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ABSTRACT

A method for the isclation of total blade, chloroplast and
nuclear DNAs from kelp tissues has been developed. Toctal blade
DA was isclated from kelp blades at high moleéular weight and
"at vields of D.l—l.Slugr per gram Qet weight of fissue
extracted. Purified chloroplast and nuclear DNAs were isclated

from Macvrocystis integrifolia at respective yields of 0.02-0.05

ugr and 0.1-1.0 ugr per gram wet weight of tissue extracted.
Restriction analysis revealed the size of the chloroplast

DNA {(ctDMA) molecule of M. integfifnlia to be approximately 170

kb. Cross hybridization experiments with heterclogous probes
for the angicsperm single copy chloroplast genes psbA, vbcl and
atpB indicate that these genes are alsc single copy in the M.

integrifolia chloroplast gencme. In additién, hybridization

with a 235 rRNA gene probe from Macrocystis has determined that

there are two copies of the 235 rRMA gene in the M. integrifolia

chloroplast genome.
The evclution of specific regions of the kelp chloroplast

genome was studied in thiee populations of M. integrifolia, twe

species of Macrocystis, and s=ingle species of eleven other kelp

gensra and Fucus. The twelve selected kelp genera represent
four of the families of the order Laminariales: Alariaceae.
Chordaceae, Laminariaceae, and LESSQHiaceae. Two different
regiocns of the chloroplast gencmes of these Specimens wers
investigated. An 8.7 kb Pst I'single copy seguence and an 11.4

kb Pst I restriction fragment containing a portion of the 2358

111



v RNG repeat regiocn were cloned from the chloroplast gencme cf M.

integrifociia and used as hybridization probes. Differences in
the seguences homclogous to each probe were assessed by
csmpéring the fragment patterns produced by 56-% restriction
endonucieases. Sequence variation was lowest in
population/species comparisons {(0.56%) and increased at higher
levelzs of taxonomic compariscn: intergenus {(3.9-9.74%) and
interfamily (10-1&%).
Chloroplast Dﬁﬁ restriction fragment patterns were used to

investigate phylogenetic relationships among the kelp genera
#amined in this study. in general, ctihf phyicgeny is in
agresment with the previcusly established taxonomy for the

group. Howewver, the restricticn fragment patterns of northern

hemisphere M. integrifeolia and M. pyrifera were identical.,

whereas northern and scuthern hemisphers M. integrifolia

differed. Dictvoneurum californicum and Dictvoneurcpsis

reticulata were alsoc identical.
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- GENERAL INTRODUCTION

- Kelp exhibit the highest degree of morphological
complexity and anatomical specialization achieved among the
algae. They vange 1in prapnrtion.frmm the reiatively
undifferentiated Chorda to the intricate giant keip

Macrocystis. They exhibit a heteromorphic life cycle with

dominant speropﬁyte and independant dicecicus gametophyte
stages and display a common, highly conserved embryogeny. Thé
kelps are of the chloraphyll a+tc—chromophvte line of
chlovraplast evolution, having - evolved =zeparately from the
chlorophyll at+b—chleorophyte line for at least 500 millien
vears {(Scagel et zal. 1782). They include species of beoth
armual and peremnnial strategy and are commenly the dominant
component of the shallow littoral and sublittoral communities
af the woerld™s temperate and polar coasts.

Taxonomically, the twelve ocrders of Fhazophyta avre in the
single class FPhaesophyceaes having two evoluticnary lineagés
represented by the subclasses Phaeqphy;idae and Cyclosporidae
{Papenfuss 1955). Work defining the order Laminariales as a
cchesive group within the =subclass Phaecophycidas has included
the description of the kelp life history and embrvocgeny
{Sauvageau 1915%), the cytoclogy of reproductive structures
{Fritsch 1945i, pheromonal specificity {(Luning & Muller 1978,
Muller et éL. 1985), and the ultrastructure of motile cells
(Henry & Cole 1982a%b).

For some time now. vesearchers have attempted to add to



our understanding of the phylegeny of the Laminariales from
tests of interfertility between morphological types. However,
the results to datevare few and confusing. Although
cressability tests generally demonstrate that reproductive
jsalaticon exists between morpholocgically distinct families
{¥Yabu 19&4),>within the family Lessocniaceae, successful
hybridization is routinely cbserved between marpholegicaily
distinct genera‘(Sanbnﬁsuga % Meushul 1978). Thus far then,
the phylogenetic relationships of kelp are poorly underatamd..
Clearly, another means of assaying genetic relatedness ic
needed.

Isozyme analysis of metabolic proteins; so widely smployved

2
H
-

bl

in evolutionary studies of cther plant groups (Allard =t

|

1975y 1s a likely method of choice. However . the extraction
of biclecgically active kelp proteins iz not only probibitively
complicated by the chemistry of kelp tissues (Marsden et al.
19831 but electromorphs are rare campafed with variants not
affecting the charge of polypeptides {(Selander 1976, Kireiltman
19831, and they can alsc be subject to environmental effect.
In addition, isczyme analysis can only be effectively employed
in comparisons belocw the species level (Nei 1973).
Alternatively, evclutionary biclogists have employed the
molecular biclcocgical technigue of restriction analysis to
éﬁmpare organisms by the nuclectide sequences of their
respective DWMAs {(Rose et QLQ 1982, Brown et al. 1979, Falmer

t al. 1985, Pruitt & Meyerowitz 1986). Restricticen fragment

pattern analysis quantifies the seguence variation that has



cccurved in the DMA of related organisms since they last
shared a common ancestor. The application of such an analysis
to kelp would provide a directly gquantifiable feature for
phyiogenetic comparisaons that is not suﬁject to eﬁvironmental
effects and can be applied at most faxnnnmic levels.

Many features of ghlormplast structure and bicchemistry
have been used historically in studies of algal systematics.
Chlovroplast shape, sizes, distribution within the cell,
photosynthetic pigments and veserve products. and
photosynthetic membirane arrangement are all distinguishing
characteristics of the major classeé cf the algae {Risalputra
1974, Meeks 1774).

The chloroplast gencme has become a major focus for
studies of plant molecular evelution. Restriction fragment
pattern analysis has been used to demonstrate species specific
nuclectide seguence diversity among chlovoplast DHA molecules
in several groups of vascular plants, including Nicotiana.

Lvcopersicons Oenotheras Brassica and Flsum species (kKung et

al. 1982, Palmer & Zamivy 17982, Gordon et al. 1938, Falmer et
al. 1983a, Palmer et al. 1985). Such data has revealed the

occcurrence of mutaticnal events corvespeonding to the

separation of different lineages within these giroups.

Conservaticn of the plant chloroplast gencme.

Comparisons of the chleovoplast gencmes of species as
widely diverse as angicsperms. ferns, and bryophytes have

demonstrated a marked similarity in base composition



{G+C=35%), in size(l110-180 kb)), and a highly conserved
structural organizaticn (Herrmann & Fossingham 1980).
Frominent amon§ these conserved structural features are the
circularity of the chloroplast molecule, the 10-27 kb inverted
repeats that encode the rRﬁA genes, and the small {12-27 kb))
and large (83-103 kb{ single copy regions that Eeéarate the
repeat slements. In additions the positions within the
chloroplast molecule of the tRNA, rbcl, psbA. and ATFace
‘complex genes ave alsc highly conserved (Palmer & Thompscon
1981a, de Heij gt al. 1933). This arrangement has been
maintained in all instances examined save 13 A small group of
legumes differ in having undergone extensive seguence
rearrangements that include the less of one copy of the
inverted repeat. 2) The Euglenocphyta lack the inverted repeat
and exhibit one large single copy region punctuated by from
1-5.5 tandemly repeated copies of the vRNA genes. 3} Twelwse
genera in 4 tribes in the Fabacsae have undergone a S0 kb
inversion of the large single coepy region that places the rbcl
and psbA genes only 5 kb apart whereas,liﬂ spinach and the
majority of dicots and monoccots these genes are some S50 kb

apart. 4) In Chlamydomonas the ocrientation of the inverted

repeats is reversed with respect toc most chlorophytes. and the
atpB gene is located in the small single copy region.

Similar characterizations of the chloroplast gencmes of
the chromophytic {(i.e.. algai forms with chl a,c} and
rhodophytic (i.e., algal forms with chl a and phyccbilins) are

almost nonexistant. Linne von Berg et al. (1782) have



reported genome sizes for the chromophytes Botrydium

granulatum (108 kb)), Odentella sinensis (120 kb)), Tribonema

verde (127 kb)), and Vaucheria sp. (116 kb); while Dalmon et

al. (1983) have reported that Pvlaiella littoralis and

Sphacelaria gp. exhibit ctDNA maleéules that are heterngeneaus
in size. However, coensiderable chloroplast genome
organizaticn data are available for the chromoephytic alga
Olisthodiscus luteus (Ersland et al. 1981, Aldrich & Cattolicco
1981, Aldrich et al. 1982, Reith & Cattolico in press). The
physical map of the 150 kb 0. luteus chloroplast genome is
similar to those of chlorophyte plants (i.e.s algal and higher
plant forms with chl a,b) in that it is cnmpfised of largé (22
kb)) inverted repeat seguences that define emall {37 kb) and
large (73 kb) single copy regicns. Interesting differences
frem the chlorophyte pattern have been ncted, however, in both
the organirzation and kinds of genss encoded on the 0. luteus
chloroplast gencme. The gene %n}ﬂfhe small subunit of
ribulcse bisphosphate carbouylase {(rbcS) is encocded on the
inverted repeat of the ctbDiMA of Q. luteus along with both the
rbcl and ﬁsbﬁ genes. The rbcH gene is multi—-allelic and
nuclear encoded in all higher plants and greesn algae o far

investigated. In addition, save for Chlamvdomonas and

Pelargonium, the rbcl and psbA genes are encoded on the large

single copy region of the several hundred chlorophytic plants
s far characterized (Falmer 1983). The differences in
chloroplast gene ocrganization between higher plants and

Euglena, Chlamyvdomonas, and Olisthediscus have inspifed some

(&)



authors (Lemieux et al. 1984, Reith & Cattclice in press) to
suggest that. the chleovroplast genomes of algae are evolving
fastet than those of higher plants. Hcowever. too little is
vet known regarding the evalutionéry age of these algal lines;
e.g.» Walton (1953) states that there is no Canclgsive
evidence fhat the Phaecphyceae existed before the Jurassic
(180 million years ago). In additions Reith & Cattolico (1in
prese) have observed that all of the algae for which
chloroplsast genome crganization infermation is available are
unicellular forms with comparatively short’life spans. They
suggest that gencme evolution in these Gréaﬁisms may be
different than in macroscopic algaz with longer life cycies-
and complex tissue arganizaticen. In any event, additicnal
algal representatives, definitely those among the ﬁhaeaphyceae
and Rhodophyceae, must be investigated before any genéral

understanding of chloroplast eveluticon can be attained.

b jectives of thesis.

The taxonomy and phylecgeny of taxa of the Laminariales
{Division Phaeacphyta) is essentially based upon phengtic
characteristics of extant representatives. This has resulted,
in parts from the fact that there are nc significant fossil
data. The development of the mclecular biclegical technique
af restficti&n anaiysis has provided researchers with a way to
guantitatively determine genétic interrelatedness.

i

The objectives of the present study were as follows: 1) to

develop a method for the extraction and isclation of nuclear

[
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and chlovroplast DNA from kelp tissue using Macrocystis

integrifelia Bory as the type model: 2) to clone and

restriction map different segments of the chloreplast genome

of M. inteqrifolia; 3) to use these cloned ctDMNA sequences to
probe homologous sequences in the.ctDNés of a number of
different kelp specieg in ordey to deteyrminge the level of
seguence diversity that esxists bhetween the ctDNA molecules of
Ltelps at the speciess genus, and family levels and 4) to
suggest a phylogeny for the.Laminariales based on these data.

Kelp are particularly well suited to an analysis such as
this. In contrast tc the relatively diverse higher plant
groups that have been the focus of restiricticn analysis to
date {(i.e., the family Leguminocceas has about IO generas

1. 1957), the kelps are a small, well defined

FRobbins gt
order of ;nlyifive families and thirty genera {(Druehl
unpublished). Consequentiy, the entire group can be
effectively described by a relatively small sample size. £s
kelp are chromophytic plants, information cohtained from their
restyiction analysis may pravidg a unigue perspective on plant
evalution., One study concerning the sequence o;ganizatinﬁ af
the chlorocplast genome of a chromophytic alga in thé Divisiaon
Chryscphyta has recently been completed (Reith & Cattoclico in
prass). However, this study is the first te investigats ctDRA

sequence variation in the chromephvtic Division

Fhaeophvta.

~J
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Morphological features that distinguish the studied families

and genera of kelp.

