

590*

385*

54

185

240

24r

29

26

22

?.5

29

)1

57

80

95

85

5

3

2

2

3

t
3

2

3

3

4

3

5

4

3

3

4

35

65. macranthus

vagus

linearifolius
SP. A

hypo leucus

. odoratus

. anethifolius

30

75

80

85

65

. gawlerensis 9s
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Table 4.2 - Continued
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s. discifolius
S. pterophorus

s. mikanioides

Bedfordia salicina

S. lautus (N. Zealand)

S. qÌossanthus

uadridentatus

å. qunnii

S. aff. aDarcf iaefolius

S. runeinifolius
S. biserratus

q.sP B

S. squarrosus

S. birrinnatisectus

q. minimus

s . picrid.ioides

INBREEDING SPECTES

830 R/f A

]46 R/f E

68 E/f PH

70 E/f Ptf

64 E/r. ?PH

93 E/r PH

108 E/Î A

I02 E/r A

L29 E/f A

I03 E/r A

43 E/r A

I27 E/Î A

135 E/r A

237 ß/r À

I17 n/r A

5L2 D/r A

296 R/f ?A

4 556

2552

2847

3030

R/s

R/s

D/s

D/s

PS

29

I7

2l
49
24

I5

18

I8

20

E

PH

T 36*

65

80

0

I 8s

295
5 95

5 85

290
3 100

3 70

4 100

1s5
3 70

3 90

3 85

3 95

3 90

285
3 90

165

s 95

I

5

5

5

(

T7

24

31

22

18

20

10

15

27

22

r62

39

g. sP. c

S. vulgaris

Arrhenechtites mixta

Erechtites valerianaefolia 302 î,/I A



Tab1e 4.2 - continued

Slmbols:

Capitulum type:

217

P = discoid, f, = erechthitoíd,

I = inconspicuous

R = radiate,

S = showy,

Longevíty: E = ephemeral, A = annual, PH = pêrêllnial herb,

PS = perennial shrub, T = tree

Seeds per plant: 1 =(1000t 2 = 1001-2000r I = 3001-101000'

Q, = 10r000-20r000, 5 =)20r000

* = achenes hrith a persistent pappus
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4.3.2 observations of Floral Biology

StagesofanthesisobservedinS.enecioaretypicatofthe

farnily compositae (carlquist 19 761 . The inflorescence is de-

terminate with central or apical capituJ-a maturing first

(rig. 4.2A1, but the sequence of anthesis within capitula ís

indeterminate as marginal florets mature first (Fig ' 4'2 B to D) '

AII bisexual florets are protandrous but capitula with margrinal

femare frorets are functionarry protogynous. As carrquist (1976)

observed,theopportunitiesforvariousdegreesofoutbreedinq

and inbreeding are therefore numerous on morphological grounds

alone.

In all sPecies examined, anthers dehiscecl when the florets

\^rere closed, but self-pollination at this stage is unlikely as

the style branches are closely adpressedand are helcl together

bythenarrowcorolla.Pollinationoecursonlyafterthestyle

branches have extended beyond the collar of anthers ' at which

point the branches spread apart and expose the stiqmatic surface

(rig. 4.2 H). In senecio (and probably in many other compositae)

I found that presentation of pollen appeared to be dependent on

dryingoftheanthers.Immediatelybeforeanthesisthestyle

aPexispositionedatthebaseoftheanthers,butthelatter

forms;only a loose collar as tissues are moist and expanded

(rig . 4.2 E). When the corolla opens' the anther collar dríes

andcontractsandisexsertedabovethecoro].laasthestyle

elongates (rig. 4.2 F). In most speeies the staminal filaments

arecoiledinbud'Presumablytoallowfortheelevationof

anthers.I{henthestyleeventuall.ypassesbetweentheanthers'

the collar has narrowed so that most pollen is pushed ahead' of

the apical sweeping hairs on the style (Fig . 4.2 G) ' Possible

functions of two staminal structures deserve eomment' Firstly'

the sterile distal appenclages on the anthers appear to serve as
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Fig.4.2SequenceofanthesisinAustralianspeciesof@.

A. Determinate flowering of capitula. B-D. Indeterminate

flowering of florets within capitula. E-II. Movement of style

and stamens during anthesis (see text for explanation) '

a-sterile appendages, b-anther collar, c-styIe, d-corolla,

e-filament collar.

HGF



2]-9

a cup in which pollen is retainecL before the style ererges. Às

Cartquist (1976) observed, this arrangrement may lend itself to

precision in pollínation by minimising the scattering of pollen

by insect visítors. Secondly, it is possible that the filament

collar of thickened cells positioned below the anthers may pre-

vent premature opening of the style branches. Shortly after

anthesis the style extends beyond the narrowecl basal portion of

the corolla (Fig. 4.2 E) . At this point the branches couLd

conceivably open before passing through the anther collar. The

thickened filament eollar may prevent this oeeurring by forming

a more resilient barrier at the stlrle aPex.

4.3.3 Pollen Veetors

Fie1d observations indicated that native bees (famíIy

Halictidae) are the most important pollinators of outbreeding

species of Senecio. fn agricultural areas the intro<luced honey

bee (genus epis) is also a regular visitor. Hoverflies (family

Syrphidae) hrere observed visiting a number of capitula but with

Iess regularity than bees. Michener (1970) estimate<l that there

may be as many as 3OO0 bee species in Australia. In view of the

number of species, many of which are unclescribed, I did not

attempttoc1assifytospeciestheinsectvisitorsof@.

Species of thrips (family Thripidae) occur in large numbers

in the capitula of aII species collected. Thrips normally feed

on soft recent growth (Reed L970) but do not aPpear to damage

Senecio, and may instead be feeding on nectar in the corolla tube.

I believe thrips may be significant but passive pollen vectors of

inbreeding species of Senecio. Although normally found in the

corolla tube, thrÍps were also observed movíncl about on the

capitulum surfaee and may therefore t::ansport pollen from bisexual

to female florets.
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4.4 Discussion

4.4 .1 Mode of on

Altspeciesexaminedreproducesexually.Noconclusiveevi-

dence of apomixis or obligate selfing was detectedr and although

vegetative reproduction ean occur in senecio pectinatus', 1'

spathulatus and S. cunninghamii, it is not the pre<lominant mode

of reproduction. one advantage of sexual reproductíon over

asexual reproduction is the production of variable genotypes by

segregation and recombination (vÙilliams ]'g75, ¡4aynard smith 1977) '

The maintenance of sexual reproduction ín Australian speeies of

senecio may therefore be due to their frequent oceurrenee in

temporary or disturbed environments (see section 4'4'71 such as

regionsofirregularrainfall,unstablesoiltypesorforest
clearings. Apomixís or obligate selfing might restrict popula-

tíons to one type of environment andl reduce survival chances in

temporary or changing conditions'

4.4.2 Breedinq SYstems

of the 37 specíes examined (Table 4.21 20 are seLf-incompatible

and 17 are self-compatible but capable of outerossing' Actual

amoúnts of cross-pollination are therefore most irnportant' species

with large showy inflorescences and high pollen-ovule ratios are

apparently obligate outcrossers. I found no instances of seed

set in situations that might favour or reveal a low potential for

selfing - for example, isolated capÍtula flowering out of season'

solitary plants in margínal field conditions and solitary plants

in glasshouse or garden situatíons. I do not exclude the possi-

bility of occasional selfing in these species, but believe such

events must be extremely rare. By comparison, the functionally

protogynous capitula of all Australian autogamous species enables
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them to be cross pollinated. Values from 1ã (IIulI L974) to 222

(campbell and Abbott Lg76) cross pollination were recorded for

theauto9amous@vuI9aris.AustraIianauto9amousspecies
differ.from s. vulgaris in having one to several rows of marginal

femaLe fl0rets. As female florets mature before bisexual fl0retst

Ievels of cross pollination in Australian autoçfamous species

mightbeevenhigherthanthoseofg.vulgaris.Theoceurrenee

of occasional interspecific hybrids (see Chapter 8) is evidence

that at reast some cross polrination occurs naturalry in auto-

gamous species.

4.4 .3 Breeding SYstem s and Generation Length

There is a strong correration between breeding system and

generation length in the species listed in Table 4'2' I have

summarized the evidence in Table 4.3. Most of the self-incompat-

ible species (808) are perennial and most self-compatible species

are annual (76t). Stebbins (1958) observed a similar trend in

the tribe Cichoríeae (I.actuceae) of the famil-y Compositae' and

considered that stabitity of the environment was an important

causal factor. Thus an unstable environment would favour the

establishment of inbreeding annuals capable of mass reproduction,

whereas stable environments would favour outbreed'ing perennials'

A number of general observatj.ons Çan be made of Australian species

consiclered in this study. 1. Six outbreeding perennials - Senecío

macranthus S. qawlerensis q. anethifol ius S. sp. À, S. Pec-

tinatus and 9@ salicina - are restrictecr' to diverse but

nonetheless stable environments. 2. None of the inbreeding

species are restricted to stable environments. 3. Of the species

more or less confined to unstable environments, s .9 lossanthus

and Erechtítes valerianaefolia are inbreeding annuals, t . qregoríi

and S. discifolius are outbreedirg annuals and S' pterophorus ancl



222

Longevity (habit)

TARLE 4.3

Comparison of Breeding System and Longevity

self-incompatible self -compatible

2-4 months (ephemerals)

5-I2 months (annual he::bs)

2-5 years (perennial herbs)

2-?LO years (shrubs)

> l0 years (trees)

2

2

3

I2

(1) *

2

e (2)',,

4

* Numbers in parentheses apply to genera other than Senecio.

g. mikanioides are outbreeding perennials. A possiLrl-e explanation

is that although both annual and perenníal species oceur, all

species of Senecio are eapable of flowering vrithin one year of

germination. Perennial speeies can therefore persist in unstabLe

environments provided. that (in the case of outerossincr taxa)

poputatÍons are large enough to ensure fertilization. The re-

lationship between longevity and breeding system observed in

Senecio may represent alternative strategies for producing sinilar

amounts of recombinant genotypes. Factors enhancing recombina-

tion, such as short generations and outcrossing, are therefore
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combined with factors restricting recombínation such as long

generations and inbreeding (Grant 1958, Stebbíns 1958) ' The long-

term advantage of such balanced combinations is evíd'ent in the

wide and diverse distributions of both outcrossing and inbreeding

populations. The short term advantage of assured seed set asso-

ciated with autogarny may account for the evolution of this breed-

ing system in Australia.

4.4.4 Seed Size and Number

compromises between size ancl number have been observed both

for pollen grains ancl for seeds (salisbury 1942, Harper et aI'

1970, Stebbins 1971band Lloyd 1979) wíth the general conclusion

that size and numbers are alternative strategies in parental

resource all0cation. ThUS Selection for increased seed size is

often offset by a decrease in number, and vice versa' Increased

seed size may be advantageous in situations requiring rapicl

initial growth such as high seedling density or very short grovring

periods. However, large seeds may have dífficulty obtaining

sufficient soil-water for germination in rnarginal conditions'

In Australian species of Senecio seed size varies from 0'1 mg

in s. slomeratus to 5.9 mg it l. gregorii (rable 4.2) but the

rnajority of species have seeds weighing between 0'1 and 0'6 ltr9'

seed numbers were roughly estimated by calculating the nu¡nber

of florets per plant. unlike seed size, seed numbe:: is subject

togreatphenotypicplasticity.CodedfiguresgiveninTable4.2

therefore represent very crude estimates. Amounts vary from less

than lOO0 (code f) to ín excess of 20,OOO (code 5) seecLs per

plant, but there is no apparent balance between seed size and

number. Instead, seed number appears to be a function of plant

size. For example, small numbers of seeds are produced by

S. pectinatus, S. discifolius, 1. lautus (New Zealand population)
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and Arrhenechtites mixta, all of which are little-branched herbs

with cornparatively few capitula. Larg'er seed numbers are pro-

duced by well-branched annual herbs and shrubs of greater stature'

A more significant relationship exists between seed size,

floret number and involucre size. I calculated the area occupiecl

by seeds within a capitulum assuming all florets were fertilizeð.,

and then compared the area with capitulum size. Àssuming full

seed set¡ the capitula of most species could physically accomodate

between B5t and I0o8 of the seecls. The lower values might be

increased to IO0S by slight expansion of the involucre observed

in most species. llowever, four species with very large seeds

could not apparently accomoclate full seed set. The values cal-

culated hrere 558 for S. magniÉitlq, 508 for S. H-, 442 for

1. macranthus and I8t for S. qregorii. 1. magnificus and S.

macranthus are perennial, so that the disadvantage of reduced

seed number per capítulum may be offset by repeated production

of seeds and increased seed size. Similar arguments may apply

Èo 1. vagus but the }ongevity of this species is less certain'

1. gregoríi, holvever, is a widespread ephemeral of arid inland

areasr so that reproductive effort and productj-vity should be

maximized. g. gregorii has overeome the potential reduction in

seed number accompanying íncreased seed size in a novel way - by

allowing for extensive expansion of the involucre. The involucre

of g. gregorií eonsists of fused, eomparatively thin and membran-

ous bracts so that expansion to at least twiee the size at

anthesis is possible. t\ll other species have free and interlock-

ing bracts so that involucral expansion is possible but limited'

I therefore consider that compromíses between seed size and

number are most critical within capitula in Senecio, and are not

strongly correlated with seed number per plant.
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4.4.5 Dispersal Potential

The amount of gene exchange within a population is largely

controlled by breeding systems, but gene exchange between

spatially, separated populations will be cletermined by dispersal

of seeds and pollen. Studies have shown that most dispersal

units, whether they be seeds or polÌen grains, travel compara-

tively short distances from the parent plant (Colv¡ell 1951,

Stephens and Finkner 1953, Salisbury 1961, Sheldon and Burrows

1973, Stergios 1974) and that dispersal over distances of more

than a few meters is a rare event. Furthermorê, interpopulation

dispersal of a seecl wilt be more important than the dispersal of

one pollen grainr âs successful establishment of one seed v¡i1l

be equivalent to the dispersal of thousancls of pollen grains.

I therefore consitler that seed. and pollen dispersal together are

most ímportant within a population but that seecl- dispersal alone

is most likely to effect interpopulation gene exehange.

The seeds of all species examined in this stucly possess a

pappus and are dispersed by wind, but differences in pappus

persistence and the ratio between pappus and seed size both affect

dispersal distance. Shetdon and Burrows (1973) examined the

effectiveness of the achene-pappus unít and found that pappus

complexity, plant height ancl environmental factors were also

significant. ID Senecio the rnost "complex" pappus Occurs in

species with slender cad.ucous bristles. l,rlhen open, this type of

pappus is three-dimensional an<1 offers greaÈer wincl resistance

than a pappus of stout persistent bristles. Bristles of the

latter pappus type often occupy only one plane when the pappus

has expanded. Only three species of Senecj.o have a persistent

pappus - q. gIsggI,ü, 1. magnificus and S. spathulatus. Each has

large seeds and oecurs in a cornparatively open environment

(deserts, arid shrublands and sancly beaches , respeetively) .
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I believe the achene-pappus unit of these species may be best

adaptedforbeingblownalongtheground.Specieswithcaducous
bristles rapid.ly lose their papPus if seeds move along the ground'

A persistent pappus may have evolved as an adaptation to move

hearry seeds greater distances ' T\¿o species ' S . macranthus and

S. vaqus have large see<î's and a eaducous pappus ' 
but both are

comparativety uncommon and are restricted to wet-sclerophyll

forests.
variation in seed size also occurs within some eapitula'

Most species with large capitula produce sJ-ightly shorter and

fatter marginal seeds, but this variation may be a function of

the capitulum shape. In the self-compatible S' gIossanthus,

margínalseed'sproducedbyfemalefloretsarelongerandtwice

as heavy as those produced by bisexual florets. Furthermore'

the margínal seeds have a pappus of few bristles and are retained

in the expanded involucre for longer periods' 1.9 Iossanthus

therefore ensures that seeds of female fl0rets fall cl0se to the

parent plant while those of bisexual ftorets may be dispersed

over longer distances. This form of seecl distribution would be

advantageousr âS s. glossanthus frequently occurs in favourable

microenvironments in othen¡ise harsh conditions, such as soil

pocketsormosspatcheson¡ockyoutcropsorintheshadeof

trees and shrubs. An additional benefit is that seed-s produced

by occasional outcrossing of female florets will fall- in areas

of known success whereas population replacement is ensurecl by

general dispersal of many selfed progeny'

4.4.6 Seedlinq Establishment

Germination percentages and early seeclling morphology l^tere

recorded to determine some of the factors affecting seedlíng

establishment. Germination percentages were generally high



227

(Table 4.2) andl not affected by dormancy requirements. However,

comparatively low percentages were recorded for s. magnificus,

g. velleoides and s. y355.. Germination in these specíes may be

controlled by physiological factors such as the action of growth

substances or the breakage of dormaney. Germínation control may

explain why each of these species is restricted to one environment

arid sh¡¡blands in the case of q. magnificus and wet-sclerophyll

forests in the cases of g. velleioides and s. w.. The repro-

duction of Bedfordia salicína requires further investigation.

Natural seed set is very low and as Yetr attenpts to germinate

seeds have been unsuceessful.

Seedling size wilL affect estabtishment when competition is

high or time for establishment is very brief. The shape and size

of seedlings varies considerably among species examined

-(Fig.4.3) but is largely dependent on seed size and shape. Large

seedlings occur in arid zones when rapid establishment after

hearry rains would be advantageous (e . 9 . 1. @,i!, l' magní f ícus )

and in wet-selerophylt forests where ptant density or low light

levels would favour large seedlings (e.g. 1. maeranthus, S. gry.,

Erechtites valerianaefolia and Àrrhenechtites mixta). 9. sPathu-

!g31l9 has large seeds, but seed reserves are mai

produce an exceptionally long hypocotyl. As 1.

on drífting beach sand, the long hypocotyl may be an adaptatíon

to prevent seedlings being buried during early clevelopment.

A further adaptation in many species is the secretion of a

mucilaginous coat by achenal hairs. Harper et aI. (1970)

examined the relationship between water uptake ancl seed' size.

They found that large seeds required mueh higher r,¡ater tensions

for water uptake because of the changíng shapes of meniscí.

The effect of a mucilaginous coat is to íncrease the area of

seed-water contact. S, greqoriir âr arid-zone ephemeral has the

nly used to

spathulatus oecurs
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largest seeds of species examined, but also has the longest and

most d.ense covering of achenal hairs. The extensive mucJ-Iaginous

coat produced by 9. gregorii would therefore greatly assist

germination. It is significant that glabrous seeds occur only

in species found in areas of high rainfall, for example S'

macranthüs S. vagus and S. spalhulatus'

4.7 Associations of Reproducti ve Traits - The Predictions
4

ofr - and K-selection

The evolution of dífferent reproductive strategies can be

considered from two viewpoints either as selection for genetic

systems that optimise the rate of expression of genetic variabil-

ity (Grant 1958, Stebbins 1958) ' or as selection for reproductive

systems that ensure suecess in a variety of environments (Stearns

::976, Moore 1976). ÀlthOugh the tvro ideas are interrelated' I

will consider only the latter at this point and will cliseuss

genetic systems in the next chapter'

In his review of ideas concerning life-history tactics,

Stearns(1976)comparedtwomodels"bet-hed'gÍng"andur-ancl

K-selection" that seek to explaín the association of reprod'uc-

tive traits in differing situations. The bet-hedging model

(a term coined by stearns) is based on fluctuations in adult or

juvenfle nortalit,ies, and ls not neeessaríly dependent on envl-ron-

mental stability. Theoretically, if- aduLt survÍval rates are

unpredictable, then short-lived organisms with increased repro-

ductive effort wilt be favoured. Variable juvenile survíval

rates will favour long-lived organisms with reduced reproductive

effort. Fluctuatíons in mortalíty rates are not considered by

the model 0f r- and K-selection. MacArthur and vfilson (L967)

coined the term ,'r-selection" for selection in density-independent
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environments favouring rapid population growth (increased' growth

rate r) and ,,K-selection" for selection in saturatecl density-

depenclent environments favouring ability to compete and to avoicl

predators (increased carrying capacity K) ' The models of bet-

hedging ancl r- and K-selection can lead to conflicting predictions'

For example, if juvenile mortalities are variable in a stable

environment then bet-hedging will predict short generation times

and large reproductive efforts whereas K-selection will favour

Iong generations and smaller reprocluctive efforts. }Iowever,

fluctuations in mortality rates are likely to be d'ue to fluctua-

tions in environmental condítions so that both models should

generallygiveiclenticalpredictions.Asldídnotmaked.etailed

observations of mortality rates r have largely confíned the re-

mainingdiscussiontothepredictionsofandK-selection.In
most instances I believe the pred.ictions of bet-hedging would

be identical.

An assessment of environmental stability is necessary to test

predictions of the r- and. K-selectíon model, but stability can

be viewed in terms of a number of independent parameters such as

regularity of rainfall, physical disturbances or suecessional

stages of vegetation. Absolute comparisons of stability levels

are therefore diffícult. Senecio spathulatus, fot example' occurs

in areas of high ancl regular rainfall but on unstable beach sand

whereas s. magnificus occurs in areas of low and irregular rain-

fallbutoftenamongclimaxvegetatíontypes.Environmental

stability must obviously be consideretl carefully for eaeh species'

Ihavepresented'threeparametersinTable4.4occurreneein

environments disturbed by man, regularity of rainfall and' natural

habitat. A stable envíronment is then one vrhích is not dísturbed

by man, has a regul-ar rainfatl (or water supply in the ease of

arid zone perennials) and eonsists of climax vegetation in the
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TABLE 4.4

Comparison of Habit and ÀsPects of

Environmental Statr il itY

natural habitat

Outbreeding Trees

+*
+J
..1
F{
..{
,a
rd
.tJ
u!

-lrd
l.r
o
É
(¡)

t¡

€
o
oB*rõ G'

Or{ç
Ordo
Þt{N
O -lJ F.l
õ r'{ ?1.-l á rd(t) u tl-l
çt.ÊtÉrü tt 'Ê{oÞrd}] rd l'.tSpecies

Bedfordia salícina

ifolius

. macranthus

SP. A

. hypoleucus

odoratus

cunninghamii

4 closed forests, often
in gullies

S

outbreeding Shrubs

Senecio lautus (Australia) + 1-4 extremelY variable U

spathulatus 4 sandY foreshores, unconmo

l-2 oPen shrublands often
near watereourses

4 cl-osed forests often in
clearings

4 closed forests usuaIIY
in gullies, rare

. magni ficus

+

+

U
n

U

U

s

S

1

1

s

linearifoliusS

I
t
t
g

s

+

+ + (3-)4 in o* near clearings u
in open and closed forests

2 near rockY surunits of
hitls - S

3 rockY hillsloPes in -oPenforeêts and woocllands U

3 (-4) coastal shrublands U

and woodlands

+ lr-2 shrublands and woodlan<ls U

(]--) 2 rocky outcroPs or
gorges, sornetimes near
creekbeds

+

+

+

sanethifolius
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Table 4.4 contínued

Species

S. cIawlerensis

!. . Pte rophorus

c mikanioid.es

.l(

*
+J
.r{
F4
.Å
.a
d
Ð
o

Fl
rd
l{
G)

É
o
þr

õ
c)
c,
l{.

dG)
OF{ÉotüoBHN

=O .tJ F{
õ-lF{.r{ J rd
tt o tl-'l

õ..{Érd l.t .-l
oÞrd¡r rd t{ natural habitat

2 near rocky sumÍiits of hills S

+ + 3 clearings in woodlands U

(introd'uced $/eed)

+ + 3-4 woodlands or forest U

margins (introduced liana)

Outbreed.ing Perennial Herbs

4 alpine meadovls

outbreecling Annuals (?)

+ 4 closed forests often in U

or near clearings

+ 4 closed forests often in or tI
near clearings

Outbreed.ing Eþhemeral s

+ I(-2) oPen shrublancls ancl
deserts

S

a

g. velleioides

s vacrus

g

E

gregorrl-

discifolius ++ 3 large
onlY

unknown (occurs
South Afríca)

1y
l_n

U

U

U

U

c ouadriden tatus

S. qunnii

-aff. a iaefoliusI
g

Inbreeding Perennial Herbs

+ + 1-3 extremely variable

+ 4 alPine woodlands and
meadohts

+ 3-4 woodlands and oPen forests U

J-2 inland' riParian habitatst U

rareruncanifolius
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Table 4.4 continued

Species

Iautus (llew Zealand)

.bi serratus

natural habitat

Inbreeding Annuals

+ 4 coastal dunes and cl-iffs

{.
.T

.lJ
..{
Fl.-l
.a
rd
.tJ
o
r{
rd
t{
o
É
0,
Þì

tõ
c)
oB{(rtJ 0)

Or{ÉordoBEN
O .lJ F{
õr{r{.r{ A rõ
lr,otH
d..{É
rd ll 'r{
OþnrütrrúH

U
g.

g. 3-4 coastal woodland's and U

and. forest clearings

-(3-)4 open forests and vtoodlands U

3 oPen grassy woodlandst rare tl

4 forest margins and clearings U

3-4 wood'lands, forest margíns Ll

and clearings

+ 3 coastal and inland shrub- U

lands and vToodlan<ls

+ 3 (-4) meadows, l^¡oodlands t U

forest marqins

3-4 htoodlands, forest margins U

and clearings

3 clearings in oPen forests, U

rare

4 open forests ancl clearings U

in closed forests

4 forest margins (introduced U

vreed)

+

+

+

+

+

+

+

+

a crlomeratusS

s hisnidulus

S_. sp. C

Ar enech tites mixta +

EJechtrtes @+ +

Senecio qlossanthus

c cf arIS

* 1=(250mmr 2=250-300mm, 3=500-750rnmt
** S = stable, u = variously unstable

Inbreeding EPhemerals

I-2 (-3) temPorarilY wet micro-
envirorìments

+ +3-4 ardens and nurserl-es
introduced weed)

U

Ug
(

4=>7 50run
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successional sense. Environments that d'o not fulf-i'11 these re-

quirementsareclassifiedvariouslyaSdísturbed.Ther-and

K-selectionmodelpred.ietsthatinstableenvironmentslate

rnaturity, few large youngt a lonq life and small reproductive

effort v¡iIl be selected for (K-selection) and in unstable en-

vironments earry maturity, many smalr young, a short life and

large reproductive effort will be selected for (r-selection) '

Consideringeachfactorinturn,ageatsexualmaturj.tyv¡as

comparativelY uniform among both annual- and Perennial sPecies of

Senecio raised in glasshouse conditions. l4ost produced flowers

within 4 to 6 months of germination. shorter times were recorded'

for two inbreeding ePhemerals, S-.g lossanthus arid S. vulgaris t

both of which produeed flowers wíthin two months of germination'

Asallspeciesofsenecioarecapableofflorn'eringinthefírst

season, and most occur in variously unstable environments, the

general predictions of r-selection are supported' Hovrever'

different responses by the same species growing in optimal and

marginal conditions maximise the chance of reproductive suceess'

size and number of young (seeds) discussed' in section 4 '4 '4

againsupportthegeneralprodictionsofr-selectíon'asmost

specÍes of Senecio produce a large number of small seeds'

However,thefewspeciesproducinglargeseedsdonotnecessaríIy
produce fewer seed.s or occur in stable environments (the predic-

tions of K-selection) ' Longevity also shov¡s only a partial cor-

reration with environmental stabirity. Art short Lived' species

(annuals and ephemerals) occur in variously unstable environments

but perennial species oecur in both stable and unstable environ-

ments.Significantly,thefev'lspeciesoccurringonlyinstable

environments senecio pectinatus, s. rngcranthus, g' sP' A'

s anethifolius,

perennials.
t garntlerensis and Bedfordia salícina are all
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Reproductive effort refers to Èhe proportion of parental

resources aLlocated to reproduction. Although f ha.ve not com-

pared weights of vegetative and reprocluctive structures in Senecio

I believe ratios would be simil-ar for both annual and. perennial

species. Perennial species either regenerate annually or shed

leaves from older stems so that large resources need not be useci

to rnaintain older growth. Furthermore, increased vegetative

growth is apparently accompanied by íncreased reprocluctive effort,

as the number of capitula per plant is most closely correlated

wíth plant size (see section 4.4.4r. Reduced reproductive effort

occurs only when conditions are unusually harsh after germination,

but this is apparently a short-term strategy to ensure at least

some reproductÍve suceess. f therefore consider that reproductive

effort is generally high in both annual and perennial species

of Senecio.

When viewed as a whole Australian species of Senecio appear

to be the products of r-selection. l1lost combine the traits of

early reproductive maturity, many small seeds, a short life ancl

a large reproductive effort, and most occur in variously unstable

environments. A small number of speeies do occur only in stabl-e

environments, and in these, the predictions of K-selection are

partially supported. It is possible that all Australian species

of Senecio evolve<l in situatíons favouríng r-selection, and the

few now inhabiting stable environments are able to compete

effectively without all of the traits pred.icted by K-selection.

However, in natural populations r- and K-selection will be operat-

ing together (Demetrius 1975) so that obse::ve<l reproductive

strategies need not represent alternative seÌective procl.ucts,

but instead, some integral of combined r- and K-selection.
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4.5 Conclusions

ornduff(1969)suggesteclthatanunde::stand'ingofreproductive

methods will ,'strengthen the found-ations upon which taxonomic

judgements are made." ÌIis comment is particul'arly val'id in the

caseofÀustralianspeciesofsenecio.TheclassÍficationof
species as ttradíatet', "discoidrr ol: t'erechthitoid" is largelY

ind.icative of breeding systems. All erechthitoid speeies are

autogamous and have very reducecl capitula whereas the large and

showy inflorescences of radiate and discoid species reflect their

reliance upon cross-pollination' The onlY excePtion, 1. 91"==-

g!$, belongs to the radiate group but is inbreeding' llowever,

the id.entification of the breeding system of g.g Iossanthus

explainecl vrhy this species has mueh smaller capitula than other

radiate sPecies. q.9Í egorii has been eite<l as "anonalous" in

its present Position in Senecio (Nordenstam L977, Jeffrey et al'

Lg77) presumably because of its fusecl ínvolucral bracts, coarse

and persistent pappus, and large and' hairy seeds' I believe all

of these characters may be adaptations to maintain self-

incompatibilitY in arid-zone epherneral a comhination rvhichan

mightnormallylead.toreclucedseecset.Thefusionofinvolu-

cral bracts allows extensive expansion of the involucre and thus

the maturation of a high numl:er of 1ar9e seeds' seed germination

is assisted bY a mucilagínous coat so that raPid germination can

oecur in favourable conditions. The coarse persistent PaPPus and

along the ground, with
heavy seeds would favour seeds being

aggregates forming in low-lying areas or among other vegetation'

This method. of dispersal would increase the ehance of germination

in the vicinity of other individuals, an essential factor in the

survival of an outcrossing species. The unusual morphology of

S. qregorii may therefore be due to unusual reproductive

blov¡n
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strategies,ratherthantodistantrelationshípswithother

Australian sPecies of Senecio'

Atlspeciesexaminedaresimilarinthattheyreproduce

sexually and are capable of at least some outcrossing' Howevert

different breeding systems might be expected to lead to d'ifferent

levels of variability within populatiolìs' Fór example' Hamrick

etaI.(1979)concludedthathighoutcrossingratesgenerally

teadtothemaintenanceofhigherlevelsofgeneticvariation,

althoughtheyacknowledç¡edexceptíonstotherule.Australian

speciesofsenecioarealmosteguallydividedbetweeninbreeders

and. outbreeders. species of each breeding tYPe al:e geographically

wicespread,oecurinlocalizedpopulationsanclareapparently

adaptedtodisturbedortemporaryconditions.Ibelieveunder

these conditions com.parativery high levels of genetic variation

maybemaintainedinbothinbreeclingandoutcrossingpopulations.

Inthecaseofinbreedingspecies,populationvariabilitymaybe

maintainedbytheraredispersalofnewgenotypes(viaseeds)

fromotherpopulationsfollowecllryalowlevelofoutcrossing

within the recipient population. As inbreeding species of senecio

arepredominantl-yannua].s,rapidpopulationreplacementandlow

outcrossing levels may lead to levels of variability similar to

those found in outcrossing perennial populations'

Althoughtwodifferentbreeclingsystemsandavarietyof

generation lengths oecur in Australian speeies of seneeio' most

possessacombinationofreproductivetraj-tspredictedhyr-

selection (Stearns 1976) ' These are early reproductive maturity

(inperennialspecies)rmanysrnallseed's'ashortlifeandalarge

reproductive effort. The cliversity of reproductive traits observed

in this study rnay therefore represent alternative strategies to

meet the same clemands that is, reproductive success in a variety

of unstable envÍronments'
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5.I Introduction

In Chapter 4, reproductive traits observe<l in senecio were

discussed in terms of r- and K-selection. These models predict

the age of seXual maturity, size and number of young (seeds) '
generation tength and reproductive effort in a range of environ-

mental conditions. Associations of reproductive traits including

chromosome number ancl. chiasma frequency have also been explained

in terms of the regulation of genetic recombination (Grant 1958) '

In any sexually reproducíng organism, both existing (parental)

and. new (recombinant) genotypes are produced by segrregation and

recombination of genes. ÌIowever, the number of recombinant

genotypes produced per unit of time wiII vary. Grant (1958, 19751

listed nine factors thought to regulate recombination in plants'

These are as follows:

1. chromosome number

' 2. frequency and positÍon of chiasmata

3. sterilitY barriers

4. breeding system

5. Pollination system

6. disPersal range

7. PoPulation size

f. isolating mechanisms

g. generation length

Collectively, the regulatory factors are known as the recom-

bination system, the main function of which, according to Grant,

is to achieve an optimum balance in the amount of genetic

variability released for selection. The balancer it is arguedt

is between reproductive constancy favoured in the existing

parental environment, and reproduetíve variabilíÈy thought to

be necessary for long-term flexibilíty (l4ather J943, Grant 1958,
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StebbinsIg5S).AsGrant(1975)commented,somerestrictionon

recombination is universal, but it is the fraction of attainable

recombination which varies in different species and groups'

More recently, argiuments have been advanced in favour of

selection of regulatory factors that are of immediate benefit

to the ind.ividual, rather than selection for long-term population

benefits (Arroyo 19?3, Rees and DaIe 1974, Lloyd 1979). In order

tô compare this literature with the models proposed by Grant

(1958) and Stebbins (I958) ' I have restricted this chapter to

discussions of observed ancl hypothetical relationships between

chromosome number, ehiasma frequency and position, breeding

system and longevity. Aspects of pollination systems and dis-

persal range were considered in Chapter 4 and' observations of

sterility b'arriers and isolating'mechanisms wilt be considered

in chapter 8. The effects of changes in chromosome numbers on

recombination rates are considered at lengthr âs numerical

variants ín Senecio are mainly due to polyptoidy. In hís dis-

cussion of the regulation of recombination, Grant (1858t 1975)

considered the effects of changes in basic chromosome number,

but did not comment on the effect,s of polyploidy.I As one third

of all species of flowering plants originated by polyploidy

(stebbins 197I), the effects of polyploidy on recombinatíon rates

are a basic issue.

lcrant described the altered segregation of polyploiCs in Chapter

13 of his l-g75 publicatíon, but does not eonunent on the subject

in Chapter 23 - ,'The regulation of recombination."
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5.2 Materials and. Methods

The determination of breed,Íng systems and generation lengths

is deseribed in Chapter 4. Techniques used in the preparation of
both mitotic and meiotic material are documented in Lawrence

(1980i see copy bound with thesis). Whenever possible, chromosome

numbers were determined from a number of populations. Hoh/ever,

because of limited time, chiasma frequencies were determined for
only one population of each taxon. Collection numbers of each

population are listed in Table 5.2 and localities are given after
each species descripÈion in Chapter 4. Chiasma frequencies were

calculated as the mean value of ten cells in all cases. Although

higher cell numbers could be scored for outerossing taxa, this
number was chosen as inbreeding taxa proved difficult, often
producing very few bisexuaÌ florets and as few as ten pollen

mother cells per anther.
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5.3 Results and Discussion

5. 3. I Chromosome numbers

Chromosome numbers for most species were previously reported

in Lawrence (1980) but determinations for two species, senecio

amygdalifolius and S. runcínifolius have since been made.

Population records of these and of three species from other

genera are given in Table 5.1. AtI chromosome numbers are in-

cluded in Table 5.2 and are sununarized in Table 5.3.

5. 3.1.1 Ploidy distribution in 9gþ.

patterns of polyploidy in Senecio were discussed in Lawrence

(1980) and are briefly reviewed here. The basic chromosome

nr¡mber of Senecio is effectively x = 10 found in 9t of recorded

counts. Three African species do have |it = 5 , and argurnents both

for (Turner and LewÍs 1965) and against (Ornduff et al. 1963,

1967) a basie number of x = 5 have been advanced. I have con-

sidered the topic again in the light of karyotype evidence

(Chapter 7) , but as species with N = 5 represent less than ]t of

over 400 counts recorded in the literature, x = 10 Ís the effec-

tive basic chromosome number of the genus.

Afríca would appear to be the place of orígin of both Senecio

and Senecioneae as the greater percentage of Senecio species

with N = 10 and all but one of the 14 genera of Senecioneae that

have x = 5 or 10 are of African origins. However, diversifíca-

t,ion of Senecío on most other continents has oecurred mainly at

the tetraploid tevel (418 of al-l taxa in the literature) and in

Australia, at the tetraploid and hexaploid level. Stebbins

(r971)describedasimilarsituationinthe9rassgenus@.

The basic number of x = 6 occurs in South Afrícan diploids,
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chromosome Numbers Not Reported in Lawrence (1980)

Chromosome No.

N2N
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FigureSpecies and LocalitY

*Senecio amyqdatifolius F.v.Mue1l.
Tallawudjah Creek, N.S.W.

runcinifolius vVillis*e

19 38

20 40

50
50

50 5.l-D

5.1À

5.lC

5 .18

Chowilla Creek¡ S.A.

Arrhenechtites mixta (4. nich. ) Bel-cher

3 km W. Katoomba city centerr N'S'W'
5 km S. Jenolan Cavesr N.S.W.

ErechtÍtes valerianaefolia (WoIf) DC.

I km SW. BerkIeY Valer N.S.W.
29 km N. Winghamr N.S.W.

Bedfordia salicina (Labill.) DC.

9 km N. CaPe OtwaY tighthouse, Vie'

*Taxa not previouslY rePorted

20
20

30

40
40
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TABLE 5.2

Associations of FacÈors Regulating

Recombination in Senecio

outbreeding trees (>10 Years)

Bedfordia salicina 1132 T+I 36 .3 1 ' 21 30 66 ' 3

outbreeding shnrbs Q-?IO Years)

Senecio lautus ssP. dissectifolius 644 T+r 25.3
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ssp . lanceolatus 1080 T+I 23.9

L302

L237

lt_91

T+I

T+I

T+I

r.27

r.20

1.43

1. 31

l. 34

1.64

I.81

2.04

I. 38

1.11

l. 37

L.27

1.53

1.17

1. 50

L442

130 5

801

]-477

Ì39 3

T+I

T+I

T

T

T

28.6

26.2

26.7

32.L

34.4

40.7

41. 3

33.2

4I.0

38 .0

45.8

35.2

44.9

20

20

20

20

20

20

19

20

45.3

43.9

48.6

46.2

46.7

52.7

43 .4

60.7

71. 3

63.2

71.0

6 8.0

75.8

65.2

7 4.9

ssp . maritimus 615 T+I

ssP . alPinus

g

g

spathulatus

S. maqrnificus

lifolius
. macranthus

Iinearifolius
var. linearifolius

var. A

var. B

g sP. A

S. hypoleucus

g. odoratus var. odoratus

var. obtusifolius

. amy

I
s a

1445

646

657

609

T+I

T+I

T+I

T+I

30

30

30

30

30

30

30
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TABLE 5.2 (continued)
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I cunnanghamii var. cunninghamii

var. A

anethifolius

a!.tlerensis

pterophorus

. mikanioides

9.

I
I
I

100 4

856

647

1007

775 T+r

764 T+r

43 .4

39.7

44.0

35.7

10.1

L2.'7

30. 6

82.3

89.4

1.45 30

L.32 30
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7 4.0
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20.L
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1349 r

L .47
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r.6l
1. 65

r.79
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30

30

10

10

*

*

g

outJcreeding perennial herbs Q-S years)

pectinatusI3gTT+I57.01.434097.0

outbreed'ing annuars ? (5-12 months)

velleioides 19 49.6

49 L32.3

49 139.4

q

q vagus ssp.

ssp.

va9us

eglandulosus

s gregorrr

Outbreeding ePhemerals

10 10

10 80

(2-4 months)

T+r 34 .4 L.'12

T+r 9.0 1.80

20 54.4

5 14.0*S. discifolius

q

Inbreeding perennial herbs Q-5 years)

uadridentatus 790 T+I 39 '4 I'97

gunnii

aff. apargiaefolius

I4o2 T+r 36.7 1.83

].249 T+r 33.0 1.65

1065 T+r 37,2 I.86

q

I
q

c

20

20

20

20

59.4

56.7

53. 0

57.2runcinifolius



245

TABLE 5.2 (continued)
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. fglgg ssP. Iautus

. biserratus

. sp. B

. squa rrosus

. bipinnatisectus

. minimus

S .9 lomeratus

var. hísPidulus

ding annuals (5-L2 months)

1149

r324

117 I
r34 I
114 3

897

648

1083

1215

]-]-62

1361

1321

30.6

90.9

58.0

55.4

53.7

45.1

59.0

57. 5

54.4

59 .4

55.1

103.3

30.7

1. 53

1. 80

1.93

l. 85

I.79

1.50

1.9 3

1.92

1.81

1.98

r. 84

2.06

1.53

20 50.6

50 140.0

30 88.0

30 85.4

30 83.7

30 75. I

30 88.0

30 87.5

30 84.4

30 89.4

30 85.r

50 I53.3

20 50.7

20

40

20

53.3

94. I
53.4

T+I

T+I

T+I

T+I

T+I

T+I

T+I

T+I

T+I

T+I

T+I

T+I

T

var. dissectus

S. sp. C

Arrhenechtites míxta

*Erechtites valerianaefolia

S

Inbreeding ePhemerals

enecio qlossanthus (tetraploid) 475

(octoploid) 476

552

(2-4 nonths)

T+r 33. 3 L.67

T+r 54.8 1.37

T+r 33.4 I.67*S. Vulqaris

Species (or subsPecies) not native in Australia

f = terminal, I = interstitial
*

**
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butinAustraliarwherethegenusismostdiversified'the
principal numbers are N = L2 (tetraploid) and N = 24 (octoploid) '

Like Danthonia Senecio is therefore characterized by a secondary

cycleofpolyploidyrwhichexistswherethebasicchromosome

numberofagenusispoorJ-yrepresentedindiptoidsanddiversi-
fication has occurred at a higher proidy leveI and often on a

different continent (Stebbins 1971) '
ploidy distributions among Australian species of senecio are

summarizedinTable5.3.Significantploidydiffereneesoecur
between the three major species groups based' on capitulum morph-

ology. All discoid species are he'xaploid

radiate species are tetraploid (N = 20) '

are hexaploid but both are otherwise closer to discoid species

although they do have ray florets. The majority of erechthitoid

speciesarealsohexapJ.oidbutasignificantproportion(four

species) are tetraploid. In totaÌ, most Australian species are

either tetraploid or hexaploid, vtith hexaploids being slightly

more abundant. Ir Lawrence (1980) I commented that the abundance

of hexaploids in Australia might be a taxonomic artifactr âs

species with N = 30 have in the past been split off as separate

genera (e.g. the New Zealand BrachYqlottis, oolichocrlottis and

Urostemon). However, I now agree with Nordenstamrs Q977) view

thatmostgeneraofSenecioneaebasedonN=30representa

d.ívergent evolutionary line, ancl that N = 30 Ís truty rare in

senecio. Nordenstam observed that many genera of senecio with

\f = 30 also have a COntinuous stigrmatic surface, polarized

endothecal tissue and a cylindrical filament colLar (Chapter

2.I2). SeneciO and allied genera are characterízed by N = 2O'

marginal stigrmat,ic lines, radial endothecal tissue and variously

swollen filament collars. Nordenstam termed the first group of

genera "cacalioid" and the second group "senecioidu '

(N = 30) and most

Ît¿o radiate sPecies



Distribution of Gametie Chromosome Numbers of

Species of Senecio in Australia*

5r0192030404950

(1)(r)262**11

(1) s
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TABLE 5.3

(1)
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(1) Ql 2 1o(1) Is r I I 3o(4)

RadLate

Discoid

Erechthitoid

TOTALS

* Species not, native are shown in parentheses'

** g. linearifolius and s. sp A have ray florets but are otherv¡ise

morphologÍcally closer to discoid species'
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(AAaa) will produce five progeny types (AÀÀ4, AÀAa, AÀaa' Aaaa,

aaaa) in the ratios of 1:g:18:8:Ì. If dominance is complete

then L/4 of the diploid progeny and L/36 of the autotetraploid

progeny wilt d.iffer phenotypical-}y from the parent. Alternatively,

if domÍnance is incomplete then the autotetraploid will produce

a greater Proportion of intermediate progeny' The effect on

recombinaÈion is illustrated in Figure 5.2 (graphs plotted from

values given by Sybenga (1972) ). Starting with a heterozygous

diploid (Aa) in case A and a heterozygous tetraploid (AÀaa) in

case B, the proportion of the population homozygous for one gene

Iocus are shown in sueeessive generations of selfÍnq. Al'though

both populations approach complete homozygosity, the autotetra-

ploids do so at a much slower rate. The effect of autopolypJ-oidy

is thereiore to buffer intermediate genotypes and retard evolu-

tion when selectíon is for homozygous or extreme phenotypes'

As two or more genomes are combined in an allopolyploid, the

behaviour of an allopolyploid wilL depend on the degree of clif-

ferentiation between parental genotypes. Harlan and deWet (I975)

surveyed a wide range of potyploids and concluded that the most

likely pathway to a successful polyploid in nature involves

neither wide crosses nor strict autopolyploidy but crosses

between races, ecotypes and cytotypes within a biological species'

Wide crosses do occur in nature, but Harlan and deWet believe

this is a comparatively uncommon mode of polypJ-oid evolution'

However, potyploitls are more likely to hybridize suecessfully

among themselves than diploids so that "true" allopolyploids may

form by this method.

Recombination of allopolyptoid genes will still be affected

by substantial gene duplication. ff one or more chromosomes or

chromosome segrments are homologous, then random reassortment will

give ratios like those of autopolyploids. llowever, íf
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I have examined typicaÌ "cacalioid"

salicina. Apart from a ehromosome number

of N = 30, Australian hexaploid species of Senecío are 'seneeioíd"

inal1otherrespects.@inAustra1iaisthereforetruly

atypical as more than half of the species examined are hexaploid.

Outside Australia the highest proportion of hexaploids in Senecio

is 16g (g species) found in South America (Lawrence 1980) '

5.3.1.2 PoIY idy and recomb-ination' rates. Grant (1958, 1975)

listed chromosome numbers as an important factor in the regula-

tion of recombination, stating that an organism with the haploid

chromosome number of N and heterozygous for one gene pair on each

chromosome can produce flgenetically different gametes' Àlthough

Grantrs observation is quite valid, it assumes a level of hetero-

zygosity that may not occur in many plant groups as polyploidy

is a widespread phenomenon in the plant kingdom. A second point

is that selection wiII act on the progeny of an individualt so

that the ratios in which progeny are formed are equally important'

AsGrant(lgT5rinaseparatechapter)andmanyothershavein-

d.icatedr the proportion of recombinanÈ progeny produced by poly-

ploids is very different from that of diptoids. All Australian

species of senecio examined in this study are potyploíds; Il are

tetraploid, 15 are hexaploid, 1 is octoploid and 2 ate decaploids'

Aneuploidy has occurred following polyploidy in only two species'

so that the effects of polyploidy, and not changes in basic

chromosome numbers are of fundamental significanee in Senecio'

Autopolyploidy will have the greatest effects on recombina-

tion rates as the duplicated genomes are identical' A diploid

heterozygous at locus A will produce three progeny types (AA' Aa'

aa) in ratios of lz2z:-, whereas its autotetraploid derívative
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dífferentiation results in preferential pairing then segregation

will d.epend. on the distribution of genes at each I'ocus ' If each

ehromosome pair is homozygous but the genotype is heterozygous

(AAaa) then no recombination wilI occur and the heterozygosity

will be fixed. However, if each pair is heterozygous (AaAa) then

L/I6 of the progeny will be reeessive. If the latter situation

is extended to an allohexaploid, then only I/64 of the progeny

wiII be recessive. Recombination of duplicate genes wilI there-

fore be reduced. in allopoJ-yploids as weII as in autopolyploids'

Effects wiII be more pronounced at higher ploidy levels so that

the decaploid species of senecio might be expected to respond

extremely slowly to selective pressures, even though genotype

variation may be considerable'

Concerning population variability in polyploÍd species,

Hamrick et aI. (I9?9) found that the percentage of pollzmorphic

Ioci detected by electrophoresis inereased with increasing

chromosome numbers. categories compared eovered diploid- chromo-

some numbers of 10-20 , 22-30 and greater than 30. Hamrick et al'

commented that nspecies that produce a large variety of recom-

binant progeny (those with high chromosome numbers) might be

expected to maintain more genetic variation. The results bear

out this expectation.r' However, if chromosome increases are due

to polyploidy, which is more than likely with 2N )30, then

genetic variation could be maintained by fixed heterozygosity in

which case the nu¡nber of recombinant proqeny wiII be zeto'

Although this is an extreme effect of polyploidy on recombination'

it exemplifies the bufferíng effect of polyploidy on heterozygotes

and the restricted formation of homozygous or extreme phenotypes'

As all Australian species of Senecio are polyploíds, the

relationshíp between ehromosome number and recombination rates

described by Grant (1958 , I975't does not apply, as Grant
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considers only changes in basic chromosome numbers. I eve

it is unlikely that any extant Australian species of Senec o s

a strict autopolyploid for two reasons. Firstly, diploid species

of Senecio are more or ]ess confined to Africa and Europe (see

5.3.1.1) and polyploids reaching Australia may have diversified

during their extensive migration. secondly, I found no evidence

of multivalents even at the highest ploidy levels (decaploids).

Multivalent formation is by no means conclusive evidence of

ploidy origins (Stebbins 1971), but the absence of multivalents

in all species of Senecio is one indication of hybrid origins.

If Australian species of Senecío are allopo1yploids, then the

limiting effects of polypJ-oidy on reeombination will not be as

severe as in autopolyploids. Furthermore, mutation at duplicate

gene loci may have procluced. effeetively diploid loei (diploidiza-

tion). However, it is most unJ-ikely that alL gene loci will

behave as in diploids, so that the buffering effects of polyploidy

should influence recmobination in Senecio, particularly at the

hexaploid and decaploid levels.

5.3.I.3 polyploidy and speciation. In the previous section the

buffering effect of polyploidy on segregation and recombination

hras discussed. Such an effect might be expected to retard

evolution ardrestrict speciation except at the diploid level'

However, speciation in Senecio has occurred mainly at the tetra-

ploid levet (Lawrence, 1980) and. in Australia, also at the hexa-

ploid level. The short term as well as the long term conseguen-

ces of polyploidy neecl therefore to be consideretl.

Àutopolyploids are generally thought to be adaptively

inferior in the first instance (Stebbins L97L, Har1an and def{et

1975, Jackson L976) although Jackson (1976) reviewed some evidence

to suggest that autopotyploids rnay be more resistant to low
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temperatures and. therefore able to colonize areas outsicle their

progenitors range. In the case of allopolyploíds' there is

considerable evidence to suggest that these polyploids possess

novel characteristics when first formed. GoÈtIieb (L976) re-

viewed evidence of enz]¡me muttiplicity in allopolyploids ' and

presented data from allopolyploid species of Traqopoqon

(compositae) known to be of recent origin. Gottlieb and others

workers cited by him, found that when duplicated genes specify

different polypeptide strbunits of a multimeric enzyme' the allo-

hexaploids produce both the homomeric parental enz]tmes as well as

novel heteromeric enzymes not produced by either parent' If the

atlopolyploid is a 'fixed heterozygote" for that gene duplícatíon

(e.g. AAaa) then a heterozygous phenotype is reconstituted at

fertilization even though each inclividual I s genes are homo-

zygous.AsGottliebcommented,'.enzlrmemultiplicityprovidesa

reasonable hypothesj.s to account for the wider distribution of

tetraploídspeciesrelatívetothediploídprogenitors.|l
In Senecio, the initiaL success of allotetraploíds compared

with diploids rnay have been due to enzyme multiplicity' Further

evolution may then have occurred both by hybridizat'ion between

polyploids and by gene rnutation teading to partial diploid'ization

of duplicate genes. However, I believe the 1on9 term buffering

effectsofpolyploidymaybeillustratedinsomeAustralian

speciesof@.Anumberofspecieshavewhatappeartobe

relict distributions. 1. anethifolius is found in the Flinders

Ranges of south Àustralia and in hills north of Griffith in New

south wales, S. gawlerensis occurs only on rocky hilltops in the

Gawler Ranges in South Australia, 9' hypo Ieucus occurs onlY in

the Mount Lofty Ranges ín South Australia and on Mt' Arapiles

in victoria and s. sP. A is found in a few isolated rocky areas

around wagga wagga in New south wales. All of these species
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are hexaploid. on the other hand¡ the most widespread species

occupying a diversity of habitats are s. lalitus and s' quadri-

dentatus both of which are tetraploid. Ploidy levels may offer

one explanation for these distributions. rnland areas of the

souür-eastern states do not offer the diversity of environments

found in eastern montane regions. As conditions became pro-

gressively drier in Australia, species would have therefore had

to àdapt genetícally or be restricted to isolated refuges' The

present distribution of hexaptoids, and to a lesser extent, of

tetrapIoidspeciesof@*"yreflecttheirinabiIityto

evolve rapÍdry because of the buffering effect of polyproidy'

significantly, the few widespread species are tetraploids

the lowest ploidy level found in Australia. The initial success

and spread of tetraploid species of senecio may have been due to

advantageous enzyme multiplicity, but the pe::sistance of such

species wilt depend uPon their ability to respond' to changing

environmental conditions. The presence of seven subspecies in

s_. Iautus suggests that in this species effective diploidization

of duplicate genes may have allowed for selection of extreme

phenotypes. However, the relict distribution of some hexaploids

suggests that these species were unable to respond to changing

conditions.

5.3.2 Effects of chiasma fr and sition on recombination

rates.

cenes on different chromosomes are recombined' by random

reassortment at meiosis, but genes on the same chromosome ean

only be recombined by chiasma formation between homologous

chromosomes. Inereased chiasma frequencies will most effectively

inerease recombination if the chiasmata are randomly dístributed
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(Grant 1958). In some species, the loCatiOn of chiasmata observed

at diplotene differs frorn that at diakinesis as repul-sion of

ehromosomes leads to terminalization of chiasmata. Terminal-iza-

tion effects can also apparently lead to misinterpretations of

chíasma numbers. GranÈ (f9?5) reinvestigated chiasma frequencies

in Gilia an¿ found that previously reported (Brown 1961) differ-

enees between inbreeding and outbreedíng species 'rtend to dis-

appear as one goes back from metaphase I to diplotene. n In this

study, all chiasma frequencies were scored either at díakinesis

or metaphase I as high chromosome numbers (N = 20 to 50) rnade

clearly separated preparations dÍfficult to obtain at earlier

stages of meiosis. However, in species with chiasmata restricted

to chromosome ends (see Table 5.21 partially separated d'íplotene

stages v¡ere always examined. to see if chiasmata were truly

terminalr or if instead, they had undergone terminalization'

I found no significant evidence of terminalization of chiasmata

ín Senecio, and concluded that metaphase f confígurations are

indicative of both chiasma frequency and position. Structural

rearrangements of chromosomes are also known to reduce recombina-

tion by restricting chiasma formation. However, I found no

evidence in the form of bridge-fragment configurations at

anaphase I or multivalents at metaphase I to sugrgest that large

structural rearrangements are conmon it @þ.
Chiasma frequencies may be affected by seasonal environmental

conditions such as temperature extremes and low water content

(sybenga Lg72). High temperatures, fot exampler mâY lead to

r.educed chiasma frequeneies, or in extreme cases, complete fail-

ure of pairing. Ideally, plants should therefore be raised in

controlled glasshouse conditions. Australian species of SenecÍo,

however, grow in a diversity of conditions ranging from inland

deserts (9. gregorii) to alpine herbfields (S. pectinatus).
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As optimum glasshouse conditions could not be simulated for al-l

species, I determined chiasma frequencies from apparently healthy

and unstressed field plants. Small differences in chiasma

frequency per bivaLent shown in Table 5.2 might therefore be due

to environmental effects, but I believe larger differences truly

reflect genetic differenees.

Chiasma frequencies in Senecio range from l.0l per bivalent

ir 1. g!ggg@. to 2.04 Per bivalent it 1. ry!!g'
Relationships between chiasma frequency and other factors regu-

lating recombination are discussed later in this chapter, but

one point deserves comment here. Darlington (1965) suggested

that chiasma frequency is partly depend,ent upon chromosome size,

with larger chromosomes having more chiasmata. Firre native

specÍes of Seneeio have larger than average chromosomes (see

karyotypes in Chapter 71. These are S. magnifieus, S. amygciali-

folius, g. !@, g. velleioides and S. vagus. In each,

the chiasma frequency is significantly higher than in species

with sirnilar breeding systems, generation tengths and ploidy

levels (Table 5.21 but smaller chromosomes. However, frequencies

are increased by chiasmata localized at chromosome ends (figs. 7

and 10 in Lawrenee 1980) so that it is not obvious that the

greater chiasma frequencies of these species witl hâve an effect

on recombination rates.

5. 3.3 Effects of breedinq svstefrr.s on recombination rates

Aecordíng to Grant (f958, L9751 a truly closed recombination

system exists where no sexual reproduction oeeurs, that is, when

reproduction is entirely vegetative or occurs onty by apomixis.

Àmong sexually reproducing organisrns recombÍnation rates will be

affected by the degree of outcrossing. Grant (1958) and
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stebbins (1958) observed that cross-fertilization results in a

Iarge number of genetic recombinants among progeny and therefore

promotes population variability, whereas self-fertiÌization

results in fewer recombinant progeny and decreased variability

within populaÈions. PopuÌation variability has since been com-

pared for inbreeding and outbreeding species, but with some mixed

results (see review by Jain, J976). Flowever, Hamriek et al'

(Lglg) compared published data of electrophoreticalty detectabl-e

genetic variation in IIo species of higher plants, and found that

on average, outbreeding does lead to higher levels of genetic

varíation than inbreeding.

The evolution of different breeding systems has been con-

sidered at length. The general opinion is that self-fertilization

is a derived condition (Lewis 1954r Fryxell l957r Stebbins L957)'

but that self fertilization often leads to decreased vigor or

seed production (Lloyd 1965, Antonovícs 1968). Tvo general

hypotheses have arisen to explain the evolution of inbreeding

when the conseguenees are apparently disadvantageous. The first

suggests that inbreeding evolves in situations favouring genetic

uniformity of populations rather than genetic flexibility

(Mather Lg43, Stebbins 1950 , Lgs': , Grant 1975), whereas the

seconcl considers that inbreeding evolves in situations favouring

greater fertilization assuranee for the individual (Baker 1955,

Arroyo Lg73, Lloyd |gTgr I98O). In the latter caset Arroyo (1973)

concluded that inbreed.ing depression is easily surmounted as

survival of Populations is often entirely dependent upon the

evolution of inbreeding. In support of this view, LIoyd (1979)

commented that advocates of the regulation of recom-bination

systems 'have exaggerated the importance of selection for re-

combination Ín controlling the components of breeding patterns"

and that "the evolution of self- and cross-fertilization ... must
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be sought in forces affecting individuals in each generation.ll

Although I agree that in rnany instances the selective advantage

of inbreeding is likely to be a greater assurance of fertilization

an exception may arise in cases of possible hybridization bet'ween

prevíously allopatric species. rf the species are self-incom-

patible and prezygotic isolating mechanisms are poorly developed,

hybridization could lead to the production of many maladapted

genotypes because of interspecific recombination. In this case'

inbreeding would. be selectively advantageous beeause it would

ensure the production of well adapted genotypes; not because of

a greater assurance of fertilization. However, the persistence

and multiplication of populations with different characteristics

will depend on the long-term advantage of each combination of

characteristics. This, I believe, is what the theory of recom-

bination regulation seeks to explain, rather than selective

forces affecting the "short-term" appearance of individual

characteristics

5.3 .4 Effects of qeneration lenqths on recombination rates

Grant(lgss,]:gl'lincludeclgenerationlengthamongthenine

factors listed as regulators of recombination per unit of time,

but he provided very little direct discussion of this factor'

Grant compared a bacterium and an oak tree to il-lustrate the

effecÈs of generation length, but this example is unrealistic,

and does not consider two factors of importance in any study'

These are the time required toreach sexual maturity and the

stabíIity of the poputation under consideration' In a density-

independent situation, such as expansion following colonization'

age at sexual maturity will determine expression of recombinants

per unit of time. However, in a density-dependent situation,

longevity (or generation length) will be critical as it will
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regulate the frequency with which individuals are replaced.

In the case of a bacterium and an oak treer a9ê at sexual

maturity and generation length are positively correlatedr but

in Senecio both annual and perennial species are capable of

reaching se'xraL maturity in one year. If both produce the same

proportion of recombinant genotypes, then generation length will

only affect the expression of recombinants in a stable density-

dependent situation. In a density-independent sítuation annual

and perennial species will have similar potentials for expression

of recombinants as both reach sexual maturity within one year.

As few species of Senecio form truly stable populations (see

Chapter 4l differences in longevity are by themselves compara-

tively unimportant. Differences in generation length in a

density-independent situation will- be important if sexual maturity

is delayed in the perenniaÌ speciesr âs for examPle, in long-

Iived trees. As few genera contain both annuals and long-lived

trees, the inherent problems of comparing generation length in

a density-indepen<lent situation should apply to genera other

than SenecÍo.

5.3. 5 Associations of regul-atory faetors

In previous sections of this chapter the effects of chromo-

some nurnber, chiasma frequency, breeding system and generatíon

length on the regulation of recombination per unit of time have

been considered individually. Grant (1975) suggested that

associations of factors that both promote and restrict recombina-

tion permit a fine adjustment of the rate at which recombination

occurs. Although this is undoubtedly true, alternatíve hypotheses

have in some eases been advanced to explain pair-wise associations

of life history traits. Although Senecio shows some variation
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in each factor examined in this chapter, I have discussed asso-

ciations in a pair-wise fashíon to facilitate comparisons with

other cases in the literature. The four factors are considered

together in my concluding remarks.

5.3.5.1 Breedinq system and generation lenqth. Correlations

between breeding system and generatíon length in Senecio have

alread.y been mentioned, (Chapter 4). Most AusÈralian species of

Senecio are either annual and inbreed.ing or perennial and out-

crossing (Fig. 5.3). This is precisely the relationship observed

by Grant (1958) and used by him as an example of combined re-

strictive and expansive regulatory factors. Stebbins (1958)

suggested that the assoeiation of short generations and ínbreeding

is advantageous in situations requiring a rapid builduP of well

adapted genotypes whereas long generations and outcrossing are

advantageous in stable populations requiring a small proportion

of highly fit individuals for replacement. However, I do not

believe thatstebbinst suggestion or Grantrs idea of balanced

regulation necessarily apPly in the case of breeding system and

generation length associations in Senecio. Firstly, all

Australian species of Senecio reach sexual rnaturity within one

year irrespective of generation tengthr So that in unstable

environments both annual and Perennial species are egually

capable of rapid population expansion and rapid expression of

parental or recombinant genotyPes. Secondly, both annual and

perennial species oceur in unstable environments (Chapter 4) which

by Stebbinst (1958) argument would favour inbreeding annuals.

I therefore believe that associations of breeding systems and

generation lengths observed in Senecío may represent alternative

strategies to ensure fertilization.
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TheprimitiveconditioninCompositaeisapparentlyout-

crossing (stebbins 1958) and shrubiness or perennial growth forms

(Carlquist:.:gT6,CronquistLITT).Aperenniatandoutcrossing

specieswouldbed.isadvantagedinacolonizíngorunstable

situation,ifageatsexualmaturityhTasdelayed.However,by

reducing the age at sexual maturity to a level comparable with

thatofannualsrâiloutcrossingperennialwould.bejustas

effective (with the exception of single introductions) as a

colonizing species. hrith the evolution of inbreeding' fertiliza-

tion wourd be assured irrespective of rongevity so that annual

species could evolve without the risk of reduced seed set' The

four specÍes of senecio that are inbreeding and perennial

(rabte5.2)regenerateannualJ-yfromaperennialrootstock,and

may represent a transitional stage between outcrossing perennials

and inbreedíng annuals. One native species' Senecio gregorar t

isanoutcrossingephemeralbutthespecialízed'modeofseed

development, dispersal and germination in this species may

account for the maintenance of outcrossing and a short generation'

Although the association of outerossing with long generations

and inbreeding with short generations in senecio wotrld at first

appear to support the views of Grant (1958) ancl Stebbins (1958) 
'

the occurrence of both combínations in unstable environments

and unstable populations is contrary to the predictions of these

authors.Alternativestrategiestoassurefertilizationis'

I believe, a more likely explanation of the short-term advan-

tages J-eading to the selection of these associations in Senecio'

However, when chiasma frequency and chromosome number are also

considered, the long-term persistence of such associations may

well be explained by the advantages of restricting recombination

suggestedbyGrant(1958'Lg75)andstebbins(1958).
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5.3.5.2 Breedinq system and chromosome numbers.

Grant'(1958)observedthatlowerchromosomenumbersandout-

crossing were combined. in some species whereas high ehromosome

numbersandinbreedl.ngwereeombinec1inothers.r''@

there is no general relationship between ehromosome numbers and

breedingsystems (rig. 5.3), presumably beeause variation in

chromosome nurnbers is due to polyploidy and not to changes in

basic numbers.

In I975, Grant adcled a discussion of relationships between

Iow basic chromosome numbers and. breeding systems. Grant sug-

gested that reduced basic numbers should be prevalent in out-

crossing and heterozygous plants which place an emphasis on re-

stricted recombination. Predominantly self-fertilizing and

homozygousplantsshoulddisplayavarietyofhighandlow

ehromosome numbers. After surveying the cornpositae, Grant found

that all of the nine species with haploid' chromosome numbers less

than six are outcrossing. only one species included in this

study, senecio díscifolius from Africa, has a chromosome number

in the range specified by Grant. q. discifolius may have evolved

by aneuploid reductions in chromosome number (Chapter 6) and

supports Grantrs hypothesis as it has N = 5 and is outcrossing'

5.3. 5. 3 Breedinq system and chias¡na freguency.

The relationship between breeding system and' chiasma frequency

is fairly well established. Àssociations of high chiasma fTe-

quencies with inbreeding and low chiasma frequencies wíth out-

crossing have been observed in Sorghum (Garber 1950) t Lolium

(Rees and Thompson 1956), Crepis (stebbins 1958) I Limnanthes

(Arroyo Lg73) and Senecio (Gibbs et aI. 1975). The same relatíon-

ship occurs in Australian species of Senecio (Fig. 5.3).
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A few outcrossing species do have high chiasma frequencies, but

in these the chiasmata are localized and probably do not

effeetively increase recombination.

Although the relationship is established, hypotheses advanced

to explain the relationship vary consiCerably. Stebbins (1950)

suggested that high chiasma frequencies may evolve after the

evolution of inbreeding, to allow for the rapid reeornbination

of heterozygotes following occasional outcrossing. Inbreeding

populatíons, initially highly adapted to a particular environment

coutd therefore maintain some variation as insuranee against

long-term changes in environments. Arroyo (1973) found that high

chiasma frequencies evolved at the same tirne as inbreeding. As

íncreases in chiasma frequency may disrupt adaptive gene com-

binations, the evidence presented by Arroyo contradicts Stebbinsr

(1950) hypothesis that inbreeding evolves when highly adapted

genotypes are favored. Arroyo considered that inbreeding evolved

in Limnanthes to ensure fertilization, and that increased chiasma

frequencies arose at the same time to maintain genetic variability.

Reduced genetic variabilíty among inbreeding populations is there-

fore the effect of the evolutionary change and not its cause. A

more recent hypothesis by Rees and DaIe (I974) suggests that

increased chiasma frequencies are selected for, "albeit un-

conscÍouslyr " whenever disruptive selection for ext,reme pheno-

types occurs. Rees and DaIe present their own evidenee of

increased chiama frequencies ín Lolium and Festuca populations

subjected to artificial selection pressures, and the results of

Harinayarana and l4urty (1973) in which disruptive selection for

early and late flowering in Brassica is accompanied by increases

in chiasma fregueneies. Rees and Dale suggest that the high

chiasma frequencies observecl in inbreeding populatÍons and annual

species are in aII probability nrelics of the cytological
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prerequisites upon which their evolution was foundedr " and that

compensatory roles such as rapid recombinatíon of heterozygotes

are a "fortuitous bonus.n

Most species of senecio examined in this study are either

self-compatible with a high chiasma frequency or self-incompatible

with a low chiasma frequency. No intermediate eases were found

that would help to distinguish between the three above-mentioned

hypotheses. However, I believe the exceptional combination of

traits in Senecio gregorii lends support to the model proposed

by Rees and Dal-e (1974). 1. gregorii is a highly specialized

arid zone ephemeral that combines outcrossing with a high chiasma

frequency. Stebbins (1958) found that outerossing and short

generations $tere sometimes sonrbined' in populations fluctuating

greatly in size (e.g. in some species of Crepis and the tribe

Madinae)butinthese,temporarygeneticeonstancy!.'asachieved

by a low basic chromosome number and a low chiasma freguency.

However, S. qregorii is a tetraploid with 2N = 40 and has a high

chiasma frequeney. r believe the evolution of a high chiasma

frequency it 1. gregorii may have accompanied selection for an

extremely specialized reproductive strategy (as the model of

Rees and Dale $g74) predicts). The specialized strategy would'

increase the chance of fertilization (see Chapter 4.51 ¡ but the

very open recombination system oJ: 1. gregorii night also have

Ied to redueed population variability. This suggestíon is

supported by my preliminary observations of fiel-d populations.

Individuals show great developrnental plastieíty in size at

flowering in different environrnents, but very little variation

in leaf or capitulum morphol-ogy. If my predictions concerning

the evolution of S. gregorii are eorrect, then uníform and well-

adapted progeny may be produced because of very low population

variation, rather than by restrictions imposed by the
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recombination system. Although genotypícally less variable, the

progeny of g. gregorii may have greater develop:rentat plasticity

than the progeny of an inbreeding diploid âsr being tetraploidt

gene Loci may be fixed in a heterozygous state. I believe the

unusual combination of traits it 9. gregorii warrant further

st,udy, particularly by electrophoretic techniques, as these may

reveal reduced popuÌation variatíon ín an outcrossing speeies'

5. 3. 5.4 Generation lenqth anC chroÌnosome numtrel:.

Grant (f958) observed that among dicotyledons, the herbaceous

members have a modal chromosome number of \f = 7 while the woody

nembers of the same subclass have a mod.al number of |i[ = 14.

Grant listed the two factors as another example of a balance

between restricted and expansive regulatory factors. In Senecio

there is no correlation at all, as both annual and perennial

species occur at each ploidy level- (nig 5.3). However, Grant

described changes in basic ehromosome numbers, whereas the

changes in Senecio are due to polyploidy. Às polyptoidy will ín

many instances retard the expression of recombinantsr the re-

Lationship between breeding system and chromosome number observed

by Grant does not applY to Seneeio.

5.3.5.5 Generation lenqth and chiasma freguency.
(

In Senecio, high chiasma frequencies a.re found' in annual

species and low chiasma frequencies in perennÍa1s (Fig. 5.3).

Grant (1958, 1975) did not compare these factors, but in view of

the relationship, might have added them to his list of eornbina-

tions of restrictive and expansive regulatory factors. Using

the model proposed by Rees and Dale (I97A) it could also be

argued that the association of high chiasma freguencies with
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short generations is dtre to the specialized nature of the latter

(seepart5.4.5.4).Alternatively'therelationshipmaybeof

asecondarynature'.asmostannua1speciesof@"r"in-
breeders and most perennials are outcrossers' The significance of

this pairwise association therefore clepends upon whether inbreed-

ingorshortgenerationsevolvedfirst.Theintermediategrowth
formoffourperenniatbutinbreedingspeciesofSenecio
(Tab1e5.3)couldbeevidencethatinbreedingdid,infact'

evolve first. rf this is the case, then the eorrelations between

generation length and chiasma frequency may be seeondary'

5.3. 5.6 Chiasma fr equen and chromo 'some number The

Recomb ination Index.

Darlington (1939) combined the two quantifiable features of

chromosomes in a reeombination index - which is the hapl0id nurn-

ber of chromosomes plus the average number of chiasmata per cell'

The recombination index has not been widely used although it is

mentioned in a number of comparatively recent texts (stebbins

197I, t4ather I9?3, Grant 1975). ITor'rever, none of the authors

discuss sítuations in which the recombination index eannot be

applied.ItsrecentusebyGibbsetal.(1975)fallsintosuch

a categrorY.

GÍbbs et al. discussecl correlatíons between the breeding

systemandrecombinationind'exoffivespeciesofSenecio.

llowever, the three Outcrossing species examinecl were cliploi<1

(Nr = 10) and the two inbreeding species were tetraploid (N = 20) '

As the recombínation index of inbreecling species was tloubred by

chromosome number alone, Gibbs et aI. v,rere surprised to find that

the inbreeding species also had increased chiasma frequencies'

ïn view of the buffering effect of polyploidy (part 5'3'1'3) it is

most unlikely that doubling of chromosome numbers will double the
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recombination potential of these species. Increased chiasma

frequencies among inbreeding speeies will inerease recornbination

of oceasional outerosses, but as Rees and Dale (L974) suggested,

this effect may be a "kronusn for otherwise specialized popula-

tions with low levels of variability. I calculated the reeom-

bination index of each species includecl in this study (Tabte 5.3)

and beLieve that the values are very misleadinçt. For exampLe,

S. velleioides and S. ry- occur in similar habitats in wet

sclerophyll forests, are both outcrossing and are annual or short

Iived. perennial herbs. Both have similar chíasma frequeneies

but very different chromosome numbers. Because of the lattert

the recombination indexes are 50 for S. velleioicles and ]-32 and

139 for the two srrbspecies of 1. vagus - an alrnost threefold

d.ifference. Similar cbmparisons can be made l'retween species of

inbreeding annuals. I therefore believe that Darlingtonrs (1939)

recombination index should only be used when (1) basie ehromosome

numbers have been altered and (2) when chiasma frequencies are

altered by randomly positioned chiasmata. As ehromosome number

increases in Senecio are due to polyploidyr and chiasma frequency

Íncreases are caused in some cases by localized chiasmata, the

recombination index as proposed by Darlington (1939) is of little

value in this genus. Ilowever, if the recombination index could

be modified to account for autopolyploidy and all.opolyptoicly

(whleh brould. requlre a seeond in<lex of the degree of allopoly-

ploidy) then the recombination incl,ex might be found to correlate

more accurately when polyploid series are involved.
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5.3.6 Recombination sYstems in' 'sen'ec'io

In the previous section, faetors regulating recombination were

considered in a pair-wise fashionr âs this is the form in which

they most frequently occur in the literature. Pair-wise compari-

sons have led to considerable speculation coneerning the evolu-

tion both of Índividual factors and of commonly observed asso-

ciations of particular pairs. Ilovrever, such comparisons are only

truly valid if other regulatory factors do not vary, and all

factorsconsideredinthischaptershowsomevariationi'@.

Pair-wise eomparisons of factors in this genus may be useful in

determining short-term evolutionary pathways, but do not contri-

bute greatly to considerations of tong-term persistence of popula-

tions. The latter is best viewed ín the light of recombination

systems.

Reeombination systems of Seneeio (in terms of the four factors

considered in this chapter) are listed in Table 5.4. f have

provided a very simple index of the "tlegree of opennessn of each

system by scoring each of the four factors as "zeron if they

restrict recombination and "two" if they promote recombination

(see note below Table 5.4). The scoring of generation J-ength

and chromosome number have each been divided. ínto three eate-

gories. A eompromise was made with generation Iength. If

effects on reeombination are víewed ln terms of the age at

sexual maturity, then ephernerals would score two and annuals and

perennials would both score 0. However, in terms of longevity

ephemerals, annuals and perennials would seore 2, 1, and 0,

respectively. Neither system is entirely satisfactory in the ease

of Senecio. f aclopted the latter scores as they account for
species that do occur in stable environments. Chromosome numbers

in Senecio increase by polyploidy, and the effects on recombination
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Recombination Systems Found in Native

Australian Species of Senecio
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No. of
Species Index*System and Species

I. ephemeral, outcrossing, high e.P.**, tetraploid
's. qreqorii I

2. ephemeral, inbreeding

(octaploid.) s

, high e.F. , tetraploirl

. qlos'santhus

I

I 6 (4)

8

5

3. annual, outcrossing,

tetraploid.

low effective e.F.,

S velleioides 5t

4. annual, inbreeding, high C.F., hexaploid

g. sP. Br g. squarrosus, g. bipinnatisectus,

g. g!¡¡!ry' 9. Plgli!&ides, 9. glomeratus,

g. hispid.ulus, g. sPc

5. perennial, outcrossing, low C.F., tetraploid

g. lautus, q. spathulatus, S. maqnificus

q. amygdalifolius, S . macranthus

4

4

44

6. perennial, inbreeding,

g. quadridentatus, S.

high e.F., tetraploid

gunnii,

s a aff. apargiaefolius, e runcinifolius



Table 5.4 continued

System and. SPeeies

7. perennial, outcrossing, Iow C'F', hexaploid

c linearifolius q. sÞAr q. hy '
S. odoratusr S.

S. qawlerensis

cunninqhamii ,[. anethÍfol ius

8. annual, inbreeding, high C.F ' , d'ecaploid

S. biserratus

g. annual, outcrossing, low effective C'F'¡

decaPloid 9. vagus

10. perennial, outcrossing, low C'F', octoploid

S. Pectinatus

*Index of

each recombination sYstern

Scores: ePhemeral 2 outcrossing

annual I inbreeding

Perennial 0

high C.F. 2

low C.F. 0
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No. of
Speeies Index*

7 3

31

3I

2I

rdegree of openness" in four factors considered for

2

9

tetraploid. 2

hexaploid t

octoploid,/ 0

decaploid

**C.F. = chiasma frequencY
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will be opposite to those predicted by Grant (1958, 1975) ' As

tetraploidsrepresentthelowestploiclylevelinAustralia,I

have scored tetraploids and hexaploids as 2 and It and. octoploids

and decaproids both as 0 (the latter category is for convenienee

as few species are very high polyploids) '

only one speeies, Seneeio çlregorii' has a completely open

recombination system (index of B) vrithin the range of variables

examined. Grant (1958, Ig75) suggested that comparatively open

systemspredominateinstableandclosedhabitatsasreplacement

of individuals is limited and genotypic constancy will be brought

about by centripetal selection. However, s. gregorii oeeurs in

perhaps the most unstable environment consiclered in this stud'y

temporaryhabitatsofinlandd.ese::ts.BothGrant(1958)and

Stebbins(I958)predicted.thatinsuchenvironrn-entsrecombínatíon

shourd be very restricted. Àlthough contradictory in terms of

its recombination system, the situation it 9' gregorii may be

comparableintermsofprod.uctionofvle].1-adaptedgenotypes.

Grant(1958)commentedthatsomerestrictiononrecombinationis

universal, yet the system of g. gregorii is completely open in

termsofthefourfactorseonsidered.Itispossibtethatthis
,,excessivelyn oPen recombination has led to very reduced popula-

tion variability, and that selection has produced populations of

uniformry welr-adapted genotypes. !. gryrii rnay therefore

consist of locally very uniform populations producing generally

well-adapted progeny, but nonetheless capable of rapid recombina-

tion if dispersal or migration leads to interactions between

populations. If this is the case' then population studies of

S. gregorii using electrophoretie techniques may yield an

unexpected relationship between outcrossing and population

variability.
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Attheoppositeextreme,seneciopectinatusoccupiesacom-

parativelystabteenvironmentyethastheleastopenrecombination

system-againcontradictingthepredictionsofGrant(1958).

Although stable (in the sense of predictability and vegetation

type)thealpineenvironmentofS.pectinatusisextremelyharsh.

Insuchconditions,successfulspecieswouldneedtobevery

specialized in growth form and flowering times, and might not

benefit from the produetion of a large number of recombinant

genotypes.Themaintenanceofarestrictedrecombinationsystem

by g. Pectinatus may therefore be related to the stable yet

highly specialized nature of its environment'

Grant(1958)suggestedthatrecombinationsystemsrnaybeopen

or closed, but intermediate and restricted systems will usually

be advantageous as they combine immediate fitness with long-term

flexibility. If the advantages of particular systems are reflec-

ted in the survivorshíp of those systems, then Grant's suggestion

isgeneraIIytrueof@.ThemajorityofspeciesQ7outof

30)haverecombinationsystemsthatcontainabalanceofre-

strictive and expansive regulator factors (index values of 3'

4,and5).Althoughthecomponentsofthese..intermediate"

systems d.iffer greatly, the oceurrence of each type in similar

unstable environments suggests that their end effects on recom-

binatíon rates are comparable. rt is perhaps because of the

wide variation of regulatory faetors in seneclo that individual

factors do not behave as in less variable genera. For example,

inbreeding has been associated wíth unstable environments and

outcrossing with stable environments (Stebbins' 1958) t yet in

senecio both breedíng systems occur in unstable environments'

A possible explanation is that the effects of breedínqr systens on

recombination are balancecl by different combinatíons of generation

length and chromosome number, and that very different systems
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therefore produce the same end effect. In the previous chapter

I concluded that the diversity of reproductíve traits founcl in

seneeio probably represent alternative strategíes to achieve

reproductive success in a variety of unstable environments' I

believe a similar observation can be made of recombination sys-

tems in Senecio. Although very different in individual composi-

tion, the majority of recombination systems consist of a balance

between restrictive and expansive regulatory factors' The eom-

bination , for example, of either an annual growth form, inbreeding'

a high chiasma frequency and a hexaploid chromosome number or a

perennial growth rorm, outcrossing, a low chiasma frequeney and a

tetraploid chromosome number may produce similar effects with

respect to recombination. As both systems occur among species

capable of rapid colonization one can conclucle that both systems

are. equally successful in terms of the persistenee ancl multipliea-
'tion of popuì-ations.

5.4 Conclusions

The evolution of recombínation systems has in the past been

d.iscussed from two viewpoints; the selectíve advantages of

individual regulatory factors and the selective advantages of

combinations of regulatory factors. Lloyd (L979) considers that

in the first case, advantages are immedíate and therefore affect

individuals most strongty whereas in the seeond ease, advantages

are long-term and determine the relative Persistence and multí-

plication of populations. It would appear that disagreements

have arisen because of misinte::pretations of the two situatíons'

Arroyo (1973) and Lloyd (].g7gl, for example, argued against short-

term selection of individual regulatory factors such as breeding

systems and chiasma frequencies in order to optimize the rate of

recombination in a population, citing Grant (1958) and others as
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supportersofthisidea.Yetaslunderstandit,thetheoryof

recombination regulation proposed by Grant does not attempt to

explain short-term selective advantages of individual factors'

but rather, the advantages of combinations of factors in a

variety of environment'al conditions '

Comparisonsofpaírsofregulatoryfactors(asinSection5.3)

have been utilized to deduce the selective advantages both of

pairsandofindividuatregulatoryfactors.Presumablythe

greater proportion of titerature deals with pair-wise comparisons

as these províde a sirnple experimental system. R'elationships

between breeding system and chiasma frequency, for example' are

best deduced from species that have the same chromosome number

and generation length. As I have not fol-lowe<l evolutionary

changesinconsecutiveqenerations'myconclusionsaStowhy

individual characters or pair-wise associations have arisen are

speculative, and are based on the "k:est fit" of my clata with a

number of hypotheses. My conclusions are as follows'

The primitive breed-ing system in compositae is apparently

outcrossing (stebbins 1958) so that inbreetling is a derived

condition. r believe the most likely aclvantages leading to the

selection of inbreeding in senecio are a greater assurance of

fertilization and the retrieval of reproductive effort. Both

would be imporÈant for specíes of unstable environments' and in

either stable or unstable environments retrieval of reproductive

effort might become a causal factor if previously allopatric

populationscometogether.Inbreedingplantswouldthenbe

favoured as they would. produce less hybrid and potentially rn'al-

adaptedpro9eny.r[thecaseof@,Ibelieveitisun-

Iikely that ínbreeding evolved in unstable environments so that

uniform and well-adapted genotypes would be produced - as both

inbreeding and outcrossing species are equally suecessful in

these condítíons.
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Iligh chiasma frequencies ín senecio are apparently related to

two quite different factors. Firstly, Darlington (1965) suggested

that chiasma frequency is partly related to chromosome sizer âs

higher numbers of chiasmata may be needed to orient large chromo-

somes during meiosis. À number of outcrossing species of senecio

with very large chromosomes were found to have high numbers of

rocarized chiasmata whereas outcrossing species with small

chromosomes had fewer chiasmata. secondry, Rees and Dare (r974)

suggested that a greater number of rand'omly positioned chiasmata

are selected fot, "albeit unconseiously", whenever selection

favours an extreme or specíalized phenotype. This model explains

both the commonly observed association of hiqh chiasma frequencies

and inbreeding (a derived condition) in Senecio as well as the

high chíasma freguency of the highty specialized but outcrossing

ephemeral, q. gregorii.

carlquist (1976) and Cronquist {.:-g77) suggest that shrubbiness

is primitíve in the Compositae. In Senecio, shrubby (or per-

ennial) and annual species are equally suceessful in unstable

environments. Although most perennial- species are also out-

breeders, I believe their sueeess may be partly due to an ability

to flower in the first season. The evolution of annual and

predominantly inbreeding species may therefore represent an

alt,ernative rather than a more a<lvant,ageous strategy ín an un-

stable environment.