The taxocnomy of the order Laminariales (5 families, 30
genera. 29 species) is a morphological classification based

upon the different ways that the sporophyte form is generated.

Interfamily distinctions. The four studied families are
distinguished by characteristic modifications that cccur at
the transition zone between stipe and blade during
development. In the family Laminariaceae, the transitien zane
is plane and umnmadified. The resulting frond {i.e., stipe
with asscciated blade) i1s therefore simple and'unbranched; In
the family Lessoniaceae, the transition zone is split
longitudinally at the base of the initial juvenile blade. As
the blade grows,s the spiit Elangateé and eventually divides
the initial blade. The secondary blades that result retain
their awn stipes and meristematic transition zones. This
initial dichcéamaus branching and subsequent divisions vesult
in the generation of a compound frend. In th; family
Alariaceae, the frond is pimmately compound as a result of
sporophyll blades arising as cutgrowths frem the lower portion
of the meristematic regicn at the transition zone. The
Chordaceae differ significantly in morphelogy from cther
kelp. They consist of long-hollow-cylindrical fronds that are
described by meristematic acfivity that is dispesrsed over the

entire thallus. They doc nct exhibit a differentiated stipe.



Intrafamily distinctions. The characteristic morphcoleogy
of the lessoniacean sporephyte is an array of dichotomously
branched stipes that each terminate in a siﬁgle blade.
Although the occeurvence of prnsumatceccysts are not exclusive to

the fLessoniaceaes they are prominent structures among several

genera (Macrocystis, Hereacvstis, Felagophycus) .

The Lessnﬁiaceae consist of twe basic habitat movphs:
expaesed coast and subtidal forms.  In each morphotype the
stipe and blade parts have taken a different course of
development. The exposed cocast forms developed thickened,
rigid, erect stipes conducive to the dissipation of wave shock
and capable of supporting the blade parts above the subsérate

{Lessonia, Lessoniopsis and FPostelsia). The subtidal forms

also exhibit an erect stipey, but it is a much elongated.
elastics and buoyant structure that supports the blade parts

within the photic zone (Macrocvystis and Mereccystis). In

Dictvoneurum and Dictyoneuropsis the stipe is relatively

reduced, and both genera cccur in low intertidal to subtidal
depths. BRlade morpholcocgies that are characteristic of
intertidal and subtidal habitats have alsc evolved. The
blades of intertidal plants are relatively shaort and narrow,
typically with longitudinally arrayed bullae, veins or midribs

{Dictvoneurcpsis. Lessonicpsis.s Postelsials whereas they are

generally longers wider, and without as highly developed

secondary surface structures in subtidal genera.
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Descriptions of the kelp species examined in this study.

There are eight extant genera and one fossil genus in the
family Lessoniaceae. Seven of these genera were included in
this study and they are characterized as follows: Lessconia
exhibits numerous blades that are‘bnrn at the extremities of
repeatedly branched sgipes. HBlades are nafrnwly linear and
without midribs. The stipe is evrect and characteristically
waody and thickened at the base. There arE‘three species in
the genus (Searles 1978); L. nigrescens Bory was the studied
species. Lesseoniopsis exhibits an erect stipe that branches
repeatedly. Each branch is continued in a singles narrow
vegetative blade and two pinnate spovrophyl blades. Vegefétive
biades e®xhibit a characteristic flattened midrib. The lower
porticn of the stipe is conical and considerably wowdy. The
genus is monotypic [L. littoralis (Tild.) Reinke, Nicholson

197461. The genera Dictvoneurum and Dictvoneuropsis display a

praostrate that is markedly flattened. Blades are wide.

linears and reticulated. Dictvoneuropsis exhibits a

midrib-like veination pattern, whereas Dictvoneurum dces not.

Both genera are monotypic (Dictyonewum californicum {(Rupr.:?

and Dictvoneurcpsis reticulata (Saund.) Smith, Micholson
19761, Postelsia has a stipe that is erect and hollow. At
the apex of the stipe there are many short branches that each
terminate in a single narvowly linear blade. ERlades are
covered with deep—parallel—iohgitudinal grooves. The gemas is

mcnctypic (F. palmaeformis Ruprecht, Nicholson 17758).

Nereccystis stipes are long and erect and are inflated




distally intc a single large pneumatocyst. Narrow,
smooth-—margined blades ariss from short, flattened biranches.
The genus is monotypic [M. luetkeana (Mevt.) Fost. & Rupr.,
Nichelson 19761. Macvrocystis exhibits many leng stipes that
branch frem an initial primary stipe.‘Blades are wide, each
with a basal pneumatocyst, and they are unilaterally arranged
at regular intervals along the stipe. There are three species

in the genus: M. integrifoclia Bary and M. pyrifera (L.) C.

ﬁg. were the studied species {(Micholson 17746).

There are eight genera in the family Alariaceae. Twa of
these were included in this study. They were selected because
they represent morphalogically distinct tribes within the
family. They are characterized as follows: Alaria exhibits a
single undivided blade that is broadly linear and includes a
conspicucus midrib. The stipe 1s erect, cylindrical, and
unbranched, and sporangia are produced on spovrophylls attached
laterally at the base of the blade. There are fourteen
species in the genus (Widdowson 1371)5 4. marginata Post. &
Rupr. was the studied species (Micholson 19786). In Egregia
the stipe is erects flattened, and branched. The lateral
margins of the stipe are fringed with papillae—-like blades,
and certain of these develop pneumatocysts. The sporophyll
blades are intermingled with sterile blades along the length
of the stipe. The gems is monotypic [E. menziesii {Turmn.d
Aresch., Nicholson 1927461,

The family Laminariaceae is comprised of eleven genera.

Two of these were included in this study. These genera were
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alsc selected because they represent morpholeogically distinct
tribes within the family. They are characterized as follows:
Costaria exh?bits an undivided, broadly—-linear blade that
includes five characteristic lengitudinal ribs. The stipe is
Erecf, cylindrical, and unbranched. >There iz a single species
in the genus [L. costata (C. Ag.) Saund., Nichclson 197&61. In
Laminaria the broadlyilinear tblade is undivided and, in same
species, includes characteristic marginal rows of bullae. The
stipe 1s erect, cylindrical, and unbranched. There are
thirty—two species in the genus {(Druehl unpublished)s L.
saccharina (L.) Lamouroux was the studied species (Drughl
19468) .

The family Chordaceae contains a single genus. The genus
Chorda is characterized as follows: The long cylindrical
fronds are unbranched and hollow, with diaphragms at irvyesgular
intervals. The fronds are covered with hairs. There 1is no
distinction between stipe and blade as is the case in =ali
other members of the order. There are two species in the
genus {(Setchell 1893)3 C. filum (L.} Stackh. was the studied

species.
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METHODS & MATERIALS

Plant collections.

- Specimens of Macrocystis integrifolia. Lessonicpsis

littoralis, Postelsia palmaeformis. Laminaria saccharina.

Costaria costatas. Alaria marginata. Egregia menziesii. and

Fucus distichus were collected from localities arocund

Vancouver Island, BC, Canada (Table 1)}. Specimens of M.

integrifolia, M. pyrifera, Dictvoneurum californicum, and

Dictyoneuwropsis reticulata were collected from localities

along the central and scuthern cocast of California (Table 1).

Specimens of M. integrifclia and Lessonia nigrescens were

collected from the central coast of Chile (Tahle 1): and

Chardaafilum was callected from the scuthern coast of eastern

Canada (Téble 1),

The fifteen algal samples examined in this study comprise
"the range of morphological variation exhibited within the
order lLaminariales and includes as wells, all of the genera
{save FPelagophvycus) in the family Lessoniaceae and M.

integrifolia population samples from both hemispheres. Fucus

distichus., with its clear cytological, ultrastructural, and
reproductive differences from the kE;pSp is the mcst
evoluticnary distant species in the analysizs. The spinach
{Spinacia cleracea) samples used in this study were cbtained

from a local produce grocer.
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Overview of kelp cell structure.

Regquirements of DMAs used‘in restriction analysis are that
they be cocbtainable at acceptable yields, be free of
centaminants that inhibit restriction endonuclease activity.
and that they be of high mniecular Qeight. The DNA need not
be full length but shgﬁld be'significaﬁtly‘larger‘than the
largest fragments produced by the restriction enzymes used in
the mapping analysis. Thgs, when isclating DMA. 1t is
essential that the the nuclear membrane and chlorcoplast
envelaope be stabilized against disruption during the isclation
process in order to prevent the access of naturally cccurring
degradative nucleases.

All tissues of the laminarialean thallus exhibit a similar
tissue oirganizaticon: a meristematic epidermal layer {(i1.e..
meristoderm)s a parenchymatous cortex and a central medulla
thats; in some speciess expands inte hollow pneumatocysts. The
three tissue types vary in cell size and arganellér comp lement
(Smith 1939).

The cell walls of the kelps consist of an imnmer layer of
céllulosic fibrils and a thick outer gelatincus layer of
pectic substances {(Dawes et al. 1761). The pectic substances
of the cell wall are the gel forming. high mol=acular weight
structural polysaccharides alginate and fucoidan which
together cémprise almast 1/3 of the total dry weight of kelp
tissue {(Rossel % Srivastava 1984).

The physcdes are membranous vesicles that are a common

component of kelp meristoderm cells. They contain
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phlorocglucincel compounds and other fannins that constitute
fram 0.02-0.3% of tissue fresh weight {(Mclnnes et al. 1984).
‘Palyﬁhenalic compounds aﬁd their breakdown products are
poawerful inhibiiars of subcellular organelles (Loomis 1974).
The gel forming pnlysaccharide wall materials and the
reactive cnnéents af‘the physcdes are the principal features

of the kelp cell to be surmcunted in organelle and DhA

isolation from kelp tissue.

Chloroplast morphology and isclation.

The majority of the chloroplasts in a kelp thallus are
located in the blades and are found within the meristoderm and
outer cortical cell layers. Kelp chloroplasts are oval—-shaped
and situated parietally within the cytoplasm. The thylakoid
membranes of kelp chloroplasts are not partiticned intoc grana
as in higher plants but are appressed intoc sheets of three
thylakoid bands. The thylakoids and stroma are sequestered by
an encompassing thylakcoid sheet called the girdle lamellae.
The chloroplast genophore cccurs as a ;Gntinuaus ring—shaped
structure just within the girdle lamellae (Bisalputra %
Bisalputra 19247), not as scattered nrvsingle laci within the
stroma as in chlorophyte plants (Ris & Flaut 13562). In the
kelps, as in all brown algae., an unusual doub 1l e—membyraned
outer envelope arises as an cutfoclding of the cuter membrane
of the nuclear envelope and‘extends around each of the
chloroplasts of the cell. This enveloping membrane has been

called the chloroplast endoplasmic reticulum {Bouck 17635,
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Gibbs 1981).

In this study, algal chloroplasts and nuclei were icclated
;'using an adaptation of tﬁe method of Mordhorn et al. (1975).
The protecol presented here utilizes: 1) Liquid nitrogen to
freeze and grind blade tissues to aéhieve effective
triturations 2) A high extraction buffer voclume fn tissue
weight ratic to dilute the copiocus amount of water soluble
mucilage exhuded by kelp tissue; 3} High Centrifugatiﬁn speeds
to sediment organelles from the viscous tissue suspensions
ands 4) Cesium chloride-density gradient centrifugation to
concentrate and isclate the DMA contents of the organelle
preparations.

Thics protocol has been used to isclate nuclear and
chloeroplast DMAs from many different kelp genera as well as
Fucus. Best results were ocbtained with blade tissues from
which any thickened midrib or fascia structures had been
remcved. This protocol has been routinely applied to tissue
samples as small as 20 grams and as large as 2 kileograms firesh
weight. Large samples are most conveniently processed in 100
gram subsamples. Moare than enadgh DMA for the analysis of
chlovroplast DNA sequence divergence described in this study
was obtained from 100 gram tissue samples. Ancther important
feature of the protocel is that samples can be held at —-70 C
either as whole—-frozen or frﬁzen—and—graund blade tissue until
further processing is convenient. Samples have been held as
leng as one year at —-70 £ with good results.

All buffers and centrifugation runs were maintained at 0 C

17



except where noted.. All transfer steps were performed as
rapidly as possible and on ice Excgpt where noted. Whenever
pnssible; healthy young blades free of epiphytes were Seiected
for organelle extraction. However, colder tissue was used, but
it required'that all scleroctic tissue and visible epiphytes be
removed {a razor blgde and cork borer worked well in thic
application). In addition: when necessary, fascia»ar midrib
structqres were removed. |

Once the material for DA extraction was selected. the
blades (100 gr) were immersed in distilled water; a few at a
times and scrubbed with a cheeseclcth pad. The blades were
then blotted dry and stripped of surface muccocus by rubbing
vigorously with a dry cheesecloth pad; sectioned with a ciean
razor blade intD.E cm squares;i and quick frozen by immersing
in a wide mouthed (7-10 cm diameter) Dewar flask containing
500 ml of liquid nitregen. The frozen tissue pieces were then
poured, 25 gr at a time, intoc a chilled (=70 C) mortar (11 cm
diameter) and ground toc a fine powder by hand with a pestle
(4.5 cm diameter). The capacity of this size of mortar in
this application is about 25 gr. When larger sample sizes
were attempted. it was difficult to obtain the fequired
particle size without spilling a considerable amount of sample
in the process. For this applications a larger mortar proved
unwieldy. During the early stages of the grinding processs
the liquid nitrogen that wés poured inte the meortars along
with each tissue sample, was feplenished as it boiled away-.