A11AustraIíansPeciesof@examínedandthernajority

of species from other parts of the world are polyploids ' The

complete absence of multivalents at meiosis in any of the species

examined suggests (but does not prove) that Australian species

of senecio are allopolyploids. If this is the case, then a

likely explanation for the initial success and spread of poly-

p1oidspecíesof@istheproductionofbothparenta1and
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novel multimeric enzymes. Novel characteristics would allow

species to spread outsiäe the range of their progenitors.

Thepersistenceofpopulationswithanyoftheabove-

mentioned characteristics will depend on long-term effects rather

than short-term advantages. Inbreeding, for exarnple, has been

found. to lead to reduced population variability. Inereased

chiasma frequeneies will initially promote reeombination but the

action of selection on recombinant progeny may also reduce popula-

tion variability. PolyploÍdy wiII have a bufferingr effect on

evolutionary changes as fewer homozygous progeny are produced in

any one generation. If a sudden environmental change favours

extreme genotypes, then polyploidy may be disadvantagéous as it

retards the process of seleetion. However, that same proeess

may be advantageous for fructuating populations in an unstable

environment, as it would reduce the chance fixation of und'esirable

genes in a homozygous condition. I therefore consider that

selective advantages that act either over a short period or a

long period of time need to be considered in a study of recom-

binatÍon systems. The immediate or short term effects of a

change in iegulatory factors wilt contribute to the ir¡nediate

fitness of a population whereas the long-term consequences of

combinations of factors will influence the flexibility and per-

sistence of that PoPulation.

In terms of persistence, Grant (1958, 1975) observed that

colonizing speeies or species of unstable environments most

frequently have restrieted recornbination systems and species of

stable and closed conununities are often characterizecl by more

openSyst,ems.MostÀustralianspeciesofseneeiooccurln

variously unstable envíronments and, as predicted by Grant' most

do have restricted recombination systems (neither fully 'open"

nor fully rrclosedr). However, the components of each
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recombination system are very different. outcrossing and in-

breeding species , for exarnple, are equally successful in unstable

environments probably because these regulatory factors are

balanced by other restrictive and expansive factors. A departure

from the predictions of Grant (1958, Lg75) and Stebbins (1958) is

found in senecio gregorii. This species has a verY open recom-

bination system yet occurs in unstable inland deserts' Both

authors suggest that in such envÍronments, recombinatÍon is

usually very restricted so uniformly well-adapted genotypes are

produced. However, if the "excessively" open reeombination

systemofl.g@1.l.has}edtoreducedwithin-population

variability, then this species may also produce uniformly well-

adapted genotYPes.

The most unusual aspect of thís study of recombination

systems is that chromosome numbers vary by polyploidy' 1o my

knowledge, the only previous study including polyploid'species

in an investigatíon of recombination systems was by Gibbs et al',

(1975), but I believe the results were misinterpreted as in-

creases by polyploidy h¡ere treated as ehanges in basic chromo-

some numbers. Recombination wilt be restricted both by increases

in ploidy levels and by decreases in basic chromosome numbers'

The predominance of polyploidy among Australian species of

senecio might therefore be equated with the predominance of

aneuploid reductions among annual species of cichorieae

(Stebbíns 1958). Both grouPs occur in unstable environments and

both have restrictecl recombination systems '
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6.1 Introduction

Amongeukaryotes,thehaptoictDNAcontentpernucleus

(C-valud varies from 0.005 picograms (pg) in yeast (Sokurova 1973)

to 2OO pg in the dinoflag ellate Gonyaulax (Holm-Hansen 1969) -

a 40r000-fold range. sparrov¡ et aI. o972) found only a very

general positive cofrelation between DNA amount and evolutionary

advancernent. For exampJ-e, Þrokaryotes generally have less DNA

than eukaryotes. However, there are many instances in which less

advanced organisms have as much if not more DNÀ than advanced

organisms (Price 1976). It is therefore evident that DNA content

is not necessarily correlated with evolutionary advancement or

structural complexity, a phenomenon termed the "C-value paradox"

(Thomas 197I).

Estimates of the number of structural genes expressed in

different eukaryotes vary from 4000 to 50t000 (Hereford' and

Rosbash 1977, ohata and Kimura Lg7L, Kiper et aI. 1979). Tf an

average gene length is taken to be Ir40O nucleotides (xiper et al.

llgTg) and I picogram is equivalent to 0.965x109 nueleotides

(Bennett and smith 1976) then an organism wíth I picogram of DNA

contains 70OrO00 gene-sized units. It would therefore appear

that at most only 108 of I picogram of DNA is expressed, and that

the bulk of nuclear DNA does not code for proteins. Similar

considerations have led to suggestions that most of the eukaryotic

genome contains "junk" (Ohno Lg72) , has "no function" (Gierer

Lgl4) , is ',selfish., (Doolittle and Sapienza 1980) or is "parasitic"

(orgel and crick 1980), and that natural selection acting on

phenotypic characteristies is relatively unimportant in deter-

míning c-values. Instead, it is argued that there is a tendency

to acquire DNÀ that is indepenclent of natural selection.
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AccordingtoCavalier-Smith(Lg77)andDoolittleand'Sapienza
(1980) the genetic unit involved is a transposon or translocatable

geneticunitthatcontainsinvertedrepeatsequeneesseparatedby

aspacer.Theentireunitistransposahrleandcanapparentlybe
inserted anlnr.rhere in the genome' Doolittle and Sapienza (1980)

suggestthat.,transposabilityitselfensuresthesurvivalofthe

transposable element, regardless of effects on organisma} pheno-

typeorevolutionaryadaptability,'and.that.'aseguencewhieh
spa!.¡nscopiesofitselfelseqlhereinthegenomecanonlybeeradi-

cated'bysimultaneoLlsmul.tipledeletions.''orgelandCrick(1980)
consideredthattheselectivedisadvantageofonesequenceof

10oo base pairs would. be only 10-6 and would therefore require

106 to 108 years to be eliminated' by competítion' The concept of

,,selfish,, or ,,parasitic" Dl'ÌA is therefore thought to explain the

C-valueparadoxintermsofauniversaltendencyforDNAamounts

to inerease and setection against such increases' particularly in

rapidlY growing organisms'

ÀnalternativehypothesisproposeclbyCavalier-Smith(1978,

1980)isbasedonobservationsthatDNAamountsaffectcellsi-ze,

cel].cycletimesandminimumgenerationÌength-collectiveJ-y

called nucleotypic effects by Bennett (Lg72) ' Cavalíer-Smith

suggests that }arge ce1ls actually require more DNA than do

smaller ones. By his theory ít is the "extra replicon origins

notthetargenueleusroflargergenomeassueh,whichinereases

ceII size: What the c-value controls more clireetly is the nuclear

volufne.', The importance of "selfish" DNA is that it provides the

variation upon which nucleotypic selection acts' cavalier-smith

suggests that seleetion for dj-fferent cell sizes and çrrowth rates

(as in r- and K-selectíon) are aceonpanied by selection f'or dif-

ferent numbers of replicon origins and nuclear volumes' Natural

selection therefore controls DllA amount through the effeets of the

latter on phenotypic charaeteristics'



280

The above-mentioned hypotheses are similar in a number of

respects. Both suggest that selection within the genome (intra-

genomic) for transposable DNA provides the basis for changes in

DNA amounts. Both also suggest that natural selection acting on

the phenotype will ultimately determine DIIA amounts ' Flo\.ever '

the theorÍes differ substantially in their ernphasis' The theory

of ,,selfish,, or ,,parasitict' DNA suggests there is a universal

tendency for DNA amounts to inerease by non-phenotypic selection

whereas Cavalier-Snith (1978) suggests that increases and de-

creases in DNA amounts are both the product of natural selection

acting on the phenotype. Furthermore, the first theory supposes

that selfish or non-specific DNA has no function, whereas the

second suggests that non-specifie DNA has a nucleotypic function

that is, the control of cell size and cycle time'

In this chapter I intencl to examine DNA amounts in senecio

with respect to nucleotypic effects and environments, and to see

if it is possible to distinguish between the two hypotheses'

6.2 Materials and Methods

6.2.L Sourc e of l'taterial

only one population of each taxon was included in this in-

vestigatíon. Populations correspond to collection numbers listed

inTab1e5.2.AsingIeseedbatchofPísum@cv.Massey

Gem was used as a standarcl in alt DNA determinations' Hordeum

vulgare labelled ncape barley" t¡/as later included to compare

standards. seeds of both were obtained from I4.F. Hodge and sons'

Pty. Ltd.., Adelaide, South Australia'
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6.2.2 Feulgen 'Stain' and' S Water

Leuco-basic fuchsin gives a purple colouration when it

complexeswiththeald'ehydegroupsofnneandRNA,butthelatter
isremovedbyacidhydrolysis(BennettandSmith19T6).The
method,firstdescribedbyFeulgenandRossenbeck(L924),is
known as rFeulgen-staining" or"Feulgen microdensitometrY"

Leuco-basic fuchsin stain and surphur dioxide water (soz water)

werebothpreparedbymethodsdeseribedbyDarlingtonandLaCour
(1976,p.115).BasiefuchsinfrornBritishDrug}IousesLtd.,

Englandr v¡as used in all stain preparation' The stain was

stored in a tightly stoppered bottle in the tlark at 4oc, and

was reused for a maximum of four weeks' So2 water was mixed

freshly for each DNA determination (set of 6 slides) '

6.2.3 CuItivation

Primary roots from germinating Senecio seeds were in most

cases extremely small whereas larger roots we]:e prod.uced by

plants4-Sweeksold.Severalplantsofeachtaxonwerethere-

foreraised'inlO-cmpotssetintraysofmoistvermieulite.

collections were made when roots began to emerge from the clrainage

holes. seeds of Pisum sativum l'/ere soaked overnight in water and

sovrn in 15 cm pots of moist, vermieulite. colleetions $tere mad'e

8-10 days after germination when priÍn'ary roots were approximately

6cmlong.Allmaterialwasmaintainedinaglasshouseata

temperature of 22oc.

6.2.4 Preparat ion of Slides

The schedule for slide preparation and staining is summarized

in Table 6.f . The method (adaptecl from Martin and llayrnan (1965)

and l'lartin (L974)) aims to minimise experimental errors by

includíng an internal standard on each slid'e, and to minimise



TABLE 6. ].

Schedule for Preparatíon of Slides

for Feulgen MicrodensitometrY

Root Tip Pairs

Coltected into 3:1 alcohol:acetic acid
709 alcohol at 4oC
509 alcohol
308 alcohol
Distilled water

lN Hcl at 2O-25oC (room temperature)
Distilled water at 4 C

Squashed in distilled wat er
óðvàrsrips ,"*ã"ãa afrer freezing rvirh licuid co,

SIides

Absolute alcohol
90* alcohol
70t alcohol
50t alcohol
308 alcohol
Distilled. water
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Time

8 hours
16 hours
2 minutes
2"
2"

45
I
3

minutes

I20 minutes

n

ll

ll

lt

lt

ll

n

n

2
2
2
2
2
2

n

It

ll
t!

ll

Leuco-basic fuchsin
so^ I
soí 2
Soz 3
Pistilled water t
Dístitled water 2

(in dark)

30S alcohol
509 alcohol
70t alcohol
90t alcohol
Absolute alcohol I
Absolute alcohol 2

10
IO
10

2
2

2
2
2
2
2
2

2
2

Xylene I
Xylene 2
uåunted in XAM Neutral tfounting Medium

ll

lt
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position errors by alternating the position of standard and test

cells on each slide. Root tips from the standard and test species'

sufficient for one sride, were fixed simultaneousry in one vj'a1

andwerethentreatedtogetherthroughouttheschedule.RooÈ

tips $Iere identified by cutting them to different lengths' As

six slides were prepared for each determination, six duplicate

vials of root tiPs were collected'

srides were marked with a diamond pencir so that standard and

tesÈ preparations alternated in position as follows:

slide t Sl Tt slide 3 S¡ T3 slide 5

slide 2 slicle 4 Ta S4 slide 6 Te se

Root tip squashes $tere compteted in the order indicated (i'e' sl-

TI T2 SZ Sg T¡ ete.) and slides were processed in sequence

throughout the treatment. contents of each vial were processed

at 3-minute íntervals to a1low for the time reguired for root-tip

squashes. At completion, slid.es htere stored in the dark for a

minimum of three days and a maximum of two v¡eeks before DNA

amounts were measurecl .

6.2.5 Measur ement of DNA Amounts

Relative DNA amounts of prophase nuelei (4c stage) were

measured usÍng a Barr and Stroud inteqrat'íng mÍcrodensitometer

cN 2 (Deeley 1955) set to a wavelength of 5480 R' Id'enticaL

control settings were used throughout the study to minimise

experimental error (first field stop -10X, absorption range -20 '

extinction coefficient 0.5). The relative DNA amount of each

cell was d.etermined by firstly measuríng the cell and then an

adjacent blank background region three times in rapid succession'

CelI values are therefore the average difference between three

pairs of readings. Fifteen eells were measured for each coverslip,

ss T5

Tz s2
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atotalofg0cellsforboththestandardandtestspecies.

Bennett and Smith (1976) observed that DNA amounts tend to be

underestimatedtryFeulgenmicrodensitornetryasDNAd'ensity

increases. For this reason mid-prophase cells vtere alvrays

chosenandtaterprophaseorrnetaphasecellsavoiced.Ce}Is
withmostofthenuclearmaterialclumpedinoneregion,with

brokencellwallsorrvithapparentlyforeigninclusionswerealso

avoided.

6.2.6 AnaIYsis of Results

A Fortran computer program written by N' G' Martin (Martin

Lg14)wasusedtocompleteananalysisofvarianceforeachset

ofsixslid'esandtocalculatetheratioandstandarderrorof

thespeciesmeasured.I\bsoluteDNAamountsforeachtestspecies
h'ere<leterminedbymultiptyíngtheratioanditsstandarde]:ror
(always relative to !!g sativum) by 19'46 - the 4C DNA amount

inpicogramsca1cuIatedfor3g@cv.MinervaMapIeby

Bennett and Smith (19?6) ' An example of the program output is

shown in Table 6'2'

Theanalysispartitionsvariationbetweenspecies(Pisum

sativumand.thetestspecies)betweenreplicateslidesandwithin

roottips.Asignificantdifferencewasoftenrecordedbetween

slidesínilicatingrealvariationinstainingprocedure'However'

this was not important as the interactíon mean square (between

slid,es and species) $/as generally neqligibte (P>'05 ) '

6.2.7 lvsis T imes and Root Tip Size

Bennett and Smith (1976) observed that reducecL staining

intensity can be caused either by insuffíe

hydrolysis of material' An optimum hydrol

íent or bY excessive

ysís time was therefore

S1ides \^tere PrePared bY

determined using Senecio riden tatus.



TABLE 6.2

Sample Output of Program DNA; An Analysis of Variance of Original-

SENECIO 8IP¡NNÅTISECIUS YERSUS SfANO^RD (PISUIt SATIVUIII

IIICRODÊNSITOITETER READINGS

Measurements

43 6
SLIDE
SPECIES B

30 .7
30.8
28.2
29.7
31.7
28.3
30.5
31.2
27.'
?ø.7
31.0
?9.7
27.7
29.O
¿8.8

29.6

.o46

15

Â

?2.6

.L¿4

15

I 2

18 .7
2t.5
2 0.0
2 0.8
20.7
19.3
20.8
20.7
20.2
2;O.2

2 0.6

.052

I5

18.8
19.0
2L.2
23.0
22.3
22.O
22.7
18. I
25.2
?4.7
23.3
29.7
24.2
22.5
zr.l

29,2
l2.o
29.'
31.5
31.0
3I.8
32.5
30 .0
31.0
30.2
30. 8

28,5
30. 5

30.8
?8.2

20.5
?o.2
?1.7
23.2
z?.7
20.7
22.7
zl .8
24.O
22.8
20. I
22.8
22.7
22.7
2?.7

2?.4

. o60

t5

3t. 3
3l .3
30. 2
29.0
30. 3
30. 3
3¡.. 0
29. 0
3r. 3
30. I
30. 2
31. 0
31. 7
33.2
31. 7

31. 0

.o4 5

t,

19.3
18.3
18.7
20.2
I9. ?
17.5
18.0
17.7
18.6
17.8
18. z
Ll.7
I?. ?
2L.2
17. ?

27.7
26.?
2ó.8
30 .3
zô.3
25.4
30. 5
zr.?
26.7
29.7
28.8
29.2
2 ó.8
25.8
25.4

21.2
22.7
22.7
2L.7
20.7
20. 8

2L.2
19. B

2?.O
2?.5
?4.O
19.O
r9.I
19.7
?o.5

l

2L.4

.069

15

29.?
25.2
30. 3
25.3
26.7
?6.7
29.8
?7 .7
26.7
?8.5
28.?
27 .8
¿9.1
30.3
28.5

20.8
20.3
23.O
2L.7
2L.2
20.8
20.7
2 r..3
22.7
22.O
20.5
20.7
?2.3
19.5
2L.7

2s.5
30 .3
30.7
2ó.8
30 .3
30 .8
30.0
3O.5
29.3
28 .8
28.7
31.7
29.O
30.?
29.5

I

29.7

.0 {l

I5

B B A B
A

¿t.2
?L.?
19.8
2L.t
20.2

fiE Al¡

c.v

NU}IBÉR
RAIIO .6970 .74L2

¡EÂN RATI0 lA/Bl. .7tBt +- .00ó3

30.5

.0,r1

15

279.5{18
307t.373{

22.?489
386.1ô5 3

' 55.908{
307{.373t

4.{{98
2.2986

I8.ó

.059

15
.6783

2't.1228
13 37. {9 6¿r

r.93 59

23,6822
t302.2721

-.0000
-.0000

27.4

.0ó8

I5

28.2

.o52

l5

21.3

. ot5

l5

D.F. SUIIS OF SAUÀRES I'IEÂN SAUARE F VÀLUE

.75ól .7I ê3

PROB F ( NO TNTERACT TON I PROB

.7221

BETI{EET{ St IDES
BET}IEEN SPECIES
INTERACT ION
IIITHIN SAI,IPtES

TOTAL 179

TIEAN OF SPECIES 1

NUt'IBER'90
21.1{

llEÂN OF SPECIES 2' 29,qO
l,lUnBER'90

5
I
,

ló8

.0000

.0000

.0909

N
@(¡

3762.3295



286

the schedule given in Table 6.1, but hydrolysis times were varied

froml0tol20minutes.Theeffectofroottipsizewasexamined

atthesametimebyusingonelargeroottip(lnmdiarneter)as

the standard and three smaller root tips (0.3-0.5 nun diameter) as

the test. Measurements of absorbance in arbitrary units indicated

that maximum absorbance was reached. after 35 rninutes, and was

maintained until 80 m'inutes after whieh abosrbance decreased'

No significant dÍfferenee was found in the absorbance properties

of cells from dífferent sized root tips. Although a broad range

ofhydrolysistimescould'beusedrâDhydro}ysistimeof43

minutes (at 22oc) was finally chosen as maceration and squashing

of material treated for this period produced fewer damaged cells'

6 .2.8 Selection of a Calibration Standarcl

Bennett and Smith (1976) listed eight species with 4c DNA

amountsrangingfroms.SEto69.2Tpicogramsasca].ibration
standards.TodeterminethesizeofDNAarnountsi'@,

Pisun sativum was arbítrarily selected as

with three morphologically diverse specíes

S. quadridentatus and 1. pterophorus - known to differ in chromo-

some number. DNA amounts Were found to be !7.92, ]-2'75 anð' 4'22

respectiveIy,re1ativetothel9.46pico9ramsofPisum@.

IndescendingorderofDNAamountsPisum4isseventhÍn

the list of Bennett and Smith (1976) and Senecio vulgaris (5'88

pitograns) ís eighth. 1. vulgaris occurs as a garden weecl in

Austraria, and from preriminary results appeared equalry suitabre

as a calibration standard. llowever, I found scanning of cells

with less than 10 picograms of DNA per 4e nucleus very tíme

consuming as the nuclei are only faíntly coloured' rD view ol1

the number of slides and cells to be measured gg g@ was

therefore selected as the calibratíon standard.

a standard and comPared

S. hypoleueus,
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6.2.9 CeIl Volumes

Timedidnotpermitcriticalestimatesofcellvolumesby

sectioningtechníques'Instead'volumesofroottipcellsat

mid prophase !{ere examined on slides used for DNA estimates'

vorume was crudery estirnated as rength x width 2 fot 10 cerrs

fromeachofaselectionofspeciesvaryinginDNAamountsper

nuc}eusandpergenome.Valuesarelikelytobeoverestimated

asslightsquashingwou}dhaveinereasedcelldimensions.I{owever,

itwashopedthattheerrorfactorwouldbeproportionalincells

of dífferent sízes'

Pollengrainvolumewasestimatedfromcelldiameters'ex-

cludingttreexinesoastoavoíderrorsduetosurfacesculpturing.

6.3 Results and Discussion

6.3.1 Termíno Ioqy

DNA amounts estimated by Feulgen mierodensitometry are usuarly

exPressedasuc'values'aconceptintrod'uced'bySwift(1950)to

avoidconfusionwithchromosomenumbers.ThelcDNAamountofa

speciesistheDNAcontentoftheunreplicated.haploidchromosome

complement.Cellsatmitotictelophaseorearlyinterphasehave
2cDNAamountswhereasprophasecells(containingduplicated

chromosomecomp}ements)have4cDNAamounts.DNAamountsob.

tainedbychemicalext'ractíonaregenerallyexpressedasamounts
percell,andusuallycorrespondmostcloselywith3cDNAamounts
(Vanlttlof1965,Bennett:.lg|2).Ihaveavoidedtheuseof',DNA

amountpercell"randinst'ead'havediscussedDNAamountsin

termsoftheir4CvalueasallmeasurementsvJeremadeofprophase

cells. DNA amounts per genome are also discussed' and correspond

totheDNÀamountofthebasicchromosomecomplement.Ina

diploidspeciestheDNAamountpergenomeísequivalenttothele
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DNA arnount, but the latter must be divided by 2 fot a tetraploid

by3forahexaploi.d.and'by4foranoctoploid.AsanexalîPlel

the basic chromosome number of 9@ i= lo ' A tetraploid

(2N = 40) wiÈh a 4C DNA amount of 12 pg has a Ic DNA amount of

3 pg and a DNA amount per genome of 1'5 pg'

6 .3.2 ComParisons of Ca libr ation Standards

AlthoughPisumsativurnwasused.asastandardthroughoutthis

study,oneofthetestspecies,seneciovulgaris,isalsoliste<l

asacalibratÍonstandarclbyBennettandsmíth(1976).Itwas

thereforepossibletocomPareanobservedandanexpeetedratio

of means. Bennett and' Smith (1976) calculated 4c DNA amounts of

PisumsatÍvumanclseneciovulgarisrelativeto4liuncepaand

obtainedvaluesof19.46+0.30pgand5.88+0.22pg'respectively.

Theexpected'ratioofSeneciovulqarisrelatívetop-iquq-tivum
wasthereforeo.3o22bu-theobservetl'ratiowas0.4020.The4c
DNA amount carculated for @ vulgaris in this study was

0.4020 x 1g.46 = 7.82 + o.09 P9r which differs signifícantly

(P<.OOI) from the 5'88 pg calculated by Bennett and' smith'

ResultsintticatedthateithertheDNAamountofPisumsativumor

of Senecio vulqaris differed from listecl values '

Hordeum@wasthereforeintroduced.asathirdcalibration

stand'ardandcomparedonthesalnestidefirst'withPisumsatívum

and.thenwithSeneeiovtrlgaris.A<llreeteomparlsonofPisum
sativurn and æ19 vulgaris was also repeated' Forms and

varieties compared in this stud.y are compared wíth those used

byBennettandsnith(1976)inTable6.3.Asnoneofthevarieties
correspondritwasnecessarytoassumethatDNAamountsdidnot
differsignificantlybetweenvarietÍes.Tab1e6.4gívestheDNÀ
amountofeachspeciescalculatedrelativetotheothertwo
standards ' DNA amounts calculated for ry sativum and @



TABLE 6.3

Forms and' Varieties Used' as Calibration Standards

Bennett and Smith (1976) Present StudY

PBI PoPulation

cv. Minerva MaPIe

cv. Sultan

TABLE 6.4

DNA Amount of Each Calibration Standard

Relative to the Other T"t'ro

Standard DNA amount relative to
alue* S. vulqaris P. sativum

289

Adelaide HiIIs no'ML566

cv. MasseY Gem

"Cape barleY"

standard
H. vulgare

Species

Senecio vulqaris

Pisum sativum

Hordeum vul are

Standard 4C DNÀ V

s

I
H

vulgarís 5.88 t 0 .22

19.46 + 0.30

22.24 J 0.57

14.89 t 0.23

7.76 + 0.12

8.02 i 0.09 20.20 + 0'28

16.30 + 0. 12

2!.54 + 0.26
sativum

vulgare

* from Bennett and Smith (1976)
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vulgare using Senecio - as the standard both differed

significantly (P<.00I) from amounts listecl by Bennett and Smith

(1976). However, when Pisum satívum and $]9gg vulgare were

compared directly, the mean ratio and. therefore the ealculated

DNA amounts did not tliffer significantly (P>.05). Results there-

fore indicated that the DNA amount of S. vulgaris calculated in

this study differed significantly from the listed value. There

are three possible reasons for the discrepancy.

1. The use of a calibration standard v¡ith a very different

DNA amount (Allium g,3, 4C DNA = 67.00 pg) led to underestimation

of the DNÀ amount of Senecio vulgaris by Bennett ancl Smith (1976).

2. The use of rrhotrr hydrolysis (fO minutes in IM HCI at

eOoC) by Bennett and Smith (J.976) may have caused underestimation

of the DNA amount of Senecio vulqaris. Decosse ancl Aiello (1966)

and Fox (1969) have shown that cold hydrolysis (45-60 minutes in

IN HCl at 22oC used in this study) is more reliable and has less

critical hydrolysis times than hot hydrolysis.

3. The population os q. vulgaris examinecl in this study

has a different DNA amount to the population testecl by Bennett

and Smith (1976). Direct comparisons on the same slide of the

two populatíons of g. vulqaris r^rould indicate if the different

DNÀ amounts are evidence of intraspecífic variat,ion or instead,

of different experimental methods.

6.3.3 Reliability of DNA Estimates and Size of Siqnifieant

Differences

In most instances only one estímate of DNA amount was made

because of limited time. An indication of the reliabílity of

estimates is therefore useful. During comparisons of calibration

standards (Sec. 6.3.2, the 4e DNA amount of Seneeio vulgaris was

estimated in three independent trials (rable 6.5). There are no

significant differences between the estimated values (P>.05).
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TABLE 6.5

Independ.ent Estimates of the 4C

DNA Amount of Senecio vulgaris

4C DNA amount relative to standardRepIÍcateStandard

Pisum sativurn

Uordeum vulqare

I
2

I

7.'i-6 J 0.I2

7.80 + 0.09

8.02 + 0.09

Estimates of DNA amounts were also repeated for S' ificus

and S. velleioicles. Although superficiallY similar, S. magní ficus

has a chromosome number of 2N 40, whereas s. velleioides has

2N=38.If1.vel'leioídesisananeuploidderivativeof

s. maqnifÍcus then DNA amounts should be about equal if chromo-

somesfusedorlessi'l.velleioidesifachromosomepairwas

lost.Ho$Iever'the4cDNAamountofS.velleioitteswascalculated

to be 33.05 + 0.23 pg - 1'35 pg greater'than that of 1'

(31.70 +0.I5 pg). As the result appeared to be unusual'

estimate was obtained by comparing !!. magnÍficus and s'

directly (i.e. not relat,ive to E;!g satÍvum) ' The mean ratio

veI teioídes obtained bY direct

nificus
a second

ve Ileioides

of g. magnifÍcus relative to 1'

comparison was I.0525 J 0'0083' and the ratio obtained by comparrng

each with Pisum g!!g9g vlas L'0630 I 0'0070' The two are not

significantly different (P>0'05)'

Thetwoinstancesofreproducibleresultsmentioned'aboveare

índicative that other estimates of DNÀ amounts are reliabLe'

Reliability is also suggested by the very similar DNA amounts

calculated for the closely related native discoid species and for
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annuar species of the erechthitoid group (Tabre 6'6)'

Bennett and Smith (1976) estimated that DNA of species with

amountsof0.5to2.0.tímesthatofthestandard'speciesare
probablyaccuratetowithins-Ios.However,theirrnethoddidnot

include an internal standard' A large proportion of species of

Seneciohave4cDNAamountsofaboutlspgand-standarderrors

of0.Itoo.2.UsingaStudentsttestdifferencesof'about0.5pg

are therefore significant at the 5g tevel, which suggests that

dÍfferencesaslowas3tcanbedetectedbythemethodusedín

thisstudy.Similarpercentagedifferencescangenerallybe
deÈectedforspecieswithlowerandhigherDNAamounts.

6.3.4 Inters fie Dif ferences r-n DNA Amounts

Nuclear DNA amounts of 34 species of !:::4t Arrhenechtites

mixta and EiechtiG valerianaefolia are given in Table 6 ' 6 '

Variationisalsoillustratedbychromosomecomplementsshownin
Figures 6.I and 6'2'

amounts Per 4C nucleus

42.90 Pg in 1. g'

There is a 10.2-fold d'ifference in nNA

from 4.22 Pg i" !gþ teroPho rus to
,

As chromosome numbers vary from 2N = 10 in

S. discifolius to 2N = lOO it 1. biserratus a lo-fold difference

might be expected by polyploidy alone' However, DNA amounts Per

set of I0 chromosomes vary from 0'84 pg it 1' lossanthus to 7'13P9

in S. discifotius an 8'5-fold difference' In nearlY al} sPecies '
iscifolius with

I0chromosomesrePresentonegenome,butS.
d

2N = 10 has a genome of 5 chromosomes' DNA amounts Per genome

therefore vary from 0'84 pg it 1' glossanthus to 4'69 p9' in

s. macranthus a 5'6-fold difference' It is therefore apparent

an"-r-**'n is caused both by poryproidy an<l by changes within

genomes.

DNAamountsper4Cnucleushavebeenreportedwhichindicate

a five-fold difference in Anemone (Rothfe1s et al' 1966) ' 3-fold



TABLE 6.6

DNA Amounts Per 4C Nucleus and per Genomet

Haploid Chromosome Number' Longevity' Breeding System

and Morphological Grouping of 34 Species of Seneciot

Arrhenechtites mixta and glechtites valeri anaefolia

(collection numbers as in Table 5.2)

293

2N LongevitY
Species

Senecio magnl- ficus

4C DNA amount
+ standard erro

(Pícograms)

3I.70 + 0.15

33.05 + 0.23

31.09 + 0.14

26.87 + 0.21

37 .48 + 0.24

DNA Per
r senome (x=10

ór *x=5)

GROUP 1A - Radiate species with continuous
stigmatic surfaces

3 .96

4.24

r.95

3.36

40

38

80

38

40

P

A?

P

P

P

A?

c pect,ínatus

g.

Þ.

lifolius
4.69

1. 35

1. 33

1.27

1. 34

1.23

1.54

0 .84

0.93
L.5'l
1.06

*3.57

98

40

40

40

40

40

40

s eglandulosus 42.90 + O'46 2.19

cRoUP 1B - Radiate specie-s with discrete
stigmatic surfaces

10.8I J 0. 12
A

P

P

P

P

P

E

E

E

E

E

5sbsP.

subsp.

subsP.

dissectí
marít,imus

alpi nus

subsp. lanceolatus 
g'79 + 0'09

S . SPâ thulatus L2.28 + 0 .I1

folius 10.63+ 0'11

10.19 + 0.07

I0.74 + 0.09

6.7L + 0 .06

14.95 + 0.J-3

l

o.r2
0.05
0.r2

40

80

40

20

10

I
g
g

.9 regorii 12.55 !
4.22 i

L4.27 t.d ísci folius* *



294

Table 6.6 continued

Species

c h leueus

c odoratus
var. odôratüs 18.14 t 0.09

18.18 t o.1ovar. obtusifolius

S. cunninqhamii
var. cunninghamii 18.90 + 0.1r

var. A r8.61 t 0.18

c ane thifolius 17.35 t 0.10

c ga erensl-s 20.39 J 0.I5

7 .82 t 0. 07

c linear ifolius
var. 1 inearifolius 18.02 + 0.15

16.62 ! 0.10

L8.7 4 t 0.I4

18.03 + 0.I2

2N LongevitY

GRoUP2A-Diseoidspeeieswithoutmarginal-rayflorets
I7 .g2 ! 0.15 I.50 60

4C DNA amount
+ standard error
-. (picograms)

DNA per
genome
(x=10 or
*x=5)

I. 50

I.38

1.56

1. sr

P

1.51 60

L.52 60

1.58 60

1. 55 60

1.4 5 60

1.70 60

0.98 40

.) Oq 20

P

P

P

P

P

P

E

P11.78 + 0.08

cRoup 2B _ Díscoid species with margínar ray frorets

var. A

var. B

!. sP A

(alpine)

(Grampians )

60

60

60

60

P

P

P

P

P

P

P

P

GRoUP 3A - Erechthitoitl species, perennÍals,
achenes slencler

quadrÍdentatus L2.75 + 0.07 1.59

14 .04 t o.1B L -7 6

g

E aff. aparqÍaefolius 14.I0+0.1I L.77
S. qunnii

40

4o

40

40s. runcinifolius 16.15 + o'09 2'02
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Table 6.6 - continued

4e DNA amount
* standard error

(picograms).

DNA Per
genome
(x=10 or
*x=5 ) 2N LongevitY

Species

GROUP 38 - Erechthitoid species' annuals'

Sp. B 19'94 J 0'11 1'66 60

ssuarrosus 19'81 t O'21 I'65 60

pibinnatisectus 13'98 + 0'14 1'17 60

minimus 19'82 J 0'14 1'65 60

picriclioides 19 ' 68 i 0 ' J'0 1' 64 60

qlomeratus 19'IB J 0'09 1'60 60

S.

S.

q.

e

q

c

g.
v

achenes PlurnP

A

A

A

A

A

A

va

g.

g.

hi spidulus
âr. hi sp idulus

f. dis seetus

19. rl J 0.13

19.41 J 0.11

20.!2 t 0.14

25.2',7 t 0 .15

1.60 60

L.62 6 o

1.68, 60

L.27 l-00

1.76 l-00

sp. C

bi serratus

A

A

A

A

Other Genera

Arrhenechtites mixta 35'08 t 0'23

Erechtites folia* * 25.02 J 0'16 3'13 40
valer anae

A

A

**Species not native in Australia

Symbols: E = ephemeral, A - annual' P = perennial'
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in Allium (Jones and Rees 1968) and in T,athvrus (Rees and

Hazarika 1969) ' 6-fo Id in Aeqitops (ruruta 1970) and in Vicia

(chooi 197I), 3-3-fold in Ranunculus (Goepfert :-g74l ' 9-fold in

Bromus(Bennettand'Smith]:916)and'IO-fold'inCrepis(Jonesand
Brown 1976). Genomic differences could not always be deduced

fromvaluesgiveninthepaperslistedabove,butaverageDNA
amounts per chromosome could be caÌculated'' Average DItrA amoUnts

per chromosome in senecio vary from 0.084 pg to 0.713 P9r an

g.S-ford difference exceeded only by a lz-ford difference in

!;4.Whencomparedwithothersurveyedgenerathevariation
in DNA amounts Of seneeio is therefore comparatively large'

6. 3.5 Intraspeeific Var iatio n in DNA Amounts

Although large differences in DNA amounts have been reported

betweenrelated.species,itisgenerallycons5-deredthatDNA

arnounts wíthin a species are constant' (Boívin et aI. 1948r MirskY

However, provided that some changes

then it is intuit'ívely obvious that
and Ris 1949, Swift 1950) '

in DNA amount are gradual,

differences between species must have their beginnings in intra-

specific variation. Exceptions are changes due to polyploidy

and large structural changes within the chromosome complement'

which may lead to quantum or saltational speciation' Improved

techniques allowing detection of smalle:: differences may aceount

for reports of intraspecific DNA variatj-on in more reeent years'

rntraspecific variation has been reported in species of @

(Dhir and Miksche :J:g74, Miksche 1968, Miksche 1971) ' 
in flax

(Evans 1968, Durrant ]962) and' in Microseris (Price et aI' 1980)'

Miksche(1968)suggestedthatdífferencesbetweenProvenancesof
picea crrauca are a refrection of adaptations to different environ-

.z--

ments. llowever, Teoh and Rees Qg76) re-examinecl Picea glauea

DNAamountsusingimprovedtechniguesand'couldfindno
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significantdífferences.Iflthecaseofflax,heritablechanges

inDNAamountshavebeeninducedbyapplicationsofparticular

nutrientcombinations.Astheexperj:nenthasbeenrepeatedby

differentworkersitisdiffieulttodispute.DNAamountshave

alsobeenfound'tovaryduringtissueclifferentiationofanin-

dividual (see review by NagI (1979) ) ' For example' Iragl et al'

(1979)foundthatDNAamountsoffloralbudsfromthreedifferent

specieswereconsistentlyhigherthanDNAamountsofvegetative

buds.Itisthereforeappa::entthattodetectintraspecific

variation between ind.ividuals, experimental design must aim to

minimiseerrorduetomettrodsandtoavoiddifferencesthatmight
be develoPmental in origin'

.Inthisstudythesametissue(roottips)wascollectedfrom

plantsofapproximatelythesameagegrowninidenticalconditions.

Furthermore, cases ín which replicate experiments were performed

gave identical resrrlts and' the experimental methocl generally

allowsfordetectionofdifferencesassmallas3t.A}though

onlyoneestimateofDNAamountrvasmadeformostspeeíes,a

nu¡nberofspeciesconsistoftwoormorevarietíes(Table6.6).

Nosignifican't'differenceswerefoundbetweenvaríet,iesofS.

odoratqgl{.cunninghamiiands.hispidu]-us,butsignificant

differences (P<0.ool) $/ere detected among subspecies of 1' lautus

andvarietiesofs.Iinearifolius.IDthecaseofS.Iautus,the

DNA amounts of subsP' ]-g!5' di-ssectifolius ancL alpinus are not

significantly different but subsp' maritimus and lanceoLatus

differsignificantlyfromeachotheranclfromtheotherst¡b-

species. The 4e DNA amounts vary from 9.7g pg to 10'81 pg and

represent a lOt difference' In the case of 1' Iínearifolius the

typical and Grampians (var. B) varieties are not significantly

different whereas the arpine va::íety (var. A) cliffers sígnifi-

cantly from both. varues range from 16.62 pg to ]-8.74 pg and



298

represent a 13t difference.

The results obtained for'S. Iautus and S . Iinearifolius

suggest there may be intraspecific variation in DNA amounts'

Ho!,¡ever, much larger samples compared directly rather than with

pisum satívum as a standard would be necessary to confirm such

an event.

6.3.6 NucleotyP ic Effects

Bennett(1971)usedtheterm',nucleotype,,todescribethose

conditions of the nucleus that affect the phenotype independently

of the genotype or Ínformation content of the DNA. The DNA eon-

tent of an organism has been found to correlate vrith chromosome

volume, nuclear volume, cell size, nucleolar and nuclear dry masst

seed dry mass, minimum ceII cycle time, meiosis duration, pollen

maturation time and minimum generation time (Bennett 1972) ' rt

can therefore be said that the phenotype is a product of not only

the genotype and the environment but also of the nucleotype'

Cavalier-Smith (1978) extended the concept of nucleotypic effects

by comparing the predictions of r- and K-selection (see chapter

4.4.7) with respect tO celI size, developmental rate and organism

síze, and the d.istribution of DNA amounts in a wide variety of

organisms. His conclusions r^Iere as follows:

',Though ít could l:e arguecl that c-values vary for-
some ñrysterious unknown reason and that high c-value
organiåms simply happe! to be pre-adapted to
K-selectea niäfrãs añã low e-va1ue ones to r-selected
nicnãs, Ít is more straightforward to postulate
that-the variation in c-úa1ues is símply the result

"r varving r_ and K-selection: this solves the
c-va1uè Páradox very simPIY"'

Atthough cavalíer-Smith may be correct, relationships between

DNA amounts and selective pressures are not quite so "straight

forward,, in the case of senecio as variatíon in DNA amounts is
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duebothtopolyploidyandtochangeswithingenomes.Aswill

be discussed in the appropriate portions of the text' polyploidy

andgenomícchangesdonotalwaysproducetheSamenucleotypic

effect.

6.3.6. I Size o f- struetures.

Holm-Hansen (1969) t Gunge and' Nakatomi (Ig72l 
' 

Bennett (L972) '

Price et a1., (1973) and' Price and Bachmar¡r (1976) found a direct

relationshipbetweennuclearDNAamount,nuelearvolumeandcell
volume. rt appears that doubling of DNA amount doubles ceII

volume irrespective of whether the increase involves polyploidy

orgenomicDNAamounts.Anumberofd-evelopmentalstructures

$rerethereforeexaminedinSeneciotoseeifasimilarrelation-

shipexistsbetweencellsizeandDNAamount,andtoseeifthe

relatíonship extends to multicellular structures'

I.CeIlvolumes.Eíghteentaxawereselectedtocoverthe

maximum variation in DNA amounts per 4c nucleus and per genome'

volumes of mature pollen grains and of root tip cells at proPhase

areshownplottedagainst4cD}IAamountsinFigure6.3AandB.