However, as the tissue approcached a powder consistency,
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it boiled out of the mortar. aleng with the ligquid nitrogen.
Cansequently, the grinding process was typically completed in
about a minute in order toc avoid eﬁcessive warming. As each
of the four 25 gr subsamples were ground, they were combined
in a plastic bag that was buried in crushed dfy ice.

The protocal was continued by transferring tﬁe grocund
blade tissue in S0 gr portions into two chilled (-20 C}
mortars (11 cm diameter) and warming to —-10 C at ycocom
temperature by constant stirring with frozen spoons. If the
samples were not stirred constantly and, if the stivring
spoons were not kept frozen, the tissue powder warmed unevenly
and this resulted in a reduced yield. It was also determined
that the 100 gr tissue sample warmed more evenly and more
rapidly when divided intoc twoc 30 gr subsamples. The tiscue
was warmed to —10 C before being suspended in extraction
buffer because it freezes intt a solid lump if it is
transferred immediately after grinding (i.e.. the temperature
of liguid nitreogen is —-125.8 C).

The two S50 gr tissue samples were each suspended in 400 ml
of Buffer A [Buffer A is: 1.65 M Sorbitcl: S0 mM MES, 10 mM
EDTA. 2% {w/v) Folyvinylpyrolidone (PVP), 0O.1% {(w/v) B5A, S mM
B—Mercaptoethanol, pH 6.11. This ratic of buffer volume to
tissue weigﬁt (8:1) was determined empirically. A lower ratic
{6:21) resulted in a suspension with a gel strength that
precluded efficient filtration and centrifugal fracticnation.
A higher ratic (10:1) did not change yield appreciably and,

since the cost of the extraction buffer ($46.00 CDM/liter) was
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not inconsiderable,  the stated.rétio of B8:1 was selected. The
extraction buffer was contained in 1 liter beakers that
included 1 X 4 cm stivr bars. The tissue samples were slowly
sifted ontoc the surface of the buffer volume while it was
being mixed with a magnetic stirfer set at high speed. The
tissu= was added slow}y =a that it melted inte an even
suspension. About 30-45 seconds were required for the
fransfer. Because the magnetic stirrer ccoculd not provide the
rate of mixing required for the rapid suspensicn of 100 gr of
tissue in the larger volume. twc separate 400 ml extraction
buffer voclumes were used instead of a single 800 ml volume.

In addition, it was determined that the filtration step of the
praocess was more efficiently accomplished wifh smaller
suspension volumes {csee below).

The resulting homogenates were each expressed thraugh
individual cheesecloth filter pads. Although the gel strength
of the tissue suspensions varied by species and séa%éﬁ, they
were always quite viscous and required =ome force to be
expressed through the filter. A filter.pad consisted of eight
layers of cheesecloth, each 45 cm on a side. The center of
each filter pad was pressed into the mouth of a 15 cm diameter
funmnel whose pipe end was directed into a collecticon beaker
buried in an ice bucket. The filter pad and funnei were
supported over the collection beakér with a ring stand.
Typically, 50 gr of tissue sample was combined with 400 ml of
extraction buffer te vyield a suspension volume of abaut~SOO

ml. This veolume would almost fill the filter lined fummel. A



greater tissue load was beyond the carvrying capacity of the
filter. While the filter was wetting, its draping edges were
gathered tocgether and closed at the top with a few twists.
Then: by applying a steady wiringing pressure with thé hands.,
the tissue suspension was squeezed thrmugh’the filter mesh.
The volume of the pooled filtrates from the extracticn of
100 gr of tissue generally ranged from &00-700 ml. This
volume was dispensed intoc four 250 ml centrifuge bottles and
centrifuged at 4,000 X g for 10 minutes in a Sorval G5SA
rotor. The pelletss consisting of cell debris, nuclei,
chloroplasts, and pfnbably some mitochondria, were pocled and
gently resuspended in twoe 200 ml volumes of Buffer R (Buffér B
is: Buffer A without PVYP) with a clean camel hair brush (1 cm
width) and centrifuged as above. The resulting pellets were
each gently resuspended in 40 ml of Buffer B with a clean
camel hair hrush, and the nuclear/cell debris fracticn was
pelleted by centrifugation at 120 X g for 10 minutes in a
Sarval 5834 rotor. The chloroplast fraction was collected
from the supernatant by centrifugation at 3,000 X g for S
minutes in a Sorval 5534 rotor. For nuclear and total blade
DMA preparations, the differential centrifugation step was

skipped.

DNA isoclation.
The twc pellets were each resuspended in 20 ml of Buffer C
{Buffer € is:z 1.65 M Sorbitol. SO mM Tris—-HC1l, 25 mM EDTA,

pH7.3) with gentle vortexing and pelleted by centrifugatian at
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’3,000 X g for S minutes in a Sorval 55234 rotor. The pellets
were each resuspended in 5 ml of Buffer C with gentle
vartexing and combined in & single clean S0 ml capped tube
{(Falcon 2098). Proteinase K (Sigma F0390; 2 ml of a 5 mgr/ml
solution prepared in buffer C) was addedkéo the approximately
20 ml suspension volume for a final concentration of .3
mgr/ml and incubated for 2 minutes on ice. The organelle
suspensions were lysed by adding one third of the suspension
volume (about 7 ml) of Buffer D [Buffer D is: 15% (w/v) sodium
sarcosinate, 50 mM Tris—-HCl, 2% mM EDTA, pH 2.01 and gently
mixing by inverting cccasionally on ice for 1 hour.

Sclid cesium chloride (CsCl, 1 gr/ml) was dissolved in
each lysate volume {(density=1.7 gr/ccl), and the pratein,
lipid, and poclysaccharide that precipitated'with this increase
in salt concentration were peileted from the lysates by
centrifugation at 27,000 X g for 30 minutes at room
temperature in a Sorval 55834 rotor. The supernatants were
poocleds and Hoechst dye (Sigma BE2883) in a 10 mgr/ml sterile
distilled water stock sclution was added to a final |
concentraticen of 40 ugr/ml. The supernatant plus dye was then
partitioned into three 12.5% ml polyallomar ultra—centrifuge
tuhes and centrifuged at 45,000 ipm for 30 houws at 20 C in a
Beckman Ti-80 rotor.

The DNA appeared within the gradients as two
ultraviclet—-fluorescent bands. The chinrnplast DA fraction
was contained in the upper band while the nuclear DNA fraction

was contained in the lower band (Fig. 1). Each of theze DNA
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Figure 1. Separation of total blade DNA into nuclear (n)
and chloroplast (ct) components.

e A. The figure is of a Hoechst dye-CsCl gradient

:! v at equilibrium. The designations of the

‘{ respective DNA fractions are indicated with

arrows.

/

)

1” A B. Fluorescence photograph of the restriction

] fragment patterns of the respective DNA

i fractions in panel A digested with the

| restriction enzyme Pst I. Lambda DNA digested
‘ with Hind III is included as a restriction

| fragment size standard.
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fractions was collected with a separate hypodermic syringe
fitted with a #18 needle. The chloroplast and nuclear DNA
fractions collected from the three gradients (about 0.5-1.0
ml/gradient) were pocoled separately and centrifuged a second
time in an ethidium bromide (Sigma EQ?EI; 150 ugr/ml)-CsCl
{1.0 gr/ml) density gjadient. The chlorceplast and nuclear DNA
fractiqn; were each recentrifuged in a single Ti-80 ﬁube.
Ethidium bromide was added to each gradient as a 10 mgr/ml
soluticon prepared in sterile distilled water.
Ultracentrifugation through a zecond CsCl density gradient was
neccessary 1in arder to remove a contaminantis) from the DMA
fractions (i.e., moest likely a polysaccharides Aldritch gﬁ al.
1982) that exhibited a similar density as DMA in cesium
chloride density gradients and that inhibited the activity of»
restfiction endonucleases. As the inhibition of restriction
endocnuclease activity was no longer observed aftter a second
passage of the DNA fractions through a CsCl density gradient,
the contaminant was judged toc have either been completely
removed aor sufficiently diluted from the DNA samples. Total
blade DNA preparations were not passed through Hoechst
dyeFCECI gradients, but were passed through two cnnsecgtive
ethidium brumide—CsCl’density'gradients. Following the second
ultracentrifugation passages the DNA samples were gently
isopropancl extracted 4-7 times to separate the DNA fram the
dye. Follewing this. the DNA‘was precipitated by adding 2
volumes of water and &6 volumes of cold 5% sthancl while

incubating at -20 C for 1-2 hours (Davis et al. 1980). The
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precipitated DNA was ccllected by centrifugation at 25,000 X g
in a Sorval. 8534 rotor for 20 minutes at 0 C. Small amounts
of ctDNA were collected by ultracentrigugation in a Beckman
SW-40 rotor at 30,000 rpm for 30 minutes at S C. The DNa
péllets were washed with 70% ethanol at room temperature, air
drieds and resuspendgd overﬁight without agitation at 4 C in
Buffer D {(Buffer D is: 10 mM TRIS, 1 mM EDTA, pH 8;0). Once
the DMA was completely resuspended, it was brought to é
concentration of 300 ngr/ml with Buffer D and =stored at 4 C
over a few drops of chloreform. DMA samples stored in this
fashion were stable in fragment length foyr over 1 year. If
DNA samples were to be stored for longer pericdss they were
precipitated as above and stored at -20 €C in 70% ethancl. DNA

samples stored in this fashion have been stable in fragment

length for over 2 years.

Technigues for molecular analysis.

Restriction enzyme digestions. Total blade DMA, chloroplast
DNA and plasmid DNA were digested withlvarious restriction
enzymes (Pharmacial). Single enzyme digests (except Epn I %
Sac 1) were performed in either high, medium, or low salt
restriction buffere (Maniatis et al. 1982). Restriction
digests with EKpn I & Sac I were performed according to the
suppliers instructions. Complete digestion was generally
accomplished by incubating & units of restrictiocn enzyme/ugr
of DNA for 3 hours at 37 C.‘ The reaction conditions required

for the complete digestion of kelp genomic DNAs were



determined by co-restricting equal amounts of kelp DMA and
plasmid pliC? DhA. A set amnqnt nf restriction enzyme (i.e., &
units of the restricticocn EnzymE~Eca RI) was used, and the
‘reaction was allowed to vun for S hnurs with aliguuts of the
reaction volume being removed and stopped with EDTA every half
haur. The time 5erig5 of reaction products was then
electrophoretically separated on the same gels transferved teo
a nitrocellulose filter,. and hybridized with a kelp ctDNA Eco
RI fragment cloned intc pUC?. The hybridization patterns were
assessed by autoradicgraphy. The time sample wherein both the
plasmid and kelp DMAs were resclved intc their respective
linear fragment lengths was determinéd to Ee the apprnpriate
duration for complete digestion of the genomic DMA. Double
enzyme digests weire carried ocut consecutively: first digesting
with tbe restriction enzyme with the lowest =alt requirements,
and then changing the conditions to that of the higher =alt
restricéién enzyme of the pair. Restriction enzyme
concentrations and incubation times wereg as for single
restriction digests. Digests were stopped by adding EDTA to a

final concentration of 100 mM.

Agarose gel electrophoresis. Between 0.5-1.0 ugr of
digested DNA was loaded per lane of 0.5-2.0% neutral agarose
(BDH 44302) horizontal slab gels (18 ¥ 20 cm). All gels
contained ethidium bromide ét a concentration of 1 ugr/ml.
Electrnphorésis was for 16-24 hours at 25 volts in 87 mM

Tris—Borate (pH 8.0, 2.5 mM EDTA. Molecular =size
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standards of 200 ngr uncut Lambda DNA, 1 ugr Eco RI-Hind III
digested Lambda DNA, and 1 ugr Bam HI digested Lambda DNA were
" included on each gel. Electrophoretically separated DMNA
fragmenté were visualized and photographed {kodak Pan—X 100)

using a 260 nm wavelength transilluminator.

Transfer of DNA to nitrocellulose filters.
Electrophoretically =separated DNA was acid hydvclyzed,
denatured, and iransferred bidirettienally from agavose gels
onto nitrocellulose filter paper (Schleicher & Schuell, BABS,

45 umi according fo the method of Smith & Summers (1980).