Althoughspeciesdiffergreatlyinploidylevetanclgenomesize

there ís a linear retationshíp between DNA amount per nucleus and'

cellvolurne.Theresultssuggestthatal0otincreaseinDNA

amount leads to a toog increase in ceII volume (Or Vice versa)

irrespective of how the increase was achieved'

2.Multieellularstruetures.Changesince}tsizervillbe

important in unicellular organisms and unicellutar structures

sueh as gametes, and will also affect processes clependent upon

the ratio of surface area: volume. HOWeVer, it is possible for

cell size and structure síze to vary índependently ín multicellular

organisms.RelationshipsbetweenDNAamountsandstructuresizes

rnay therpfore be obscured or absent altogether'
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Data from species descriptions in Chapter 3 ttrere used to

comparestructuresizesand4CDNAamounts.Thereisavery
generalbutpositivere}ationshipbetweenmeanptantheightand

4c DNA amount (Fíg' 6'4À) ' Ilovrevelît notabLe exeeptions are

Senecio erophgrus with the lowest DNA amount and the greatest

mean height, and Senecio êctinatus with a very high DNA amount

and the lowest mean heíght'

Asimilarcomparisonusingva]-uesofseedmassgiveswidely

scatteredpointsshowinglitttecorrelationwithDNAamount
(Fig.6.48).IDcontrast,significantpositiveeorrelationswere

foundbetweenseedmassandDNAamountsofspeciesofCrepis
(JonesandBrown19T6),AlliumandVicia(Bennett]-972).APos-

siblereasonforthelackofcorrelationinSenecioisthatthe
basicstructureofseedsvariesgreaÈlyfromglabroustovery

hairy and from smooth to deeply ribbed' Vlhen DNA amounts were

comparedwithbisexualfloretlengthageneralbutpositivere-

lationshipwasagainaPparent(Fig'6'54)'unlikeseeds'bi-
sexualfloretsofSenecioshowlittlevariationinrnorphology.

similarly the capitula of outcrossing radiate species show little

variation in basic strueture, and their total diameter (including

rays) is positively correlated with DNA amount (Fig' 6'58)'

ItwouldthereforeappearthatDNAamountspernucleusmay

also affect, the size of multicellular struetures' although the

relationshipisnotaspreeiseasforsíngleeellsandrnaybe

absent when structural designs differ greatly'

6.3.6.2 CelI cYc1e times.

Althoughapositivecorrelationbetweencellcyc}etimeand

DNA amount is a general phenomenon among diploids (Bennett 19721

the effect of DNA increases by polyploidy is less clear' In

differentgenerareportssuggestthatthecellcycletimesof
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polyploid.s rnay be longer than (Evans et aI' 1970) t equal to

(yang and Dodson 1970, Friedburg and. Davidson 1970) or shorter

than(GuPta1969,Bennettand'Smith];gT2)thecellcycletimes
oftheirdip}oidprogenitors.Cellcycletimeswerenotexamined

ín Senecio but speculations can be made from other data'

Senecio cfIossan thusconsistsoftetraploidandoctaploid

races which appear to have simil-ar distributions and growth re-

quirements. Both behave as ephemerals in the drier parts of

In the glasshouse, tetraploid and octoploid plants
Australia.

raisedfromseedplantedatthesametime,alsofloweredand'set
fruitatthesametimeeventhoughoctoploidplantsweretaller.

Inthisease,minimurngenerationtimeandperhapsalsocelleycle

time does not aPPear to be affected by polyploidy'

AmongalpinespeciesofSeneciothereisconsiderablevaria-

tion in DNA per 4c nucleus but less variaÈion in DNA per genome'

Four species, E. -Es, subsP' alpinus (2N=40), 9. gggil (21'1=40) '

,g. linearifolius var. A (2N=60) and S' ectinatus (2N=80) occur

inalpineenvironmentsandDNAamountsper4Cnucleusarel0.T4pg,

14.04 P9r !6.62 pg and 31'09 p9' However' DNA amounts per genome

are 1.34 P9r L.76 P9r l'38 pg and 1'95 pg' Bennett Q972) sug-

gestedthattheeffectofDNAamountontherateofdevelopment

is proportionately rnagnified at' low temperatures' yet the above-

mentioned perennial species can all flower in the firsÈ season

eventhoughthereisa3-folddifferencein4CDNAamounts.one

cou].dspecutatethatamongalpinespeciesofgeneeiorateof

development may be more elosely correlated with genome size than

withtotalDNAamount,andthereforethatpolyploidydoesnot

greatlyaffectcellcycletimes.Ifthisisthecase,thenpoly-

ploidycouldbeconsideredasameansofincreasingrcellsíze

withoutsignificantlyalteringcellcycletimeandtherateof

development it $þ.
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AverydifferentstrategyproposedbyNagt(L974)isthatsome

typesofheterochromatinmay.acttoshortencellcycletimes
withoutanychangeinD}rAamounts.NaglandEhrendorfer(1974)
and. NagI .:.:gl 4) founcl that in the Anthemideae, there are annual

species with both lower and higher DNA amounts than perennials '

However, mitotic cycle times and developmental rates of all annu-

als were shorter than those of perennial-s. Nagl (1974) also

found that the proportion of heterochromatin increased dramati-

cally in annuals rvith high DNÀ amounts, and on this basis, NagI

and Ehrendorfer (J974) proposed three evotutionary trends among

annuals:

I.Heterochromatizationofgenomepor:tionswhichhavebecome

useless in the annual habit'

2.EliminationofothervgisesuperfluousorreiterativeDNA

sequences.

3.ParallelincreasesinnuclearDNÀcontentandhetero-

chromatin.

In this study evidence of extensive heterochromatin in interphase

nuclei was found only in the ephemeral S-' oreqoraa (Fig. 6.6).

SignificantIyS-.9@has6o-90tmorenuclearDNAthantwo

other ephemerals at the same ploidy level. S-. qreqorii might

therefore correspond to the first evolutionary trend proposed by

NagI and Ehrendorfer (1974) v¡híIe other ephemerals have followed

the second and mo::e commonly observed trend'

6.3.6.3 Min imum genera tion times.

t¡tinimum generation time was defined by Bennett 0972) as

,,the duration of the period from germination until' first produc-

tion of seeds.,, Perennials were divided to distínguish those

that behave as annuals and set seed in their first year (faculta-

Èive perennials) and those that ::equire more than one year to set
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seed (obligate perennials) ' Àmong annuals' ephemerals with

minimumgenerationtimesofafewmonthswereconsideredasa
distinctsubgroup.Bennettog72)compared'DNAamountsand

minimurngenerationtimesof2Tlhígherplantstodeternrineif

thenuclearDNAamountofmanyspeciesisadaptedtotheirmini-

mumgenerationtimeorviceversa.Resultsindicatedthat:
l.ephemeralshadthelowestDNAcontents(I.1-13.5pgper

4C nucleus);

2.valuesforfacultativeperennialsandforannualswerenot
significantly different (6'3 to 38'1 pg and 5'7 to 37'9 pg

resPectivelY Per 4C nucleus);

3.obligateperennialshavethegreatestrangeofvalues
(5.3 to 393'3 Pg Per 4C nucleus) '

The implication is that species with more than 14 pg of DNA per

4Cnucleusareunlikelytobeephemeralsandspeciesmorethan

33pgaqeunlikelytobeannualsorfacultativeperennials.
Althoughnoneofthespeciesincludedinthisstudyareob-

ligateperennialstheremainingthreecategoriesarerepresented.

TherangeofDNAamountsineachcategoryisincloseagreement

with the results obtained by Bennett (rable 6 '71 ' The maximum

DNA amount of an ephemeral is 14.95 pg (compared with 14 pg found

by Bennett) of an annual is 42.90 pg (compared' with 38 p9) and of

a facultative perenníal is 37 '48 pg (compared with 38 pg)'

Furthermore'ephemera}speciesofSeneciohavethelowestDNA

contents while those of annuals ancl facultative per:ennials are not

significantlyd.ifferent.Bennett,]gT2)concludedthatthere

isapparentlyamaximumlimittothemassofnuclearDNAfor

species which can complete development vrithin a girren time ' Às

resu1tsfor@areverysimí1ar,thesameconc1usionmost
probablY aPPIies'
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Growth Form

TABLE 6.7

Mean and Range of DNA Àmounts in Ephemeral,

Annual and Perennial species of Senecio

4C DNA Amount

Mean * s.ê. Range

ephemerals

annuals

facultative perennials

]-j-.26 + 1. 83

23.00 j 2.46

18.8I J 2.06

6.7I 14.95

g .'19 42.90

4.22 3'1 .48

6.3.7 The }trature of Changes in DNA Amount

DNA amounts of Seneeio have ín the past been altered both by

polyploidy and by changes within genomes. The general opinion

is that changes in genome size are caused by lengthwise repetition

or deletion of chromosome segments (see reviews by Rees 1972,

Rees and Jones 1972, Sparrow et al. 1972, Hinegardner L976,

price 1976). Changes may be localized and sufficiently J-arge to

be observed microscopically - for examPle, as pachytene loops in

Lolium hybrids (Rees and Jones J'967) or as localized increases

in band sizes in poJ-ytene chromosomes of Chironomous (Keyl 1965).

Alternatively, lengthwise changes may be small and numerous,

Ieading to gradual chang.es in genome size. The logarithmie

normal distributíon of DNA amounts of various conifers (Price

et a1. Lg74l and amphibians (Baehmanret al. 1972' ís thought to

support this hypothesis. Assrrmptions are that all species have
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beenderivedfromonewelladaptetlgenotype(themodalDNAamount)

and that ,,tolerat:1e', changes in DNA amounts are proportional to

thepreexistingDNAamount.Distributionsarethereforeskewed
totherightofamodalvalue,butproduceanormaldistribution

if DNA amounts are converted to }ogarithmíc form'

FrequencydistributionsofDNAamountsofSenecioareshownin

Figure6.T.DistributionsofDNAamountsper4cnucleus(Fig.

6.?A) confound changes d-ue to polyploidy (apparent as peaks at

¡|zpgandlgpg)andchangeswithingenomes.Itístherefore

necessarytoexaminethedistributionofgenomesizes(Fig.6.7B).

The distribution is not precisery logarithmic normar (shor"rn as a

dotted curve in Figure 6.78), assuming that the modar value is

1.5 picograms and the range is 0'B 4'6 p9' It would therefore

appear that changes in genome sizes of Senecio have occurred by

someformoflengthwiserepetition,butthatthechangesdonot

followtheassumptionsofalogarithmicnormaldistribution.

Therearetwomajordeparturesfromthelatter.Firstly,there

aretoomanyspecieswithveryhighDNAamountsandsecondly

therearetoomanyspeciesatthemodalDNAamount.oneassump-
tionofalogarithmicnormaldistributíonisthatthereisa

singlemod'alvalueorpopulationinvolved.Hoh¡ever,phylogenetic

interpretationsbased'onmorphology(seeChapter3)suggestthat

atleasttwoancestralspeciesmigratedtoAustralia.oneofthe

evolutionarylínesconsistsofspecieswitheontinuousstígrmatic

surfaces and the majority of these have verv high DNA arn'ounts Per

genome.However,ifthesespeciesareremovedasaseparate

population,thedistríbutionstillhastoomanyspecieswitha

modalvalue.Ibelievethatpolyploidymayaceountforthis

phenomenonasitispossiblethatchangesingenomesizefollowing
polyploídyarelinited(seediscussioninfollowingsection).
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The distribution of genome sizes in Senecio therefore suggests

that changes in genome size have occurred by lengthwise repeti-

tion of chromosome segments, that two different populations may

be involved, and that the rate of change may not be proportional

to the preexistíng DNA amount because of polyploidy.

6.3.8 Speculations on the Direction of Changes in DNÀ Amount

Although instances of reduction Ín ploid.y level have been

recorded (deI{et 1968, 197J-), Stebbins (1980) commented that poly-

ploid phytogeny can still be regarded as usually unidirectional

from lower to higher levels. one trend in Senecio is therefore

an increase in 4C DNA amounts by polyploidy. Ho!.rever, the

direction of changes at the genomic level are not as clear. A

change ín values presupposes that one value is 'basie" (as in

polyploid series) and that others are clerived at a later stage

in evolution. observations based largely on diploid specíes

suggest that changes in genome size can proceed in either direc-

tion but that in general, a reduction in genome size most often

accompanies evolutionary advancement among related species (nees

and Jones 1972, Nagl and Ehrendorfer 1974, Price 1976, Hine-

gardner L9761. In the majority of cases, advanced species are

annuals and primitive species are perennials. The reductíon in

DNA amount is therefore largely assocÍated with a reduction in

cell cycle time and minimum generation time. Hot{everr it is
possible that in Senecio polyploídy inereases nucÌear DNÀ amounts

without greatly affecting cell cycle times (see Section 6.3.6.21.

It follows that if selection favours a particular cell cycle time

then increases in DNA amounts by potyploidy may be independent of

changes v¡ithin genomes. on the othe:: hand , íf selection is for

a certain ce1I size then selection v¡ill act on any change in DNA

amount irrespective of whether it is caused by polyploidy or
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changes in genome size. AII Australian species of senecio are

polyploids;mostareeithertetraploidorhexaploid.butoetoploids

and decaPloids also .occur'

Tointerpretevolutionarychangesatthegenomiclevelitis

necessary to consider what happens to genome síze afte:: polyploidy

has oceurred. It has frequently been suggested that polyploidy

leads to a decrease in genome size (Pai et al' 196I, Grant 1969 '

Kadir Lg74) as the potyploids examined in each ease were found

to have ress DNA per genome than their diploid progenitors.

Another suggestion is that only those species with the smallest

chromosomes are likely to form polyploids (chooi 1971) ' Holvever'

such an hypoÈhesis must apply to species within genera as poly-

ptoids do occur in genera with very high DNA amounts for

example t in rrittilaria with about 35pgpergenome of 12 chromosomes

(Bennett and. Smith 1976).

I suggest that a third (but not entirely ind'ependent) hypo-

thesisisthatchangesingenomesizemayproceedatamuchslower

ratefollowingpolyploidy.Ifthisistheeasethengenome

sizesofspeciesatlowerploidylevelsmaychangewhilethe

higher polyploid. genome síze remaíns relatively constant' There

are two reasons why t'hís might be the case ' The f irst is based

on the genotypic (rather than nucleotypic) evidence that poly-

ploidy favours intermediate genotypes and restricts selection of

extreme genotypes (chapter 5.3.1.3). If an environmental ehang'e

favours an extreme genotype as well as a change in genome size'

then a high polyploid may be unable to respond because of geno-

typic (rather than nucleotypic) resistance to change' For example

increasing aridity might favour plants with faster celI cycles

and therefore with smaller genome sízes, but íf the ehange also

requiresamodifieationofthegenotype(whichismorethan

likely) then the higher polyploids may be limited ín their ability
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to respond.

The second reason is that an effective change in the genome

size of a potyploid ::equires loss or gain of more nuclear DNA

than in a diploid. For example, a diploí<1 with 10 pg per genome

must increase its 2C DNA amount by 6 pg to achieve a 3 pg increase

in genome size. Ilowever, a tetraploid must increase its 2e DNA

amount by 12 p9r and an octoploid would require 24 pg to increase

the genome size by 3 pg. As there is a direct relatÍonship be-

tween nuclear DNA amount and ceII size, the Same increase in

genome síze will lead to progressively larger cells at higher

ploídy levels. In many environments such a change riright not be

advantageous.

If polyploid species of Senecio (above the tetraploíd level)

are examined wíthin related groups then a number of trends are

apparent.

1. Hexaploíd species of the erechthitoid. group (rable 6.6)

have remarkabty eonsistent genomie DNÀ amounts. Seven species

are within the range of 1.60 1.68 pg and one has 1.17 pg per

genome. Furthermore, the range of hexaploid genome sizes falls

within the range of genome sizes in the four related tetraploid

species (i.e. I.5g-2.02 pg). The evidence suggests that in the

erechthitoid group, gradual changes in genome sizes v/ere generally

restricted after hexaploicls formed.

2. In the radiat,e group 2R, the octoploid form of 9. gloss-

@ has slightly but significantly (P<0.001) more DNA than

the tetraploíd form - 0.94 pg ancl 0.84 pg respectively. As

S. qlossanthus is an ephemeral, there is presumably strong selec-

tion for a reduced genome size. It is therefore unlikely that

the octoploid genome size has increased. À more likely explana-

tion is that subsequent changes in the genome size of the octo-

ploid were limited, but the tetraploid genome síze continued



309

to decrease.

3. There are two high polyptoids, s-. pectinatus and S. vagus,

arnong the morphologícaIly primitive species of the radiate group

1A. Both have very much less DNA per genome then have Èhe four

related tetraploids. The evidence could' support either theory

of polyploid genome evolution - reduction of genome size in poly-

ploids or restrictions on subsequent changes ín polyploids'

Ilo$rever, a low or high basic genome size in the genus d'epends upon

which theory Ís eorrect. As evidence in the previous tv¡o eases

supports restrictions rather than reductions in genome síze

following polyploidy, I have chosen the former as a general rule

in Senecio.

Figure6.8showsgenomicDNAamountsofnativespeciesof

Senecio plotted against evolutionary advancement on a morpho-

logical basis (see chapter 3). There is a general trend from

Iarge genome sizes ilgng primitive species to smaller genome

sizes anong more advanced species. one rnight therefore infer

that the primitive or basic genome size in Senecio was very high'

However, if conclusions drawn from polyploid genome sizes are

correct then-the basic genome size of senecio was comparatively

small (1.5-I.8 pg). The genome size of most primitive species

has therefore increased with little morphotogical advancement,

whereas genome sizes of other specÍes has remained more or less

constant or has decreased with increasing morphological advance-

ment. on this basis, evolutionary changesboth in nuelear size

and in the genome size of species of senecio are shovm diagram-

aticallY in Figure 6.9.

According to the theory of "selfish'r or "parasitie" DNA

(Doolitt,le and Sapienza 1980, Orgel and Crick 1980) the C-va]ue

paradox can be explained in terms of a uníversal constant

tendency for C-values to be increased by the rnultíplícation of
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selfish DNA sequencesr and selection against such increases,

v¡hich would be more intense in smaller and more rapidly repro-

ducing cetls. If this is the ease then it is difficult to

explain why very large increases in genome size are restricted

to only one morphological- group of Senecio species that is,

outcrossing radiate speeies with contínuous stig.rnatic surf aces.

Alternatively, íf Cavalíer-Smith's (L978) theory that genome sizes

are selected for because of their nucleotypic effects is eorreet,

then the large genome and nuclear sizes of primitive species are

aclvantageous. Exelucling the high potyploids within this group,

three of the four remaining species oeeur only in wet sclerophyll

forests and therefore in a híghly competítive and congested en-

vironment. In such conditions g::eater heíght and larger floral

structures (as all are outerossing) would be advantageous. The

fourth species, S. magnificus, occurs only in arid inland areas

but most frequently near v¡atercourses. S. magnificus might

therefore be considered a secondary adaptatíon to drier conditions.

Price and Bachmann (L976) presented an alternative model based on

nucleotypic effects which suggested that among annual speeies,

high díploid DNÀ amounts may be another way of differentiating a

larger mass in a gÍven period of time. Their model is based on

evidence that nuclear DNA content has a greater nucleotypic

effect on cell- size than it cloes on the mitotic cycle time. ft

is possible that in the ease of Senecio their model is íllustrated

among perennials, and that pe::ennials with large genome sizes ean

differentiate more mass in a given time than those with smaller

genomes. Such an ability wouJ.d be most advantageous in crowded

forest conditions. A question remains as to why polyploidy vras

not favoured instead of increasecl genome sízesr âs polyploidy

inereases cell size with little or no effect on ce.lI cycle times..

However, it is possible that speeies wíth very large ehromosomes
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cannot form viable polyploids (ehooi 1971) or that the proportional

but massive inerease in such an event is unfavourable' Polyploidy

can therefore oecur if the genome size is eomparatively smallr âs

in S. pectinatus (1.95 Pg) and 9. vagus (2.L9 P9) r but among

larger genomes the only alternative is to further increase genome

size.

By comparison reduetions in genome sizes are also relatively

Iarge if the trasie genome size ís betvreen 1.5 and 1.8 píeograms'

Reductions to 0.8-0.9 pg alîe Proportionate to increases to 3'0-

3.6 picograms. The smallest genome oecurs in S. glossanthus,

an¿ is explicable in terms of selection for a smal-ler genome size

and faster cetl cyele in an ephemeral species. Àn alternative

strategy in the ePhemeral S . grregorii may be a reduction in ceII

cycle time by extensíve formation of heterochromatín as sugges-

ted by l{agl and Ehrendorfer (1974) for annual specíes of

/\nthemideae.

Exotic species of senecio included in this study ean also be

ínterpreted as having evolved from a genome size of about 1'5-

1.8 pg. Although S. vulgarÍs ancl S. pterophorus differ in lon-

gevity, both are eapable of very rapid devel-opment and are either

garden or agricultural weeds. Both have reduced genome sizes

(0.98 and 1.06 Pg respectively). S. mikanioides is a vreeclY

IÍana, sueeeeding by shading out other species. Genomic DNA

12.g5 pg) and presumably also cel-I size is increased. The

ephenneral s. d.iscifolius with N=5 most probably evolved by aneu-

ploid reduction from a speeies with N=10. It would the::efore

be expected that the genome of 5 chromosomes l-n s. discifolius

woutd be equal to or smalle:: than one of 10 chromosomes.

However, 5 chromosomes of S. cliscifolius represent 3.57 pg of DItfA

tv¡ice the expected value. If the genome has increased ín size,

then S. discifolius can be compared rvith annual speeies of
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may generally hre the case, Price ancl Bachmann (1976) suggested

that among annuals an Íncrease in DllA amount may be an alter-

native way of differentíating a qiven mass vel:y quíckly. Their

suggestion is based on evidence that an inerease in DNÀ amount

(at the diploid level) has a greater nucleotyPic effect on cell

size than on rnitotic cycle time. I bel.ieve this model may also

explain the very large genome sizes of outcrossing species of

Senecio in congested environments, the liana S. rníkanioides and

the ephemeral S. diseifolius. An alternative way of achieving

rapid development may be the extensive formation of heterochl:oma-

tin, thought by NagI and Ehrendorfer (L974) to reduee mitotic

cycle times wíthout changing DNA amounts. The ephemeral

S. gregorii supports Èhis suggestion.

Evídence in Senecio suggests that changes in genome size may

be restricted at higher ploid.y levels. On thj.s basisr higher

ploidy levels may reflect earlier genome sizes. The primitíve

or basic genome size of Senecio ís therefore thought to lie be-

tween 1.5 and 1.8 Pg of DNA.

Although the model of genome inerease by multiplícation of

"se1fish" DNÀ segments cannot be conclusively disproven by evi-

dence of DNA amounts ín Seneeío, the general correlation between

DltA amount, Iife form and environmental conditÍons suggests that

plants in different conditíons need different genome sizesr and

therefore that nuclear DNA amounts are the product of natural

selectíon.
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7.1 Introduction

The underlyíng assumption of a study of karyotypes is that

karyotypes of closely related species and groups are líkely to

be similar. Flowever, because of exceptions to the rule, authors

such as Stebbins (I971), Jackson (1971) and Jones (1978) have

stressed the importance of combining other evidence with a study

of karyotypes. For example, there are many examples where inves-

tigatorsclingtotheconceptofslrmmetricalkaryotypesbeing

most primitive, even when the phenotype argues in the opposite

direction (Jones 1978). SimíIar1y, the number of satellite

chromosomes is often used as an indicator of ploídy level, but

there are eases in which satel-lite numbers are more than or less

than expected on the basis of ploicly level alone (Stebbins 1971).

In spite of the problems, the val-ue of karyotypes in determining

evolutionary relationships has long been recognised.

The major objective of including karyotyPes in this stud'y was

to see if additional evidence might clarífy the phylogenetíc

position of inbreeding erechthítoid species. A second objective

was to determine the basic chromosome number of Senecio from

chromosome morphology. AS chromosome numbers of the majority of

natíve species of Senecio are comparatively high (2N = 40 to

2N = 100) r no attempt was rnade to determine precíse structural

changes between species. fnstead karyotypes were compared by

determining percentage similarities, absolute chromosome size

and karyotype slmmetry. In view of the statistical errors that

arise when chromosomes are similar in length or lack distinguish-

ing features such as satellites (tqattern and Simark 1969) a more

precise comparison of species with high chromosome numbers is

probably not possíble.
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7.2 Materíals and Method's

Karyotypes were determined for only one population of each

taxon using the same material as for DNA estimates (see colLection

numbers listed in Table 5.2). The method of slide preparation

is deseribed ín Lawrence (1980r coPY bound with thesis) I and

karyotypes were constructed by the method d'escríbed by Martin and

Hayman (1965). The basic assumption of the method is that, in an

ínÈerspecific comparison, the ratio of total ehromosome lengths

will be the same as the ratio of amounts of DNA per chromosome

complement. Each chromosome arm is first expressed as a mean

percent length (the mean value obtained from a number of nuclei)

of the total length of all chromosomes in the complement. Itlean

percent lengths ar'e ttren expressed as a proportion of the total

DNA amount per nucleus (see previous chapter). As the sÍze of

chromosome arms expressed as an amount of DNA is an absolute

measurement, the size of chromosomes belonging to different

species can be compared. The assurnptions involved are recognised,

but were considered justífied in view of the general way in which

the data were to he used.

'l .2.L Karyotype Construction

The constructíon and comparison of karyotypes of Australian

species of Senecío lvas complicated hy the cornparatívely high

diploid chromosome numbers; most species have either 40 or 60

chromosomes but sPecies with 80 and I0O also occur. For this

reason the number of complernents measured for each species was

eventually limited to six. Preparations were photographed at

maxímwn magnificatíon using Agfa Copex film and were printed on

Ilfobrom paper at maximum enlargement (total magnifícation was

approximately 427}xl. Chromosome arms u/ere measured to the
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nearest0.IrnrrrusingaPeakScaleLupexTmagnifyinglensfitted

withanumber2gxaiícule.Eachchromosomearm!.Tasmeasured

tv¡ice, the values corresPonding to chromatids if these were

apparentrofotherwisetoeachsideofthechromosomeâflll.I.lo

attemptwasmadetopairehromosomesbeforetheyweremeasured.

fnstead,chromosomes$'erearbitrarilynumberedfromlto2Nona

sheetoftracingPaperplacedoverthephotographandmeasurernents

were recorded in that order' In most' ínstances' satellites v¡ere

toosmallortoodiffusetobeassignedanaccuratetengthmeasure-

ment, but their position was noted' Large satellites were

measuredseparately.When6toScomplernentshadbe.enmeasured'

thephotographsh'ereinverted'onalighttableand.theoriginal
measuringsequencetransferredtothebackofeachchromosome.

The Chromosomes of each complement Were then cut out and arranged'

inpairsindescendingorderof}ength.Afterthecomplements

hadbeenaligned,(i.e.ro$'scorrespondingtocomplementsand

corumnscorrespondingtoapparentryidenticarchromosomes)'each

complementwascarefullyturnedoverandthe|'correctorder're-

corded from the reverse side'

AFortrancomputerprogramwaswrittentoana}yseresults.

InputdataconsistedoftwomatriceswithrowscorresPondingto

altduplicatecomplements.Matrixlcontainedallarmlengths

enteredintheorderinwhichchromosonesweremeasured.Matrix2

contained the ,,correct order' of chromosornes determined by visual

matching-everytwoco}umns(i.e.columnsland'2,3and4,etc.)

corresPonded'toalllocationsinMatrixloforiginalmeasurements

ofonechromosomeinthekaryotYpe.Thetotallengthofeach

complementwasfirst,determined'andtheoriginalarmlengthscon-

vertedtoaPercentageofthetotal.Asabsolutechromosome

sizeswererequired,pereentagearmtengthswerernultipliedby

the 4C DNA amoUnt of that species. Percentagre arm lengths
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(expressedinpicograms)weretakenfromMatrixlintheorder

specifiedbythecolumnsoJlMatrix2,andthemeanpercentage
lengthandstandarderrorofeacharminthekaryotypecalculated.

7 .2.2 IntersPecl fi'c' ComÞar'isons

Interspecificdifferencesbetweenkaryotypesof.@

mightbecausedbyoneormoreofthefollowinqevents:
l.changesinnucÌearDNÀamountsleadingtod.ifferences

in absolute chromosome size;

z. structural rearrangements leading to differences in

relativechromosomesizeandinchromosomearmratios;

3.polyploidy-leadingtogenomeduplicationandldifferences
in chromosome number;

4.hybridization-leadingtodifferenÈcombinationsof
genomes.

changes in nuclear DNA amOunts Were accounted for by propor-

tionately adjusting chromosome arm lengths of a karyotype so that

their total length equalled half thê 4e DNA amount of that taxon'

However,bythismethoditisimpossiblefortwotaxawiththe

same chromosome nu¡nber but very different DNA amounts to have

highlysimilarkaryotypes.Analternativeapproachwouldhave

been to equate total arm length wÍth a standard value per genome'

such a recalibration and comparison of karyotypes would indicate

ifdifferencesarelargelyduetochangesinabsolutechromosome

size,butresultscouldbemisleadingasahighsimilarity

betweenkaryotypesneednotreflectahighdegreeofhomo];ogY

betweenchromosollês.Forthisreasonanalyseswerecompleted

usingabsotutechrornosomesize.Itwasstillpossibletocom-
parekaryotypesindependentlyoftheirDNAamounts,asarmratios

andtherat'ioofthelongestdividedbytheshortest'chromosome

(see discussion in part 7.3.3) are two karyotypes features that
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do not, dePend on DNA amounts'

As35karyotypeswÍthanaverageof25ehromosomesineach

$rere to be compared, a Fortran eomputer program was writ'ten to

complete the analysis (a listing is provided' ín Appendix 3)' The

data input consisted of the absolute size and standard error of

each chromosome arm. vilith eaeh execution of the prograln, t'he

Iast karyotype in the data list was compared with each preceeding

karyotype.Inanyonecomparison,chromosomenumt¡erswerefirst

examined. If these differed, the specíes with fewer chromosomes

hras designated as A and the species with more ehromosomes as B'

Each chromosome in À was then cornpared with alt ehromosomes in B

and matchíng chromosomes recorded. T\¡,¡o chromosomes htere said

to match if the short, chromosome arms and long ehromosome arms

were both equal (P >".05) using a Students t test'

An example of the program output is shown in Table 7'I'

Thirteen chromosomes of each set match uniquely with a previously

unmatched chromosome in the other set. Percentaqes at the bottom

of the output are the proportion of uniguely matching ehromosoÍlês'

Although the number of unique matches is constant in any one

cornparison, percentages will differ if the chrornosome numbers of

species A and B differ. ID the example given, a unique match of

13 chromosomes represents 65* of A (N=20) and 43'338 of B (N=30)'

chromosome I1 in set A and chromosome 13, 26 and 27 in set B do

not have unique matches and therefore represent drrplicates of the

uniquely matching set. If these chromosomes are íncluded' the

percentages become 70 and 53.338, resPectiVely, and' represent all

chromosomes in one set matching wíth any ehromosome in the other'

The need to calculate total (as opposed to unique) rnatches was

not foreseen untíl all species had' been analysed' Total matches

were therefore carculated by hand from the program outputs.
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TABLE 7.7

ExampJ.e of the OutPut of a Program

ùo ComPare KarYot'YPes

Set A S.'vulEaris N=20 Set B S.' biP-innatisectus N=30VS.

Identical chromosomes

Set A Set B

(P >0.05)

All matches in B

1

2

3

4

5

6

7

I
9

10

1I

T2

13

14

15

16

L7

18

19

20

9

11

16

19

20

2L

L7

1s

9

9

16

19

19

19

L7

15

I5

20

23

25

I1

T1 13

20

20

20

2L

2l

23

24

25

T7

L7

2l

24

26

23

26

27

27

28

30

28 29 30

30

65.00t of set A matches with set B

43.33t of set B matches with set A
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Althoughacomparisonofanytwokaryotypescanproduce

four percentage similarities (total and unique matches of both

species A and species B) no one of the four adequately represents

karyotype similarity when polyploidy ís involved. A system

combining the four percentages was therefore devised, and is

illustrated by examples in Table 7.2. As the majority of

ÀustraLian species of senecio are either tetraploid or hexaploid,

only these ploidy levels are represented in the table. In the

examples shown it is assumed that species are newly-formed poly-

ploids with no chromosomes eotrunon between genomes (e'g' to both

XandY).Inexarnplesl,5,6,S,:-2and13speciesAandBshare

at least four genomes. Àlthough represented' as autopolypÌoids,

specíes in these examples might also be allopolyploíds provided

the four genomes are identical in both A and B' Duplications of

the x genome in examples 2r7rg, l!4r 15 and 16 must be due to

autopolyploidyr oE the case wilI resemble another Iisted example'

As no one of the four possibte percentage similarities (table

7.2¡ columns I to 4) can dist,inguish between all casesr a fifth

parameter - the total percentage similarity (TPS) - was generated

by adding together columns 1 and 2. The TPS values therefore

represents the sum of unigue matches in A and B plus any duplicate

matches in either A or B. TPS values are shOwn in column 5,

and have different amounts in all but examples 7 and 8' However'

these cases can be separated by their UPS values (column 6)

the sum of unique percent matches (columns 3 and 4). A difference

in TPS and UPS values therefore inclícates that either species A

or species B contains duplicates of the uniquely matching chromo-

somes. The percentage of each complement containing duplicates

vras determined by subtracting column 3 from 1 (for A) and column

4 from 2 (for B). rt was useful to cletermine duplicates in terms

of genomes so that species with different chromosome numbers



TABLE 7.2

PercentageSimilaritiesofTetraploidandHexaploid.Karyotypes
(See text for exPl-anation)

Exarnple

5

6

7

I

9

10

1I

xxxx

XXXX

Y.XYY

xxxx

xxxxxx

xxxxxx

XXXXYY

xxxxYY

XXYYYY

xxxxxx

xxxx

XXYY

xxzz

YYYY

XXXXYY

XXYYYY

xxxxzz

xxzzzz

xxzzzz

YYYYYY

5
TPS

(1+2)

200

150

100

0

6
UPS

(3+4 )

200

100

100

0

Genomic ComPosition- t*álãtt"s uñderlined)
siecies A SPecies B

t2
Total Match

AínB BinA

34
Unique Match

AinB B.inA

( inrkarYot¡nes)

Duplicate Genomes
äre ofB

I
2

3

4

0

0

0

0

0

1

0

0

A=B=TetraPloid
loo 100 100

1oo 50 s0

50 50 s0

600

A=B=Hexaploid

100

50

50

0

xxxxxx xxxxxx
0

0

0

0

0

0

0

0

I
2

0

I
0

0

100

l_0 0

r00

67

67

33

0

100

67

33

67

33

33

0

100

67

33

67

33

33

0

100

67

33

67

33

33

0

200

r67

133

r34

100

66

0

200

134

66

134

66

66

0
(,
N
N



Table 7.2 continued

Genomic ComPosition
(rnatches underlined)

Exarnple SPecies A SPecies B

t_2
Totat Match

AinB BinA

l4
Unique Match

AinB BinA

5

TPS

(1+2)

6

UPS

(3+4)

78
Duplicate Genomes
in KarYotYPe
ofA ofB

A = Tetraploid B = HexaPloid

T2

13

14

15

I6

17

l8

xxxx

xxxx

XXYY

xxxx

XXYY

XXYY

xxxx

100

100

50

100

50

50

0

100

67

100

33

67

33

0

100

100

50

50

50

50

0

67

67

33

33

33

33

0

200

L67

1s0

133

r17

83

0

t67

L67

83

83

83

83

0

I
0

2

0

I
0

0

0

0

0

I
0

0

0

xxxxxx

xxxxYY

xxxxxx

XXYYYY

xxxxzT'

xxzzzz

YYYYYY

(¡,
N(,
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toduplÍeategenomesbydiviclingtheformerbythepercentageof
the karyotype (haploid) represented by one qenome 508 in the

case of tetraploid karyotypes and 33S for hexaploid karyotypes'

using TPS, uPs and duplicated genome values it is possible to

predictthegenomíccompositionofanyspeeíespairlisted.in

Table 7.2. Hohrever, it is also necessary to consicler cases in

which some chromosomes are coÍìmon to different genomes' such a

situation mÍght arise if hybridization occurs betrveen closely

related species or if structural rearrangements occur in an auto-

¡lolyploid.TPS,UPSandduplicategenomevaluesmaythenbe
intermecl.iate to those listecl in Table'l .2, but the overall pattern

wilr remain the same. For: exampre, if genome x contains 10

chromosomes ancl shares four rvith crenone x I , then the comparison

XXXX - xxx|x' witl have a TPS value of L7o, a UPS value of l.40,

ancl 0.6 ancl 0 clUplicated genomesr respectively'
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7.3 ResulÈs an<l Discussion

7.3.I Illustration of Karyotypes

Karyotypes of 33 species and 5 subspeeies of Senecio and the

karyotype of Erechtites valerianaefolia are shown in Figure 7.1

(f to 39). Preparations suitable for analysis !{ere not obtaÍned

for Senecio pectinatus (2N = 80) r Arrhenechtites mixta (2U = 100)

and Bedfordia salicina (2N = 60). As described in the Methods,

the size of chromosome arms r¡tras determined by first calculating

the mean percent length of each arm and then converting this

value to a proportionate amount of the 4C DNA content. A complete

listing of arm lengths is given in Appendíx 1.

Chromosome numbers of most species are comparatively high

(2N = 40 to 2N = 100) and are uncloubtedly polyploid derívatives

of species wíth smaller chromosome numbers. One would therefore

expecÈ that in higher polyploids each chromosome of the genome

would be duplicated several times forming a group of honologous

chromosomes. However, when aligning cut out photographs of

chromosomes it was very difficult to accurately group chromosome

pairs. In many instances pairs could be aligned in a series of

decreasing síze - with little apparent difference between immediate

neighbours but with large differences between the first and last
pair of the series. ÀIthough such series may have represented

several subgroups of homologous chromosomes, each differing

slightly in sj-ze, it was not possible to determine boundaries

between groups. For this rêason no attempt was made to group

chromosomes and then average the lengths within groups. This

omission undoubtedly introduced errors, but I believe errors

caused by grouping of pairs would have been equally great.



Fig. 7.L Karyotypes of 33 species and 5 subspecies

of Senecio, and. of Erechtite s valerianaefolia

7.1-1 to 7.I-39 Line drawings of all karyotypes

appearing in the order l-isted on the next Page'

7.L-40 to 7.!-43 Representative photographs

of karyotYPes.

Chromosomes in each complement are arranged' ín

descending order of the combined rlengthr (DNA amount)

of both arms. The total arm length of each karyotype

(haploid complement) therefore equals half t'he

4c DNA amount in picograms. satellites are shown

attached to one chromosome arm and are drawn as a

circle if they r^rere too small to measure accuratel-y.

All karyotypes are drawn at the same scale (I cm =

0.1 pieograms) so that visual eomparison is possíble'
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GROUP 1À

7.1 karyotyPes in their order of appearance'

I
2

3

4

5

GROUP 38

Senecio ifícus 25 S. sP. B

vel leioides 26 Z- squarrosus
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macranthus 28 S. minimus
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23' S. aff. aparg iaefolius

24 g. runc inifolius
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4C DNA = 31.7 pg.
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4C DNA = 33.1 pg.
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8. 9. lautus subsP . maritimus lif = 20 4C DNÀ = 10'19 Pg'
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19. s. Iinearifolius lrJ = 30 4c DNA = 18.02 Pg'

5 10 '15 20 25 30

10 15 30

2L. |i[ = 20 4C DNÀ = I2.7 5 Pg.

10 20
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1
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22. g. gunnii lrf = 20 4C DNA = 14 ' 0 4 pg'

III

1 5 10 15 20

5 10 15

24. s runcinifolius |it = 20 4C DNA = 16'15 P9'

23. g. aff. aparqiaefolius ]it = 20 4C DNA = 14.10 P9'

I
I
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20
1
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25. S. sp. B |f = 30 4C DNA = 19.94 pg.
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26. g. squarrosus !i[ = 30 4C DNA = 19.81 p9'
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27. S. bipinnatisectus $ = 30 4e DNÀ = 13.98 Pg.
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31. s hispidulus var. hispidulus [rf = 30 4C Dl'IÀ = 19.11 p9'
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35. S. vulgaris N - 20

4c DNA = 7.82 P9.

1510
36. g. Pterophorus trf = 10

4C DNA = 4.22 Pg.
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37.

4C
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å. mikanioides lrf = 10
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38. discifol'ius
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As the main purpose of constructing karyotypes for Senecio was

to determine similarities beÈween species, the lack of grouping

of chromosomes shoulcl not be a serious problem'

7 .3.2 Compar ison of Karvotypes

7.3.2.I Síze of signi ficant differences.

Standard errors !.rere calculated for the mean length of each

shromosome arm (see part 'i'.2.I). As all stand.ard. errors $tere

between I.5 and 3t of respective arm lengths, standard errors are

not shown in Appendix l. In karyotype comparisons, two chromo-

somes were said to mateh if the short and long ehromosome arms

$¡ere both equal (P >.05) using a Students t test. The size of

standard errors meant that any two chromosome arms differíng in

length by more than 4t to 98 were significantly different (P>.05).

7.3.2.2 fnterpretation of data.

A complete lJ-sting of total percentage similarities (TPS),

unique percentage simílarities (UPS) and duplicateC aenome values

for each species paír are given ín Appendix 2. Derivations of

TPS, UPS and duplicated genomes are deseribed in part 7.2.2.

The above-mentioned data are also summarized in Figures 7.2 to

7.4 as shaded representatives darker sguares indícating higher

values. OnIy native species with at least one TPS value greater

then lOOt (half of the range) are shown in Figures 7.2 and 7'3'

Excludecl are the exotic species S. pterophorusr'S. vulgarist

S. mikanioídes and S. d.j-scifolius; the native species S . maeranthus

g. magníficus, 1. velleioídes and S. amy9 dalífolius with large

chromosomes, and S. glossanthus with very small chromosomes'

por reference, TPS and uPS values are also shown in the form of

phenograms (figures 7.5 antl 'l .6') . Flowever, shaded representative

diagrams will be referred to in the following discussion as their
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ínformation content is much higher.