Preparation of radio—labelled probes. Procbe DNA (100 ngr)

was labelled with 10 uCi C[a-32F1dATF (Amersham), 1 Unit of
DNA polymerase I, and 125 pgf DMAse I toc a specific activity
of 1-2 X 107 cpm/ugr by the modified {(Baillie pers. com.)
nick—translétion reaction according to Rigby et al. (1277).
Reactions were incubated at 12 €C for 1-2 hours and stopped
with 1/10 volume of a 2% SDS, G.2 M EDTQ salution.
Unincorporated nmucleotides were separated from labelled DNA by

passing the reaction volume through a 1.5 ml Sephadex G-50

spin column {(Maniatis et al. 1783).

Filter hybridizations. NMitrecellulose filters were placed
in heat—sealable plastic bagé and pre-hybridized at 45 €C in 8
m1/100 cm€ of 5 X 8SFE, 5 X Denhart and 0.1% SDS (1 X SSPE

iz 0.18 M NaCl, 10 mM Scdium FPhosphate, 1 mM EDTA, pH 7.435 1 X
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Denhart is Q.02% BSA,‘0.0E% Ficoll, 0.0E%.PVP). Hybridizatinn
was carried out in a fresh aligquot of the above sclution (4
ml1/100 cm® filter area) along with the heat-denatured,
nick—translated probe (200-300 X 103 cpm/ml).

Hybridizations were at &60-65 C (depending upon the homology of
the procbe and target DMAs) for 16-24 hours. Following
hybridizations filters were washed in several changes of 0.2-2
X SSFE/0.1% SDS for 1 hour at 40-65 C (depending upon the
ho@ﬁlgy of the probe and target DMAs). Hybridization criteria
were as folloaws: 1) Low stringency was hybridization in 1 M Na
at 60 C, wash in 0.4 M Na at 60 C; 2) Medium stringency was
hybridization in 1 M Ma at 65 C, wash in 0.4 M Na at &5 C; and

3) High stringency was hybridization in 1 M Na at 6% C. wash

in 0.04 M Na at 65 C.

Autoradiography. After drving the filters under a heat
lamp, the filter bound kelp ctDNA fragments homologous to the

Macrocyestis integrifolia ctDNA fragmenf probes or heterclogous

angiosperm ctDNA probes were detected by autocradicgraphy (1-20
days) at -70 €C or room temperature with Kodak X-Omat XR1 and

X8R-3 Tilms.

Cloning of Macvrecystis chloroplast DMNA.
Construction of a Macrocystis total blade Dﬁﬁ library into
Lambda gt10. | |

a) Preparation of vector and insert DNA. Lambda gtlQ DNA

was prepared as fellows. FPhage were plaque purified o LB
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agar plates with E. coll strain C600 plating bacteria
(ﬁaniatis et al. 1982). Several individual turbid plaques
were used to prepare separate plate steocks wbich’were sach
titred to determine their conitent of contaminating
clear—plaque phage. The stock cantaining'the lowest
percentage of clear-plaque phage (i.e., less thaﬁ‘1 in 10,0040
piaques) was selected to incculate five LB—agar plates, and
phage were grown to confluence by incubating.fmr S~4& hours at
37 C (Davis et al. 1980). Phage harvesting and DNA isclation
were as discussed below. Macrocystis total blade DNA was
prepared as previously descfibed. Two ugyr of Lambda gtid DMA
and 1 ugr of Macrocystics total blade DMA were digested to
completion with Eco RI in separate 20 ul reaction volumes.
Restriction digest conditions were asiprevinusly descyibed.

" Each digest-was made 20 mM for EDTA and heated to 65 C for 1G
minutes to stop the reaction. #About S00 ngr of each sample
was electrophoretically separated toc check for completion of
the restriction digest {(i.e., S X 10 cm — 0.5% agarcose gel, a0
valts, 2 hour separation timel). One ugr of Ecc RI digested
Lambda gtiO DNA and éSO ngr of Ecoe RI digested éacracystis
total blade DNA were combined, and the velume was brought to
18 vl with TE. The DNA sclution was then made 0.2 M NaOAc
with 2 ul of a 3 M stock, and the DNA was precipitated by
adding 40 ul ETOH while incubgting on dry ice for 30 minutes.
The precipitated DMA was sedimented for 15 minutes in a

microfuge at 4 €, washed briefly with 704 ETOH and left toc air

dry. The DMA pellet was then dissolved in 4.5 ul of FPhage
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Ligation Buffer (Phage Ligation Buffer is: 10 mM Tris—Cl, 10mM
MgClps SO mM NaCl, pH 7.5). |

b) Ligation of-Lambda gtl0o and Macrecystis total blade
DNA. Prior to annealing the cchesive ends of the insert and
vectcr DNAs, the DHA mixture was heated to 70 €C for 3 minutes,
lawered to 50 C for 15 minutes and then coocled on ice.’ MNext.
2.5 ul of 10 mM ATP, 0.5 ul of 0.1 M DTT and 9.1 ul of 1.6
mgr/ml T4 ligase_were added and the ligation reacticn, now S.6
ul in voelume, was incubated at 14 C overnight. To test the
completion of ligation. 1 ul of the ligation reaction mixture
{about 200 ngr DMA) was separated on a 0.42 mini—agarase gel.
The ligated material runs at or greater than the size of
intact Lambda DNA.

C) In vitro packaging of the ligated DMA. Essentially., in
vitre packaging of the library was accomplished by the method
ot Maniatis et al. {1982). Prepared packaging extract was
genercusly supplied by Terry Snutch [E. cocli Lambda lyscgens
NS 428 (NEOS; Lambda Aamll b2 red3 cTts857 Sam?7) and NS 433
{N205; Lambda Eam4 b2 red3 cltsg857 Sam?)]. A S0 ul aliquoct of
packaging extract was thawed on ice until it attained a slushy
consistency (i1.e.y for about 3 minutes). Immediately
thereons»1.5 ul of 100 mM ATF., 20 ul of CH Buffer {(CH Buffer
is: 40 mM Tri=s-Cl, 1 mM spermidine, 1 mM putrescine. 0.1¥%
B-mercaptoethancl, 7% DMSO, pH 8.0) and the ligated DNA sample
were added to the packaging extvract and the mixture was
stirred with a sealed-5S ul—glass micrﬂpipette. This mixture

was then incubated at 37 C for 60 minutes. Afterward, a
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second 50 ul aliguot of packaging extract was thawed and
cambined with 10 ul of 9.1 mgr/ml DNAse and 2.5 1l of 1 M
MgClp. Twenty—five ul of the second extract mix was added
to the first and the two were incubated at 37 C for 30
minutes. The packaging reaction was stopped by dilutiné with
900 ul of Lambda diluent {(Lambda diluent is: 1 @M fris—Cl, 1
mM MgClass, pH 8.0) and adding 4 drops of chlorofoirm. The
diluted mixture was then centrifuged for &0 =zeconds in a
micraofuge. and the supernatant was collected in a 1.5 ml
microfuge tube. Again, 4% drops of chloroform were added.

d) Amplification of Lambda gtl10 phage. There is no size
selection for recombinant phage when using the Lambda gti0
vector. As a result, recombinant phage may constitute only a
small percentage of the phage complement in the in vitro
packaging reaction. Recoambinant phage were distinguished from
the non—recombinant background on the basis of plaque
morphology; recombinant phage form clear plagues wheregas
religated parent phage form turbid plagques. Recombinant phage
were amplified above the nmn-recnmbinant‘background on the
bacterial strain MA150. An hfl deletion mutant, MA1S0
suppresses plague formation of glf parent phage by
lyscgenizing them with extreme efficiency. Recombinant phage
are not lysogenized and form plagques normally. However. MALISO
is a restricting strain. Because of this, the in witro
packaged phage were methylated by passaging through the

bacterial strain C&00 (r&~ mk%) before plating on MA1SO.
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The C&600 and MALSO bacterial strains were prepared as
described by Davis et al. (1980). About 1-2 X 105 phage

were -incubated for 15 minates in 60 ul of a fresh 10 ml
evernight culture of C&00 cells that had been resuspended in 3
ml of Lambda diluent. This suspensian was mixed with 2.5 ml
of LB top agar and then poured onto fresh LB agar platezs (LB
top agar % |.B agar were prepared as in Maniatis st al. 1982).
The top agér was allowed to set for 10 minutes at room
temperature, and then the plates were incubated 5-& hours at
37 €. Fhage were harvested by placing the plates overnight at
4 C with 10 ml of Lambda diluent and 4 drops of chloroform
{(Davis et al. 1980). This plating and harvest prcoccess was
repeated with MALS0O cells where more than 28% of the turbid
phage were eliminated from the library. The final titre of
the library was 108 plague forming units {(pful/ml. Lambda
gtl0 is an Eco RI cloning vector that contains a single Eco RI
site in the phage recepter gene. Lambda gtl0 can accept DN@

insert fragments that range in size from 0-7 kb. Because thics

vector is designed toc accept small DNA inserts, the library

described here contains only a subset of the Macicgystis

integrifolia nuclear and chloroplast genomes. However, in Eco

RI digests of M. integrifcoclia ctDMA, about 100 kb is

represented in restriction fragments of approximately 7 kb or
less in length. The largest ctDMA insert s far isclated from
the library was 4 kb in length.

e) Isplation of phage DNA. Phage DNA was isolated by the
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plate 1ysate method (Maniatis et al. 1982). Approximately

105 phage were mixed with &0 ul of C&00 plating bacteria
{(i.2.» 10 ml overnight culture of C&00 cells resuspended in S
ml of Lambda diluent) and incubated at ronm-temperature for 15
minutes. Ten such suspensions were each mixed.with 2.5 ml of
LB top agarcse and poured onto fresh LB'agar plates. After
letting the soft tdp agarose set for 15 minutes at room
temperature, the ten plates were incubated at 37 C in a closed
plastic container lined with wet paper towels until confluent
lysis cccurred (i.e.y B—10 hours). Fhage were cocllected by
adding 5 ml of Lambda diluent_ta each platé and incubating
avernight at 4 C (bavis 2t al. 1280). The Lambda diluent and
eluted phage were ccllected, and the phage were precipitated
in 1 M NaCl and 10% pclyethylene glycol. Finally, the phage
were purified from the precipitates by cesium chloride density
centrifugation in 0.75 gr/ml CsCl at 45:000 rpm for 14 hours
at 20 C in a Beckman Ti80 rotor. Phage DNA was isclated from
phage in CsCl sclution by the formamide method of Davis et al.
{1980) with an added 70% ethanol wash to remove vesidual
formamide. Phage DNA was isclated at yields of 10-25 uar
DMNA/plate.

) Subcloning. Macroeystis ctDMA-Lambda gtld clones
containing sequences homolocgous to heterologous total Spinacia
chloroplast gencme and mung bean EBS.rRMA gene probes were
isclated from the library by plague purification as described
above. The selected Lambda clones were sitbcloned intc the E.
coli plasmid vector, plii8 {(Viera % Messing 1982) for

[
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restriction mapping and use as hybridization probes. Cloning
from Lambda phage into plUC8 was accomplished by digesting 1

" ugy  of phage DNA and 0.2 ugr of pUCEB DNA in the same 10 ul
reaction volume with 5 units of Eco RI for 2 hours at 37 C.
Enzyme activity was stopped by heating the reaqtion volume to
65 C for 10 minntes. To the 10 ul veacticn volume was added &
ul of 28X Plasmid Ligation Mix (22X Plasmid Ligation Mix is: 2.5
mM ATP, 250 ugr/ml BSA, 25 aM DTT, 25 mM MgClos, 125mM Tris,

pH 7.4) and 1 Unit of T4 ligase and the mixture was incubated
at 15 C for two hours. After 2 hours, 104 ul of 1X Plasmid
Ligation Miyx and 0.5 Units of T4 ligase were adde& and the
reaction was left overnight at 1% €.

Competent E. ccli strain JM83 cells were transformed with
recombinant pliCB plasmids after the method of Dagert % Ehrlich
(1979). Positive transformants were seiected on LB agar
plates containing S0 ugr/ml Ampicillin {Amp), 40 ugr/ml
S-Brom—4—chlor—3—-indalyl—-B-D—galactopyranoside (X—gal) and 1&0
ugr/ml Iscpropyl-B-D-thicgalactoside (IPTG). Clones were
restreaked twice on LB-Amp plates (50 ugr/ml) and then

maintained at 4 C on L.B-Amp plates.

Cloning the Macrocystis ctDNA restriction fragments used as
hybridization probes in sequence divergence studies. Two
recombinant DNA molecules, sach containing different regions

cf the M. integrifclia chloroplast gencme, were used as

hybridization probes in this study. The clening of these

ctDNA sequences and others was accomplished by the
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construction of an M. integrifolia ctDNA-pUC1? recombinant
clone bank {(Palmer % Thompson 1981b). Furified ctDNA from M.