Numbers along the axes of Figures 7.2 and '7.3 correspond

with karyotypes illustrated ín ?igure 7.1. Horizontal and

vertical lines within Figures 7.2 and 7.3 delírnít boundaries

between morphological groups and subgroups discussed in Chapter

3.6. The five large triangular shapes along the diagonal margins

therefore contain within-subgroup comparisons whereas the rect-

angular shapes in Èhe remainder of the figures contain between-

snbgroup comparisons. Duplicate genomes shown in Figure 7.4

should only be interpreted by rows. For example¡ row 34 contains

the duplicates ín species 34 when cornpared to all other speeies.

Column 34 contains the duplieates in all other specíes when com-

pared with species 34. The duplicates referred to are duplicate

chromosomes of the uníqueÌy matching set of ehromosomes ín any

eomparison.

A general comparison of Figures 7.2 and 7.3 indicates that

the overall distribution of values ís similar, but that TPS

values are generally larger than their correspondíng UPS value.

As TPS values represent the UPS values plus any duplicates of

either species A or B, Figures 7.2 and 7.3 indicate that the

majority of Senecio species contain duplicates of their unique

matches. Sueh a result ís not unexpected as all Australian

species are polyploids.

7.3.2.3 Relationships deduced from percentage sirnilarities.

The greatest proportion of very l-ligh TPS values (solid black

squares in Figure 7.21 occurs within groups IB and. 38. Further-

more, the high TPS values within these grouPs are largely unique

matches as the same pattern ís evident ín the shaded representa-

tive of UPS values (Figure 7.3). If chromosome símilarity is

indicative of the relatíonship between taxa then taxa 6 to 10 in
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Group 18 and taxa 25, 26, and 30 to 34 ín Group 38 form two

associations of closely related taxa. Karyotypes 6 to 10 in

Group IB are the f ive subspecies oJÍ seneeio leullle. The high

karyotype similarity is therefore ín agreement v''ith very símilar

morphology. The same is true of the closely related k-aryotypes

30 to 32 of Group 38. These correspond' to S' glomeratus, S. his-

pidulus var. hispidulus and S. hisrridulus var. dissectus, v¡hich

overlap in some of their morphological characteristícs' Karyo-

types of g. Sp. Ar g. ffi, 9. sP. c and's' @ tt"

also closely related to each other and to the above-mentioned

species of Group 38, but differ eonsiderably in external morphology

S. sgqarrosus, for examPle, differs from all other erechthitoid

species (croup 3) in having 16 or more involucral bracts and few

capitula per inflorescence. Karyotype similarity need not there-

fore correspond exactly with morphological similaríty' The three

remaining species of Group 38, q. @, å' minirnus and

s. picridioides are not as closely related, but the highest TPS

value of each is with another Group 38 species. Karyotype evid'ence

therefore supports the maintenance of the morphologically based

Group 38. Figure 7.4 indicates that S. biserratus (fa¡ and S.

bipinnatisectus (271 both contain d'uplícates of their unique

matches with other Group 3B species. As 9. biserratus is a deca-

ploid and other Group 3B species are hexaploid, duplicates are

not unexpected. It is also apparent that most species of Group

3B contain duplicates of 9. minímus (ancl to a lesser extent of

S. picridioides). Using this evidence and the size of TPS values

it is possible to prediet genomíc compositíons as follows:

Group 38 (most sPecies) AÀBBBB

S. minimus, S. Pícridio'icles ;\ÀBBCC

alahlslBlBlS. bipinnatisectus

slzmbols have been chosen so as not to confl.ict wjth evidence from
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othergroups.Genomesrepresenteclbydifferentlettersare

thought to share no more than two chromosomes whereas numbered

genomes (e.g. AI) share three ol: mo

designated bY the same letter' 1'

re ehromosones v¡ith genomes

bipinnatisectus is shown as

a modification of ÀABBBB. If Al has three ehromosomes in comrnon

with A and 3 duplicates of the common chromosomes, and' if a

similar relationship exists between BI ancl B, then TPS' UPS and

dupticate genome values símilar to those actually ohserved are

generated. Alternatíve compositions result in eíther too high a

UPSva}ueortoomanyduplicates.similarlythegenomiccomposi-

tion of 1. minimus ín<licates that two genomes (R ancl B) match

with most other karyotypes of Group 38 and that the l-atter contain

one duplicate genome (B) of the unique match'

Possiblegenomiceomposítionsofothersubgroupseanbed.e-

terminedwithreferencetoGroup38.Àdiscussionofinterre-

lationships between all species would be t'ime consuming' and

unnecessary in view of the aims of this sectíon' However' treat-

ment of groups rather than species means that some results clo not

correspond exactly with genomic cornpositions suggested for groups'

considering Group 2A, Figure 7.4 inclicates that most contain

0.8 to I or more duplicate genomes of unique matches with 3B and'

vice versa. Purthermore, comparisons of Group 2A with most karyo-

types of Group 38 have UPS values between lI0 and 140' suggestÍng

that at least two genomes are common to both (see Table 7 '21 ' If

Group 2A is represented as Alu\AFB then karyotype comparisons v¡ith

a duplicate of I genome in both Group 2A ancl Group 38' As Group

38 species have their highest IIPS value with Group 2A' a similar

genomic composition rvas assigned. A notable difference betvreen

Group 2A and 2B is that the latter contains less duplicates of

matches with Group 38. Flowever, alternative genomic compositions

created greater problems than the one suggest'e<l'
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croup 3A differs from all other subgroups in having very few

ornoduplicatesofmatcheswj.thothersubgroups,whereasall

othersubgroupscontainduplicatesof3A.Theevidencesuggests

ageneralcompositionofÀÀBRforGroup3A,sothatGroups2Aand'

38bothcontainoneduplicategenomeoftheuniquematchwith3À.

Howeverlthesizeofuniquernatches(Fig.7.3)suggeststhat
Group3AhaslessincommonwithGroup2AthanwithGroup38.

Group 3A is therefore represented as A2A2BB'

TherearesomeuniquematehesbetweenGrouptBandallother

groups, although those with Group 3A are fewer' Similarly

Group}Bcontainssomeduplieatesofmatcheswithal].othergroups'
withahigherproportionofduplicatesgenerallyoccurringin

comparísons with Group 3A and 39 species' Genomes of Group 1B

mustthereforehaveafewchromosomesconmontoboththeAandB

genomesandsomechronosomesthataredup}icatesofthecommon

chromosomes.Thesuggested.compositionofGrouplBspeciesis

therefore e3e3g3B3 when the e3 and p,3 genomes comprise 2 sets of

similarchromosomes.SpecíesofGrouplAwerenotshownin
FiguresT.2toT.4astheirchromosomesareverylargeand'match

withfewchromosomesofothersubgroups.Itistikelythatthe
genomiccompositionofGrouplAspeciesisquitedifferenttothat

of grouPs alreadY discussed'

Àsummaryofthegenomíccompositionsofgroupsotherthan

Group lA is shown below'

GrouP 38 (most sPecies)

s - rninimus, S
=-

.p icr idioides

c bí innatÍsec

GrouP 3A

GrouP 2A and 2B

GrouP IB

AABBBB

ÀABBCC

A1AlB1B1s1s1

R2e2Bs

AJUU\BE

A3A3B3B3

tus
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$tith sPecies of other

tions of the GrouP 18

supports a PreviouslY

discoid (GrouP 2A and

GenomesareshownaseithefAlBorCtoindicategenome-sized
groups of different chromosomes. Differences might have arisen

byhybridizationwíthanunknownspeciesrOfbyextensivestruc-

turalmodificationofpartorallofanexistinggenome..The

lattereventissupportedbythealmosteontinuousrangeofTPs,

ups and d.uplicate genome values ctistributions best explained h'y

frequent structural rearrangements'

Althoughresultsofallspeciesdifferinsomerespects,the

generalsimilarityofkaryotypeswithingroupsoriginallydefined

byexternalmorphology}endssupporttothesegroupíngs.The

A3A3B3B3genomes suggested for Group 18 are likely to represent two

sets of largely similar chromosomes, aS Group IB karyotypes have

lowmatchesbutcomparativelyhighduplicationswhencompared
subgroups. If other genomes are rnodifica-

"type" karyotype, then karyotype evidence

proposed phytogeny (chapter 3'6) l'n whích

2B) and erechthitoid species (Group 3À and'

38)werederivedfromaracliateancestorsimilartospeciesof

GrouplB.Karyotypesjmitaritya}sosuggestsaeomparatively

close relationship between Groups 2A, 2R, 3À and 38, but does

not indicate their phylogenetic positions'

7 .3.2.4 SatelIite chromosomes.

Precisecomparisonofhomologouschromosom.esfromd'ifferent

karyotypesofsenecioiscomplicateclbycornparativelyhiqh

chromosome numbers and by differences in ploid'y levels' llowever'

it is possible to compare the shape and size of chromosomes d-is-

tinguished by a secondary constriction and associated satellite of

chromatin. satellite chromosomes from each complem'ent are ilÌus-

trated separately in Figure 'l '7 ' In the majority of casest

satellites $¡ere attached to the shorter chromosome arm and
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appeared as minute globose portions of chromatin with a diameter

srnall-er than the chromosome wídth. These satellites were not

included in measurements of chromosome length and are shown in

Figure 7.7 as smalt circles. In a few cases, secondary constric-

tions occurred closer to the centromere producing long and

measurable satellites. These are drawn as rectançfles in Figure

': .7. It should be noted. that intraspecific variation in satellite

numbers oceurred in most species of senecio examined-. For example,

satellite numbers in the eight measured cornplements of 1' hyp"-

leucus were o, 6, 6,8, I, gr 10 and 1I. BeCause of possible

positíon errors when aligning ehromosomes it was therefore de-

cided only to represent a satellite in the karyotype if two or

more "homologousrr chromosomes frorn different complements both

had satellites. In the case of. s.'hypol'eucus, fíve ehromosomes

are shown with satellites, but this need not imply that ten

satellites were observed in each of the replicate complements.

Chromosorneswith1argesate1litesoccuron1yi'E.@,

!. magnificus (both Group 1A), S. gregorii (Group 18) I S. Iineari-

folius and s. sp. A (both Group 2B). Às these species are morpho-

logically very diverse, one might postulate that the large

satellites represent fíve independent instanees of an inversion

involving most of the short arm. However, the five species do

have an outer ro$t of ray florets in coÍlmon. fn Chapter 3'6'4 it'

was suggested (on the basis of external morphology and geographic

distribution) that s. Iin-earifolius and €. sP. A rnight be pro-

ducts of íntrogression between a radíate and a discoid species'

The chromosome wíth a large satellite in karyotypes of g.

linearifolius and s. sp. A might therefore have been derived

from a radiate species. significantly, other satellite chromo-

somes of these two species correspond most closely wj-th satellite

chromosomes of truly <liscoid species (Group 2Bl. Distributions
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ofarmratiosofsate}litechromosomesfromeachmorphological

group are shown in Figure 7'8' 1' li¡rearífolius "td s' sP' A

form Group 2R, and d.istributions of arm ratios suggest affinities

withboththeradiateGrouplAandthediscoidGroup2A'The
sateltite chromosomes of Group 2B therefore support the hypothesis

thatthesespeciesu'erederivedbyintrogressionbetweenaradiate
and a discoid sPeeies'

Figure,T.SalsoindicatesthatdiscoidspeciesofGroup2A

havesatelliÈechromosomesmostsimi}artot'hoseofannualerech-

thitoidspeciesofGroup3R-}rothhavingarmratios}:etween

about 2 and 2.7 ' However' perennial erechthitoíd species of

Group3AaremorecloselyrelatedtoradiatespeciesofGrouplB

thantoannualerechthítoidspecies.Unlesssirnilaritiesbetween
satellite chromosomes are assumed to be coincidentaf it is

difficult to justify part of the phylogenetíc seheme proposed in

Chapter3.6.AnodifiedphylogenyshowninFigureT.gisin
greateragreementwithkaryotypeevidence(themodifiedschemeis

also supported by chromosome numbers and by karyotype synunetry

discussed in the next section) '

l.ftheoriginalphylogeny(Fig.7.94)based.onlyonexternal

morphologyiscorrect,thenthesimilarachenemorphology,

chromosomenumber,satellitemorphologyandkaryotypeslrmmetry

of erechthÍtoid annuals (Group 38) and discoid perennials

(Group2A)musthaveevolvedindepenclently.Inthemodified

phylogeny(Figure7'88)'theseaffinitiesareexplainedt'ya

comnon ancestry' Evidence from karyotypes therefore suggests

that erechthitoÍd species evolved from two d'ifferent self-ineom-

patibleancestors-oneatetraploid.andtheotheranhexaploid.
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and ry Advancement
7.3. 3 KaryotyÞe

Inareviewofchromosomeevolutioninhigherplants,Jones
(1978)indÍcatedtheimportanceoftheconceptofprimitive

synunetry and ad'vanced asyrunetry of karyotyPes I but also suggested

that some investigators cring to the concept even when the pheno-

tyPearguesintheopPositedirection.Levitsky(193}a,b)$¡aS
firsttosuggesttheconceptbasedonevi<lencefromstudiesof

Èhe tribe Helleboreae' The trendr âs evolution progressed in the

Helleboreae'wasfrornslrmmetricalkaryotypesoflargelymeta-

centric chromosomes t'o asymmet'rical ones with submetacentric and'

acrocentric chromosomes' Stebbins (1958' 1971) reported similar

trendsinotherplantgenera,anddevisedaclassificationscheme

forkaryotypesbasedontheproportionofchromosomeswithan

armratiogreaterthan2zLandtheratioofthelongestchromo-
Somedívidedþvtheshortest(seeTable?.3).Parametersof

relevance to karyotype slnrunetry in senecio are given in Table 7'2

alongwiththekaryotypeclassaccordingtotheschemepresented

byStebbins.Stebbins(1958)suggestedthatintribeCichorieae,

karyotypeaslnnmetrymayhaveevolved'inresponsetoselectionfor

reduced recombination in species of unstabre habitats' stebbins

alsosuggestedthatpericentricinversionsoeeurringinmeta-

centric chromosomes, forrowed by chromosome erimination' wourd

restrict recombination and also increase karyotype aslrmmetryt so

thatinCichorieae,evolutionaryadvancementisassocíatedwith
areductioninchromosomenumberandanincreaseinkaryofype

asymmetrY.

Among sPecies of Senecio' polyploidY rather than aneuPloid

reduction is the predominant evolutionary trend'

ship betr¿een chromosome nurnber and karyotype symme

The relation-
Ìr.v ín Senecio

is ,shown in Table '7 '4 ' and in contrast to Stebbins I (les8)



TABLE 7.2

Karyotype Features of 33 Species of Senecio

and of Erechtites valerianaefolia

(Typical varieties analysed unless otherwise specified.)

335

Arm Ratios
mean Z>2 Class*

Species and

Karyotype lïo.

4C DNA
Amount

(pg) 2N

Lengths
mean L/S

cROUp lA - Radiate speeies rvith continuous stigmatic surfaces

1 S. magnificus 3L.'7 40 .792 2'07 1'4I 0 lb

2 s. velleioides 33.1 38 .870 I.82 3.09 58 3a

3 S. amygdalifolius 26.9 38 .7].4 2.06 1.46 5 2b

4 S. macranthus 37 .5 40 .93'7 1. 96 1. 59 10 2a

5 S. vagus subsP.

eqlandulosus
42.9 98 .439 2.L7 1.89 24 2b

cROLrp 1B Radiate species with d.iscrete stigmatic surfaces

6 q. lautus ssp. lautus

7 ssn . disseetifolius

I ssp . maritimus

9 ssp . alpinus

I0 ssp . laneeolatus

Il S. spathulatus

L2 S. glossanthus

13 S. qregorii

15 g. odoratus

16 S. cunninqhamii

19 S. linearifolius

I0.8

10.6

r0. 2

10.7

9.8

12.3

6.'l

12.6

40

40

40

40

40

40

40

40

.2'70

.266

.255

.269

.243

.307

.1.63

.309

1.52

1.56

r.47

1.41

r.47

1.49

L.44

1.78

1.4I
1. 34

1.38

1.36

l. 37

1.41

!.25

I.25

1a

1a

Ia

la

l-a

1a

1a

1a

0

0

0

0

0

0

0

0

GROUP 2A - DÍscoid species without rnargínal ray fLorets

L4 S. hypoleucus L7.9 60 .295 I.73 1.55 23

17 S. anethifolius

18.1 60 .303 2.0L 1.61 33

I8.9 60 . 315 2.r7 1.4 I 10

17.4 60 .289 2.02 1.53 17

20.4 60 .340 2.LL L.52 10

species with marginal ray florets
18 . O 60 . 300 2 .28 L.'17 27

18.0 60 .304 2.05 I.72 33

18 S. qawlerensis

GROUP 2B rDiscoid'

2a

2b

2b

2b

2b

2b

2b20 S. sp. A



Table 7.2 - continued

Species and

KarYotYPe ltro.

25 g.

26 q.

27 1.

sguarrosus

28 S. minimus

29 S. p icrid.ioides

30 s. atus

31 S. hisPidulus
var. hisPídulus

32 var. dísseetus

33 S. SP. C

34 S. biserratus

37 q. míkanioides

2N
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Arm Ratios
mean Z>2 C1ass*

GROUP 3A - Erechthitoid sPecies'

2l S. quadridentatus

22 Z. gunnil

23 g. aff. aparqiaefolius 14.1 40

24 2- runcinifolius

BROUP 38 Erechthitoid' sPecies'
sp. B

with pltunp achenes

2.56 1. 30 3 2b

2.48 1.35 10 2b

2.3! r.90 20 2b

2.52 1.55 13 2b

2.45 1.58 I7 2b

2.49 L.27 7 2b

4C DNA
Àmount

(pg)

19.I

]-9.4

20.1

25.3

Lengths
mean L/s

2.r5

2.25

2.L4

2.21

perennials with slencler achenes

L2.8 40

14.0 40

L6.2 40

19.9 60

19.8 60

19.8 60

t9.7 60

]-9.2 60

.319

.351

.353

.404

annuals
.333

.330

.233

.331

.328

.320

L.2I
r. 33

l.3r
1.19

1b

2b

1b

1b

0

5

0

0

bipinnatisectus 14.0 60

60

60

60

60

.319

.324

.335

.253

2.36

2.25

2.47

2.42

1.49

2.52

1.72

l. 51

I.32 7

1.3r 7

1.38 7

r.72 20

1.56 r0

1.63 20

J-.26 0

2.L7 40

2b

2b

2b

2b

3sI. pterophorus

36 s. vulqaris

38 q. discifolius

OTIIER GENERA

39 Erechtites lt"ffii" 25.0 40 .628 I.67 2.62 B0 3a

EXOTIC SPECIES

4.2 20 .209

'7 .B 40 .196

11. B 20 .586

14.3 L0 1.427

2a

2b

1a

2a

* Class according to Stebbins (1958), see Table '7 '3'



337

TABLE 7.3

Distribution of Karyotypes of' Senecio Aecording

to Their Degree of Aslzrrunetry (classifications in parentheses

after Stebbins (1958) ) .

Ratio
Longest å
Shortest

<2z]-.

2z]- 4: I

)4: I

2N

10

20

38

40

60

98

100

Total

Proportion o

o. o 0.0

qra)

9

(rb)

4

(lc)

f Chromosomes with Àrm Ratio >2:I

l-0,. s 0.51,-0.99 1' 0

(4a)
1za)

4

(2b)

20

(2c)

(3a)

1

(3b)

1sc)

(4b,)

(4c)

Table 7 .4

RelationshípBetweenKaryotypeSymmetry

and chromosome Number it @

TYPe of Symmetry*

1a 1b 2b 3a

1

2

1s

I
I

2a

t
I

TotaI

1

2

2

15

16

I
I

I

I

I

41

l_

1
9

*as defined in Table 7 '3

4 4 20 38
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findings, karyotypes of specíes with higher ch::omosome numbers

are generally more asymmetrical than those with lower numbers'

Two factors may have contributed to such a tren<l. First of all,

it is perhaPs more likely that structural rearrangements would

be tolerated at higher ploidy levels as each chromosorne of the

genome is represented several times. A second faetor is that

most of the species at higher ploidy levels are either hexaploi<1

(2N=60) or decaploid (2N=100) . If these p}oicly levels were

formed by events including hybridization, then as]tmnetry in the

high polyploid would t¡e increased if the parental karyotypes

differed. in absolute size.

To compare evolutionary advancement with karyotype aslznmetry'

the mean arm ratio of each karyotype was plotted against the

ratio of the longest ehromosome divícled by the shortest chromo-

some (Fig. 7.10). On the basis of morphological evidence

(Chapter 3) it was eoncluded that outcrossing radiate species

with continuous stigmatic surfaces are most primitive, yet these

species (Croup 1A) have comparatively asymmetrical karyotypes

(Fig. 7.10). However, species of Group lA also have more DNA per

genome than any other group the the asynunetry is apparently due

to unequal increases in chromosome arm lengths (see following

discussion). If the remaining groups are compared, then there

is a general increase in karyotype asymmetry with evol-utionary

advaneement. Radiate specles of Group 1B are morphologieally

most primitive and also have the most symmetrical karyotypes'

In terms of the modified phylogeny shown in Figure 7.98, ít

woutd. appear that the prímitive symmetricat karyotype has been

maintained in Group IB and to a lesser extent in Group 34, but

that asymmetry has íncreased among discoíd specíes of Group 2 and

annual erechthitoid species of Group 38. Àlthough the increased

asymmetry might be due to high ploidy levels rather than to



o
tr
d.
z.
É.

z.
lrJ

=

3.0

2'8

2.6

2.

2.2

2.O

.1A

o Erechtites

ol

olA F'.
1

\
a)

a1

9-" \
t\'

\
t
I
I
t
l
,

,

a

¡a 2
\

J-\ \
¿¿- ----r O --

-- -' a-r 2A -_(¿--' lAi^ 
o1o o)

.14
olA

\
\

Ol

.)-

I
t

1

1.2

'i-t -' - ...

t
I
I
I

olt

5B

o
a

r' o
IB

/a

lr^
ta
t\
I

Ia,a

t\\ o
a

\

1.4 1.6 1.8 2'O 2'2 2',4

RAT I O LONGEST/SHORTEST CHROMOSOME

2.6

Fig. 7.lO Relatíonship between karyotype

based on external morphology (1Ar 18, 2A,

morphological groups, ) .

symmetry and grouPs

etc. indicate



339

evolutionary advancement, the fact remains that the most sym-

metrical karyotype oceurs in a cornparatively primitive grouP'

7 .3.4 Chang es in Absol-ute Chromosome Size

In the previous chapter it was concluded thaü the ancestral

species of senecio probably had about 1.5 pg of DNA per genome of

Ì0 ehromosomes or about 0.15 p9 per ehromosome. In Table '7 '2

the mean ehromosome length of each taxon eorresponds to the mean

DNA amount per chromosome, but values are doubled as total

chromosome tength vras equated with the 4c DNA amount per nucleus'

The ancestral chromosome size is therefore represented by 0'30 p9'

Among native species o Seneeio the greatest departure from this

amount oecurs in species of GrouP 1A wj-th chromosomes up to three

times as large, and it 1. ssanthus with ehromosomes about half

Èhe ancestral or Primitive size.

If the mean arm ratios of Group IA species are compared with

those of other groups (rable 7.3) then it is apparent that in the

case of g. magmificus, s. amygdalifolius and s. macranthus there

was'little change in the mean arm ratio as chromosome size ln-

creased. However, the mean arm ratios of S' vagus and S'

velleioides are higher than those other species of Senecio. In

the latter case it woul-d apPear that proporÈionately more DNA has

been added to the long chromosome arm than to the short chromo-

some arm. Àlternatively, it could be suggested that pericentric

inversions have occurred more frequently. Ilov¡ever, in the case

of S. velleioides inversions must have been comparatively large

and have occurred in at least 50* of the complement to obtain the

observed dífference ín arm ratios. one night therefore expeet

to see some evidence of inversion heterozygosity d-uring meiosist

but meiosis was quite normal in all populations of s . velleioides
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and S-. rgg5- examined. Although by no means conclusive' I

believe the evidence favours unequar increases in the size of

chromosomearmsasthetotalDNAamountof.'S..vagusand'S.

velleioides inereased'

g. gfg!þg has chromosomes reduced to half the ancestral

chromosome size, but the mean arm ratio of this species is com-

parable with that of related species (Group 1B) with much larger

ehromosomes. In the ease of'1.'glossanthus DNA has apparently

beenlostfromallchromosomearmsinequal.proportions.Another

species with comparatively small chromosornes i= S-' bip innatisectus

(Group 38). Although the mean arm ratÍo of g' bip innatiseetus

isconsiderablyhigherthanthatofotherspeciesinthesame
group, the increase is due largely to the presenee of one acro-

centric chromosome with an arm ratio of 10.7:1. If this chromo-

some is omitted then the mean arm ratio of the remaining chromo-

somes becornes l. 59, a varue comparable with s ' @iE and

g. p¡cr.idioÍdes of the same grroup' It ís therefore tike1Y that

thekaryotypeofg..bipinnatiseetusevolvedbylossofDNAfrom
alr chromosome arms and by an event invotving at reast one major

structural change.

Althoughthereisa5.T-folddifferenceinthemeanchromo-
some size of native species of senecio, evidenee sugqests that

inmosteaseschangesínchromosomesizehaveaffectedall
chromosomearmsmoreorlessequallysothatkaryotypesymmetry

is unchanged. Exceptions are'[. vell'eioides and s' yaqus' in which

the long chromosome arms have apparently inereased tO a greater

extent than the short ehromosome arms' \

7 .3. 5 The Basic Chromosolne Number' of Senecio

Àlthoughitisgenerallyagreedthatthebasícchromosome

number of Senecioneae is x=10 (Solbrig Lg77 ' 
Nordenstam 1977 '
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Lewisl98o),thereissomedisagreementastothebasicchromo-

some number of Senecio' Chromosome counts of over 400 species

andvarietiesofseneciohavebeenreportedintheliterature,

andofthese,o.T*haveahaploid'numberofN=5rgthaveN=IOand
4It have N=20. Turner and Lewis (1965) suggested that the

absence of species with N= 6, 7 and 8 SUpports a basic number of

x=5for@.However,ornduffeta1.(1963'I967)conc1uded

thatx=lOisbasicasthethreespecieswithN=5areannuala

featureeommonintaxaatthelowerendofareductionseries

and ,,hexaploid,, (N=J-5) and "decaploid" (N=25) species do not

occurinthegenus.ofthe63generaofSenecioneaeforwhich

chromosomenumbershavebeendetermined(Nordenstam1977l,N=5

occursonlyi'E*Ëand9€9.Nordenstam(.:.977)suggested

that N=5 evolved by aneuploid recluction in both easesr âs Emília

alsocontainsphylogeneticallyadvancedannualsandreductionis

evident in other derived annuals' namely Gymnod iscus (N=9) and

Steriodiscus (N=10, 8). However, olyrode (1973) has shown eon-

clusivelythataspeciesofEmiliawithN=lOisanallopolyploid

of two speeies with N=5. Although x=ro is apparently the basic

numberofsenecioneae'N=l0isobviouslyderívedinthecaseof

EL!b.Itwoutd'seemunliketythatspecializedannualspecies
of senecio with N=5 could gíve rise to less specialized perennials

with N=rg or more, but in view of the evidence f rom @' the

possibílity cannot be completely discounted'

ThreeÀfricanspeciesof@withlowchromosomenumbers
$rere íncluded ín this study to see íf karyotypes eould provide

furtherevidenceofthebasicchromosomenumber.Thelowest

chromosome number among species of senec'io native to Australia

is N=19, but the introduced weecls S '' Þterophorus and S 'mikan íoides

both have N=10. None of the species with N=5 appear tO OCCUr

outsideofAfrica,butitwaspossibletoobtainseeclsof
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S. discifolius - one of three species with N=5'

7.3.5.1 and absolute chromosome size.

Karyotypesofslpteropho'rus,s.mikanioidesandS. discifolius

are shown in F.ig. 7.1-35, -37 and -38. The most obvious dif-

ferenee is ín absolute chromosome size. The mean ehromosome size

of g. pfærgphgIl¡s. is 0.21 p9, of g. mikaníoides is 0'59 pg and

of g. diggi;[g]-iU5. is 1.43 p9. If.g'-'disiifolius evolved from an

ancestor with N=10 by aneuploid reductíon, then it might be ex-

pected that the ehromosomes of g. cliscifolius would be at most

twice the size of an ancestral ehromosome - that is, 0.60 P9'

However, the average ehromosome size of S' dÍseifolius is twice

this amount. If aneuploidy is truly the mode of origin, then

eithers.@wasderivedfromaspecieswithIarger
chromosomesr or the DNA amount of S'

the chromosome number was reduced'

discifolius increasecl after

AlternativelY, if N=5 is the

basÍc chromosome number then the chromosome size of q' discifolius

has increased along with the evolution of an annual habit' A

similar trend was reported by NagI and Ehrendorfer $974) for

some annual species of Anthemideae, although in theser the in-

crease in nuclear DNA was accompanied by an inerease in the

proportion of heterochromatin.

General karyotype syrunetry does not offer conclusive evidence'

Karyotypes of the perennial S. pterophorus and S . mikanioides

are both more slmmetrical than the karyotype of q. discifolius -

evidence that might suggest that S' diseifolíus was derived bY

aneuploid reductions. However, it could also be argued that the

absolute ehromosome size of 9. discÍfolius increased by the

addition of proportionat,ely more DNA to the long chromosome arms

- as appears to be the case for S. ' (see part 3'4 of

this ehapter).
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7 3 5.2 'fhê hutnber of sa.Èelf i'te chromos'om-es.a

As each haploid chromosome complement normally has one

satellite chromosome (Stebbins 1950, Jackson 197]1 t satellite

number can be an indicator of ploidy level. Hov'rever, It{cClintock

(1934) demonstrated that fragmentation and ínterchange it 3""

EIg can 1ead to an inerease in satellÍte number ín<lependently of

polyploidy. A further dÍffíeulty is that at higher ploidy levels

the number of observed saÈellites may in fact be reduced

(Stebbins 1950).

The relationship between chromosome number and satellite

number in Senecio is shown in Table 7.5. The number of satellite

chromosomes among species with N=5 or 10 could support either

x=5 or x=10 as the basic chromosome number (i.e. one satellite

in the haploid set in each case). The majority of species with

N=19 or 20 have either one or two satellite chromosomesr sup-

porting x=10 as the basic nrmber, but three (subspecies of

l. lautus) do have higher numbers of satellites. Sígnificantly,

one subspecies has five satetlite chromosomes, a higher than

expected number for N=20 even if the basic ehromosom.e number was

x=5. Fragrmentation and translocation must therefore have

occurred in at least this ease. Species with N=30 can again

support either x=5 or x=10 as the basic nurnber. Àlthough a

greater nunber of sPecies do support x=10 as basic (with frag-

rnentation account,Íng for higher satellite numbers) it is noÈ

possible to decide conclusively whether x-5 or x=10 is basic

'from the number of satellite ehromosornes.

It is possible that examination of karyotypes of additional

speciesof@withN=5andN=I0$'ouldprovidemoreCoD-

clusive evidence, but if variation among the three species

chosen is typical of the lower ploidy levels then the picture

míght become even more confusing. The most suggestive evidence



TABLE 7.5

Relationship Between Chromosome Number and

observed and Expected satellite Number ín Haploid

complements of species and varieties of senecio

344

Expected satellite
Number observed Sat'ellite Number

x=5 x=.10 (number. of .taxa in parentheses)N

5

10

19, 20

30

49, 50

t

2

4

6

10

I
I
2

3

5

1(1)

1(1) , 2 (1)

1(7)r 2(71 t 3(1), 4(1)r 5(1)

o(1), 2(10),4(3), 5(2)

o(1),2(1)
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is still the fact that all species with N=5 are specialízed

annuals whereas all primitive perenníal herbs and shrubs have

N=Io or higher. I therefore favour x=10 as the basic chromosome

number of Senecio, and believe species with N=5 most probably

evolved by aneuploid reduction.

7.4 Conclusions

Às chromosome numbers of Àustralian species of Senecio are

comparatively high (N=20 to N=50) karyotypes were compared by

computer matching of chromosomes. Four values two unique

percent matchês and two total percent matches are possible

when chromosome numbers d.iffer. A system combining the four

values was therefore devised in order to assess relationshíps.

Results indÍcated that species grouped by their external morph-

ology (ehapter 3.6) $¡ere, in the majority of cases, also grouped

by their karyotype similarity. Pereentage similarity values also

indicated a degree of chromosome duplieation both withín and

between karyotypes an exPected resuLt in view of the polyploid

nature of mosÈ taxa. Hov,rever, the more or less continuous range

of sinilarity values suggested that structural ehanges within

karyotypes have been extensive. Dif ferenees in absolute chromo-

some size may account for some of the sÈruetural change but rê-

arrangements of chromosome segments are also tikely as the nuelear

DNA amounts of many species are similar.

A comparison of satellite ehromosome morphology provided evi-

dence in support of the hypothesis that S . linearifolius and s.

sp.À(Group 2Bl are the product of introgression between a discoid

and a radiate taxon. Hovrever, on the basis of karyotype evidence

the phytogenetic relationship between the two erechthitoid
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subgroups proposed in Chapter 3 was a.ltered. A modified phylogeny

in which the erechthitoid. subgroups are deríved from different

ancestral species best fits the observations of karyotype mor-

phology and external rnorphology.

comparisons of karyotype svmmetry suggest that the most

primitive karyotype in Senecio was probrably symmetrical, but that

aslmmetry is not neeessarily correlated with advanced morphology

or breeding systems. Instead, ít is sugeested that asymmetry is

largely correlated with higher ploidy levels as it is more likely

that structural changes will be "toleratêd", species with 2N=60

and 2N=I0O most probably formed. by events includinq hybridization.

so that asynunetry may in part be due to the combination of dif-

ferent parentaÌ karyotypes. It is possitrle that the asYrmnetrieal

karyotypes of 1. velleÍoides and S. W, are the result of

unequal íncreases in the absolute size of chromosome armsr but

in the majority of cases, changes in absolute ehromosome size

have not affected arm ratíos of karyotypes.

Three African species with low chromosome numbers were in-

cluded in an attempt to confirm the basic ehromosome number of

Senecio. However, variation in karyotype syrnnetry, absolute

size of chromosomes and the number of satellites could support

either x=5 or x=10 as basic. The occurrence of 2N=10 among

specialized annuals is therefore still the most suggestíve

evidence favouring x=10 as the basie ehromosome number of

Senecio.
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8.1 Introduction

Natural hybríds between species of senecío have been noted

by many authors. In Britain, Lousley (1946) descríbed a newly

discovered hYbrÍd between S. squalidus and 1. viscosus and listecl

six other Previousl

species. of theset

1. vulgaris (2N=40)

y reported hybrids involving' seven parentaÌ

the realtionshiP between S . squalidus (2N=20) ,

, their FI hybrid S. x baxteri (2N=30) and

allohex aPloid derivative S .'eambrensis (2W=60) has been exten-

sively investigated '(Hutt :r974a and b, !975, 1976, Richards 1975',

Monaghan and HuIl :-:976, Stace 1977, Ingram L977, L978, Weir and

Intram 1980, Ingram et al. 1980). Levyns (1950) suggestedl that

hybrids vtere also forming between S ' g!g@' 1' rosamini-

folius, 1. rigidus and s. lanceus in the cape Peninsula of south

Africa. Putative hybrids between Australian erechthitoíd species

of Seneeio were reported by Belcher (1956), who also suspected

that introgression might occur between erechthitoid and' one or

more radiate sPecies of @þ'
Atl of the above mentioned hybrícls occur between different

species, but in the strictest sense, a hybríd is any organism

produced from a cross between genotypically different parents,

so that hybridization is synonymous with outcrossing' The high

incidence of interspecifie hybridízatíon in senecio suggests that

erosses between varieties and forrns must also be frequent'

There are perhaps two reasons why hybridization is eommon in

senecio. The first ís that many speeies are successful in

unstable environments (see Chapter 4) so that two or more species

often oceur in dense and íntermingled populations. In such

situation, cross pollination can occur even between facultative

Ínbreeding species with comparatively inconspicuous capitula'

TheseeondreasonisthatthenaJorityofcytotogically
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investigated specíes of''Senec'ío are polyploíd (see Lawrence 1980'

copy bound with thesis). Of the 30 species of senecio native to

Australia and íncluded in this study, L2 are tetraploidr 15 are

hexaploid, I is octoploid and 2 are decaploíd. Harlan and dewet

(1975) commented that "high polyptoid's can withstand the shock of

alien germplasm better than plants at lowe:: ploidy levels and

the widest crosses are likely to be most successful at that level.l'

The occurrence of interspecific hybríds in senecio is therefore

Iess surprising than in a genus contaíning only diploid's.

8.2 Materíals and Methods

Methods used in the analysis of hybrid plants have been

largely described in preceeding ehapters' References are:

1) bagging and emasculation of capitula for cross pollination

trials - ChaPter 4.2.1¡

2) preparation and staining of mitotic or meiotic material-

Lawrence (198) r coPY bound with thesis¡

3) estimates of 4c nuclear DNA amounts - chapter 6.2ì

4) construetion and analysís of karyotypes - chapter 7.2.

pollen fertility of hybrid plants was deter'mined by counting

300 grains staíned with methyl green ancl phloxine in a glycerol

jetly medium (after owezarzak, 1952) ' seed fertility was not

directly determined as seed numbers were usually 1o$¡' Insteacl'

percentage seed germination was ealculated so that progeny eould

also be studied.
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8.3 Results and Discussion

g. 3.1 Natural llYbrids

8.3.1.1 Characteristics o f hybrid and parent plants.

Nine hybrids between different speeies of seneeio v¡ere col-

lected in the field. Each hybrid is designated by the names of

the two parents connected by the multiptication sign (x) ' rather

than by a ne$¡ sPecif ic name preceecled by (x) ' rn the case of

S. lautus x S. biserratus, sterile FI plants occur with sufficient

frequency to have been mistakenly recognized as a new taxon

s. brachyqlossus (=S. lossanthus) var. major by Bentham (1866)

and S. orarius by Black (1928). Both are reduced to synonlzmy

(see treatment 39 in ChaPte:: 3)'

As most collectÍon sites could not be revisited, studJ-es of

natural hybrícls depended upon the suitability of material fixed

for meiotic preparations and the success of cuttings prepared

and potted in the fietd. Hol,üever, the locality for hybrids be-

tween S. pterophorus and S. @!g was wíthin 20 kilometers

of the laboratory, so that more extensive studies h'ere possible

(see part 8.3) .

characteristics of each hybrid and of its parent species are

given in the following pages. A range of values is given in

most cases and represents the range of mean values calculated

from five measurements of each plant'



I senecio pterophorus DC. x s. hlpoleucus F.v. ItÍuell. ex Benth.

Figure 8.1.

hybrid

40

8-27

0

0

?

f ernale
ray

351

S. hypoleucus

60

0

>80

>80

outbreeding

bisexual
disc

5

3:1

3-4

8-9

5-6

3.0

0

0

L2-t4

Chromosome number (2N)

Univalents at MI

t seed set

* fertile pollen

Breeding system

Marginal floret tYPe

No plants measured

Leaf lengthr/width

Pedicel length (mm)

No. involucral bracts

No. bracts in calyculus

Involucre width (mm)

No. ray florets

Length ray (mn)

ìtro. disc f lorets

s pterophorus

20

0

>80

>80

outbreeding

female ray

5

7-9zl-.

]-4-t7

20-21

14-I5

4 .0-4 .5

L2-L4

6.0-6.2

s8-66

L2

3-5: I

6-9

L2-l.3

5-9

3.5

5-8

1.3-4.7

r7-23

Collection site: Sout,h Àustralia. ML658-670: dry sclerophyll

forest 0.6 km Vü. of Kangaroo Creek Dam wall, Torrens Gorge;

28.xii.I976.
Frequeney: 26 hybríds among 625 parent plants (about L/LO of

total population).

Other species of Senecio present: S. Iautus subsp . dissectifolius

(2N=40), S . guadridentatus (2Dl=40) .
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Fig. B.I A. Senecio Pterophorus-

C. S. pterophorus x S. h)æoleucus-

magnification. Scale I0 cm.

B. S. hypoleucus.
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2. 'Senecio

Figure 8.2.

Chromosome number (2N)

Univalents at MI

t seed set

t fertile Pollen

Breeding sYstem

Marginal floret tYPe

No. plants measured

Leaf length,/width

Pedicet length (run)

No. involucral bracts

No. bracts in calYculus

No. raY florets

Length raY (mm)

No. filiform florets

No. disc florets

hybricl

40

e.L2

0

0

2

female raY
and filiform

352

60

0

>80

>80

inbreeding

female filiform

5

3-5: I
I -1r

11-12

4-5

0

0

29-34

l-0-Ì3

Us f)C. x S. atus Desf. êx Poiret

I Iomeratussq

20

0

>80

>80

outbreeding

female raY

5

8-9: I

L9-23

18-19

16-19

I2-13

6.2-6.4

0

7l-86

6

4-8:1

9-1 6

I3-14

8-L2

T2-T3

3.0-3.2

8-II
42-50

CoIlection site: South Australia' l'îL67 5-676 ' 
619'6822 sedgeland

dominated by Gahnia trifida 5'9 km NE' Coffin Bav township;

23 . i.1977 .

FrequencY: 6 hYbrids' 24 9' Iomeratus 4I g. Pterophorus'

Other species of Senecio present: s lautus subsP. dissectifolius

(2N=40).
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Fig. A.2 A. Senecio pterophorus' B'

C
S. qlomeratus.

AIt figures at same

I

C. S. pteroPhorus x

nagnification. Scale I0 cm'
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3 Senecio'pterophorus DC. x S . picriclioídes (Turcz. ) Lawrence

Figure 8.3.

Chromosome nurnber (2N)

Univalents at Mf

t Seed set

t Fertile pollen

Breeding system

Margínal floret type

No. plants measured

Leaf length,/width

Pecl.icel length (mn)

No. ínvolucral bracts

No. bracts in calyculus

No. ray florets

Length ray (mm)

No. filiform florets

lÏo. disc f lorets

S. pterophorus

20

0

>80

>80

outbreedinq

female ray

hybrid 9.
40

14 -19

0

0

?

female ray
and filiform

picridioides

60

0

> 80

>80

inbreeding

female
filiform

5

8-10:1

18-21

19-2L

14-16

12-13

5.8-6. I
0

66-73

1

4:Ì
I

I3

5

I
2.I

9

18

5

2-3zl--

8-10

8-9

3-4

0

0

I5-I8

5-7

Collection site: South Australia: Mt914: roadside paddoek

between North Block and South Block, Eyre PeninsuÌa; 2I.x.197'7.

Frequency: I hybrid only, both parents frequent.

other species of Senecio present: S. quacl.ridentatus (2N=40).
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Fig. 8. 3 A. Senecj-o pterophorus. B. S. picridioides.

C. 9. pterophorus x S. picridioides. AIl figures at same

magnification. Scale 10 cm.

I

BA



354

dissectifolius Ali
4 Senecio lautus G. Forst'

x S. biser'ratus Belcher

ex Í,Iill-d. subsP.

Figure 8.4.

s^ brachvqrossus F.V. Muert. var. 'g1jg Benth Fl' Aust'

3:670 (1866).

g. orarius Black, Trans' Roy' Soc' S' Àust ' 52:230 (1928) '

c biserratus

Chromosome number (2N)

UnÍvalents at MI

t Seed set

t FertíIe Pollen

Breeding sYstem

Marginal floret tYPe

No. plants measured

Leaf length/width

Pedicel length (mn)

lrlo. involucral bracts

No. bracts in calYculus

No. ray florets

Length raY (nm)

No. filiforn florets

No. disc florets

S. Iautus

40

0

>80

>80

outbreeding

female raY

hybrid

10

t6-47

0

0

a

female raY
and filiform

r00

0

>80

>80

inbreeding

female
filiform

5

2z:-.

5-7

I
3-4

0

0

14-17

6-8

5

2-3:1

t8-27

13-15

8-10

10-ll
7 .7-8.2

0

s9-79

3

2-3¡L

9-r0

12-13

5-7

8-L0

2.5-3.0

6-1I

24-26

ColIectíonsites:Victoria.MLl293-95:narrol^Tdividebetween

Lake KillarnY and Lake Victoria' 10 kn SSE. Bairnsdalet 14'xii'

1978.-MLu2gg:baseofcoastalc}iffondunel.5krnfrom

beach, 4 km E. Marlot 15'xíi'1978'

Frequency:ssE.Bairnsdale3plants,bothparentsfrequent.
E. llarlo - 1 plant, both parents frequent'

Other speeie s o'f Senecío present: SSE. Baírnsdale -'1'

glomeratus (2N=60). E Marlo - Dollê'
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Fig.8.4 A. Senecio lautus subsP . dissectifolius. B Þ . biserratus.

C. S. lautus x S

tt

{

C

Scale IO cm.

. biserratus. AII figures at same magnification.



5 Senecio linearifolius À. Rich' x S. bipinnatísectus Belcher

Figure 8.5.

Chromosome number (2N)

Univalents at MI

ã Seed set

t Fertite Pollen

Breeding sYstem

Marginal floret tYPe

S. linearifolius
60

0

>80

>80

outbreeding

female raY

hybrid

60

0-4

0.04

2.6

?

female ray
and filiform

7

2zL

6

13

3

9

L.2

0

18

S bipinnatiseetus

60

0

>80

>80

inbreeding

female
f íIiform

5

L-2 zL

7

9

2-3

0

0

15-17

5

No. pJ-ants measured

Leaf Iength,/width

Pedicel length (mm)

No. involucral bracts

No. bracts in calYculus

No. raY florets

Length raY (mm)

No. filiform florets

No. dise florets

5

4-6:1

6-B

I

3

5

4.5-5.0

0

I1-12

Col-lection site: New South Wales. MLI-327: in small quarry near

wet selerophyll forest t 22'g km' N' Wíngham on road to

Comboynel. 24.xii.1978.

Frequency:tplantonlyrÈrothparentsfrequentinforest'
Other species of Senecio Present: S. minimus (2N=60) .
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Fig. 8.5 A. Senecro linearifolius. B. S . bipinnatisectus.

C. S. Iinearifolius x S. bipinnatisectus" All figrures at same

C

l.

magnification. Scale l0 cm.



6. Senecio linearÍfolius A. Rich' x. S. sp. B. Figure 8.6.

356

SP. B

60

0

I linearifolius hybrid

60

0-8

0.I2

3.0

)

female ray
ancl filiform

1

6:1

I
13

5

6

1.3

3

15

s

Chromosome nurnber (2N)

Univalents at MI

t Seed set

t Fertile pollen

Breeding sYstem

Marginal fÌoret tYPe

No. plants measured

Leaf lengthr/width

Pedicel length (run)

No. involucral bracts

No. bracts in calYcul-us

No. ray florets

Length ray (mn)

No. filiform florets

No. disc florets

60

0

>80

>80

outbreeding

female raY

5

4-5:1

6-7

I
3

5

4.2-4.4

0

10-13

> 80

>80

inbreeding

female
filiform

5

6-7 zL

7-8

8-9

3-4

0

0

11-13

6

collection site: New south wales: ML1389: roadside in dry

sclerophyll forest, 3 km, from ,renolan Caves on road tO oberon;

28.xii.1978.

Frequency: I plant only, both parents frequent at roadside'

Other species ofS eneeio in vicinitY: g. minimus (2N=60) '
s. hispiclulus (2N=60) .



'?{¡\ I

)
I

t
It

A

,

C

Fiq. 8.6 A. Senecio linearifolius. B. S. sp. B.

c S linearifolius x S. sp. B. All figures at same magnification.

B

Scale 10 cm.



7 Senecio bipinnatisectus Belcher x S. minimus Polret.

S. bipinnatiseetus

60

0

>80

>80

inbreeding

female
filiform

5

1-2:1

7-8

9

2-4

T4-I7

4-5

357

1 mrnrmus

60

0

>80

>90

inbreedinq

female
filiform

5

4-5: I
7

9

2-3

11-14

5

Figure B.'l .

Chromosome number (2N)

Univalents at MI

B Seed set

t Fertile pollen

Breed.ing system

Marginal floret type

No. plants measured

Leaf length,/width

Pedicel length (mm)

No. involucral bracts

llo. bracts in calyculus

No. filiform florets

No. bisexual florets

hybrid

60

0-3

(in bud)

37. r
?

female
filiform

3

2-3:1

7

9

3

15

5

Collection site: New South tr{ales. ML 1346-48: along roadside

8.4 km. from NE. boundary of BarringÈon Tops National Park

on road to Gloucester Tops, 24.xii.1978.

Frequency: Three plants, both parents frequent along roadside'

other species of Senecio in vi cinity: S. sp. B (2N=60).
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Fig. 8.7 A. Senecio bipinnatisectus. B 9. rn-inimus.

C. S. bipinnatisectus x S. nr-inimus. AII fig-ures at sa¡r,e magnification

Scale l0 cm.
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8. Senecio glomeratus Desf. êx Poiret x S' hispidulus A. Rich.

Figure 8.8.

s g lomeratus hYbrid l. hispidulus

Chromosome number (2N)

Univalents at MI

t Seed set

t Fertile Po1len

Breeding sYstem

Marginal floret tYPe

No. plants measured

Leaf length/width

Pedicel length (mm)

No. involucral bracts

No. bracts in calYculus

No. filiform florets

No. bisexual florets

60 60

00

>80 >80

> 80 >80

inbreeding inbreeding

female female
filiform filiform

60

0

>80

>80

inbreeding

female
filiform

5

3-4:I
5-8

11-12

5-6

19-29

9-tr

I

3:l

6

t2

5

2I

I

5

4-5: L

8-10

11-12

3

13- 15

4-6

collection site: victoria: ML 1086: among roadside grass 1'3 k'm

sE. Lang Lang on road to Nowrai 3'xii'1978'

Freguency:lplantonlyrparentsbothlocal'lyfrequent'
Other species o f Senecio in vicinitY: S. Iautus subsP.

lanceolatus (2N=40).
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Fig.8.8 A Senecio lomeratus. B S hispidulus.

1c qlomeratus x e

C

ScaLe I0 cm.

hispidulus. All fig"ures at same magnification-



9 Senecío glomeratus Desf'

Figure 8.9.

ex Poiret x S-. trylg!ry Poiret'

hybrid

60

0

S. minimus

359

60

0

>80

>80

inbrreedinq

female
filiform

c crlomeratus

Chromosome number (2N)

Univalents at MI

t Seed set

t Fertile Pollen

Breeding sYstem

Marginal floret tYPe

No. P1ants measured

Leaf lengthr/width

Pedicel length (nn)

No. involucral bracts

No. bracts in calYculus

No. filiform florets

No. bisexual florets

60

0

>80

>80

inbreeding

female
filiform

>80

>80

inbreeding

female
filiform

5

3-4 : l.

6-9

11-13

5-7

25-31

r.0-lI

3

5:1

7

1r-12

6-7

28-33

7-8

5

5:1

7-10

9

3-4

]-2-L6

5

Co11ection site: Vietoria. I"lL 1146-1148¡ among roadside grass

18 km. Ñitr. Porland; 6'xii'1978'

Frequency: 4 Plants' both Parents ft
-

Other species of. Senecio l-n vicinitY: g. odoratus (2N=60) '

s biserratus (2N=100) '

equent.

a
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Fig.8.9 A. Senecio glomeratus. B S. n-inimus.

C. S. glomeratus x. S. nr-inimus. Alt figures at sa¡ne magnification-

Scale l0 cm.



TÀBLE 8.1

Characteristics of 9 naturally occurring hybrids of Senecio species

Parent. species
marginal
florets*
12

õ
c,
o
U' +J

odpo

o
F{
.Fl
+JÉl{o
OF{

l+-l Fl
o

dp.o{

oAo
E c.¡ +J

-l{. O- Édo o oÉ+, O f{ rl..'lO EO rdH
Þt{ O.A >ãl{O t{É..{
fdF{ .lA É+JErlr O É 5 rd

ehromosome
number (2N)
12

I s.

2 s.

hypoleucus FR 40

. qlomeratus FR+FF 40

. picridioides FR+FF 40

. biserratus FR+FF' 7O

linearifolius x S. bi pinnatisectus FR+ 60
FF

6 linearifolius x 9. sP. B FR+FF 6O

7 S. bipinnatisectus x S. m].nl_mus FF 60

I S. glomeratus x S. hispidulus FF 60

9 glomeratus x 9. minimus FF 60

XS

Hybrid (1 x 2l

pterophorus x S.

pterophorus x S

lautus x S

8-27

c.L2

14-I9

16-47

0-4

0-8

0-3

0

0

0

0

0

0

2.6

3.0

37. I
>80

>80

0

0

0

0

0. 04

0.12

?

>80

>90

FR

FR

FR

FR

FR

FR

FF

FF

FF

BD

FF

FF

FF

FF

FF

FF

FF

FF

20

20

20

40

60

60

60

60

60

60

60

60

100

60

60

60

60

60

g

q.

E.

3

4

5 s.

s a

(,
olo

* FR = female rây, BD = bisexual disc, FF = female filiform
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9.3.1.2 B,¡idence used to determine Þarent s of hybrids.

Likely parent,s of aII natural hybríds listed in Tab1e 8'l were

first deduced from the rnorphology of Senecio species occurring at

t,he collection síte and the rnorphology of hybrid plants' Mitotl-c

and meiotic preparations vtere then examinecl to determine if

chromosome numbers gave the correct hybrid combination and' if

irregularities were visible d.uring meiosis in the hybrid'

Nuclear DNA amounts vary consi<lerably ín Seneciq (see Table

6.6, page293) and therefore offered another means of testing

parental combinations. Actual hybrid DNA arnounts could therefore

be compared with expected values obtained by averaging the DNA

amounts of putative parents. Results for seven of the nj-ne

hybrids are shown in Tabte 8.2. (As vegetative propagation of

g. pterophorus x s. picridioides and s. bípinnatisectus x

g. minimus was unsuecessful, these plants could not be included) '

In all cases expected and observed hybrid DNA amounts did not

differ significantly (P >.05) when compared b'y a Students t test'

and therefore supported the original suspected parents'

A further means of comparing hybrid and parent plants was by

karyotype morphology. Because of limited tine, this was done in

only one case - S. Iautus x S. biserratus a sterile FI hYbrid

occurring with suffícient frequency to have been rnistakenly re-

cognised as the specíes 1. orarius (see taxonomi treatment' 39 ín

chapter 3). Karyotype analysis was completed by the method

described in Chapter 7 t but no atternpt was maCe to pair homologous

chromosomes. The karyotYPe of S. lautus x S . biserratus (Figure

8.IOA) therefore represents the diploid rather than haploid

complement. Kagyotypes of S. lautus subsp. dissectifolius

(present at both collectíon sites) and S. biserratus are shown

in Figure 8.10 B and C. To comPare karyotypes a synthetic hybrid

(set B) $¡as constructed by combining the karyotyPes of Parent



TABLE 8.2

Actual DNA Amounts (picograms/4C nucleus + s.ê.) of Hybrid Plants and

Amounts Predícted From Likely Parent Species

Parent Species Hybrid

Hybrid (parent I x Parent 2) l_ 2 expected observed

g. pterophorus x S. hypoleucus

9. pterophorus x S . qlomeratus

S. lautus x S . biserratus

S. linearifolius x S. biP

S. sp. B

hispidulus

c Iinearifolius x

g. qlomeratus x S.

q. glomeratus x S. minimus

4.22 J 0.05

4.22 t 0.05

10.63 J 0.11

innatisectus 18.02 + 0.15

18.02 + 0.15

'l 9.I8 t o.19

19.18 + 0.19

L7.92

19.8I

25.27

13.98

19.94

19 .11

19. B2

0. 15

0.19

0.15

0.L2

0.1r

0.I3

0.14

11. 02

11.70

17.95

16.00

19.98

I9. l5

19.50

0.10

0.I2

0 .13

0.14

0.13

0.16

0. r7

11.21

LL.72

17.79

L6. 3r

¡_9.27

L8.62

19.08

0.09

0.12

0.16

0.1r

0.19

0. 13

0. 18

t
t
t
t
t
t
t

+

t
t
t
+

J

t

t
t
t
t
j

t
t
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parent species.biserratus and of theFig. 8.IO Karyotypes of the FI hybrid -S. lautus x S.
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species. comPuter matching of the actual (set' A) and sYnthetic

results:
hybrid (set B) gave the following

s have a match in set B

94.2* of set' A chromosome

s have a match in set A

96.7t of set B chromosome

chromosomes match uniquelY
91.4t of set A and set B

checl chronosome) '
(with a Previousll' unmat

f karYotypes stronglY
The very high percentage similarity o

atus are the Par:ents of

suggests t'hat S'

¡rq- orarius.n
=-

Iautus and s. biserr

g .3.1.3 PoIIen and seed devel tin natural ids.

ted varYing degrees of
Hybrids Ìisted' in Ta!¡Ie 8'I exhibi

celI meiosis and subsequent

sterility. rn each case polren rnother

L,ïnbryogenesis was not

pollen grain development were examined'

chenes was noted'
examined but the aPpearance of rnature a

i) Sterile hybrid's: 1' 1' Pterophorus

pteroPhorus x S.

x S.

pteroPhorus x3. S.
2. S. atus.

e lautus x S' biserr
e

and listed above) formed between

ÌIybrids t to 4 in Table 8'I (

numbers. In eaeh case Pollen
parents with different chromosome

chenes t¡tere wh-ite and- shrivel-l-eö

$¡as completely infertile and a}l a

Meiotlc eonfiguratl'ons were generally sÍmilar. A hÍqh but

variable number of univalents were aIwaYS Present at metaPhase I

(Fig. 8.1I A and B) I but preparations were not sufficientlY clear

to determine bivalent and multivalent numbers. Univalents

metaPhase Plate during

usually remained in the vicinity of the

ften excluded from the

anaphase r (Fig' 8'11 c) and were then o

generallY Produced'
interphase nuelei' Although tetrads h'ere

small cells that had formed around micronuc lei were sometimes
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observed. In hybrids 2 to 4, cells o.f the tetrad formed an

exine, and although matured grains htere shrivelled they v¡ere

present at anthesis., sinilar development occurred in only 1 of

12 pJ-ants of hybríd I '(g.'pterop-horus x' S. hypo'leueus) exarnined

the remainder failed to d.evelop a well defined exine and mature

anÈhers vrere emPtY.

ii) Partially sterile hybrids: 5.. S . linearifolius x

g. biPinnatisectus, 6. 9. linearifolius x S' sP Bt

7. g. bipinnatisectus x S.' E$$.

Hybrids 5 and 6 ín Table 8.1 produced some fertile pollen

and some achenes that later germinated in the glasshouse. In

both, most rnetaphase r configurations appeared normal but con-

figurations with up to g univalents !{ere also observed (Pig. 8'lID

and E). Despite the high proportion of apparently normal con-

figurations, pollen fertility was very low (2.6t and 3.0t). Only

one plant of S_. linearifolius x S. bipinnatisectus was found, and

although all capitula $lere examined onJ-y I apparently normal

achenes hrere detected (approximately 0.044 of the potential seed

set). of the I achenes, I germinated., and when mature the plant

closely resembled the hybrid both in morphology and meiotic

behaviour. Seed set it 9. linearifofius x S. bipinnatisectus was

therefore interpreted as a low tevel of successful selfing.

In the case of 9. llnearífoLius x S. sp B, 5 plants $¡ere

raised from a coLlection of 23 aehenes. The progeny of the hybrid

plant eould. not be distínguisheci from S. linearifolius either by

morphology or by meiotic configurations. Seed set i. 9. lineari-

folius x S. sp B vras therefore interpreted as backcrossinq to

S. linearifolius.

The third partially sterile hybridr'9. bipinnatisectus x

g. minimus, $/as colleeted at an early stage of anthesis and

attempts to propagate plants from cuttinqs v/ere unsuecessful.
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Atthough seed set is not knourn, pollen was 37* fertile so that

this hybrid may have been abte to produce some seed either by

selfing or bY backcrossing.

iii)Fertilehybrids:8.S.'glomeratusxs.hispidulus,
g . S. glomerat'us x S '- minimus '

Tv¡o collections were classified as hybrids on the basis of

their intermediate morphology, but no irregularities v¡ere found

in either pollen or seed development. The ptan¿ designated'

S. qlomeratus x S. hispid.ulus may ha.ve been a variant form of

one parent rather than a hybrid. Alternatively, if the pJ-ant

was a hybrid of g. glomeratus and S' hispidulus then the recogni-

tion of separate species is guestionable'

Inthecaseofl.g].omeratusands.minimus,thereisa

clear separatíon of species both on a morphological basis and by

karyotype features. It would therefore seen likely that plants

designated 9. glomeratus x S. minimus are not FI hybrids' and

instead, may be the products of introgression'

8.3.2 Crossinq Programs

Twoerossingprogramswereconductedinanattempttoconfirm

the parent species of early hybrid collectíonS. As most hybrids

and parent species listed in Table 8.1 were eollected at a later

date they could not be include<l. species and hybrids included in

each program are tisted in Table 8.3. At least 20 capitula were

treated in aII possible crosses using each species as a pollen

donor and a pollen receptor. As neither of the hybrids produced

fertile po}Ien these could only be backcrossecl to each parent

species.



Species or Hybrid

TABLE 8.3

Senecio Species and Hybrids Included in

Each of Tr¿o C::ossing Programs

Collection
Number

366

Chrornosome

Number (2N)

Program I (November - December, L978)

S. pterophorus 647

644

790

646

647

648

658-660

679-68r

475

20

40

40

60

60

60

40

40

40

40

40

40

80

g

1
g

lautus subsp.

quadridentatus

dissectifolius

hypoleucus

g. odoratus var. obtusifolius

S. glomeratus

S. pterophorus x S

-

. hypoleueus

s. rrterophorus x S

-

. glomeratus

g. Iautus subsP

S. vulgaris

9. gregorii

S. glossanthus tetraPloid

Program 2 (Àuqust - September, f 979)

. dissectifolius 644

552

I0 10

octoploid 476
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8.3. 2.I ' PT'ogTãrr 1.

Achenes of cross pollinated capitula were divided into the

following six categories on the basis of visual examination and

germination results:

I. white and shrivelled - resembling achenes produced in the

absence of fertilization (known from breeding system Èríals) ¡

2. v¡hite and plump but sterite (all species normalJ-y produce

coloured achenes) i

3. coloured and plump - resembling fertíle achenes of

respective speeies.

A. ruptured - achene watl split and embryo partially

extruded;

B. no germination - achenes Possibty sterile;

C. some germination - seedtings with parental chromosome

number produced bY aPomixis¡

D. some germination - seed.lings with intermediate

chromosome numbers procluced by hybridization'

Of the 30 dl-fferent crosses t3 produced some achenes in categories

2 to 3D. Crosses and achene types are listed ín Table 8.4 (crosses

producing only category I aehenes are ornitted).

The majority of coloured and plump achenes failed to germinate.

Às achenes were not sown until- three weeks after harvesting, it is

possible that some were fertile but sensitive to desiccation.

g. glomeratus and S. Pterophorus, fot exampler are known to

hybridize naturally but the achenes of this cross failecl to

germinate. Achenes from three crosses wíth S. quadrident'atus

(2N=40) as the female parent ruptured during maturation. In each

case the male parent was hexapl-oid (2N=60) with broader achenes

than those of S. quadridentatus. It is possible that f.ettíIízation

had occurred in these erosses but that the achene wal-l of S.

quadridentatus eoutd not eontain the hybríd ernbryo.



TABLE 8.4

crosses in Program l- that Produced some seed in

Categories 2 Lo 3D (see text for explanation)

368

Percent. Seed Set in each categorl
23A383e3D

Parent Species
female rnale

s_. hypoleucus . lrtto"*
. odoratus**

s_

I
s

s . pterophorus

pterophorus

g. odoratus** S. hypoleucus

S pterophorus S. hypoleucus

S. odoratus**

s.

. odoratus

pterophorus

glomeratus

31

10

23

15

32

2T

11

6

6

4

2

15

5

t4

18

t0

13

28

adridentatus S.hYPoleueus

E

!
!
s

a

19

pterophorus

S. guadridentatus -

* subsp . dissectifolius
** var. obtusifolius
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Germination occurred in achenes of five erosses between

three parent species - S-.' pterophorus, S ' hypo}g "td 1'

odoratus vaf. obtusifolius. À11 seedings v¡ere raised to maturíty

and their external morphology and chromosome

with that of parent species. Crosses with S

as the male Parent and either S. hypoleucus (2N=60) or 1. odoratus

var. obtusifolius (2N=60) as the female parent produeed progeny

with a diploid chromosome number of 2N=60 that htere morphological-ly

ídentical to the female parent. As both S' !-yPoleucu= and

S. odoratus var. 'obtusifolius are self-incompatible, the pollen

of S. pterophorus must have stimuLated apomietic reproduction.

According to Nordenstam $g77) apomixis is unknown in Seneeioneae'

However, apomictic reproduction after stimulation by foreign

pollen might not have been considered and could oecur in other

speeies of @þ.
Reciprocal crosses with's.'pterophorus as the female parent

and either 1. hylroleucus or 1. odoratus var. obtusifolíus as the

male parent produced sterile Fl hybrids' S' pterophorus x

1. hypoleucus. plant.s urere identical to natural hybrids between

these parents. 1. pterophorus x S. odoratus var. obtusifolius

plants could. only be distinquíshed from s. pterophorus x

g. hypoleucus plants by the less pr:bescent and sliqhtly thicker

Ieaves of the former. As S. pterophorus and 1. odoratus vâf¡

obtusifolius d.o not occur in mixed populations in the field,

natural hybrids between theseparents are unlikely to oecur'

9. hypoLeucus and S. ocloratus var' 9[!ga!þ!!5 trt readily

distinguished by leaf morphology but their floral morphology is

identical. Apparentty normal achenes vfeneproduced from the two

possibÌe erosses between these species. However, germination

occurred only in achenes having s. hypoleucus as the female

parent. Meiosis in the mature progeny was quite normal and leaf

numbers comPared

. pterophorus (2N=20)
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ntermecliate betv¡een that of the parents. Results

t a very close realtionship between S-. hypoleueus

var..obtusifolius but the reason for failure of

the reciproeal cross would need to be known before the taxonomic

status of these species is altered.

8.3.2.2 Program 2.

AII ínterspecific crosses in program 2 produced white and

shrivelled seed although intraspecific erosses gave normal seed

set. crosses between the tetraploid. and octoploid. races of

g. glossanthUs were also unsuecessful, suggesting that the races

have diverged from one another despite their close morphology'

At the interspecifíc level, external morphology (ChaPter 3) and

karyotype morphology (Chapter 4l suggest that tetraploid species

of Senecio are not as closely related to one another as are most

hexaploíd species. Failure of crossing attempts may therefore

reflect more clistant relationships. Ilowever, al.1 species in

program 2 were tetraploicl (excluding the octoploid raee of

s. lossanthus whereas natural and. synthetic hybrids all in-

cluded at least one parent of a hígher ploicly level (hexaploid

or decaploicl). Failure to produce Fl hybrids in program 2 could

therefore be related to the lower ptoidy level of all parents

species rather than to t,heir phylogenetic affinities.

8.3.3 Extended Stuclies of S. pterophorus x S. hypoleucus

Hybrids of 1. pterophorus are of economic as well- as bio-

logícal signifícance. s. pterOphorus is natíve to south Afríca

and was first collected in South Àustralia at Port Líncoln on

Eyre Peninsula (Black Lg32l. Sinee then S. pteiophorus has
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spread throughout southern Eyre Peninsula and has extended its

range to the Mt. Lofty Ranges of Fleurieu Peninsula. g. ptero-

phorus oceurs mosÈ frequently in disturh:ed habitats and on

nutrient-poor soils. rt is not therefore an ag:ressive weed of

fertilized. pastures. Fertile hybrids of S. pterophorus could be

troublesome ín agriculture, íf their nutrient reguirements are

different, and in natural vegetation stands if they are able to

extend their range to undisturbed sites.

The d.iptoid S. pterophorus (2N=20) forms natural and. sterile

FI hybrids with three native hexaploids (2N=60) - S. hypoleucus,

g. glomeratus and S. piCriclioí<les. Of these, hybrids between

9. pterophorus and S. leucus oceurred at, a locality within

20 km of the laboratory and coukl be êxamined ín greater c1etail.

The major obiective was to determíne the freqrreney of hybridi-

zation in the field and therefore the likelíhood. of a fertile

aIlopolyploid formíng.

8.3. 3.1 Prequency of hybridizatíon.

At the hybrid collection site S. hypoleucus formed a dense

roadside stand at the top of a rubbl-e embankment whereas g.

pterophorus v¡as most eonìmon on the open woodland slope beIov''.

Ilybrid plants were most common near the embankment base and were

therefore between the greatest concentratíons of parent plants.

In November when hybrid and parent pl.ants were flovrering, all

plants were iclentified in an area 300 m long, 50 m wide and

dívided lengthwise by the embankment. Ol? 625 plants, 367 l.¡ere

l. hypoleueus, 232 were S. pterophorus ancl 26 (4t) were hybrids.

An attempt was then made to determine the maxi¡num rate of

hybrid seecl production by a parent plant in the field. An iso-

lated plant of g. pterophorus surrounded by S. hypoleucus plants

and an isolated plant of S. hypoleucus surrounded by
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S. pterophorus plants were selected and seeds collected from

both. Three hundred achenes of eaeh v¡el:e then sown (10 per l0 cm

pot) and maintained in the glasshouse. ft was known from the

results of crossing program I that hybrids occurred only when

1.P@.wasthefema1eparent,an<1fromgerminationtria}s
that the early seedling morphology of both parents differed

signifieantly (see Chapter 4. 4. 6) .

When seeds germinated it was apparent that many seedlings

produced by the S. Þtêrophorus plant hrere closer in morphology to

those of g. hypoleucus whereas all seedlings from the S. hypoleucus

plant resembled previously measured S. hypoJ-eucus seedlings.

fifty seedlingrs of each parent and 50 intermediates welle selected

and their hypocotyl length, cotyledon wi<1th and cotyledon blade

length measured. Results are shown in Figure 8.I2 and mean

values are summarized in Tab1e 8.5. Although the hybrid seedling

morphology overlaps with that of g. hypoleueus (Fig. 8.1.21 ¡

hybrids occurred among s. pteroÞhorus seedlings and could there-

fore be readily <lístinguishecl..

Ten seedlings of each parent and ten of the intermediate

category were raised to maturity. External morphology, chrornosome

numl:ers and meiotic L¡ehaviour confirmed that the intermediate

seecllings were hybrids. fn total 39.2È of. seedlings from

S. pterophorus were of hybrid morphology.

TABLE 8.5

Seedlíng Characteristics of g. pterophorus,

S. hypoteucus and Their FI HYbrid

m.ean of 50 seedli.ngs t s.e (mm)

cotyledon blade
length/width hypocotyl length

g pterophorus

Fl hybrid
S. hypoleueus

L.70 t 0.035

1.18 t 0.021
1.07 + 0.017

75.27 + 0.4 38

7.76 t 0.312
4,3.5 + 0.14 5
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8.3.3.2 The likelihood'of' fertile hybrid formation.

Genes of S.' Þtêroþhorus and Sl. hypoleucus could be cornbinecì

in a fertile pJ-ant either by the fusion of unredueed hybrid

gametes or by backcrossíng of the hybrid to a parent speeies.

The tikelihood. of each hras considered. At the interface zone

between parent populations the maximum rate of hybrid seed for-

mation was 39.18 in an S. pterophorus plant surrounded by

g . hypoleucus plants. The percentage may índicate that at most,

I ín 2 insect visitations lead to a transfer of pollen between

species. As plants are more or less evenly distributed within

the interface zone (i.e. not generally surrounded by plants of

the other species) it was estimatecl that on average I in L2

(rather than the maxÍmum 1 in 2') j.nsect visitations represent an

interspecific pollination. On this basis, S. pterophorus plants

will produce an average of 39.1t + 6 or 6.5t sterile FI hybrid

seed. S. hypoleucus does not contribute to the hybrid population

as seed is set by apomixis in the presence of S . pterophorus

pollen. If both parents are equally numerous in the interface

zone, then 6.5* of S. pterophórus seed and 3.2* of all seed of

both parents wiII be sterile FI hybrids. Assuminç¡ the hybrids are

equally likely to reach maturity as both parents, then 32 plants

in a mixed population of 1000 will be sterile Fl hybríds.

Meiosis and pollen development were examined ín 12 hybrid

plants. In 11 of the L2, an exine failed to form and mature

anthers were empty. The remaining hybrid was able to produce an

exine so that mature anthers contained shrivelled pollen graíns.

It is therefore possible that of the 32 hybrids mentioned above

only three may kre able to produce an exine (L/Iz of all hybrids).

As both parents are self-incompatible, hybrids most probably have

the same breeding system. Even if the rate of unredueed gamete

formation is quite high, the chance oll theÍr coming toqether is
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extremelylowifonlythreehybridplantsinatotalpopulation

of 1000 are capable of producing an exine'

Thechanceofbackcrossingmaybesomewhatgreater.Hybrid

plantsproduceanaverageofl00ocapitu}a,23lrisexualflorets

and 2000 grains per frorets in totar 50'oo0r0oo porlen grains

and23,oo0ovulesperplant.Nofe::tilepoJ-lenwasobservedin

200hybridgrainsexamined,butifitisassumedthatbalanced
gametes(N=t0orN=30)areproducedataverylowfrequency-

sayIinI0,0o0,then15,ooofertilepollengrainsand.T.Sfertile

ovules wirl occur in three hybrid prants. The chance of one of

these combining with a parental gamete may be comparatively high'

8.3.3.3 Flvidence of ad<litive ef f'eets.

r:terophorus is diploid (2n=20) and S' hypo leueus is

(2N=60), hybrid plants contain three 1' hypo Ieucus
Às g.

hexaploid

genomesandoneq.pteroþhorusgenome.Itisthereforesignifi-

cant that hybrid seedling morphology is closer to that of s-'

hypo Ieucus (Figure 8.12) ' A similar trentl is apparent in charae-

teristics of the mature plants. riqht characte::s that differed

intheparentspecieswereselectedandmeanvalueswerecalculated

foreachof12hybridptantsand5parentplants.Distributions

of mean values are shown in Figrure 8.13. rn six of the eight

chatacters, hybrids were closer t'o q' hvpoL eucus, but the female

floretnumberandligulelengthofhybridswasintermediate.
Thesearetheonlycharactersforwhíchs.hypoleucushasazeto
value. rt is therefore possibre that most hybrici characters are

determined bY additive (3 hYPo leucus + I nteroPhorus) gene effect'

butthatfemalefloretcharacteristics(beingabsentin
g.hvpoleucus)aremorestronglyinfluencedbytheS.pterophorus

genome.
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8.3.4 The RaYed Gene' Complex' in' 'Senec'io

Beleher (1956) cormnented that "the relationship between the

non-ereehthitoid speeies of' Senecio (those havinq female rall or

bisexualdiscfloretsinthemarginalrow)ispoorlydeveloPedl

sinceithasnotpassed.beyondthecrudeseparatíonintod'iscoid

versus radiate speciesn and that the *soundness of this separation

hasbeenquestionedbyvirtuallyeverycompetentsyntherologist
fromthetimeofLinnaeustothepresent...Althoughlagreethat

thepreseneeoratrsenceofrayfloretsishyitselfapoorindi-
cative of subgenera in Senecio, rayed and rayless Australian

speciesofleneciodobelonglargelytodistinctgroupsbasedon

othermorphologícaland.cytogeneticcharaeters.Exceptionsare

the raYed S. line arifolius and l. sp A that are othe::wise relatecl

to truli d'iscoid species sueh as g' hypoleueus' Evidenee of

intraspecific variation patterns' geoçlraphie distribution and

karyotypesimilarities(seeChapters3andTlsuggestthat

s. Ii nearifolius and' g. sP. À. rnay be the result of introgression

between a radiate and diseoid' species'

ofthespeciesincludedinthÍsstudyrayedandraylessforms

oeeur only in Dlew ZeaLand forms of E' lautus subsp' þ$' All

Australiansubspeciesofs.lgs.areself-incompatíbleandhave

ray f rorets. As q. rautus subsp. ryggg is serf -conpatibre ' the

lesscommonraylessformsmayrepresentlossofaninseet-

,attractingfloralstructurethatisredundantinanautogamous
plant.RayédandrayIessfclrmsoftheEuropeanS.@are

also known, but in this case, both forms are self-cornpatible and

therayedformsarelesscoÍlmon.Trow(1912)demonstratedthat

inheritance of the rayed gene in Ê' vulqaris is disomic' and

designatedrayedforrnsasRR,half-rayed(withshortrays)forms
as Rr and rayless forms as rr. Hull (1974a) suggested alternative
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designations as dominance of the rayed gene is íncomplete, but

later authors (Richards 1975, h?eir and Ingram 1980) have followed

Trow to avoid eonfusion. fn accordance with the latter publica-

tions the same symbols are used in this discussion.

Hybrids I to 6 in Tab]e 8.1 (pg.360) represent crosses be-

tween a rayed and a rayless speeíes of Senecio. In each case

hybrid plants r¡Iere rayed, and the rays were shorter than those

of the rayed parents. As rayless forms did not oeeur in the

rayecl parent species, the parents l¡Iere assumed to be homozygous

for R and similarly, rayless parents were assumed to be homo-

zygous for r. Genotypes of hybrid plants can therefore be

represented as follols:

S. pterophorus x S. hypoleucus Rrrr

pterophorus x S. glomeratus Rrrr
Rrrr
RRrrrrr

RRRrrr

RRRrrr

pterophorus x S. picridíoi<1es

l. linearifolius x S. sP. B

Three of the hybrids were represented by more than one plant.

In the ease of g. pteroPhorus x S. glomeratus and S. lautus x

S. biserratus, the ray number and ray morphology of aII hybrid

plants was identical. llowever, variation between hybrid plants

was extensive Ín the case of g. pterophorus x S. hypoleucus

(Fig. 8.I4). If the genotype.of this eross is Rrrr then it would

appear that the recessive rrr condition has a varíable effect on

,the R gene. The different breeding systems of the rayless parents

may offer an explanation. S. glomeratus and S. [!g!5 are

both seÌf-compatible. If mutations occurred at the r locus then

it is J-ikely that they would either be eliminated or fixed in any

one self-compatiÞrle population. Ilorvever, 9.' ryPoleucus is self-

incompatible so that eliminatíon or fixation of a mutant form of

q

g

g lautus x S. biserraÈus

q. Iinearifolius x S . bipinnatisectus
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r wouLd tak-e longer, hence outcrossing could result in a

variety of r genotypes (e'9' t.r2t3' rlr3r3 ete') in one poPula-

tion.Thedifferent.patternsofvariationinhybridraymorphology

may therefor:e reflect d.ifferent levels of genotypic variation in

the raYless Parents'

9.3.5 oriqins of Decaptoid SPeeies

Two Australian sPeciest S' g- ( 2N=98 ) and. S. biserratus

(2N=100)aredecaploid.otherspeciesnativetoÀustraliaare

either tetraploid (2N=40) I hexaploid (2N=60) or octoptoid (2N=80) '

AsdiploidsarePresentonlybyrecentintroduction,itwould

seemlikelythatbothdecaploidsaretheprocluctofhybridization

between a tetraploid and hexaproid species, either b'y direct

combination of unredueed' gametes (eO + 40 = IOO) or: bY the com-

bination of unreduced' gametes in a PentaPloid hYbrid (60 x 40 = 50'

50 + 50 = 100). Like1y parents of S'' vagus and S' biserratus

weresearchedforbycomparingexternalmorphotogy,karyotype

morphology and DNA amounts of aLl other species'

c vacfus has 42.90 pg of DNA per 4C nucl'eus ' As the

majorityofhexaploidshavebetweenlsandlgpgalikely

tetraploid parent must have about 25 pg per 4C nueleus' such a

value oecurs onlY in å' amvgda l ifol ius (26.87 Pgl all other

Hov¡ever, Pereentage

support such an ancestrY

forS.vaqusasm.ostofitsehromosomesaresmallerthanthose
ofg.amvqdalifoliusandlargerthanthoseofhexaploÍdspecies.
In chapter 6 it was concluded that species with high Dl{A amounts

per genome (such as q. amvqdalifolius) were tle ived from species

with smaller DNA amounts per genomet and that high PloidY levels

tetraploids differing by at least 5 pg'

similarity values of karyotypes do not

appeared to retard further DNA increases' S.' vagus might there-
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S_. y.æ- rn¡as later subjected to a similar selective Pressure for

increased DNA amount as's. amygdatifol-ius, then in vl-ew of the

ploidy levels (10x and 4x) the genome size of S. vagus would

inerease by a much srnaller amount. Such a sequenee of evolutíonary

events would explain why the karyotype of S. vagus does not

represent a combinatÍon of karyotypes found in extant senecio

speeies.

The external morphology of S. biserratus is typÍcal of other

inbreeding erechthitoid species (Group 3). It is therefore likely

that the parent speeies of S. biserlratUs al-so belong to Group 3.

If DNÀ amounts per genome are compared (fable 6.6' P9.293), then

it is apparent that S. biserratUs has less DNA per g'enome than

all species of Group 38 with the exception of 1. bipinnatisectus.

q. biserratus and S. biÞinnatisectus are also related by one very

acrocentric chromosome found in no other species. If g. bÍPínnati-

sectus is the hexaploid parent of 1. b'Íserratus then the most

likely tetraploid parent on the basis of DNA amounts it 9.

quadridentatus. DNA amounts per 4e nucleus are l.2.75 pg

(9. quadridentatus) ' 13.98 Pg (9. bipinnatiseetus) and 25.27 Pg

(9. biserratus , which are in close agreement if S. biserratus

is an alroporyploid of g. quadridentatus and s. @.
Tofurthertesttheprediction,akaryotypeofg.Þ@'""
synthesized. hry adding together karyotypes of s . quadridentatus

and S. bipinnatisectus. Synthetic ancl actual karyotypes were

then compared by the method d.escribed in Chapter 7. Total

matches of one set with the other were 968 for S. biserratus and

822 for S. quad.ridentatus + S. bipinnatisectus. Of the 50

ehromosomes in each karyotype 76t matehed uniquely. Other com-

binations were attempted but the next highest unique match with

S. biserratus was 58S using the combination of s . quadr identatus
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and S.'anethifolius. Karyotypes therefore support !. guadri-

denta'tus and S.'bípinnâti'sêetus as likely parents of q. b'iserratus

but indicated that some structural changes have occurred in

karyotypes of either the parents or their allopolyploid.

8.3.6 Hybridization and Polyploidy in 'Senecio and Senecioneae

Slhen viewed as a whole, speciation in Seneeio has oecurred

mainly at the tetraploid tevel (Lawrence 1980), but in Australia,

tetraploids and hexaploids are almost equally abundant. Hexa-

ploids could have arisen either by the cor¡bination of unreduced

gametes in a triploid hybrid (which assumes the presenee of a

diploid) r or by the combination of an unreduced and a reduced

tetraploid gamete. Às Australian hexaploid's are more or less

eonfine<l to this eontinent, and no diploids are known to oeeur

in the area, the latter mode of hexaploid origin would seen most

likely. The reduced and unreduced tetraploitl gametes might have

come from the same or very similar plantsr or from different

species provided that the two genomes in the reduced gamete were

homologous or homeologous. For example, the unreduced gamete

might be AABB but the reduced gamete could not then be AB

(giving AÀABBB) and instead must be of the forrn Àrfir or CrCr'

Àlternatlvel-y the hexaptolds may have forned as autopolyploids

(Íe. AIUU\ plus AA) but the adaptive inferiority of raw autopoly-

ploids (discussed by Stebbins (1971) ) suggests this pathway is

less likely.

Àustralian hexaploid speeies can be subdivided into three

groups as follows (groups in Chapter 3 shown in parentheses):

I) perennial self-incompatible species with discoid capítula

(Group 2A)
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2) perennial self-ineompatible species with radíate

capitula (Group 28)

3) Annual self-compatible species with erechthitoidlcapitula

(CrouP 38) .

species within each group are elosely related, ancl although

superficially diverse, the three groups are related by their

distinctive achene morphology. f therefore believe it is likely

that Australian hexaploid species evolved' from one or at most

two aneestral hexaploids, rather than by repeated and' índependent

hexaploid formaÈion.

A similar pattern ís apparent at the tribal level' Sixty two

of the I00 genera of senecioneae have been cytologicalJ-y investi-

gated (Nordenstam, ]:g77). Of these, 28 are hexaploid and 31 are

diploid or tetraploid (or obvious aneqploid derivatives of each) '

In the maJority of eases hexaploid genera (sueh as the Australian

Bedfordia) correspond to reacalioid" genera. These are related

by a continuous stigmatíc surface, polarized endotheeal tissue

and a cylindrical filament collar (Nordenstam 1977) ' Diploid and

tetraploid genera are largely "seneeioid" with a divided' stig-

matic surface, radial endothecal tissue and a swollen fiÌament

collar. The morphological affinity between hexaploid genera

againsuggeststhattheymayhavearisenfromacommonancestral

hexaploid, rather than by repeated hexaploid formation.