’inteqrifolia and plasmid vector pUC1? DNA were digested with

Pt I. Macrocystis insert DNA (1.0 ugr) was ligated to pUC1e
vector DNA (0.2 ugr) and used to transform g.égll_strain JjM83
cells as described above under subcloning methods. Positive
transformants were colony selected on Amp. XGAL., iPTGy LB
ﬁlates {Viera & Messing 1982). Mini-UNA plasmid preparations
were accovding to Davis et al. (1980). Large scale plasmid
preparations were in M-9 media as described by Maniatis gt al.
(1982).

The clones used as hybridization piobes inbthe sequence
divergence analysis of this study were selected from M.

integrifolia ctDNA-plIC1? clone banks by screening with

homologouis M. integrifceoclia and heterclagous angiocsperm

chloraoplast DNA probes. Clone pMiP7?73 was selected with a 1.5

kb EBEcoc RI M. integrifolia ctDNA fragment cloned in a Lambda

gtid phage library and which was itself selescted with a mung
bean 235 rRNA chloroplast gene probe {zsee Results). Clone
PMiIFSE was selected with a Spinacia total chloroplast genome

prohe.

Sequence divergence data assessment and analvycis.

Site mapping and fragment pattern determinations. The
purification of ctbDMA from kelp tissue is a low vyield
process. On the other hand, total blade DMNA is readlly

cbtained ands for this reascn, it was prepared from the twelve
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species examined in this study and ﬁlnned ctDMA probes were
used to visualize specific ttDNﬁ fragments in each sample.
The digestion-nf kelp ctDMA with a restricticn enzyme having
£ix bases in its recognition site typically ;ggulted in some
25 fragments of different lengths. Specific ctDNA fragments
containing sequences’hnmoluguus to the radic—labelled probes
were identified by filter hybridization and'aufnradiegraphy-

The central fococus of this study was to assess the amount
of sequence divergence that has occurred between the ctDMAs of
selected genera within the family Lessoniaceae. This was
accomplished by developing restriction site maps for
hoemoclogous regions in each of the sample ctDiAs and comparing
them after the methcd Gf‘NEi L Ll (1979). For a similar
application of this method see Helm—Bychowskil et al. (1986).
In all, seven genera in the family lessoniaceae were

investigated (Table 1). Restriction site maps were prepaved

for each of the seven ctDMAs by using two cloned Macrocystis

ctDMA restriction fragments as hybridization probes and 57
restriction enzymes {(Table 2). Each probe was positioned
witgin a ctDNA molecule by identifying restriction éites that
were conserved in both the probe sequence and its region of
hemology in the sample ctDMA. These conserved restriction
sites served as markers from which restriction site maps of
the region of homology were developed.

For example, of the restriction enzymes uvsed toc map the

regiocn of the Macroccystis chloreplast genome that was

homalogous te the probe pMiP52, Hpa I, Kpn I, Pvu II, Sal I,
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Table 2. Restriction endonucleaszes used in the analyses of this

study.
Enzyme Recognition Interpopulation Intergenus Interfamily
Site &
Interspecies

Eco RI BAATTE - % x X
Bam HI GGATCC X X ,\
Hind III AAGCTT b4
Pzt 1 CTGEAG X X X
Sal 1 5TCGAC X X X
¥hoe I CTCGAE X k¢
Hpa I S5TTALC X k4
Pvu I1I CABCTGE X " X z
iba I TCTAGA X X b4
Epn 1 GETACC X

Sac 1 GABCTC 4

W
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and Xba I have recngnitinﬁ sites within the probe sequence.
For this reason, two or more fragments were identified in
Hybridizatinns with restrictian‘digests with these enzymes.
For Eco RI and Sac I, a single cthDnNa fragme6tlhybridized with
the probe pﬁiPSE. This fragment contains the region of
homolegy to pMiP32 bounded by flanking segquences on eilther
side. The flanking sequences contain the restriction sites

identified by these enzymes. A comparison of the Macrocystis

ctDMA sample double digested with an enzyme cutting internally
tc the probe {(e.g., Kpn I) and an enzyme cutting externally to
the probe {(e.g.» Sac I}, with the same sample digestedfwith
Epn I alones shows that one of the fragments identified in the
double digest is shorter than the corresponding single digest
fragment. The size of the shorter fragment gives the distance
between the internal and external restriction sites.

Restriction sites were positioned within the regions of
homology hetween the sample ctDMAs and the probe seguences by
determining the lengths of the restriction fragments
identified in filter hybridizatiocns. The hybridization of a
given p}abe to restriction fragments of similar length in
different ctiDMA samples indicated the similar placement of
sites in those samples. Alternatively, if restriction
fragments of different length were identified, the ctDiMA
samples being compared were determined toc have lost or gained
a restriction site in the time since the species they

represent last shared a common ancestor. In this fashion. the

tis

lengths of the restriction fragments identified in Macyrocys
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ctDNA by hybridization with the twa cloned Macrocystis ctDMA
probes were compared to those identified in the six other
lessoniacean ctDNAs and the corresponding restriction site
maps were develaped.

A more preliminary suwvey of fhe felatiVE'degree of ctDNA
segquence divergence extgnt within and between four of the
families in the order was determined by the simpler method of
restriction fragment length comparison (Upholt 1777, Mel & Li
197%). The relative degree of seguence divergence that has
cccurred between the cthilfis of representative samples is
correlated with the proportion of DMA fragment lengths shared
by them. For a similar application of this methcd see Avise
et al. (1972) and Clegg et al. (1984). For interfamily (i.e..
l.esconiaceae, Laminariaceae, Alariaceaes and Chordaceae) and
intrafamily (i.e., Lessoniaceae, Laminariaceae, and
Alariaceas) ctDNA comparisons. restriction fragment patterns

for each probe were determined for 8-9 restricticn enzymes

(Table 2).

Sequence divergence determinations. I have assumed that all
restriction fragment length differences cbeserved in this study
are the result of restriction site changes due to nuclectide
substitutions (see Discussion for the basis of this
éssumption). The number of ba=se substjtutians per base pair
(i.e.» p) between pair—-wise comparisons of kelp =samples wacs
estimated in two ways. Estimates of p within and between the

ctDAs of lessoniacean genera were made from comparisons of

3%
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cleavage maps by using equation 16 of Nei & Li (1979):

p=

2/rr(1/8l/8 — 1), where

r=number of nuclectides in restriction

enzyme cleavage site, and

S=Enxy/(nx + Tiyd, which

is an estimate of the proportion of
ancestral sites that remain unchanged

in both lines.

In addition, p values for both intrafamily (Lessoniaceae,

Laminariaceae,

and Alariaceae) and interfamily (Alariaceae,

Chordaceae, Laminariaceae, and Lessoniaczase) ctDNAs were

estimated from the proportion of resiriction fragment length

differences cbserved among the sample digests after Upholt

(1977) and Mei & Li {(19772):

p=1 — [-F + (F2 + 8F)1/2/p311/M, yhere

F=

Enxyf(nx = ny)s ar
the fraction of fragment lengths shared

between the two digests, and

n=number of nuclectide=s in restriction enzyme

Estimates are

cleavage site.

based on the fraction of shavred restriction

enzyme cleavage sites and restriction fragment lengths

observed for all restriction enzymes used in a comparison.
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RESULTS

Efficiencies of extractiocn protocols.

Chloroplast extraction. Chloroplasts were retrieved from

Macrocystis inteqrifolia at a yield of 2.7 ugr chlorophyll

atc/gr fresh weight of blade tissue. The chlorophyll a+c

content of the blade tissue of M. integrifolia ranges from
1.75-3.5 mgr/gr fresh weight {(Druehl 1?84); Based on fhis
value, this ﬁethod of chloroplast extraction provides

chloroplasts at an efficiency of approximately 0.1% of the

total chlorocplast content of the starting tissue homocgenate.

DNA isolation. Total blade DMA (Fig. 2) was isclated from
kelp tissues at high mclecular weight (>100 kb) and at a vyield
~of 1.0 ugr/gr wet weight of blade tissue extracted. Furified

chloroplast DNA (Fig. 2) was isclated from M. integrifoclia at

a vield of 0.05 ugr/gr wet weight of blade tissue extracted
and approximately 0.02 ugr/ugr chl a+c extracted. These
values are roughly 104 of the vyields nbtained in extractiens
of total blade DNA. By applvying fhe chloroplast extraction
efficiency calculated above for this'method, the nuclear and

ctDNA content of a wet gram of Macrocystis blade tissue can be

approximated at 200 ugr and 20 ugr respectively. Macrocystis
plants callected in early spring and fall months yieided 1.0
ugr.tntal blade DNA/gr wet weight blade tissue. Tﬁnse
collected in late spring and summer yielded 0.5 ugr total

blade DNA/gr wet weight blade tissue.



Figure 2.

Fluorescence photograph of the restriction fragme%:ﬂq“ﬁw
patterns of total blade DMA from varicus kelp -
plants generated by digestion with Pvu Il {Lanes
1-7 and P=t I (Lanes 9-18). Fucus distichus {Lanes
1 & %), Chorda filum {Lanes 2 & 10), Egregia
menziesii (Lanes 3 & 11)s Alaria marginata {(Lanes 4
% 12)s Costaria costata (Lanes S & 13), Laminaria
saccharina (Lanes & % 14) and Macrocystis
integrifolia (Lanes 7 & 15). Molecular weight
standards are uncut and Bam HI vestricted (Lane 8)
and Hind II11/Eco RI restricted (Lane 1&) Lambda
OMA. Electvophoretic separation was on a 0.7%
agarose gel. -
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Chlorcplact DNA characterization.

Restriction fragment patterns indicated the total size of

the ctDNA molecule of M. integrifolia to be about 170 kb (Fig.

3y Table 3). The respective portions of the Macrocystis and
Spinacia chloroplast genomes that were sufficiently homoiagﬁus
as to hybridize were estimated from reciprocals
low—stringency—-hybridization experiments. Filter blots of
Macrocystis and Spinacia ctDNA restriction fragments were each
hybridized with a totél chloroplast genome pirobe prépared from
the other plant, and the lengths of the restriction fragments
that hybridized were summed. These experiments demonstrated
an approximate homology between the 170 kb Macrocystics aﬁd the
150 kb Spinacia chloroplast genomes of 20% (i.e., 34 and 30 kb
respectively).

In Spinacias, as in almost all chlorophytic plants, the
chloroplast 145-55-235 rRNA cistrons are sncoded on inverted»
repeat structures that are highly conserved in both
organization and segquence (Whitfeld & EBottomley 1983). Those
Spinacia ctDNA restriction fragments that hybridized witﬁ the
Macrocystis total chloroplast genome probe and that were part
of the Spinacia inverted repeat structure (Crouse et al. 1978)
were idgntified in filter hybridizations with A 235 rRNA gene
specific pvobe from mung bean (Falmer % Thompson 1981a). The_“
same experiment was pevrformed on Macrocystis ctDNA to
determine how much of the Maﬁracxstis—Sginacia homolcogy was
compyrised of Macrocystis ctDNA sequences that cccur con the

inverted repeat structures of angicsperm ct DMAs. Hased on
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Figure 3.

I

The size of the chloroplast genome of Macreocystis
integrifolia. Restriction fragment patterns of M.
integrifolia chloroplast DMA fractionated on a
0.7% agarcse gel after digestion with S5al I {(Lane
1), 5al1l I & Epn I {Lane 2)s Sac I {(Lane 3), Sac I
& Kpn I {Lane 4), kpn I {(Lane S5}, Kpn I & Pst 1
{Lane &) and Pst I {(Lane 7). Uncut and Hind III

digested Lambda DMA {(Lane B) was included as a

restricticon fragment size standard. Sums of
restriction fragment sizes, accounting for
fragment sicichicmetries, and the sizes of
individual restriction frazgments are listed in ~
Takle 3.
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Length (in kilobase pairs) and stecichiometry of the
restriction fragments of Macrocystis integrifelia
chiercplast DA digested with a numbev of
restriction enzymes. FRestriction fragments of M.
integrifolia chioroplast DNA (Fig. 3, Lanes 1-7) were
fracticnated on 0.7% agarcse gels and theiv ilengths
were estimated relative to size standards of uncut
Lambda DHA and Lambda DNA cut with Hind III (Fig. 3.
iane Hi. Stoichiometries, {(i.2.» double or single
molar eguivalents) were estimated by a visual
assessment of the relative fluorascenc in of
EtBr stained resiriction fragments in E

agarose gels. Restriction fragments t ’
determined to be of double molar intensi

underlined; those of single melar intensity are nat
underlined. Based on the mean of the fragment sizes
chtained in sach of the seven digests in Figure 3
the =izrz of the chiovoplast gencome of M. integrifoclia
was assessed at 173 kb.




Restriction Enzyme

Fragzent
Nugber Sal 1 Sal 1/¥pn [ Sac [ Sac [/kpn [ Kpn [ Kpn 1/Pst .1 Pat

1 44,0 3%.,0 40,0 34,0 34.0 18.0 25.0
2 23.1 18.3 14.7 22.6 22.6 4.2 217
3 22.7 16,0 12.5 13.4 18.3 13.4 18.0
4 2.0 13.0 10.5 10.5 16.2 11.4 1.4
5 15.9 12.4 9.3 9.3 13.6 9.6 9.6
b 7.6 b.4 6.1 8.3 8.3 7.2 8.7
7 4.0 5.9 5.0 R 7.4 6.7 7.2
8 3.1 4.4 3.8 5.3 b.4 6.1 b1
9 1.5 4.2 1.4 5.0 5.0 5.5 5.5
10 4,0 1.3 4.7 2.8 5.0 5.0
1 3.1 4,0 2.6 4.7 4,7
12 2.3 2.8 4.2 4.2
13 2.5 2.7 4.1 3.7
14 2.2 2.6 3.9 2.6
15 1.8 2.2 3.7 2.5
16 1.5 2.0 2.8 2.2
17 1.7 2.6 1.8
18 1.5 2.5 1.3
19 2.2 1.2
20 1.9
21 1.8
22 1.3
164 169 173 181 178 171 177



these comparisocns, it was estimated that 30% of the homclogy
between Macrocystis and Sgina;ia ctDNA (i1.e., 10 of 34 kb and
? of 30 kb respectively) could be attributed tc restriction
fragments carrying the 235 rvRNA gene. |

A 1.5 kb Eco RI ctDNA restriction fragment from M.

integrifolia was selected frmﬁ a recambinant M. integrifolia
total blade DMA—-Lambda gti0 phage library with the 235 rﬁNﬁ
gene specific probe from mung bean (Palmer & Thompson 1781a).
In that an additional 0.8 kb fragment was cbhserved in filter
hybridizations of the mung bean 235 rRMNA gens probe to Ece RI
digests of Macrncystis CtDNA {(and that the 235 rRENA genes is
2.1 kb in length, Whitfeld & Bottomley 1983), it was
determined that the 1.5 kb Eco RI ctDNA clone comprised

approximately two—thirds of the M. integrifolia 235 rRNA

gene. The cloned fragment, when hybridized to filter blats of

Eco RI digests of Macrocystis ctDMA. did not hybridize to the
0.8 kb fragment. It is neot known whether the cloned fr;gment
contains the 5% or 3° end of the gene.

The cloned 1.5 kb Eco RI ctDMA fragment did not contain
internal Pst I restriction sites but hybridized to twoc large
(21.7 & 11.4 kb) Pst I restriction fragments in digests of M.

integrifoliia ctDhNA (Fig. 4). The same fragments hybridized to

the mung bean 235 rRMA gene specific probe. This was
interpreted tec indicate thaf the 235 rRNA gere is repeated in
the Macroccvystis chloroplast Qennme. The relative ocrientation
of these Fst I restriction fragments was nqt determined. The
atpBs vbcbk (Fig. 4} and p=b#& (Fig. 353) chloroplast genes weve

=
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Figure 4.

The hybridizaticn of the heterclogous angicsperm
gene probes for 235 rRMA, atpB and rbcl to
Macrocyestis integrifelia ctDNA. The radiclabelled
gene probes: (Fanel A) 235 rRMA-3 3.5 kb Sac I
fragment from mung bean which 1s specific for the
235 TRNA gene (Falmer % Thompson 1981lals (Fanel ER)
atpB-a 1.95 kb Eco RI fragment from spinach which
contains the entire atpE gene plus 5% flanking
sequence {(Zurawski et al. 1282)3 and (Fanel C)
rbclL—an 830 bp Eco RI fragment from mung bean which
is internal to the rbcl gene (Palmer & Thompson
1981b)} were hybridized against filter blots of M.
integrifolia Sac I {Lane 1), Kpn I (Lane 2), Pvu II
{Lane 3}, Pvu II/Fst I (Lane 4), Fst I {Lane 5).
Pst I/5al I (Lane &) and Sal I (Lane 7) ctDNA
restriction fragments. Macroccystis ctDNAs were
separated on a 0.7% agarcse gel. All three
autoradicgraphs are of repeated hybridizations to a
single nitroccellulose filter blot. Filters were
stripped of hybridized probe by boiling for thirty
minutes in 0.1 X SBSFE-0.1%4 8DE. Filters were
hybridized at 60 C in 5 X 8SFE-0.3% SD5-5 X
Denhardt for 24 hours. Filters were washed to 2 X
SSFE-0.1% SDS at 60 €. These are the low
stringency criteria discussed in the Methods.
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Figure 5.

The hybridization of the heterclogous angiosperm
chloroplast gene probe for psbA to Macracystis
integrifolia ctDNA. The radiclabelled psbA gene
probe—a 1.83 kb Bgl 11 fragment from mung bean
which contains the entire psbA gene plus flanking
sequences (Falmer & Thompscon 1781a) was hybridized
to filter blots of M. integrifolia total blade
DNA. Lane 1: Eco RI restriction digest of Lambda
DNA, fragment sizes are indicated in kilobase
pairs. Lane 2: Fluorescence photograph of the
restriction fragment pattern of M. integrifeolia
total blade DNA digested with S5al I. Lane 3:
Autoradicgraph of filter blet of DNA in Lane 2
hybridized with the radiclabelled psbA gene probe.
Lane 4: Flucrescence photograph of the restriction
fragment pattern of M. intearifclia total blade DNA
digested with Eco RI. Lane 5: Autoradicgraph of
filter blot of DNA in Lane 4 hybridized with the
radiclabelled psbA gene probe. The Macrocystis
total blade DNAs were separated on a 0.3% agarose
gel. The filter was hybridized at 60 C in S X
SSPE-0.3% SD5-5 X Denhardt for 24 hours. The
filter was washed toc 2 X SSPE-Q.1% SDS at &0 C.
These are the low stringency criteria discussed in
the Methods.
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alse located on Macrocystis ctDNA restriction fragmenfs, but

this was accomplished with the use of heterclogous angiocsperm

gene probes (Table 4).

H&bridization probes used in restriction analyses. The

Cloned M. integrifolia ctDNA restriction fragment pMiP73 (11.4

kb Fst I fragment: Fig. &) included single copy sequence as
well as part of one of the conserved 235 rRNA gene encoding

repeat regions of the Macrocystis ctDNA molecule. When the

235 rRNA gene specific probe from mung bean ctDMA was
hybridized to filter blots of Eco RI digested pMiP73 DNA, it
hybridized toc the same 1.5 and 0.8 kb fragments as in
chloroplast genome blots. The cleoned 1.5 kb Eco RI fragment

{(that encodes part of the Macrocystis 235 rRNA gene)

hybridized only to itself on filter blcts of Eco RI digested
pMiF73 DNA. In additiocns when the cloned 11.4 kb Pst I

fragment of pMiF73 was hybridized toc filter blots of Pst 1

digested Macrocystis ctDNA, the same 21.7 and 11.4 kb
fragments that hybridized to the 1.5 kb Macrocystis 235 rRNA
procbe wére identified. This demonstrates that an entire 235
rRNA gene is encocded on the 11.4 kb Pst I fragment of pMiP73
and that a second copy resides on the 21.7 kb Fst I fragment
cf the Macrocystis chloroplast genome. Therefore, the 11.4
and 21.7 kb Pst I fragments each contain part of the repeat
regions of the Macrocystis ctDNA molecule.

The restriction patterns demcnstrated in hybridizatian

reactions with the pMiF73 probe were interpreted as follows:
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Table 4. Summary of the Macrocystis integrifeolia ctDhNA

restriction fragments that hybridized to the

heterclecgous angiosperm chlnrnp;ast gene probes.

Filter-bound ctDMA vestriction fragments

Gene Probe Sac I Kpn 1 Pst I Sal I EcoRI
235+ DNA b4y 15 8.0 21.7.11.4 op 1.5,0.8
atph VA 38 3.7 S0 14.5
rbcl a4 3g 18 23
psbA 21 S 12.7

Values are in kilebase pairs. #Autoradicgraphs of Ece RI
restriction fragments were not included in text.



Figure 6.

Restriction site maps of the pMiP73 homalogous
regions of the chloroplast genomes of lessoniacean
kelp. The species are Macrpocystis integrifoalia
{Mi), Nereoccystis luetkeana (N1). Postelsia
palmaeformis (Fp), Lessonia nigrescens (Ln)d.
Lessanicpsis littoarallis (L1) and Dictvaneurum
californicum (Bc). The thick black bars represent
the Fst I restriction fragment homoclcocgous to the
M. integrifclia ctDNA Pst I restriction fragment in
pMiF73. The maps of the respective ctDNAs were
alligned with each other at these conserved Fst I
sites. The thick black bar at the lower left is a
scale representing Skb of DNA sequence. The code
for restriction enzyme recocgnition sites is £, Sac
I: Hy Hpa I:i N, kEKpn I; 5, 5al Is P, Pst I and A,
Xba I.

The left hand sides of the maps are single lines
that represent parte of the 235 rRNA encoding
repeat sequences of the respective moclecules. The
right hand sides of the maps are double lines that
represent the single copy sequences adjacent to
each copy of the repeated sequences. The conserved
Hpa I =ite in each molecule was arbitrarily chosen
as the break point between respeat and single copy
sequence. See Methods for a discussicon of how
these maps were constructed.
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1) Two restriction sites internal to the repeat regions were
represented by two identically sized restriction fragments
that appeared as a single band in restriction prefiles (Fié.
7B-lane S5). 2) Restriction fragments defined by two conserved
restriction sites internal to the repeat region and‘twn.
assymetric restriction sites cccurring in the adjacént single
copy regicns were dissimilar in size (Fig. 7B-lane 7). 32) In
instances where both the repeat region restriction sites and
the single copy region restriction sites were conserved, the
resulting restriction profile contained a single band
representing two restriction fragmenté of identical size {Fig.
7B—-lane 1).

The second hybridization probes pMiF32, contained an 8.7
kb Fst I restriction fragment of the chloraplast gencme of M.

inteqrifolia (Fig. 8). When hybridized to the chlof@plast

gencme of Spinacia (Fig. 7C),; pMiP5S2 mapped to P=st I fragment
2 in the large single copy region {(Herrmann et al. 1980).

This fragment of the Spinacia chloraoplast genome encades the
genes psbR, petA, petB, petD and rbclL {(Falmer 1985)1 Thg
restriction profiles generated in hybridizations of this probe
te Macrocystis ctDNA (Fig. 7A) were all interpretable as

representing single copy segquence.

Interpopulation and interspecies chloroplast DNA sequence
comparisons. Restriction analysis of chloroplast DNA has
been used’ toc estimate percent sequence divergence values

between three populations of Macrocystis inteqrifnlia and a




Figure 7.

Restriction fragment patterns for Macrocvystis
integrifolia and Spinacia gleracea ctDNA homologous
toe pMiIPS2 and pMiF73.

A % B. Restriction digests of Macrocystis
integrifolia ctDN& with (1) Sal I, (2}

Sal I/Epn I, (3) Sac I, {4) Sac I/Epn I,
() Kpn I, (&) Epn I/Pst I and (7) Pst 1.

C & D. HRestriction digests of Spinacia oleracea
ctDNA with (1) Sma Is (2} Epn I, (3) Fst I,
and (4) Sal I. '

Macrocystis and Spinacia fragments were
transferved to nitrocellulose and
hybridized with radiclabelled probe DNA.

A & C. Autoradicgraphs of Macrocystis and
Spinacia ctDNAs hybridized with the M.
integrifoelia ctDNA clone pMiPGS2.

B & D. Autoradiographs of Macrocystis and
Spinacia ctDNA=s hybyridized with the M.
integrifolia ctDNA clone pMiP73.

Filters were hybridized at &5C in S X
SSFE-0.3% 5D5-5 X Denhardt for 16 hours.
Filters were washed to 2 X SSPE-G.1% SDS at
&5 €. These are the medium stringency
criteria discussed in the Methods.
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Figure 8.

Restriction site map the pMiF52 homologous
regions of the chloroplast gencmes of lessoniacean
kelp. The species designations are as in Figure

 &. The thick blaclk bars represent the Pst 1

restriction fragment homclogous to the M.
integrifolia ctDMA Pst I restriction fragment in
pMiP52. The maps of the respective ctDNAs were
alligned with e=ach cther at these conserved Pst 1
sites. The thick black bar at the lower left is =&
scale representing 5 kb of ctDNA sequence. The
code for restricticn enzyme recognition sites is P,
Pst Is Ns Kpn I35 S, Sal I; H, Hpa I3 U, Pvu II; A,
Xba I35 €y Sac I and B, Bam H1. The diagonal marks
at the ends of each map represent 10 kb of ssguence
that was removed in ocrder to bring the leftward Fst
I site of L1 and the rightward Sal I site of Fp
into the format dimensions of the other maps.