Although repeated allopolyploid formation cloes not appear

likely in the formation of hexaploid groups, it is likely that

events involving hybridization are important for subsequent

speciation within the groups. As discussed in chapter 5,

polyploid.y buffers the formation of heterozygous gametes at the

lUarginal florets female and filiform, central florets bisexual

and discoid.
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expense of homozygous ones. Àn extreme case is the formation of

fixed heterozyqotes which may be polymorphie at a gene locus

(e.g. a¡, elel t2x2) but incapable of forming recombínant gametes.

Hexaploíd. species are therefore likely to respond very slowly to

directional selection, whereas changes at lower ploidy leve1s

may be more rapid. À possible means of reeombinant genotype

formation at the hexaploid level, and. in turn, of a rapid response

to selective pressures is by introgressive hybridization between

d.ifferent species. Signíficantly, five of the nine natural

hybricls listed in Table 8.I have tv¡o hexaploid parents, and' in

each case some pollen was fertile. None of the remaining four

hybrids oceurred between two tetraploids. Har1an and cleÏ{et I s

(1975) suggestion that wide erosses are most likely to be

successful at the highest ploirl.y levels is therefore supported

in Senecio. Evolution of hexaploicl. species may therefore be

related to two opposing aspects of polyploidy - the reduced

Iikelihood of an intraspecifÍc response to d.irectional selection

but the inereased likelihood of successful interspecific hybrid-

ization.

If this is the case, then continued evolution of hexaploid

species groups will depend on the geographic ranqe of existing

species. In this respect the Àustralian hexaploid groups

previously mentioned differ. The majority of Group 2A species

(self-incompatible, discoid perenníal-s) are geographícalIy

isolat,ed from one another in hilly refuges of the drier parts

of Àustralia. Continued. evolution of these species would there-

fore seem unlikely unless envíronmental changes allow inter-

speeific contact. Alternatively, introgressive hybridization

could oecur with a more widely distributed tetraploid. Sueh an

event may have occurred in the evolution of Group 28 hexaploids

s. IinearifolÍus an<l s. sP. A that are most elosely related
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to Group 2À hexaploids, but having ray florets¡ âI.ê also linke<l

to rad.iate tetraPloicls.

The rnajority of Group 38 species (self-cornpatible' erechthitoid

annuals) are wid.ely distributed ín the v¡etter parts of the eastern

states and frequently oceur in rnixed populations' Àl-thouqh self-

compatible, the occurrence of three hybrids between Group 38

species and two hybrids between a Group 2B and a Group 38 species

(seeTableB.1,pg.360)indieatesthateross-pollinationdoes

oceur. continued hybridization between populations and oeca-

sional introgressive hybridization between species may therefore

maintain a higher tevel of genotypic variation than expected in

aself-compatiblespecies,andmayalsopermitamorerapid

response to directional seleetion'

The arguments above are supportecl by t'he patterns of

morphological variation within hexaploid groups, but contradict

the general view that self-compatible species are usually less

potymorphic than self-incompatible ones. Hovrever, such a view

is based. on intraspecific reeombínation at the diploid leveI,

whereas the present diseussion is of interspecifie recornbination

within hexaploid groups of species that differ in their pattern

of geograPhic distribution.
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9.1 Systematics of Senecioneae in Australia

4.

5.

6.

7.

g.

9.T.I The Gener ic StatusofS ecies Ixamined

AlthoughSenecioneaehasbeenthesubjectofanumberof

recentrevlews,thereisstillnopublisheddescriptionofsenecio

that includes microcharacters investigated during the last century'

Asaguideinthepresentstudythefollowingcharacteristicsof
a typical Senecio species were deduced from treatments of'

senecioneae by Nordenstam f.:g77t Ì9?8) t Jef frey et at ' 09711 and

JeffreY (1979r '
l. Stigmatic surface of two marginal lines

2. Style apices truncate' withouL a sterile appendage or

median fascicle

3. Endothecal tissue "radial" (thickenings on side and'

end walls)

Fitament collar basallY swollen

Involucre uniseriate with a basal calyculus

RecePtacle naked

Pappus bristtes usually caducous and often dimorphie

Gametic chromosome numbers of N = I0' 20 or

obvious aneuPloid derivatives'

ItwasthenapparentthatanumberofÀustralianspecíes
classifiedasSenecioincurrentflorasPossesscharacteristics
thatarenottypicalofthegenus.Conclusionsconcerningthe
systematicpositionof.thesetaxawerewithelduntilother
aspects(i.e.reproductivebiotogy'DNAamounts,andkaryotypes)
hadbeeninvestigated,andaregivenbelow.

AfewoftheatypicaÌcharacteristicsmayrepresentsecordary
orpara11eIevolution,sothattheirpresencei'@i"of
Iittle or dubious systematíc significance at the generÍc level'
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Such characteristics are (1) the occurrence of gametic ehromosome

numbers of N = 30 anþng homogamous discoid species and two closely

rel-ated heterogamous radiate species (groups 2À and 2B in Chapter

3.6)whichareotherr.risetypícaJ-of@Qltheconnate
involucre of S. gregoriiwhichnightbeanadaptationtoallow

the maturation of many large seeds and (3) the persistent pappus

of S. ll@-, s-. sPathulatus and S ' gregorii (three very

different species) which may facilitate the distribution of large

seeds by allowing them to be blown along the ground.

Other characteristics noÈ typical of Senecio and found in

some Australian species have no obvious adaptive significance'

Secondary evolution in the genus woul-d therefore seem to be

unlikely. The characters and their oecurrence in seven Australian

species are gíven in Table 9.1. Perhaps the single most important

character of the five listed is a continuous stigrmatic surfacet

found by Nordenstam (Lg77, 1978) to be characteristic of 'cacalioid"

genera when combined with a cylindrical filament collar, npolarized"

endothecal tissue and a gametic chromosome nurnber of N = 30'

Atthough six of the seven species in Table 9.1 have a continuous

or superficially continuous stigrnatic surface, they are otherv¡ise

'senecioid" with a basally s$Iollen filament collar, "radíaln

endothecal tissue and gametic chromosome numbers of N = 19, 20,

40 or 49.

New and revísed genera described and illustrated by

Nordenstam (1978) were examined to see if any $rere recognised by

a combination of characters similar to those found in Australian

species. There are several examples, although no direct relation-

ship with Australian sPecies is implied' oclontodine (Jamaica),

Phaneroqlossa (South Àfrica) ' Dendrosenecio (troPical Africa),

Pl-adaroxy lon and Lachanodes (both of St. Helena) each have a
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TABLE 9.}

Occurrence of CharacteristLcs Not Typical* of Senecio in

Seven Australian Species Presently Assigned. to the Genus

Characteristic øl (,)l (,)l U)l øl U)l øl
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Stigmatic surface contínuous
or superficially continuous

Sty1e apices domed or rounded +

Style apices with a med.ian +
fascicle

FiLament collar very short
and scarcely swollen

Calyculus absent

+

+

++++

+

+

++ +

+

+

++

++ +

* typical characteristics of Senecio isted on page 384.
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continuous or narrowJ-y divided stigrmatÍc surface but otherv¡ise

nsenecioid' characteristics. A simil-ar cornbination occurs in six

of the seven species listed, in Table 9.1. The remaining Australian

species, senecio gregorii, ean be compared with the south Amerícan

Ioeenes as both are distinguished by a median fascicle at the

style apicesr âD ecalyculate involucre but othentrise "senecioid"

characteristics .

If an approach comparable with that of Nordenstam (L977 r1978)

is adopted for Australian species presently treated as 99þ,

then those species tisted in Tab}e 9.1 will have to be treated

as separate genera. As Jeffrey 1979) expressecl some doubt as fo

the validity of Nordenstamrs treatment of Senecioneae, species

Iisted in Table 9.1 have been treated as Senecio throughout the

present study and should perhaps retain that status until senecio

sensu stricto is better understood. However, it ís my opl-nion

that when the latter is achieved., the seven listed species will

have to be transferred to new or other existing genera of

Senecíoneae.

Subdivisions of Australian Species of Senecio

The majoríty of species examined in the present study are in

all respects typical- of senecio (as d.efíned in the previous

section of this chapter). In Chapter 3.6 all speeies were

assigned to one of three groups on the basís of external morph-

ology, and ín subsequent chapters the validity of the grouping

was strengthened by additional evidence of reproductive biology,

chromosome numbers, DNA amounts and karlotlpe symmetry. Character-

istics of each group are sununarizeð' ín Table 9.2, but in vlew of

opinions expressed in the preceeding part of this chapter, seven

of the ten species originally assigned to group 1 are omitted'
(see Table 9.1) .

9.1.2
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TABLE 9.2

Characteristics of Subdivisions of Australian

Species of Senecio

Group and Species
Capitulum

TYPe

Growth
Form

Breeding
System N

GROUP I
Iautus
lp-latus

heterogamous
radiate

perennial outbreeding
herbs

20S.
f.
e qlossanthus ephemeral inbreeding 20 r40

GROUP 2A

q. hypoleucus
g. odoratus
q. cunninqhanii
q. anethifolius
q. qawlerensis

GROUP 2B

linearifolius
sp. A

homogamous
discoid

heterogamous
radiate

perennial
shrubs

perennial
shrubs

outbreeding 30

outbreeding 30s
g

a

a

GROUP 3A

g. quadridentatus
g. qunnii
s

heterogamous
discoid

inbreedíng 20

inbreeding 30

runcinifolius
aff. aparqiaefoLius

GROUP 38

qlomeratus
hispidulus
sp. B
sp. C
minimus

perennial
herbs

E. a

heterogamous
discoid

annual
herbs

s
s.
g
s
s
g.

s.c
g

a

a

picridioides
bipínnatisectus
sguarrosus
biserratus 50
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Belcher (1956) suggested that there are some erechthitoid

species(group3)which,blearlyintergradeíntothediseoidgrouP
(grouP2A)andotherswhichintergradeintotheradiategroup

(groups]-and2B|.,.AlthoughintrogressivehybridÍzationappears

possiblebetweenhexaploidgroups(N=30)ltheonlyplantswith

amorphologyintermediatebetweenthatofmajorgroupswereFl

hybridswithaverytowfertility.Ful}yfertileintermed'iates

were not detected' I therefore believe that recognition of at

leastthreesectlons'correspondingv¡iththegroupslistedin
Table 9.2t would be taxonomically useful'

g.2 The Application of Current Evolutionary Theories

Intheintrod.uctorychapterítwassuggestedthatthesizeof

agenusmightbeindicatíveofitsabilitytoadapttoarangeof

serective pressures - smarrer genera being generally ress adaptable

thanlargerones.Afurthersuggestionwasthatcurrentevolu-

tionarytheoriesmightberestrictedintheirapplicatíon'as

theyareusuallydeducedfromsmallgenera(lessthanlo0species)

that are amenable to study. observations of Australian Species

of senecio hrere compared with predictions of a number of theories

and models with the following conclusiolls'

9.2.1 r- and K-sele ct.ion

The r- and K-seleetion moclel (see Chapter 4) suggests that in

stabledensity-dependentenvironmentsK-selectionwillfavourlate
reproductive maturity, few large young (seeds) a 1on9 life and a

smallreproductiveeffort.Inunstable,densíty-independent
environments r-selection wiII favour earl.y reproductive maturity,

manysmallyoung,ashortlifeandalargereproductiveeffort.
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Atfirstthemode1didnotappeartobesupportedby@.=

annuals and perenníals are equally successful in unstabLe envíron-

ments, although the few species occurríng in comparatively stable

environments are perennials. However, the r- and K-seleetion

model was based largely on zoological examples and therefore does

not include differences in breeding systems that occur in plants.

AlI annual Australian species of Senecio are inbreeders whereas all

perennials are outcrossers. Previous authors have suggested that

the prÍmitive Composit." r"t" likely to be outbreeding perennial

shrubs. ft was therefore concluded that a predominanee of

r-selection resulted in a reduction in the age of reproductive

maturityamon9perennia1speciesof@=othattheywouldbe

able to compete in unstable environments. The later evolution of

inbreeding ín some species would ensure at least some seed set so

that these species (annuals) senesced after reproducing. However,

as the age at reproductive maturity, the size and number of seeds

and the reproduetive effort of ínbreeding annuals and outbreeding

perennials is similar, both are equally well adapted to unstable

environments. Longevity may therefore only be important in a

stable clensity-dependent environment, provided all other factors

are equal.

9.2.2 Recombinatíon Systems

Grant (1958, Lg75) listed nine factors thought to regulate

recombination of genotypes in plants. AIl factors are considered

in Chapters 4 to g, buÈ the four most frequently discussed in the

literature - namely chromosome number, chiasma freguency and

position, breeding system and generat,ion length - v¡ere discussed

in detail in Chapter 5. Although Senecio does generally support

Grantrs hypotheses eoncerníng reeombination systems (that in

unstable environments recombínation systems will be "restricted,
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rather than ttopen" or "closed") it was again necessary to clarify

the suggestect effects of regulatory factors.

Grant used the term "generation length" in his list of factors

and the term has most commonly been equated with longevity

(i.e. annual versus perennial) by other authors. Australian

species of Senecio are either ephemeral, annual or perennial, but

to use the terminol-ogy of Bennett (L972) the perennials are

facultative - being able to flower in the first season. The

number of recombinant garnetes produced v¡il1 therefore depend on

the age at reproductive maturity. Generation length or longevity

will affect the number of recombinant progeny expressecl, but only

in stable environments in which population replacement tímes

are important.

A maJor difference l-n interpretation is that Grant discussed

only changes in basic chromosome numbers whereas variation in

Senecio is the result of potyploidy. Grant suggested that re-

combination is l-ncreased as ehromosome numbers inerease, but in

the case of polyploidy, the reverse applies as buffering of

intermediate heterozygous genotypes witl restrict the formation

of recombinant genotypes. Darlingtonrs recombination index (the

sum of the haploid chromosome number and the number of chiasmata

per ceIl) therefore has little meaning in cases involving

polyploidy.

The extent of variation in factors regulating recombination in

Senecio also illustrated that generalizations based on a limited'

number of faetors can lead to difficulties. For example,

suggested correlations between breeding systems, longevity and

environmenta1stabi1itydonotapp1yinthecaseof@as

recombination is "balanced" by a wide range of additional factors.
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9.2.3 The C-value Paradox

VariationínDNAamountsof.@werefoundtobecompara-

tively large (see chapter 6). Among species native in Australia

there is a 6.4-fold difference in DNA amounts per nucleus and a

5.6-fold difference in amounts per chromosome. Differences

increase to to.2-fold and 8.S-foldr respectively, if the four

exotic taxa examined are included'

opinions differ as to why related. species may have very

different DNA amounts per nucreus. some argue that part of the

genome is rselfish,, or ,,parasitie" as it is not determined by

natural selection act,ing on the phenotype. others suggest that

the known nucleotypic effects of DNA amounts on the phenotype are

sufficient evidence that DNA amounts are selected for'

DNA amounts $rere compared with cell size, cell cycle times

(inferred) minimum generation times and environmental conditions'

Although the evidence is not conclusive, generaÌ correlations

observed are best explained in terms of natural selection - that

is, that plants in different environments actually require

different genome sizes. The likely direction of evolutionary

changes in genome sizes was also examined. It v¡as thought that

further changes in genome size night be restricted at higher

ploidy Ievels and that high polyploi<ls might therefore indicate

earlier genome sízes. On this basls the prirnitive or basic

genomesizeof@Ísthoughtto1iebetween1.5and]..8

picograns of DNA (per genome of 10 chromosomes) ' If this is the

case then the genome size of specíalized' ephemerals has decreased

whereas the genome size of some morphologically primitive species

has increased. rn the latter ease, most Of the species now occur

in the comparatively stable but congested environments of warm
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wet sclerophyll forests. The larger genome size and associated

large cell size may therefore be an adaptation which allows a

rapid differentíation of mass in a very competitive environment.

9.2.4 Karyotype Evolution

Changes in ploidy leve1 and in genome size are both responsible

for major karyotypic differences among Senecío species. However,

the mean chromosome arm ratio and the ratio of the longest dividecl

by the shortest chromosome are characteristics independent of
chromosome number ancl absolute size. Ratios indicated that eaeh

morphologically defined group of species ean also be defined by

its karyotype slrmmetry (see Chapter 71. It is generally thought

that karyotype slmmetry decreases in the most specialÍzed groups.

Outcrossing radiate shrubs are thought to be the most primitive

members of Senecio. Although some of these have the nost slzm-

metrical karyotypes others have asymmetrical karyotypes apparently

caused by unequal increases in arm lengths rvith increasing genome

size. Evidenee from Senecio also contradicts the suggestion that
species with lower chromosome numbers have the most asymrnetrical

karyotypes, but again, the contradiction is due to changes by

polyploidy rather than by aneuploiciy in Senecio. f\¡¡o factors rnay

contribute to the greater aslmmetry of hígh polyploid karyotypes

(1) as each chromosome le represented several tlmes struetural
changes may be more readily tolerated and (21 as high polyploids

are líkely to have formed by events involving hybridization,

dífferences in parental karyotypes rnight contríbute to the karyo-

type aslnnmetry of their derivative allopolyploid.
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9.3 Polyploid Evolution in Senecioneae and Senecio

The taxonomic treatment of Senecioneae by Nordenstam (1977,

1978) and the obvious significanee of polyploidy in the development

of both Senecio and Senecioneae can be combined in a speculative
evolutionary scheme. rt Ís then possible to suggest likery
origins and development of the elements of Senecioneae occurring
in l\ustralasia.

As circumscribed by Nordenstam (L977, 1978) Senecioneae con-

tains trvo rnajor groups of genera that are eonneeted by a number

of intermed.iates. The groups differ in distributíon, morphological
development and ploidy level as follows:

1. Truly 'cacalioíd' genera (see Chapt,er 2.]-2) are espeeial-ly
rich in the Mexican region but are well developed ín the New World

and in eastern Asia. AÌr have comparatively simple style and

stamen morphology (i.e. continuous stigmaÈic surfaces and a

iylindricat filament collar) and a gametic ehromosome number of
50 spp.; Cremanthodium, c. 60 spp. i

2. Truly nsenecioid' genera are apparently centred in Africa
but are well developed in all parts of the world. À11 have a more

specialized style and stamen morphology (i.e. dÍvided stigmatic
surfaces and a basally swollen fÍlament collar) and gametic

chromosome numbers of N = 10, 20 or obvious aneuploid derivatives
(e.9. @ig, c. 1500 spp.; Othonna, c. 150 sppt Europs, 9g spp. ) .

3. Intermediate genera have no obvious phytogeographic center,
mixed style and stamen morphology and a gametic chromosome number

frequently of N = 20 (e.g. Odontocline, 6 s

Scrobiearia 2 spP.).

ppt Dendrosenecio, 3 sPpt
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t{y view of a likely series of events in the evolution of

Senecio and Senecioneae is based on two general- premises. The

first is that the progenitor of Senecioneae had "caealioicLn style

and stamen morphology as these characteristics appear to be most

primitive in the tribe (see Chapter 3.6). However, unlike extant

"cacalioid" genera whích are hexaploid (N = 30) the progenitor of

Senecioneae would be diploid (N = 10). Furthermore, as extant

"cacalioid" genera are best developed ín the Mexican region

(Nordenstam 1977) a similar locality would seem likely for the

origin of Senecioneae.

The second premise is that polyploidy has a differential

effect on evolutionary rates (see díscussions in Chapter 5 and

Stebbins 0980). In other words, the buffering effects of

polyploidy on recombinant grenotype formation v¡ill slow the rate

with which evolutionary changes can occur. Polyploids. formed. at

an early stage in the evolutionary history of a group rnay therefore

retain a more prinitive morphology than polyploids derived at a

Iater stage from morphologically advanced diploids. It is thought

(see Chapter 5.3.1.2) that allopotyploids of related taxa will be

most likely to succeed, rather than strict autopolyploids or

allopolyploids of widely separated taxa. The former aJ-lopoJ-yploicl

type may later hybridize with other allopotyploids so that very

different genotypes are combined. High polyploids of hybrid

origin are likely to have the advantages of a buffered hetero-

zygous condition as well as the potenÈial to pro<ltrce novel hetero-

meric enzymes. Such advantages may account for the ínitial

extension of polyploid distributíons beyond that of their diploid

progenitors.
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The evolution of Senecíoneae is therefore seen as follows

(see also Fig. 9.1).

1. The diploíd (l.l = 10) progenitor of Senecioneae most

probably had a "cacalioid" style and stamen morphologYr and arose

in the Mexican region (see notes above).

2. An early evolutionary event was then the formation of

hexaploids (N = 30) with "eaealioid" morphology that extended.

their range of distribution beyond that of diploid.s. However,

because of their higher ploidy levels morphologíeaJ- evolutíon

rlras restricted, so that extant "eacalioid" genera (aII hexaploid)

retain comparatively primitive style and stamen characteristics.

Other characÈeristics of greater adaptive sígnificance may have

been subjected to greater selective pressures, so that with time,

Iocalized differentiation of "caealioíd" hexaploids oecurred.

3. A second evolutionary event rnay then have been the forma-

tion of some diploids wíth partially "senecioid" morphology.

Present distributions of interrnediate genera suggest that inter-

mediate progenitors must have been widely distributed, but they

v¡ere not very successful in the long term. Near1y all cytologicalll

known genera with intermediate morphology are tetrapJ-oid, so that

polyploídy nay again have preserved some morphological character-

istics.

4. Changing environmental cond.itíons may then have led to

the extínction of less successful "caeal-ioid" díploids and tetra-

ploids and most intermediate diploids, whÍle at the same time

favouring diversification of truly "seneeioid" diploids in Africa.

In the case of Senecio, tetraploid species are now more numerous

and more widely distributed than diploíds (Lawrence 1980). The

distribution may indicate that polyploidy in Senecio is a

comparatively recent development, and that adaptive radíation of

polyploids is perhaps still occurring. However, the numbers and
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general success of polyploid specíes may also indicate that the

originat diploid stock was comparatively large and diverse.

5. Although all "cacalioid' genera are hexaploid (N = 30) r

hexaploids are generally rare in Senecio (Nordenstam 1977) and

comprise the greater proportion of species only in AustralÍa

(Lawrence 1980). A possible explanation is that in most parts

of the wor1d, competítLon from extant diploids or tetraploids

prevented the successful long-term establishment of hexaploid

Senecio species. However, if hexaploids were formed from a small

number of migrant tetraploid speeies in Australia, then initial

radiatíon at the hexaptoid level may have met wittr less competitÍon.

The present distribution of Australian hexaploíd speeies of Senecio

with homogamous discoid capitula does suggest. that the group was

onee widely distributed, but the present relict distributions may

be further evid,ence of the gene::a1 inability of hexaploids to

respond rapidly to changing selective pressures.

A final point is Èhe migration route by whieh each element of

Senecioneae reached- Australia. ff the evolutionary scheme

proposed above is correct, then it would seem likely that

'fcacalioidt' hexaploid taxa v¡ere first to arrive. These are

represented by Bedfordía and Brachyglottís in Tasmania, and by

Brach lottis Dotichoglottis, ]lrostemon and @þ in New

zealand (alI endemic to Àustralasía) . r-f. I'eacalioíd" progenitors

migrated from Asia through New Guinea and across Australia, then

it is difficult to explain why no relict populations oceur in the

latter two regions. A more reasonable explanation in view of

present clistributions is that "eacalioid" genera migrated to

southern Australia from South America at a time when both

continents were linked. Such a suggestion PresuPposes a much

èarlier ancestry for Compositae than is generally accepted, but



398

supPorts the suggestion by Tu::ner (.]977) that the origins of

CompositaedatebacktoatleasttheCretaceous.Ifsucha

migratorypathwayf^'aspossible,Australiantaxawithaninter-

mediate morphology (i.e. those discussed in part l'1 of this

chapter) might also have arrived at a similar time'

Intheschemesuggestedsenecioisthoughttohaveevolved

atalaterpointintimerSot'hatmigrationislikelytohave
occurred across continents positioned much as they are today'

progenítors of Australian specie of senecio v¡ould therefore have

first reached the most northerly parts of Australia via Asia -

a pathway supported by the distribution of diptoid and tetraploid

species on a world-wide basis (see Lawrence 1980) '

g.4 The Size of SenecÍo

A final question is the reason why senecio is the largest

angiospermgenus.Partoftheans$rermustbethatseneciobelongs
to compositae - the general charaeteristics of which have pro-

duced the largest and most widespread angiosperm fanily' Hohrever'

Senecio (and' most Senecioneae) differ from other members of

composl-tae in two respects. The first is the specialized unÍseriate

involucre of interlocking bracts which míght have resulted in more

efficient seed dispersal. The second and perhaps more important

differenceisthatevoIutioni'@occurred'predominant1yat
the tetraploid leveI. Polypl-oídy does occur in other genera of

compositae, but it would aPpear (from reviews of the tribes edited

by lley^rood, garbourne and Turner lg77) that aneuploíd'y is generally

more important. A large proportion of cornpositae species oecur

in unstable environrnents so that maintenance of the diploid

condition or reductíon by aneuploidy would contribute to restricted
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recombination systems thought to be advantageous in such environ-

ments. Ho!,rever, as suggested, in chapter 5, poryproidy may be an

alternative means of restricting recombination that has the

added advantage of a greater potentiat for gene polYmorphisms'

This advantage, combined with íntrogressive hybridization,

sÈructural rearrangements of chromosomes and occasional gene

mutations might account for the extensive radiation and subsequent

speciation it @þ.
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APPENDIX 1

Chromosome Arm Measurements of Karyotypes

Discussed in Chapter 7 and of S. lautus x S . biserratus (ChaPter 8)

The method of karyotype construction is fu}ly described in

chapter 7.2.L. In brief , the method. is as follows. The total

Iength of each replicate complement was determined ancl the

origfnal measurements cclnverte<l to a percentage of the total' As

absolute chromosome sizes !.rere required, pereent lengths htere

multiplied by the 4C nuelear DNA amount. Values for homologous

chromosomes were then pooled and mean chromosome arm sizes calcu-

lated. Measurements given in the following pages are in picograms

-1x 10 ', and the sum of all chromosome arms in a complement eguals

the 2C nuclear DNA amount of that taxon'

Satellite chromosomes are indicated by parentheses around the

appropriate chromosome number. If satellites $/ere large enough

to be measured, theír value is also enclosed in parentheses and

positioned next to the arm to which the satellite hras attached

as follows:

(14 ) Is 16

86 138

184

139

t82

(17)

( 2l)

85

105

18

82

107

(1s )

chromosome number, ( ) = satellite

satellite attached to short arm

short arm

long arm

satellite attached to long arm

287
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List of Karyotypes (numbers I 39 correspond to

illustrations in Figure 7.L, number 40 is illustrated
in Figure 8.)

GROUP 3AGROUP 1A

l. Senecio magnificus

2. S. velleiol-des

3 s. amygdalífolius

4 g. maeranthus

5. g. vagus subsp . eqlandulosus

GROUP IB

6-10

g quadridentatus

g. gunnii

S. aff. apargiaefolius

s. runcinifolLus

GROUP 38

2I.
22.

23.

24.

25.

26.

27.

28.

29.

30.

3I - 32

S_. lautus subspp.

spathulatus

glossanthus

S.

s.

sp. B

squarrosus11. s

L2. 1.
13. s.

S. bipinnatisectus

S. minimus

S. picridioides

S. glomeratus

S. hÍspiclulus vars.

gregorlr-

GROUP 2A

14. S. hypoleucus

15. S. odoratus

16. s. cunninghamiÍ

L7. S. anethifolius

lB. S. gaqrlerensis

GROUP 29

19.

20.

. linearifolius

SP. A

g

g

33. S. sp e

34. S. biserratus

EXOTIC SPECIES

35. S. vulqarís

36. S. pterophorus

37. S. mikanioides

38. s. discifolius
OTHER GENERÀ

39. Ereehtítes valerianaefolia

40. S. lautus x S . biserratus
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1. S. magnificus trf = 20 4C DNA = 31.7 pg.

1 2 3 4 5 6 7 8

319
519

910

11 L2 13 (ra¡ ls (16) L7 18 le 20

555
658

360
405

525
569

153
694

I

508
598

27L
443

356
626

306
390

375
563

269
t47

(2s61

329
655

334
475

402
501

304
367

158
810

84
7L9

5

353
446

246
376

5

536
s87

36I
428

392
47].:

243
2L5

(1e2 )

400
558

135
620

6

3s3
423

278
330

6

315
792

30s
469

317
485

228
397

300
605

137
530

24L
504

2IO
350

320
639

280
44I

298
493

284
329

L97
680

L28
472

304
439

218
238

3s1
567

274
424

309
463

264
323

181
674

269
446

404
512

1s0
515

279
368

284
633

311-
426

270
502

252
343

7

433
589

T7

302
433

2. S. velleioides lit = 19 4C DNA = 33.1 p9.

I 2 3 4 5 6 (7) 8 e (10)

11 L2 13 14 ls L6 t7 l8 19

396
672

141
697

381
643

348
47L

3. S. amygdatifolius N - 19 4C DNA = 26.9 pg'

426
51s

324
372

328
530

249
443

37L
48s

258
410

4

360
460

267
379

4

481
651

376
428

2 3 7 I 910

rl L2 13 L4 15 16 L7 18 19

4 s . macranthus ]rf = 20 4C DNA = 37,48 pg.
a

(1)
(413 )
180
802

3r6
542

2

473
833

385
445

3

559
622

13

3rl
495

I 910

11 12 L4 ls 16 IB 19 20
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5. q. vagus subsP. eg landulosus \J = 49 4C DNA = 42'90 Pg'

1 2 3 4 5 6 7 I 910

11 12 13 t4 15 16 t7 18 19 20

267
382

L82
326

t85
239

256
359

230
273

246
359

208
284

230
348

223
269

]-23
304

158
228

23]-
336

180
302

145
280

207
347

l.42
338

207
343

170
304

163
258

190
345

2L6
318

13s
320

L79
228

200
313

r37
3L2

t20
286

88
261

21 22 23 24 25 26 27 28 29 30

186
235

184
2L4

188
24r

106
29l.

154
269

16r
213

210
256

l.52
265

156
204

L24
L77

I

131
274

r14
232

r57
223

26
304

164
208

105
212

L67
190

65
234

31 32 33 34 3s 36 37 38 39 40

4t 42 43 44 45 46 47 48 49

IlI
234

145
191

137
L97

145
173

6. 1. lautus subsP. 1g!5 |it = 20 4C DNA = l0.BI Pg'

67 910(r) 2 3 (4) s

130
218

L29
134

130
196

120
1,4 0

140
169

95
L62

114
186

106
t47

t27
r66

L02
1s1

131
158

103
L42

l.28
160

tL2
l.25

I14
160

96
132

94
178

83
L44

114
L57

85
130

rl L2 13 14 15 16 l7 18 19 20

7. S. lautus subsP. dissectifolíus N - 20 4C DNÀ = 10'63 pg'

I
148
L76

L28
140

138
t62

L02
164

tt6
L77

114
140

130
r67

99
1s4

5

L35
151

113
136

131
14r

101
L47

106
171

110
L25

L26
148

119
151

92
138

108
161

84
124

2(3)4 6 Q) I 910

11 (12) 13 14 ls 16 t7 18 19 20

B8
r47
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8. g. lautus subsp . maritimus trf = 20 4C DNÀ = 10.19 p9.

1 2

L42
159

103
150

L37
153

1r9
L32

3

116
]-64

107
L42

130
170

106
159

r05
159

104
134

130
I47

TI2
133

96
173

100
]-42

r23
146

92
145

L23
164

104
141

117
140

90
L32

L27
200

L27
Ls4

I23
L42

104
I27

117
I6B

117
]-25

119
137

r04
I17

7

L25
194

105
165

94
168

93
138

L20
155

85
l.47

11s
138

86
133

j.44
175

r06
158

L23
139

B1
140

L2L
L52

101
l_53

75
130

118
1s4

87
134

97
t47

68
130

t32
18s

87
155

4 (s) 6 7 (8) e 10

(rr) L2 (13) L4 ls (16) L7 18 le 20

9. S. Iautus subsp. alpinus !i[ = 20 4C DNA = 10.74 p9'

r(21 3

138
L74

116
1s4

13s
156

111
L32

164
196

141
L74

lrs
189

L20
t46

L24
L44

LL2
r27

4

1r9
L74

107
151

13r
L59

l-]-2
136

98
134

5 6 7 I 910

11 12 13 14 1s 16 17 18 19 20

10. g. lautus subsp . lanceolatus lrf = 20 4e DNA = 9.79 p9.

I 2 (31 (4) s 6 7 I 910
110
137

11 L2 t3 (14) ls (16) 17 18 19 20

L37
L7L

1s1
lB7

L27
t78

99
165

94
143

128
209

127
L7I

L2T
L42

89
143

145
r87

llB
L7L

1r' g. spathulaÈus ]rf = 20 4C DNA = 12,28 p9.

B1
130

129
190

106
152

I (2') 3 4 5 6 I (e) 10

139
203

11 L2 13 14 Is 16 17 18 19 20
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L2- g. glossanthus lrJ = 20 4C DNA = 6'71 p9'

81
107

74
90

(1)
(1s3 )

34
25L

136
159

I
191
227

138
rs9

134
143

62
1r9

62
101

73
I07

4

79
99

164
L87

L22
156

67
109

62
91

(s)
(r28)

2l
202

118
153

161
L72

138
r54

120
141

7

59
109

58
110

72
95

59
85

r35
166

TL2
r30

7L
93

5I
80

L25
170

r13
122

1(21 3 5 6 I 910

75
98

11 L2 13 14 ls 16 L7 18 19 20

t97
22t

t_17
171

68
89

143
228

L23
158

t49
191

L29
141

6

117
2tL

139
Ls2

149
171

L23
140

138
L72

116
136

94
2]-9

63
92

60
88

59
89

65
82

13. g. gregorii lrf = 20 4C DNA = L2'55 P9'

2 3 4 67 I 910

11 12 13 L4 15 16 17 18 19 20

14. S. hypoLeucus ]it = 30 4C DNA = L7 '92 p9'

2

184
193

100
196

83
191

161
189

106
189

105
163

108
239

86
207

l23
139

111
195

131
149

90
t52

92
2LL

130
149

3(4)s 7 I e (10)

150
r67

11 12 13 (r4) ls 16 (17) (18) 19 20

21 22 23 24 25 26 27 28 29 30

118
141

85
205

114
L32

82
207

102
L44

109
119
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15. 9. odoratus \f = 30 4C DNA = 18.14 P9.

I
2L4
236

92
2L3

L29
145

L82
210

133
L72

124
L47

108
267

86
2L7

L22
149

1s9
L92

110
193

L25
143

92
256

85
2L3

]-49
19r

135
L62

92
170

7

108
222

95
198

L23
138

]-26
22L

L2B
169

93
16s

L49
180

119
l_s5

85
J.49

157
l.72

89
200

99
146

99
212

134
L52

100
209

134
j.49

I06
1r8

2(3)4 5 6 I 910

1r 12 (13) 14 (1s) 16 t7 (18) le 20

2L 22 23 24 25 26 27 28 29 30

16. S . cunninqhamii \J = 30 4C DNA = 18.90 P9.

]-20
144

122
L79

109
130

I 2 3 4 5 6 7 (8) e 10

rl L2 (13) 14 ls 16 L7 (r8) 19 20

236
254

139
184

124
163

207
222

128
165

118
L44

2L4
229

L26
L82

115
163

190
2ts

120
186

116
L62

L22
270

t26
t79

t23
]-42

LL2
243

L28
156

82
L70

1s1
226

Ls7
2L5

l.28
170

96
165

107
228

97
181

82
170

106
23L

90
203

97
157

113
2L3

TT2
156

106
L25

TL2
224

131
160

110
139

110
20]-

87
180

103
125

133
196

L22
166

Ì01
L25

L28
171

99
I67

86
126

2L 22 23 24 25 26 (27'.) 28 29 30

17. g. anethifotius N - 30 4C DNA = 17.35 p9.

119
t42

159
IBB

130
1s3

106
142

I2 3 4 5 6 7 I 910

11 (n¡ 13 14 ls 16 L7 18 (19) 20

155
222

88
202

115
L42

170
168

1r3
L72

110
L44

2L 22 23 24 25 26 27 28 29 30
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18. S. gav/lerensÍs N - 30 4C DNA = 20.39 pg.

1 2 3 4 5 6 7 I e (10)

L44
258

L44
233

11 12 13 (14) ls 16 17 18 19 20

249
280

I60
189

134
L67

196
30t

136
L74

L25
139

t
230
254

75
233

127
L46

2t7
250

133
208

r34
166

208
236

145
195

L27
166

139
28I

lL2
2r6

100
I88

4

169
203

121
169

lrr
L47

163
240

73
2]-8

113
L47

183
227

136
188

L29
1s7

t52
190

L32
rs6

104
153

79
266

L29
161

114
145

128
189

126
1s9

75
260

134
I53

86
166

6

148
195

133
153

122
l.32

98
2L6

99
l.82

B8
239

83
202

95
148

7

15s
L69

85
198

116
L37

L20
245

137
t74

124
153

105
215

79
204

104
131

I

100
222

128
1s4

111
),28

119
238

L26
183

90
L76

130
18s

72
20L

47
17r

t32
186

]-24
156

83
1s3

].22
227

130
178

114
137

82
229

I02
162

96
rl7

77
234

78
20J.

77
Ls9

2L 22 23 24 25 26 27 28 29 30

19. S . Iinearifotius $ = 30 4C DNA = 18.02 p9.

I 2 (3)
(106 )

50
266

L27
L64

92
167

183
22L

82
2L5

80
183

5 6 7 8 910

11 L2 13 14 ls 16 (17) 18 19 20

L77
252

L32
169

109
150

(2t
(126)

28
265

21 22 23 24 25 26 27 28 29 30

20. g. sp. A \J = 30 4C DNA = 18.03 P9.

3 4 5 e (10)

(11) (12) 13 t4 ls 16 L7 18 le (20)

t23
180

2L 22 23 24 25 26 27 28 29 30

118
lsl
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2I. S. quadridentatus |rf = 20 4C DNA = I2'7 5 pg'

t(2)3 4 5 6 7 I 910

II L2 13 L4 15 16 L7 18 19 20

207
240

L32
L72

I

222
279

1s6
187

2L8
277

160
193

I

26].
313

L79
209

187
239

140
163

I89
27L

95
246

220
254

188
2I6

133
L52

2l.0
248

L52
178

188
209

]-L2
160

r99
232

14s
169

170
206

t74
t97

116
141

178
2]-7

117
156

6

169
235

L22
ls5

206
275

15r
166

L67
186

108
l.42

169
181

148
185

93
]-23

163
195

110
L27

141
179

98
110

168
185

105
118

l.25
L46

I02
r29

22. g. gunnii N - 20 4C DNA = l-4'04 Pg'

2 (3) 4

191
252

146
L72

163
274

5

L97
222

I04
208

L77
238

13s
L67

229
257

150
183

159
226

111
158

r61
233

96
L67

2L6
25L

L47
L57

175
199

114
t32

171
2L5

r07
L42

171
199

107
135

2]-7
246

t32
]-45

16s
191

107
L24

193
2L0

119
14 r_

6 7 I 910

1l L2 13 14 15 16 17 18 19 20

23. S . aff . apargiaefolius !i[ = 20 4C DNA = 14'10 p9'

I 2 3 (4) s 7 I 910

rl 12 13 14 15 16 L7 I8 19 20

146
182

L32
182

24. S . runcinífolius |rf = 20 4C DNA = L6.15 p9.

2

240
299

173
L97

(3)

212
305

13

164
187

4

239
271

165
18r

s (6) 7 8 910

T1 T2 L4 15 16 17 18 19 20

195
229

130
t74
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25. g. sP. B |f = 30 4C DNA = 19.94 Pg'

l_ 2 3 4 5 6 7 I 910

tl 12 13 t4 ls (16) L7 18 19 20

253
277

L72
194

100
L67

239
275

173
199

r16
146

I
L47
200

87
163

72
L26

239
254

t49
2LO

9I
174

2l.4
243

150
198

88
175

2LL
226

157
L76

119
l_4 t

193
272

1ss
183

r03
L44

L92
238

148
180

111
135

194
224

96
207

105
135

197
2]-2

135
165

103
L32

185
2L2

r30
169

99
L32

l.77
2L4

94
188

97
L25

8

184
203

133
158

92
136

177
208

9T
185

98
117

84
L79

70
135

73
91

180
200

l.2L
156

95
TL2

L79
202

87
t77

92
11s

69
183

91
108

66
84

21. (221 23 24 25 26 27 28 29 30

26- g. squarrosus [f = 30 4e DNA = 19.81 P9'

I 2 3 4 5 6 7 I 9L0

11 L2 13 14 ls 16 r7 (18) (te) (20)

228
260

171
190

83
171

2L7
249

169
188

I06
146

20L
238

149
171

116
L29

L22
173

85
]-44

84
LO2

200
225

I34
]-62

97
148

93
199

94
L28

78
99

L92
2L9

108
18t

93
143

2L (221 23 24 25 26 27 28 29 30

27- I . bip innatisectus \J = 30 4e DNA = 13.98 p9'

3 4 s (6) 7 9r0

rl L2 (13) L4 15 16 L7 t8 19 20

2

141
187

89
158

89
108

92
219

2l
225

84
106

ril.
]-92

85
1s8

85
101

t.0 5
178

107
165

94
1r3

2L 22 23 24 25 26 27 28 29 30

63
150

76
95

77
90
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28. S . ninimus ]it = 30 4C DNA = 19.82 P9.

(1) 2 3 4 5 6 7 I 9I0

I1 (r2) 13 14 rs 16 17 18 19 20

181
323

157
209

92
L77

205
295

85
27L

r14
ls6

23L
257

170
185

111
151

189
293

99
246

92
L75

17s
285

L46
191

109
r_4 I

209
245

124
209

87
t67

L97
252

7B
27L

113
137

191
26L

157
L74

108
140

14s
275

143
191

78
171

t97
227

141
168

108
136

L27
290

L42
170

104
140

168
24l.

97
208

105
130

L22
280

L29
L62

106
Ì30

I84
202

1I9
159

108
123

L75
22i.

102
186

106
123

r68
228

104
180

101
r27

181
203

l.20
1s7

100
L22

l.20
267

95
j.82

97
113

173
208

108
l.76

100
118

185
197

119
t52

2L 22 23 24 25 26 27 28 29 30

29. S. picridioid.es N - 30 4c DNA = 19'68 p9'

218
246

152
184

111
147

206
239

154
18r

79
L72

199
232

L44
178

109
141

L67
242

L25
185

93
]-44

189
2r6

l.24
169

107
130

L77
20L

87
185

96
TI7

89
111

164
20L

r20
163

95
109

170
200

114
156

92
104

I 2 3 4 5 6 7 I 910

(tl) L2 13 (r4) ls 16 17 18 19 20

193
262

tL2
242

116
148

L74
276

r59
191

117
144

21 22 23 24 25 26 27 28 29 30

30. g. glomeratus !i[ = 30 4C DNA = 19.18 Pg.