See Methods for a discussion of how these maps were
constructed.
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second closely related species M. pyrifera (Table 1). These
values have been compiled from ;estrictiun digests with seven
different six—base enzymes (Figs. 7 & 1035 Table 2). The
number of nuclectides assessed in this way was estimated %rnm
the number of restriction fragments cbserved in all enzyﬁe
digests and with both hybridiﬁatinn probes. A total of 91
different restriction sites were identified (39 for pMiFS2 and
52 for pMiP73) totaling 546 base pairs. This number comprises
G.32% of the base pairs in the 170 kb chloroplast genome of
Macrocystis. Two substitutions were detected (Fig. ZB—lane 3)

betweernn the two nerthern hemisphere M. integrifoclia

populations and the southern hemisphere M. integrifoalia

population. These differences were observed in the region of

the M. integrifolia chloroplast gencome that was homclogous to
the single copy probe pMiPS32. Howevers no differences were
ocbserved between the twoe northern hemisphere species M.

integrifceclia and M. pyrifera. Interpopulation percent

sequence divergence values (100p=percent of nuclectides in a
compariscn having undergone substitution), as determined by
the fragment method (Uphelt 1977, Nei & Li 1979), ranged from

O between British Coclumbia and California populations of both

M. integrifoclia and M. pyrifera, toc 0.46 between British

Columbia-California and Chile populations of M. integrifoclia.

Interpopulation percent sequence divergence (100p). as
determined by the site method (Nei & Li 1972), ranged from O
between British Coclumbia—California populaticns of M. pyrifera

and M. integrifolia, to 0.56 between British

S5



Fiéure Q.

Restriction fragment patterns for Macrocystis ctDNA
sequences homeologous to pMiP32. Autoradicgraphs of

‘radiclabelled pMiP32 hybridized to Eco RI (A),
Pst I (B)y Xba I (&) Xho I (D) and Pvu I1 {(E)

restriction digests of Macroccystis integrifclia—RBC,
CAN (1), M. integqrifolia-CA, USA (2), M.
integrifclia-Chile, 5.A. (3) and M. pyrifera—Ch.
Usa (4) total blade DNA.

Restriction digests were separated on 0.7% agarcse
gels, transferred to nitrocellulose filters and
hybridized with the M. integrifolia ctDMNA sequence
probe pMiP32.

Filters were hybridized at 65 C in S X SSPE-0.3%
SD5-5 X Denhardt for 16 hours. Filters were washed
te 0.2 X SSPE-0.1% 5DS at 65 C. These are the high
stringency hybridization criteria discussed in the
Methods. o

The highest mclecular weight band in Panel D-Lane 3
is uncut ctDNA.
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Figure 10.

Restriction fragment patterns for Macrocystis
ctDMNA sequences homologous to pMiFP73.
Auvtoradiocgraphs of vadiclabelled pMiP73

hybridized to Eco RI {(A), Pvu I1 {(B), Pst I (C),
and Xhao I (D) restriction digests of Macrocystics
integrifelia—~BC, CAN (1), M. integrifoclia-CA, USA
(2}, M. integrifolia-Chile, 5.A. (3) and M.
pyrifera—CaA, USA {(4) total blade DNA. .
Restriction digests were separated on 0.7% agarose
gels. transferved to nitrocellulose filters and
hybridized with the M. integrifclia ctiDNA sequence
probe pMiP73.

Filters were hybridized at 65 C in 5 X SSFE-0.3%
SD5-5 X Denhardt for 16 hours. Filters were '
washed to 0.2 X SSPE-0.1% 5DS5 at &5 C. These are
the high stringency hybridization criteria
discussed in the Methods. '




g 4

/4]

=L1T
-

4 T4

i .

"

1

Y4

—ET
e

7l

~61

1

Y

S57b



Columbia-California and Chile populations of M. integrifolia.

Intraftamily chloroplast DNA sequence comparisons.
"Restriction analysis has been used tn:estimate the degree~df
sequence divergence that has cccurred between the chloroplast
genomes of seven different kelp genera within-the Tamily
Lessoniaceas (Table 1).

Figures 6 & 2 illustrate the restriction maps of the
regions of the ctDiAs of the =even studied genera. Sequence
divergences (100p) for each of the pairwise comparisons in the
test, as determined by both fragment and site methods of
comparison, are presented in Table S (Uphalt 1977, Nei & Li

1979). With the exception of Dictvoneurum californica and

Dictvoneuropsis reticulatas all intergeneric comparisons
demonstrated significant differences in sequence divergence

values. Intergeneric seguence divergence (100p) ranged from a

low of O between D. californica and D. reticulata te a high of
2.7 (site methad) / 5.4 {fragment methad)} between D.

californica and Fostelsia palmaeformis. The average

intra-family sequence divergence (100p) was 7.7 {(site method)/
3.8 {(fragment methcd)}. These values are averages of 15
separate comparisons {(i.e., D. californica- D. reticulata were
treated as a single samplel). The average segquence divergence
values (100p) calculated from sequences homologous to the
hybridization procbes pMiS2 and pMiF73 were 10.4 and 6.4 (site
methad) / 6.0 and 3.1 (fragment methaod) respectively.

Festriction sites for BHam HI and Sac I flanked the Pst I



Tabhle 3. Matrix of sequence divergence between the ctDNAs of
genera in the family lLessoniaceae.
M3 Dc i1 Fp M1 iu

i1 8.7 8.2 &.5 5.5 g.2
Dc s.2 7.7 F.7 .7 7.3
Ll 4.7 2.8 7.7 5.6 5.8
Fp 4.4 S.4 4.5 3.7 .5
Mi 4.5 4.3 3.3 i.6 7.3
L 4.2 3.3 2.2 2.5 2.8

GCenus—species

ahbreviations are: Mi=Macrococvyetis integrifoclias

De=Dictvoneurum californicums

Li=lLessonicpeis littoraliss

Fp=Fcstelsia palmaeformissi

Ln=l essonia nigrescens. Estimates
Trom hybridizaticns with the Pst I fragments
and pMiF73 and are listed as 100p {(i.e..» the
neclectides in a comparison having undergones
Estimates made by restriction site comparisocns
i the boxhead and thoese made by restri
pattern comparisons {(Upholt 1277, MNeil & Lia
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sites delimiting the pMiPS2 probe fragment. In an attempt to
obtain a set of partial ocverlap fragments with which to
reference the flanking sites, the restriction fragments
generated with Bam HI were digested a second time with Sac I.-
An overlap was abservedvthat pesitioned the Sac I and Bam HI
flanking sites with respect toc each other. These sites were
positioned wifh‘repect to the probe sequence by finding a
partial overlap fragment defined by a Sal I site within the
prabe sequence and one of the flanking Sac 1 sites (Fig. 8).
The remaining flanking Bam HI site was not included in the
maps because in all cases save Lessonia it defined a
restriction fragment that was teoc large to unambiguously
sire. For the probe pMiP73, partial overlap fragments for the
flanking Sal 1 sites were generated with Hpa I. The extsrnél
sites of large {(>20 kb)) Kpn I restriction fragments obtained
with both piobes (Fig. 7) were not positioned due to their
size and degradatiocn problems with the kpn I enzyme.

The maps in Figures & and 8 demonstrate that certain
restriction sites are shared by different genera. These
shared sites describe the different evolutionary lineages that
haQe defined what we now recognize as the family
lLessoniaceae. In all, a total of 92 different restriction
sites were identified. Phylogenetically informative sites
{(i.e.» Testriction éites shared by twa or more genera)
tn?alled 52 whereas 40 sites were identified on only a single

DiA. This number of six—-base restriction sites comprises a

tatal of 552 bp or about 0.3% of the 170 kb Macrocystiis |

&0



genocme. fmoeng the shared sites were those defining the 8.7 &

7.0 kb Pst I {Fig. 11A), and the 3.0, 1.9 & 1.7 kb Pvu II
{(Fig. 118) ctDNA fragments homeologous to pMiFSE; and the 2.7
& 11.4 kb Pst I (Fig. 11D} and the 13.7, 11.7 % 10.2 kb Sac I
ciDiNA fragmsnts homolocgous to pMiF73.

Table & includes the results of the intra-fAlariaceae and
intra—Laminariaceae compariscns. All compariscns demonstrated

ignificant differences in ssgquence divergence values.

i
o

[ie

Estimated sequence diveraence (100p} was Z.8 {fragment method:!
Eetwesn two genera within the Laminariaceae and

method! between two genera within the Alarisceae.

Interfamily chloroplast DNA sequence comparisons.

iestriction analysis has been used to estimate the amcunt of

)

samples of the four familiess of the Laminarialiss. Comparisons

were slso made between the laminarialsan sampless and a sample

From the oyrder Fuczale

in

Aamong the sharsed restriction sites werese those defining the
7.0 kb Pst I {(Fig. 128), the F.0, 2.7 & 1.5 kb Fvu II (Fig.

12ZR) and the 21.7 kb Sal I {(Fig. 12€C ciDNA fragments

by
ot

homoclcogous to pMiIFS5Z23 and the 21.7 & 11.4 k&b P=t {Fig. 13D
and the 14.8, 7.3 and 4.8 kb Xba I {(Fig. 13€) ctDiA fragments

homologous to pMiP73. Alternatively, Xba I & Hpa 1 ctDiA

restriction sites in the regions homologous to pMiFSE wers

et
L]

broadly divergent {(Figs. 13A % B

Table & presents the results of the interfamily and

o
b



Figure 11.

Restriction fragment patterns for lessoniacean
kelp ctDMA sequences homclogous to pMiIPSE2 and
pMiP73. Autoradicgraphs of radiclabelled pMiP52
hybridized to Pvu II (A) and Pst I (B) restriction
digests of Lessonia (1), Mereocystisg (2, .
Fostelsia (3)., Lesscniepsis (4), Dictvoneuwrcpsis
{3)s Dictvoneurum (6}s and Macrocystis (7)) total
blade DNAs. Autoradicgraphs of radiclabelled
pMiP73 hybridized to Sac I (C) and Pst 1 (D)
restriction digests of Macrocystis (1),
Dictvoneurum (2), Dictvyoneurocpsis {3),
Legssonicpsis (4), Poctelsia (5), Nereccystis (6)
and Lesconia (7) tcal blade DMAs. Restriction
digests were separated on G6.7% agarocse gels,
transferred to nitrocellulose filters and
hybridized with the M. integrifoclia ctDMA sequence
probes pMiF3S2 and pMiF73. '

Filters were hybridized at 65 €C in S X SSFE-QO.3%
SD5-5 X Denhardt foir 14 hours. These are the high
stringency hybridization criteris discussed in
Methods.

Lenger autoradicgraph exposures revealed
additional 1.7 kb Pst I restriction fragments
homologous to pMiIPSE in Lanes 1, 5 and 6 of Panel
B.

&2a



43.

- - -
=X R
-3 R

48_

123.

73-

50.

27
123.

73~



Figure 12.

Restriction fragment patterns for alariaceans.
chordacean, laminariacean, lessoniacean and
fucalean ctDNA sequences homologous to pMiPS2.
Autoradicographs of radiclabelled pMiPS2
hybridized to Pst I (FPanel A), Pvu II (Panel E)
and Sal I {(Fanel C) restricticn digests of
Macrocystis (Lane 1), Laminaria {Lane 2}, Costaria
{Lane 3). Alarig {(Lane 4), Egregia {(Lane S},
Chorda (Lane &6) and Fucus {(Lane 7) total blade
DMAs. Restriction digests were separated on 0.7%
agarose gels, transferred to nitroccelluloses
filters and hybridized with the M. integrifoclia
cthMA sequence probe pMiF52. _

Filters were hybridized at 65 C in S X SSFPE-0.3%
SDS-5 X Denhardt for 156 hours. Filters were
washed to 0.2 X SSPE-0.1% SDS at 65 C. These are
the high stringency hybridization criteria
discussed in the Methaods.

The highest molecular weight band in Panel A-Lane
5 is uncut ctDMA.
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Figure 13.