I 2 3 4 5 6 7 I 910

11 t2 13 14 ls 16 r7 18 (r9) 20

2L 22 (23) 24 25 26 27 28 29 30
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3L. s. hispidulus var. hi idulus ]i[ = 30 4C DNA = l9'I1 P9'
sp

l

190
250

204
235

200
2]-9

]-17
233

189
2]-4

L74
216

I
L77
L97

l.72
200

16r
2lL

5 6 7 9r0
I 2 3 4

227
247

1l t2 13 14 ls 16 (17) 18 (19) 20

r59
2ro

L57
193

l-52
189

]-52
L15

139
161

]-26
168

94
196

]-2]-
1.62

84
187

114
156

30
2L 22 23 24 2s 26 27 28 29

103
155

109
140

106
135

87
1s0

105
L29

103
1.29

94
L24

92
109119

140

I

1I3
].29

32. 1. hispidulus var'

2 3 4

dissectus N = 30 4c DNA - L9 '41 Pg'

67 910

2l.6
245

208
246

201
237

196
2l.6

5

186
222

L79
2L4

L82
202

I

L72
199

L57
2l.2

166
L94

rr L2 13 14 Ls 16 r7 18 (19)

15s
194

t44
201

]-44
195

Is6
178

l-49
L74

]44
L67

I11
193

84
2L]'

119
171

20

r29
153

30
2L 22 23 24 25 26 27 28 29

]-23
L49

120
143

117
L44

B5
176

1r3
143

105
145

99
1s1

110
131

107
L2T

95
107

33. .sp.C N=30 4C DNA=2O'L2 P9'I
t 6 7 89r0

2 3 4 5

242
267

226
263

2]-9
254

225
248

209
240

L92
231

195
228

184
2L7

185
204

L62
2L4

11 L2 13 14 ls 16 17 (I8) 19 20

153
194

r59
190

1s4
184

L52
L82

139
179

144
171

]-2L
190

86
208

82
154

L22
168

LT2
166

2L Q2) 23 24 25 26 27 28 29

76
]92

116
L47

119
140

89
L67

105
146

100
150

97
t23

30

91
115L2T

156
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34. S . biserratus l'l = 50 4c DNA = 25'27 p9'

I 2 3 4 5 6 7 I 910

11 12 13 14 15 16 r7 Ì8 19 20

190
226

130
171

180
226

103
193

158
221

t27
L64

162
188

22
247

100
247

86
I82

l.46
19s

112
L42

r37
196

73
l.79

92
136

148
173

L2L
19s

108
141

103
123

91
109

74
171

100
r20

81
115

111
]-29

64
153

86
tI0

L77
200

105
16s

76
L57

66
150

89
t_0 5

4

82
160

54
L20

94
]-22

[rf = 10

4

27l.
355

105
t27

92
L24

B1
110

2L 22 23 24 25 26 27 28 29 30

106
L25

96
119

7L
160

91
11s

73
115

111
140

95
L32

92
1r0

49
130

83
T2T

78
108

3t 32 33 (34) 3s 36 37 38 39 40

87
161

101
L2T

89
110

41 42 43 44 4s 46 47 48 (49) 50

73
1r7

61
ITI

35. g. vulgaris trf = 20 4e DNA = 7 '82 Pg

(r) Q) 3 5 6 7 8 910

L44
rs6

55
139

I2L
134

85
105

9l-
L57

79
95

95
L26

76
97

95
116

56
107

73
138

7L
84

98
l_10

96
TL2

55
148

1r L2 13 14 ts 16 L7 18 19 20

36. S terophorus \f = 10 4C DNA = 4'22 Pg'.P

58
81

86
99

36
99

44
75

I

1(2)3 4 (s) 6 7 8 910

37. S . mikaníoides

1 2 3

296
404

313
382

307
346

4c DNA = 11.78 Pg.

6(7)8
259 269 226
337 3r7 323

I03
154

64
17s

88
140

70
139

5

244
357

97
1Ìl

85
11s

68
109

204
249

77
95

200
204

910
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38. S . discifolius N 5 4c DNÀ = L4.27 pg.

I
596

112 0
503
967

426
10 15

480
889

5

297
841

2ß1 4

39. Erechtítes valerianaefolia ÌI = 20 4C DNA = 25.02 pg'

1 2 3 4 s (6) 7 I 910

1r 12 13 L4 15 16 t7 t8 19 20

259
570

92
53r

264
502

L62
452

194
542

184
407

ls7
547

r71
408

t64
528

165
391

281
400

158
396

17I
500

226
317

r61
494

145
375

L76
464

201
294

154
474

153
34I

140
168

L22
L47

tr2
141

99
133

78
116

60
89
99

70
78

106

40. S. lautus subsp . clissectifolius x S. triserratus 2N = 70

4C DNA = 17.'19 pg.

(Diploíd karYotYPe)

I234567

r7g r8s L47 132 157 143 148
2L6 18 7 204 203 17 3 LBz l-7 0

B 910

11 L2 13 l-4 15 16 17 18 19 20

12I
r81

97
160

L2l.
L29

7l
L57

51
77

136

61

Llg

122
IBO

l-25
138

77
172

72
1s5

52
70

L42

134
165

137
160

114
r47

111
131

L02
]-24

54
98

105

64
70

116

L26
16t

LL7
L44

117
L25

91
134

55
83

LL7

6s
65

L2L

134
148

96
r64

LL2
L26

90
L29

56
83

116

117
L64

115
143

113
124

B5
130

57
85

TI2
67

65
120

142
r73

104
t72

89
r65

83
152

95
l.20

58
88

t07
68

65
120

t29
184

L24
1s0

115
139

79
1s6

8B
126

59
72

120

69
78

106

2L 22 23 24 25 26 27 28 29 30

88
174

31 32 33 34 3s 36 37 38 39 40

4L 42 43 44 45 46 47 48 49 s0

r05
139

83
141

53
80

130

63
65

T2L

66
70

116

62
72

11s
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species $rith a Mean chromosome size Greater than 0.20 p9

A. Total Percentage rnatch values

122453738

I. Senecio magnificus

2. S. velleioides

3 s amygdalifolÍusa

72

107

IIO

23

0

75

30

38

77

0

0

31

4T

67

47

0

76

36

0

47

0

I6

0

7

26

4. S. macranthus

5. s. vagus+

37.s. dLscifolius

38. s. mikanioid.es

39. Erechtites

-

valerj.anaetorra

0

030

B. Unique Percentage match values

1234s3738

I.
2.

3.

4.

5.

37.

38.

39.

Senecio magnificus

g. velleioides

S. amygdalifolíus

S. macranthus

vagus

discifolius
. mikanioides

Erechtites

s a

5l

92

100

23

0

60

20

34

62

0

0

15

40

62

36

0

6l_

10

0

25

0

IO

0

7

2T

g

g 0

0

va.Ler lanae folía
30
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C. Duplicate genome values of species A eompared to species B

Species A

Species B

12345373839

l. Senecio magnificus

2. S. velÌeioides

3. g. amyqdalifolius

4. S. macranthus

5. q. vagus

37. S. discifolius
38. s. mLkanioides

39. Erechtites
va]-er ianae folia

0

.I
0

.1

0

0

.I

.1

.3

0

.1

.2

0

0

.1

0

.3

0

0

0

0

0

.1

.1

.1 0

0

.)

0

0

0

0

.1

0

0

0

0

0

0

0

0

a

I

I

1

0

.l

.1I

I
0

0

0

0

0

.2

I

00
00
00
00



Species with a Mean Chromosome Size of

Less Than 0.22 pg. (note S. vagus

Íncluded in both sections).
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A. Total Percentage match values

2N

98

40 2l
36

14

58

2L

102

0

t03
64

91

116

76

133

86

86

113

129

105

113

95

106

46

130

L25

90

IO2
104

112

7L

0

0

190

180

190

19s

160

0

t45
160

165

L77

173

I50
158

158

r00
105

lr0
90

137

L32

120
L52

143

137

146

160

Ls2
171

60

85

s6789101112

'l .

8.
ssp . disseetifolius40
ssp . Ianeeolatus 40

9. ssp. aIpínus 40

10. ssp . maritimus 40

40

40

40

60

60

60

60

60

60

60

40

40

40

60

60

60

60

60

60

40

185

200

170

140

0

13s
138

L52
153

160

80

145

133

90

105

95

80

Is0
]-20

87

137

130

145

157

145

148

155

75

90

155

170

70

0

120

L27

133

L28
148

77

137

rls
130

90

90

65

t42
L32

82

Ll.2
130

103

150

L32

:l22
150

100

110

l-7 s

170

0

r5s
]-42

155

L62
158

t23
148

153

60

L20
l.20

85

148

137

87

138

l_3 I
L28

L57

160

L28

1s4

85

85

70

0

11s
:l_32

128

]-20

L42
77

105

130

70

65

70

55

L42

118

83

103

103

72

L27

147

131

140

55

100

0

140

97

143

155

r60
L27

143

113

130

100

120
85

L27

117

L23
143

L25

I30
t47
163

L57

L44
40

30

0

0

0

0

0

0

0

0

0

0

0

0

0

0

100
0

0

0

0

0

6

69

0

125

15. odoratus
16. cunninghamii
17. anethifolíus
18. qawlerensis
19. línearLfolius
20. sp. A

2L. quandridentatus
22. gunnii
23. aff. aparqiaefolius 40

24. runcinifolius
25. sp. B

26. sguarrosus
27. bipinnatisectus 60

28. minimus
29. picridioides
30. glomeratus
31. hispidulus
32. var. díssectus 60

33. sp. e 60

34. biserratus I00
35. pterophorus 20

36. vulgaris





25 26 27 28 29 30 31 32 33 34 35 36

439

158

t52 I15

5.
6.
7.
g.
o

10.
11.
L2.
13.
14.
15.
l-6.
L7.
18.
19.
20.
2L.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.-

33.
34.
35.
36.

190

104

163

140

184

194

193

L97

L65

73

103

96

170

154

L77

186

194

187

r67
77

82

130

103

80

130

120

t26
169

L47

133

184

153

l.77

190

160

L74

63

67

130

160

180

143

164

77

65

187

197

173

163

50

60

t91
190

181

110

93

190

181

73

82

17t
80

52
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B. Unique percentage match values

2N567891011L2

5. Etr- 98

6. lautus ssp. Iautus 40

7 . ssp.
8. ssp.

dissectifolius 40

lanceolatus 40

9. ssp. alplnus
10. ssp . maritimus
11. spathulatus
L2. qlossanthus
13. qregorii
14. hypoleucus
15. odoratus
L6. cunninghamii
L7. anethifolius
18. qawlerensis
19. linearifolius
20. sp. A

2L. quandridentatus
22. gunnii 40

23. aff. apargiaefolius 40

40

40

40

40

40

60

60

60

60

60

60

60

40

40

60

60

60

60

60

60

60

60

60

100

20

40

2T

2I
14

35

2L

70

0

6l
43

53

70

53

86

59

60

85

113

99

106

86

86

27

97

86

81

97

97

t02
52

0

0

180

]-20

180

170

L20

0

140

133

L42

150

150

92

150

r42
60

70

70

40

t42
LT7

100

133

133

L25

133

]-42

L42

133

45

60

130

200
150

90

0

130

117

],25

L25
L42

67

L25
108

70

70

70

50

LL7

92

67

108

92

L25

133

125

108

1r9
45

50

130

150

60

0

80

92

92

67

108

43

100

92

90

60

50

50

83

92

67

83

87

67

125

108

85

140

75

80

150

60

0

140

133

133

150

L42

100

133

133

40

50

60

40

r08
92

67

100

108

II7
125

r17
100

]-26

45

60

60

0

r00
92

120

75

I08
58

108

100

70

40

50

30

TI7
83

67

75

75

68

r00
117

92

116

45

60

0

t20
67

83

L42
117

110

108

58

80

70

80

50

92

75

67

83

92

83

100

113

¡-25

98

30

20

0

0

0

0

0

0

0

0

0

0

0

0

0

0

58

0

0

0

0

0

I
0

0

80

24. runcinifolÍus
25. sp. B

26. squarrosus
27. bipinnatisectus
28. minimus
29. picridioides
30. qlomeratus
31. hispidulus
32. var. dl-ssectus
33. sp. C

34. biserratus
35. pterophorus
36. vulgaris
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13 14 15 16 I7 18 19 20 21 22 23 24

5.
6.
7.
g.
g.

10.
11.
12.
13.
14.
15.
16.
L7.
18.
lg.
20.
2L.
22.
23.
24.
25.
26.
27.
29.
29.
30.
3r.
32.
33.
à4.
35.
36.

117

L25

133

L42

108

r08
I33
L20
L20
110

80

L25

92

42

L25

108

117

1s0

150

L25

TI2
0

20

L74
114

134

80

L20
134

67

92

83

50

1r4
94

54

]-26

94

86

L20

134

94

96

13

33

140

L46

L20

I66
160

I00
100

83

67

120

86

74

134

L20

94

L26

r.4 0

L26

96

40

50

146

154

146

L26
92

92

83

50

t20
100

86

L26

L20

94

L26

140

126

107

40

33

]-20

L44
L26
117

B3

83

50

r34
t20

86

t20
L20

114

r34
L20
134

91

53

33

94

94

92

83

67

67

106

80

64

94

104

86

86

]23
L20

85

0

8

166

108

92

92

50

120
100

94

L26

140

I06
l.26

]-23

L26

117

40

50

92

67

58

50

]-20

60

43

114

LT7

L42
L26

L26
]-20

106

27

33

140

150

t20
150

133

50

13s

108

L25

150

158

L42

Lt2
40

50

140

100

142
L42

42

13s

117

L25

133

L42
133

105

15

30

L20

117

133

33

108

83

75

L25

t33
117

98

1s

30

108

r08
T7

83

L20

75

108

tt7
108

63

0

20
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25 26 27 28 29 30 31 32 33 34 3s 36

5.
6.
7.
g.
g.

10.
11.
L2.
13.
14.
15.
16.
L7.
18.
lg.
20.
2L.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31,
32.
33.
34'.

35.
36.

160

66

L20

L20

166

186

L74

I80
117

53

52

86

134

t26
160

L74

166

160

L23

53

67

100

80

60

86

66

100

139

t20
108

160

r06
145

140

140

L23
53

58

106

t40
154

L26

117

53

50

L74

Ie4
t46
t23

40

42

r94
180

133

80

58

166

128

40

50

L28
53

37

L20

tLz 105
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Species A

vaqus 0

lautus 0
ssp.

dissectifolius. 3

Duplicate genomes of sPecies A

compared with sPecies B

c

Species B

8 9 10 11 L2 13 14 ls 16l.7 18

5.
6.
7.

B.

o

r0.

11.
L2.
13.
14.
15.
16.
L7.
Ig.
19.
20.
2L.
22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

0 .'l .6 0 .5 .1
alpinus .4 .2 0 0 0 3

0 1.0 .3 .3 .3 .8 .6

o 0 .2 .2 0 0 .5
o 0 .3 .4 .3 .3 .1

0 .4 .5 .7 .9 .6 .6
o .3 .1 .3 .r .2 .4
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.2 0 .5 0

0

.2
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I
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0
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2

5

0

I
6

2

4

I
I
0

3

3

6

I
I
0

4
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2
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3

4

2

I
I
0
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0

0
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0

0
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0

I
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3

I
3

I
1

3

0

0

0

I
0

0

I
3
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I
7
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3
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3

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

.2
0

0
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0

0

0
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0

0

a

a

a

a

a

a

a

a

a
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I
3

0
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2

2

4

0
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1

0
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2
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I
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6

3

5

5

4

0

0

6

4
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2

0

2

4
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I
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4

4
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7

7
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I
2

6

6

O

a

a

a

a
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3

0

6

3
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3
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1

5

5

4

4
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2

7

2

0
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6
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0
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I
I
3

4

3

6

2

0

0
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0

4

0

2

0

3

1

3

3

2

0

3
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4

4

0

4

5

3

3

a

a

a

a

a

a

a

a

a

a

a

a

a

T

0
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0

0
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I
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1
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0

0
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0
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19 20 2L 22 23 24 25 26 27 28 30 31 32 33 34 35 36
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Appendix 3

Listings of Program MPL and Program KARYO used to construct

And Compare Karyotypes (see Methods, Chapter 7l
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ç{c^LcULATEsiIFANPÊRCENTLÉNGTHANDSÍ,TNDARDERRIR
c
è Oar¡ - THE FIRST DATA CÅRD SPECIFIES fHE NUf'tBER OF OATA BL0CKS T0 BE

c Àt.la LYS E f)

C FORI,IAT I1 Tq f .E. '--ó FOR SIX BLOCKS OF OATÂ

c
c oAfÂ 0L0cK5 (oNE lAXoll ¿¡ç¡l ÂRE THÊN A00ED. EÀCH BLJCK IS ÂS FCLL3/S!-
C CÂRD I SPECIES NAI'IE (STARTING IN COLUI4N II
õ c¡co z JTKTKA¡KBrD FoRltAT( l?tl4rl!)f?tF6'Ll
C !,{HERE J ¡ llljl'l 8ER 0F SEf S 0F CHR0lt0SOttES ( UP Tl ót
C K. NUI'IBER flF CHR0I'IOSO¡'IE ÀRr45 IUP T0 200 I

C KÁ. K|ZO ROUiIDEO UP IF FRACTIONAL
C KÐ . K/40 ROUNDED IIP IF FRACTICNAL

C E.G. K'76 KA'(3.8)'{ KB'( 1'9!:?-
c 0 . oNA vaLUE Iil pICOcn¡ti x 10 I IF VALUE 15 NoT KN0ill'l - USE 0'1001

ccanos30Nt{ARosDATAsETI-cHR0ll0s0l.lEARt{LENGTHS
è T0RHAT Is (20F4.11 l,E. -237-391-z3l-394--ó1-102--ETc'
C (NOTEt -- . 2 BLANKSI
C l,lHERE 237 I5 THE SHORT ARü 0F CHR0ll0S0l'tE Â

C 391 IS THE LONG ARI.I OF CHRÐI'IOSOIIE A AND Â. T TO K/2
C E.G. FOR 2N'38 AtlD ó SPREADS I{EASURÉD -
C OATÀ SET 1 ¡ 4Xó ' 24 CARDS

è cÂRo 3-, ãO lRl'rs oF FIRST 10 CHR0tlosottEs 0F SPREA0 I
cCARO4.zoARl{s0FNEXTlocHR0l'losot{És.]FSPREAol
cCARD5.20ARHSDFNEXTlocHRol.losol{EsoFSPREÂDl
C CARD ó'ló ARt'ls OF tAST I CHR0I't0SOl'tES 0F SPREA0 I
C .. CÀR0 2ô' 16 ARI'I5 0F LAST I CHROI{0S0||€S 0F SPREA0 ó

c cÂRos FoLLOTJING OATA SET l. OATÂ SET 2 'C0RRECT ORDER 0F CHR01t0s0ilEs

c eoRltar Is (2014l E.G. CARD ¿7'-L1--23--3{---6-2L'-
s caRo 28 ---3--14--21--¿3--8--
ç CARO 29 -'L2--L5--25--'9-'7-'
C IIHERE CHROMOSO}iES 2? ÂND II OF SPREAD 1ÀNO ¡'2 ANO 1' OF

cSPREAo2ETc.REPR'EsENTTH€sAt,lEcHRol.l0s0ÈlEPAIR0FTHE
C KARYOTYPE.
C FOR 2N'38 AND 6 SPREADS MEÀSURED -
C DÂTÂ SEf 2 ' 216 ' 12 CARDS
trt*+at**++***l+,f**++*+*++*++,ùl+*at:¡+*+**++t++*l{t+ltltltl*+t*t*Ùtlt+*'t'

OIFENSION HAI 20t r0RIG l2Oo, 6)r I ( 100rót r II (100r 6t r T0T5 ( ól r PL ( 100r 14 I

¡F(E0F(2t 13000r4o00
4OOO CONlINUE

REA0l2rl00llJK
100 F0RHÂT( I3l

D0 t0I JKL'l¡IJK
REA0( 21 241 fHA(IX I rIX'1r201

24 F0Rl'lA1 ( 20441
l¡RITE(3ol02l IHA( lXlrIX'l¡20 I

102 F0Rt'lAf I lH1¡ lXr 20441
READ(2¡4ìJrK¡KA¡KBr0

4 F0RltAT( 12tl4¡ I3¡ I2r F6.11
l,lRITEl3r3ll

3l FoRilAT I I t t!\¡ t J+ t 2X t*Kf r ZXr *KA*, lxr+KB+' 3Xr+0t' /r lXr 20( lH- I I

l{RI TE ( 3r 83 I Jr Kr K Ar KBr 0

83 F0Rt'!Âl( I I ¡!2t 14t 13¡ I2¡ Fó.1)
C REÂO ARI,I LENGTHS I}ITO I{AlRIX ORIG

D0 3 ll-1rJ
00 3 LÂ-1rKÂ
LC'LÂ+20
LE.(LA-ll+20+l
READ(2r 81 I ( 0RIG( LD¡ t'l) r LD'LEr LCI

8l F0Rtlarl20F4.1'
3 CONTINUE

URITE(3r3ól
3I FORñÂT( IIIIIXT *UNOROEREO CHROüO50IE ARI'I IIEÂSUREI{ENfS (IIIi!I*'
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IIRITE(3r39)
39 F0Rt{ATl lXr 120 ( 1H-l I

00 42 L'1rK
¡tRITE ( 3t32lLt l0R I G( L¡ r'l I r l'l'lr J t

32 F0Rl'tAf I I4rôF10. I I
42 CONTTNUE

C CHECK DATA ELEIIENTS DO NOT EXCEEO lOO.O
D0 ó 1.1¡J
00 7 l'l.lr K

I F ( 0R IG lllr L I . LE. 100.01 7¡ I
8 IRIfE(3r9lllrL
9 FORI'lAT(¡*0ATA ERR0R ÂT P0SITI0NT¡2I51
7 CONTINUE
ó CONTINUE

C REAO CARRECl ORDER OF CHR,OI'iOSOi'IES INTO 14ATRIX
KK. K /2
0C 5 fl.l,r J
D0 5 LA'lrKB
LC'LA+20
LE.(LA-11+20+1
REÂD( 21 82 I ( I ( L0r,r'll I LD'LEr LC I

82 FORHÂT( 20I4I
5 CONT¡NUE

llRIlEf3r35l
35 F0Rl1Âl I I t I tl.\t +CORRECT 0RDER 0F CHR0f't0S!'lllES+ I

URITE(3r5ól
56 FflRtlAT ( IXr 120 ( 1H-t I

D0 43 LL.I¡KK
llR ITE ( 3¡ 33 I LLr ( I ( LLr Hl{ I ¡ l'll'l'Ir J I

33 FCRtlaf ( f {r 6Iôl
43 CONTINUE

C CHECK FOR DUPL ICATIONS IN I'IATRIX f I )

D0 200 IJ'1¡J
00 200 l(rl¡KK
II(IKrlJl'0

ZOO CONTINUE
I Â8'0
D0 201 IJ.1 r J
00 209 IK.lrKK
IL.I(lKrIJl
I F( ¡ I I I L¡ IJ l. 80.01 2O2 t203

202 ll(ILrIJl'IL 3G0 T0 20s
203 IAB.1

IIRITE(3r2041 fLrIJ
204 FORltlATflXrI3r+ IS DUPLICÅTED IN LATRIX I C0LUI'IN+rI2rlXl
209 CONTINUE

DO ?O5 IA.lrKK
I F( II ( I À¡ IJ l. E0. 1l ?O7 ¡2A5

207 IIRITE (3r208 )IÀr IJ
208 FORt'lÂ1(1XrI3r* I5 l''l ISSING IN t'IATRIX I C0LUI'lN+¡f2¡lXl
2O' CONTINUE
201 CONTINUE

IF I IAB. E0.1) l01r 210
2IO CONfINUE

C CALCULÂTE TOTAL ARI{ LENGTH ANO STORE IN ÀRRAY TOTS

D0 28 N.lrJ
TCTSII{l¡0.0

28 CONÌINUE
00 1l N.l¡J
00 l2 I K'l¡ K

T0lS (ìtl.T0TS I N) +0RI G( IKrN )

ONTI NUE
ONTINUE
LATE 

' 
LENGTHS OF DNA VALUE AND STORE

0 71, L.lr100
0 7l I't.1¡ 1l
L(Lrl''l).0.0

IN CORRECT OROER IN PLc

12 Crl c
C ALCU

D

D

P

71 CONTTNUE
KKK.K/q
ÍP'?
00 15 lit1't.lr J
00 14 t'tfl.1¡ KKK
00 l3 IB.lrIP
fl.I lZ+l'lN-l I ll!'l I
IF( IB.E0.2 I I'l.I ( 2ríN¡ lllïl
IÂ32tf'tl't-l
IF(IB.E0.2l IÂ.2*llll
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NP.(21N)_1
0.0RIG(NPrl'lttl
R¡(0/l0TS(ñl'l ,l+0
PLl2tllN-lrIAl¡R
I E'2+ lrN-l
NP' 2,rN
0.0R IG ( NPr ltl'll
R.(0/f0TS(llltl ltD
PL ( 2rl{Nr IÀ I rR

T3 CONfINUE
14 CONTINUE
I' CONTTNUE

C CÂLCULAlE IIEAN
I R.2tJ
00 18 l0'1¡
8.0.0

ÂND STANDÂRO ERROR FOR EACH SET ÙF ARIIS T.E. EACH ROII OF PL

KK

c

D0 1ô IL.l¡IR
B¡PL ( I0, IL , +B

Ió CONTINUE
C.8/lR
PL ( I0¡ l3 l'C
PL( I0r1{).0.0
00 l? Il''l.l¡ IR
A.PLlI0¡ll{l
E.Å-C
F'ErE
PL ( I0r l{l'PL( I0r 1l) +F

I,7 CONTINU€
G-PL f I0r l4 I /l IR* ( IR-l I t
H.SaRT(Gl
PL ( I0r ltl.H

18 CONTINUE
PRINT qÅTRIX PL

ttRITEl3rl9l IHA( IXI¡ IX'lr20l
l9 F0Rl'lÂT( I lt4i\¡20A4t lt 1Xr120(1H-l I

' tJRlTEl7¡25 I
25 FORI'tATlt tt4QXt +flEAN PERCENT LENGfHS ÍlF CHR0I'l0S0llE ARI'lS+t

tlRITEl3¡{{l
44 F0Rl|Af (tXr50X orlZ OF 0NA VALUE X l0trl

tIRITE ( 3¡ 261
26 F0RltÂTl I I tLQ6X¡tHEÂN+r2Xr+ST. ERR.*)

llRlTE(3r38)
38 F0Rl'lAT( 1X¡ 120 l lH-l I

KK'KK/2
NS'0
D0 20 LN'1¡KK
ta

2Lt
ll

22t
20c

R t f € ( 3r Z1 I 2*l-N-tr ( ( P L I 2* LN-1r LU l.r LU' 1r I 4l I
0RÈlAT ( lXr I 3r 612\t 2F7 .21 tlX¡F7 .2r F 10. { I
RITE ( 3r 221 Z*LNI ( ( PL( 2+Ltlr LUI rLU-Ir l4 I I
0RllAT ( lX¡ l3r 612\t2F?.21 t3\t F7 .2tFIO.4t I I I
ONTI NUE

IJRITE(3r231
23 F0RllÀT( tXr 120 (1H-t,

IOI CONTINUÊ
3OOO CONTI NUE

ENO
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PROGRAI{ KÂRYO ( INPUTTTÀPE2'INPUTT0UTPUT¡ TAPE3'0UTPUTI
DntENs I 0N,TTE sT ( 32 I ¡ HA 150 t 20b I p in ( 50r 3 I r 0ÂlA ( 1 80 r 20 I I Sf ERR ( l8 0r

C20lrtPAIR(ó0r2ll
.t+*t*++t+.++ttl**+++*lf+ll++*+++*++*+++++lt*+++*+++l+l{+*ll+tl+t.t+*l+++
+ KaRyo caLcuLAlES AN0 LISTS aLL cHRolloso|\lEs IN KÂRY0TYPE A lHAf l{ATcH

r'- t{rix oilE OR ttoRE CHRot{osol''lEs IN KARYolYPE B

+
+ THE SHORT ÄRI{S OF ANY 1I{O CHROI'IOSOI'IES ARE COI'IPAREO FIRST USING A

r T TEST (ÀT THE ãZ piOg¡SftITY LÉvÈL¡. ¡r rxe SHORT aRt{S tIATCHTTHEN fHE

+ IONG ARIIS aRE Córtp¡neD. tF BOTH ÂRl'lS ARE FOUND T0 I1ÂTCH ÎHEN THE

+ õxnorosot'tEs BEiÑc cotlPARED ÂRE LISTED as E0UIvaLENT'
*
I FOR EÀCH EXECUTION OF KARYO THE TAST CHROI'IOSOI'IE SEf tS COI{PAREO lllTTH

+ ÀLI PR€CEEDING SETS.
+ 1O COI.IPÂRE ÀLL iÃRYOTYPES¡ KARYO ÌlUST THEREFORE BE RU\ AFTER THE

+ AODIfION OF €ACH DÂTÂ SET(KARYOTYPE' '
*
+ ÂDDI iIG DAT A
| -lINEs 1 ANo 2 aRE VALUES oF f - 00 NoT ÀLTER

i OATA SETS STARi Ãr I¡HC 3. ONE OÀTA SEf IS A5 FOLLOIIS'-
T TINE 1- SPECIES NAI{E AND CHROIIOSOI{E NUIIBER

r E.G. SENECI0 LÀUTUS N'20
+ LrNe z - v¡iiláiei 

-useo 
rN cALCULATI INS ( FoRllaT 3 f4 I

r FIRsr-NUr,rBER 0F LlñÈi-ion o¡r¡ ilATRIx (Nrlo RouNDE0 uP IF FRACTI0N^Ll

+ E.G. FOR N'I2 l2l10'2 LINES
r s EcoNo-NUttSER oF oñf GiHlr. re asuREtlENTS OF E^CH cHR0r{0sor',tE

r THIRD-NUil8ER OF CHROITOSOIIES
+ FOR S.LÀUTUS THIS LINE BECOI'IES (:'BLANKI ---2-L2'-20
+ [INE 3 0NHAiO - AVERAGE0 ARI{ tEÑGTH l'IEASUREt'IENTS FR0lt PR0GRAI{ l{PL

+ sriõnr ¡nll VALUES ¡piÈ¡¡ FIRSf I.E.1 Roll ts As F0LL0U5:-
I sxónr r, LoNG lr sH0RT 2r LoNG 2r sHoRf 3 ""ETC'
I Foinrr 

'¡ 
s 20ç, .2 E. c. -2L3-'49---98-341--uP 

T0 ¿0

+ 2. 13 AND 
'.49 

R,EPRESENT 1 CHROI'IOSOI.IE

t NEXT TINES -STANDARO ERRORS OF THE ÀRI't LENGÎHS

I FOilr¡r Is 20F4.3 E.G. --41--89--Z7--23--UP T0 20

lI{HERETHEoRIGINÂLvALUEsllEREo.04110.089¡0.027..Efc.
+ ÀOOITIONAL OÀfA SETS ARE THEN ADDED
t
|+ttNofE.l*THENUI.IBERoFDATÂsET(NUl.|''tusTEEsPEctFIEDEÉFoRERUNNINGKARY0
. isEE 3Ro LINE aFTER col'll{ENTs sEcrloNl
+
tt.*+l**1,¡+t*t**+'++++¡ttt*t+*+'ttl'¡tl*tt+*'lr+*+tt+t+tlll:}tl*t*+ttl++ll+.1

IF(E0Fl2l t300o¡4000
4OOO CONTINUE

C SPECIFY NUIIB€R OF OATA SETS
NUI{.3 5

ll.0 3lllil.G
C ZERO FILL IIATRIX DATA ANO STERR

D0 5 J-1r20
00 5 I¡1r180
DATA( I¡ Jl¡0.0
SfERR(I¡Jl'0.0

' 
CONTTNUE

C REAO IN DATÀ
00 18 I'l¡2
IA.I+ló-15
IB¡ Itl6
REÂDl2r l9l ( fIEST (Kl rK'IÂ¡ IBI

l9 F0Rl,laTl16F5.3l
I8 CONTINUE

00 1 I'1r NUt{
REA0( Zr 2l (HÂl I¡ J I rJ'1r201

Z F0RllATl 20Àtt I
REA0 ( 2r 3l I IPAR f I ¡ K I rK'lr 3l

3 F0RllaT l3I4l
KA'IPAR(Irll
D0 4 L'lrKA
ll'l{+t
REÀ0 ( 2r ó I ( DÂTÀ ( I'lr Nl r l'lr1¡ 201

ô F0Rl,laT( zCF5.Z¡
4 CONTTNUÉ

00 22 LL'1¡KA
lll'1. llll+1
REÂD ( 21 23, I STERR ( l'ltlr ll I ¡ N'I'r 2O I

e3 F0Rll^T120F4.3 I
22 CONfINUE

K 8. ll-KA + I
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D0 7 If.lr20
D0 7 J.KDrl't
IF I OATA ( Jr I I I .GT.100.018r 7

I llRIlEf 3r9lJrII
9 FORI'lAT(1Xr*ERR0R ¡N I'tAÍRIX 0ATA AT P0SITISfit¡2I(l
7 CONTINUÉ

00 39 J'I r 20
D0 39 K.KBrl,l
IF( SIERR (K¡ J) .GT.5.01 40r39

40 IIRITE(3r41lKrJ
41 FORtIAT(tXr*ERR0R IN l'lATRIX STERR ÄT P0SITI0N+¡2141
39 CONTINUE
I CONTINUE

c sELEcT NExT Tl¡o oATA sEfs AND oETERItINE |lHtcH Is s|,tALLEsr
NU¡A.NUr{-l
NUI'l ß. NUI'l
00 10 f '1¡ NUll A

NUltB. NU ll8 -1
I F( IPAR (NUfu 3 ¡.GT. ¡ PAR ( NUtIB¡ 3l I 11r l2

ll K.tPAR(NUt'lBr3l !L'NUtlB 5KA'IPAR(NUt'tr3 I

G0 T0 20{
12 K.IPARf NUI'Ir3l 1L'NUt{ IKATIPAR(NUt'lßr3l

C OETERtt¡NE N (FIRST DATA LINE OF SIIATLESI
204 [L.L-l

N'0
IF(Lt.E0.0l13rlt

lt D0 I5 JA.lrLL
N.N+IPAR(JÂr1l

15 CONT TNUE
N.N+1
G0 l0 205

13 N.1
C OETERIIINE NA (FIRST OATA LINE OF LÀRGEST

205 NA.0
LLA.LA.l
lF(LLÂ.E4.0116¡17

1? D0 200 lA.lrLLA
NA.NÂ+IPAR(IA¡Il

2OO CONTINUE

3 LA.N Ul'l

lL A. NUI'l B

SET I

SET I

NÂ.NA+l
G0 T0 20ó

1ó NA.l
2Oó llRlTE(3t321 lHAlLrISlrIS'lr20lr(HA(LArITlr IT'b201
32 FORt{Af I t I t 40,. t+s ET Â+r 3\t 20A4 t I ¡ 45\t+ VSf r/r40x¡ *SET B'f r l\ t 20À4 t I I

C.rl20(1H-l I
IFI I.GT.1 I GO TO ICO

,3

D0 52
IF( IZ
LX.L
GO TO
LX.LA

lZ.Lt2
.E0.1153r54
I NX.N

207
3NX.NA

c

t4
207 t{RITE(3¡33t (HA( LXTISI ¡ IS'1r20 I
33 F0RltAT( LXt2O!-40 I lt].\t *ARlt LENGTHS+r/l

IT'NX+IPAR (LX¡1I.1
D0 34 IS.NXTIT
tJRI TE ( 3 t35 I IDATA ( ISr IU I r IU' 1r L9 t 2l t f D ATÀ ( I Sr IVI tlv'2 t 20¡ 2l

35 FORilÀTl lXr l0F8 .2t I tt-f-tLOF9,2t I I I
34 CONTINUE

lJRllEl3¡361
36 FORI'lAT( lXr +STAN0ÂRD ERR0RS+r / I

00 50 IS.NX¡IT
HRI TE I 3r 51 t ( STERR I I S¡ IU I I [U' Ir !9 t 2l t( sTERR ( I S¡ I Vl t ÍV' 2¡ 2C t ?l

tl FORI{ÀT( IX¡ l0F8.lt I tLXtlOF6.St I I I

'O 
CONT¡NUE
t{R¡ TE ( 3¡ 2l1l

211 F0Rr.lÂT( 120( lH-l I
52 CONIINUE

100 tIRITE 13tZtTl
2l? FOR¡tATlLXt I tltlX¡+IDENTICÀt CHRoHOS0IIÉs laT Sz PR0B. LEVELI+r//l

ttRITEl3r2l8l
218 FORI{Af(3Xr*SET A*r3Xr*SE1 Bfr5Xr+ALL nArcHEs tN Brrlr50(1H-l}

COTIPARE SET Â CHROIIOSOI{ES UITH SET 8
D0 60 I ll.l ¡ 21
D0 ô0 t llll-1r 60

. ¡PÂIR(Il{lûIt{l.O
óO CONÍINUÉ

KD.N+(IPAR(LI II-1I
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24

25
208

26

27

28
209

29

38

D0 ?0 llC'ÀlrKD
D0 20 l'l .tr lo
TÂ.DATÂ ¡ ¡ç, ltl{-1 I f TÂA.0ATA ( t'lC¡ ?+t'l I

I X.l l{C-KD+ IP AR I [ ¡ I l -l I * t0+l'l
IPA¡R(IX¡1l.IX
l,lN.2 3l'll,l.0
KE.NA+IIPAR(LÂ¡II-II
D0 21 l{8.N4¡KE
D0 7l l'lA¡ lr 10
llil.llll+ I
IFI0ATA(['lCr 2+l{-11 .80.0.01G0 T0 70
IFf DATÂ (l'!B¡ 2+l{A-11.80.0.01G0 T0 Z0
TB.0ÂTA(l¡l8r2rHA-11
IF ( TA.GI .lBl24o25
TC.TÂ-fB
c0 T0 208
TC.TB-TA
TD'STERR ( l'lC¡ 2*l'1-11* STE RR ( llCr 2*l''l-l I
TE. S TER R ( llBr 2 rllA-1t +S IF RR ( llBr 2+l À- I I
T'lC/S0RT(TD+fEt
NF.IPAR (t¡ 2 l+ lPÀR([ Àt2l -2
f.F ( T. LT.TTEST (NF t 126t38
TB.0aTÅ(il8¡2+t{Al
lF(TAA.Gf.fBl27r28
TC.IAA-18
G0 T0 209
TC.T8-T ÂA
TD.STERR ( ltC¡ 2f ll t f STERR ( l{Cr 2+l't I
TE. STERR ( I'tB¡ 2rltÂ I +S TERR ( t't Br 2+ È'lÂ I
TrfC /SART( TD+TE,
IF IT.LT.TTEST (NF I l291 38
IF(llN.GT.l8ll'1N.18
IPAIRI lXrllNl.l{ll
È'l N. l{N+ I
I F ( l1{.E0. IP AR I LAr 3 I I 30¡ 7l
IFIüN.E0.2rG0 T0 71
CONT I NUE
CONTTNUE
C ONTI NU E

CONTINUE

30
71
2L
20
70

C CATÂLOG UNIOUE CHROITOSOIIE ¡IATCHES
00 72 l'l C'1 r K
00 73 l''lA'2r l8
IF( IPAIR(ttCr2l.EQ.0lG0 T0 72
IFIIPAIR(llCrltlAl.E0.0lG0 T0 101
llE.IPAIRll,lC¡llÂl
IF(IPAIRf llErl9l.GT.olG0 T0 73
I P Â I R ( l'l Er 1 9 I . ÈlE $ I P A I R ( l'tE r 21 I .l''tC t I PA I R ( llC r 20 l' l{Ê

G0 T0 72
73 CONTINUE

C CHECK F0R EXTRÀ l'IATCHES. FIRSf 0R0ER
101 00 102 llD.2r 18

lF( IPAIR(l{C¡1101.80.01G0 T0 72
t{ E ¡ I P A I R ( ll C ¡ l'l D ) t l{ F . I P A I R ( l'! E ¡ 2 1 I
D0 103 l'lG.2r 18
IF( IPÂIR(l'tFrl'tGl. EQ.0lG0 T0 102
llH¡IPÂIR(l{FrllGl
IFil'tH.Ea.flElG0 T0 103
IF I IPAI R ( t'lHr l9l . GT.0l G0 T0 104
IPAIR( l'lEr l9 l'0 ¡ IPÂ IR ( tlEr 211' 0 S IPAIR ( ltjFr20)'0
IPÅIR lltH¡ 19t.tlH SIPAIR(l1H¡211'l'lF $IPAIR( l'lFr20 l'l{H

. IPAIR(t'lEr19).1'lE gIPAIRlllEr2l).l'tC 3IPAIR(HCr20l'l{E
G0 T0 72

10{ 00 105 ltlI.2¡18
l'IK.IPAIR(l'lHr21l
IF ( IPAIR(ltK¡l'lI l. EA.0l G0 10 103
IIJ.IPAIR(llKrl{Il
IFI Ì{J.E0.ttHlG0 T0 1.05
IF(IPAIR(llJ¡19l.GT.0lG0 f0 105
I PAIR ( l'lH¡ I91.0 $ IPÂ IR ( llHr 2l ). 0 IIP AIP. ( llKr20l'0
IPAIRIIIJT 191.1'lJ ¡IPAIR(l'lJrZl l.ltK SIPAIR ( ilK¡201'ltlJ
IPÀIR(t'lEr19l.0 SIPAIRlllÊt2Ll.0 TIPAIR (l{Fr20l'0
I PÂ IR I f'l Hr 1 e I . tlH t I P A I R I llï r 2L I'llE t I P Â I R ( IJF ¡ 2 0 I' t'lH
I PA IR ( l'l Er I 9 l. tlE 3 IP AI R ( l'lE.r 2 I t'l'lC 3 I PA I R f I'lCr 2 0 I' llE
GO TO 72

IO5 CONTINUE
103 CONTINUE
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ONTINUE
ONTINUE
cHR0l10s0t{É ñaTcHE s
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