Recstriction fragment patterns for alariacearns

‘chordacean, laminariacean, lessoniacean and

fucalean ctDNA sequences homaologous to pMiPS2 and
pMiFP73. Autoradicgraphs of radiclabelled pMiPS2
hybridized to Xba I (FPanel A) and Hpa I (Panel R)
restriction digests, and pMiF73 hybridized to Xba
I (Panel C) and Pst I (Fanel D) restriction
digests of total blade DhMAs. Sample order in
Panels A, B and D: Macrocystis {Lane 1), Laminaria
(Lane 2), Costaria (Lane 3}, Alaria {(Lane 4).
Egregia {(Lane 5), Chorda (Lane &) and Fucus {(Lane
7). Sample order in Panel C: Fucus (Lane 1),
Chorda (Lane 2). Egregia fLane 3}, Alaria (Lane
4), Cogstaria (Lane 5), Laminaria {Lane &) and
Macrocystis (Lane 7).

Restriction digests were separated on 0.7% agarose
gels, transferred to nitrocellulose filters and
hybridized with the M. integrifolia ctDNA sequence
probes pMiPS2 and pMiF73.

Filters were hybridized at 65 C in 35 X SSPE-0.3%
SDS-5 X Denhardt for 16 hours. Filters were
washed to 0.2 X S8PE-0.1% 8DS at &5 L. These are
the high stringency hybridization criteria
discussed in the Methods.
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Table 6. Matrix of sequence divergence between the ctDMAs of
genera in the laminarialean families Alariaceae,
Chordaceaegs Laminariaceae and Lessoniaceae; and in

the fucalean family Fucaceae.

Mi Ls Cc Am Em cf Fd
Mi S.4 6.9 6.6 6.6 7.4 16.3
Ls 5.8 5.8 S.9 8.6 12.2
Cc 3.6 6.9 11.4 10.6
Am 5.8 io.8 10.4
Em 8.2 11.3
195 3 10.0

Genus—species abbreviations are: Mi=Macrocystis integrifolias
Ls=Laminaria saccharinas; Cc=Cocstaria costata: Am=Alaria
-marginatas; Em=Egregia menziesiij Cf=Cheorda filum and Fd=Fucus
distichus. Estimates use the combined data sets from
hybridizations with the FPst I fragmente in probes MiP32 and
pMiF73 and are listed as values of 100p (i.e.» the percent of
all nuclectides in a camparison having undergone
substitution). Estimates are made by compariscons of
restricticon fragment patterns {(Upholt 1977, NMei & Li 1979).

635



interorder comparisons. Interfamily sequence divergence
(100p) ranged from a low of 5.4 for comparisons between the
families Lessoniaceae and’Laminariaceae, toc a high of 11.0
between the Laminariaceae and Chordaceae. Estimated seguence
divergence (100p) ranged from 10.0-12.2 in interorder
comparisons. The average interfamily sequence divergence
{100p) was 6.7 (average of 13 comparisons). The average
sequence divergence values {(100p) calculated from seqgquences
homologous to the hybridization probes pMiPS2 and pMiP73 were
7.5 and 6.0 respectively. The average interorder sequence
divergence (100p) was 11.0 (average of &6 comparisons). The
average sequence divergence values (100p) calculated from
sequences homologous to the hybridization probes pMiPS2 and
pMiP73 were 14.8B and B.B respectively.

A total of 133 restriction sites or 778 bp were identified
in intra-laminarialean comparisons. This sample represents
abnutlD;E% of the laminarialean chlorcplast gencme [132 kb,
Laminaria hyperborea {kKowallik pers. com.); 170 kb,

Macrocystis integrifcoclia (this study)l. .
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GENERAL DISCUSSIAOM

Discussiocn overview.

Although the taxonomy of the order Laminariales is
considered to be one of the most clearly definedvamong the
algae (Druehl 1981), the actual phylocgenetic relations within
the group are poorly understoocd {(Scagel 19658). The phylogeny
presented in this study was determined by the restfiction
analysis of specific regions of the ctDNAs of 12 kelp genera
selected from four of the families that comprise the order.
This i1s the firs£ comprehensive analysis of chloroplast DNA
evolution within the Phaeophyceae.

Chloraplast thylakoids have been isclated from kelp
tissues by classic methodg for flucrescence studies or to
examine pigment compusitiun 6? characterize pigment protein
complexes (Goedheey 1970, Sugshara gt al. 1971, Barvet &
Anderson 1977, Alberte et al. 1281). Howevers. attempts to
isplate intact chloroplasts from kelp tissuwe had not been
successful pricr te the onset of this study, although since
then,s twe other groups (Barret % Anderson 1980; Popovic et al.
1983) have been successful.

In general,; this study finds the eveoluticnary relations of
the members of the order Laminariales as determined from

restriction analysis of ctDNA to be in agreement with the

previcusly established taxcnomy for the group.



Sequence variation (100p) as determined by restriction
analysis was ‘lowest in population/species cnmparisﬁns {QO.46%
by fragment method, 0.56% by site methed). These comparisons
¢and those listed below) are based on individual samples from

a population. However, additional experiments with M.

integrifolia failed to find any sequence variation at all,
either among individuals within a population, or between
paopulations from Bamfield., BC ild individuals)s; MNMootka Island.
BC.(E individuals), or Malcolm Island., BC {3 individualsi.
These populations were separated from each other by a distance
aof 400 km. Morecver, they were separated from the southern
California populaticns {Table 1), toc which they were also
identical,. by over 2500 km.

Sequence variation (100p) increased at higher levels of
taxonomic compariscen: intergenus {(1.6-5.4% by fragment method.
3.9-2.7% by site method), interfamily {(5.45-11.0% by fragment
method) and interorder {(10.0-12.2% by fragment metheod).
Although there ave no cther reports of algal ctbDMAs for
comparisons these values are consistant with earlier findings
{Table 7) for variocus éraups of angicsperm planfs. Fluhr &
Edelman (1981) and Falmer st al. (1983b) repoirted respective
sequence variation values of about 3% and between 5-10% in
intergenus cqmparisons within the families Sclanaceas and
Legumincceae. Falmer et al. {(1983a, 1985} examined
interspecies sequence variation within the genera Brassica
(Cruciferae) and Pisum (Leguminoceae) and reported values of

3% and 0.8% respectively. Interpopulaticon sequence variation

&8



Table 7. Angiocsperm ctDNA sequence divergences from

restriction analyses at variocus taxonomic levels.

Species Compared Taxonemic Level 100p Reference
Lycopersicon Population 0 1
escuientum
Pennisetum Pocpulation 0 2
amerlicanum
Aegilops Species O-1.0 3
FPennisetum Species .34 2
Brassica Species a.3 4
Fisum Species o.a 3
Micotiana Species a.2 b

Phaseclus.Glvcine, Intratamily: &—10 7

Vigna Legumincceae

Nicetiana.Atropa. Intrafamily: '3 -8

Fetunia Solanaceae

fGegilops.Triticum Intrafamily: 0.7 3
Gramineae

Femnisetum.Cenchrus Intratamily: o0.0-1.2 2
Gramineae

Lvcopersicon.:Sclanum Intrafamily: G.7 i
Sclanaceae

Micotiana.Lycopersicon Intratamily: 13 )
Sclanaceae

Micotiana.Spinacea Interfamily: 30 6

Sclanaceae—

Chamelopcdaceae

References: 1=Falmer &
3=Terachi et al. 1984;

1983a

19853 b=Rhodes et al. 198135 7=Falmer et al.

&2

Famir 19823 2=Cleqg et al. 19843
4=Palmer et al.

5 S=Palmer et al.
1783b s



has been found to be consistently low (0-0.4%) in all
instaﬁces examined (Sclanaceae: Falmer & Zamir 19823
Graminaceae: ClEgg<g£ al. 19845 Legumincceae: FPalmer et al.
1785} .

Sequence divergence values for kelp chloroplast DNA
{Tables § & &) are considerably lower than those measured at
similary taxonomic levels for animal mitochondrial DNA (Table
8). The range of chloroplast DNA variation cbserved in this
study for interfamily comparisons (5.4—11.0%) i= most similar
to that found for mitoechondrial DMNA variation between
congeneric animal epecies {(15%4). This observation has been
made previocusly (Falmer & Zamiv 1982 Palmer et al. 1985;:
Zurawski et al. 1984) in i1nvestigations of the chloroplast DNA
cf angicsperm plants. Thus, it would appear that the kelp
chloroplast genome is also eveolving slowly relative to animal
mitochondrial genomes.

The proportion of nuclectide substitutions per nuclectide
positicon (i.e.s p) can be estimated from the proportion of
fragment length differences cbserved among sample digests
(Uphelt 1977, Nei & Li 1979). However . these éEtimates should
be interpreted with some caution. The estimation medelstupan
which they are based assume that all restriction site changes
are due toc nucleotide substitution and that the distribution
of variant sites occcurs randomly. Detailed analyses of
chlorophyte ctDNAs have revealed that small additions and

deleticons are common. and that the distribution of variant

sites is nonvrandom, with the inverted repeat region evolving
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Table 8. Animal mitocchondrial DNA sequence divergences from

restriction analyses at varicus taxonocmic levels.

Species Compared 100p Reference
Human - Baboon 29 .0 Brown et al. 1979
(Homo sapiens) = (Fapio papio)
- Rhesus 27.0
' (Macaca mulatta)
- Guencen 23.0
{(Cercopithecus
aethiopes)
Salmo - Salmo 2-3.5 Wilscon et al. 1985
gairdneri clarki
Feromyscus - Peromyscus 15.90 Avise et al. 1?79
policonotus maniculatus
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move slowly than single copy vegions (Goarden gt al. 1982,
Bowman et al. 1783, Palmer et al. 1983a, Clegg et al. 1984).

In additicon, data from Nicotiana and Brassica species indicate

a clustering of variable sites at the juncture between the
lavrge single copy region and the inverted repeats (Kung et al.
1782, Falmer et al. 1983a). The upshot is that estimates of
segquence divergénce from restriction fragment pattern analysis
are ambig@aus, in that no distinction is made between the
different kinds of mutaticnal events that may have contributed
in the cobserved restriction fragment patterns. However, such
estimates dc provide an approximation of the magnitude of the
sequence divergence that has occcurred betwsen the DMAs Gfk
crganisms sharing common ancestors and hence, have been used
in this study. In order to achieve a truly unambiguous
characterization of the kinds of mutaticnal events that may
have cccuwrred, it is necessary to conmpare complete DNA

Ssequences.

Chlovroplast DHA sequence divergence.

Intergenus sequence divergence was of consiétant magnitude
between families: Lessoniaceaes U-5.4%, Laminariaceae 5.8, and
Alariaceae 5.8% (by fragment methad). One might expect to
find less sequence variation maintained within families
containing fewer species. Palmer & Zamir (1782} have reported
that a significantly greater amount of sequence variation was
found in the genus Atriplex (250 species) than in the genus

Lvcopersicon (10 species). Within the order Laminarialess the
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Laminariaceae and Alariaceae are some four—-fold more diverse

than the Lessoniaceae (Table 9). However, it is not clear

from this limited assessment, (Laminariaceae-Laminaria &

L

Costariai Alariaceae—Alaria & Egregial), that there is more or
less ctDNA sequence divergence withiﬂ either of the families.
Although the genera compared in fhis sfudy are placed in
different tribes fTable 1) and as such might be expected to
reflect the amount of sequence variation maintained in their
respective families, a more comprehensive assessment will be
necessary for certain determination.

The laminarialesan families Lessoniaceae, Alariacesae: and -
Laminariaceae appear to have diverged from each cther at
approximately the =same time (5.4-6.9% sequence divergence by
fragment method). -Hnwever, all three are collectively as
divergent from the Chordaceae (7.4-11.0% by fragment methcd)
as from Fucus (10.2-12.2% by fragment method! in the order
Fucales. Chorda is similarly divergent {(10.0% by fragment
method) from Fucus. This result indicates that restriction
analysis of ctDMA., as applied in this study, is not an
accurate indicator of sequence divergence in cdmparisnns at
the taxonocmic level of subclass. This result may be explained
by the more mutable sequences within the respective molecules
undergeing substitution at a consistant and regular rats.
whereas those under greater selectivé pressure are resistant
to significant divergence evéﬂ cver extended lengths of time.
It is unfdrtunate that a representative of an crder within the

subclass Phaecphycidae (e.g.. Sporochnus in the Sporocchnales)
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Table 9. The kelp families investigated in this study and the
number of genera and species that they contain (Druehi

unpublished).

Family Genera Monctypic Genera Species
Alariaceae g - 3 34
Chardaceae 1 Q 2
Laminariaceae 11 5 48
Lessoniaceae 8 5 12
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was not included in this assessment. Such a comparison would
be a mare accurate assessment of the feasibility of extending
restriction analysis of ctDNA to interordinal taxonomic
levels.

These results {(Table &) indicate an early separation of
the Chordaceae from the line leading to the Lessaniaceaes
Laminariaceae, and Alariaceae. PMuller et al. (1985) have
demonstrated develcpmental similarities between the orders
Dictyosiphonales and Laminariales and have emphasized their
close evolutionary relatedness. On the basis of these

amnalyses, the authors have suggested that Chovrda tomentosum be

vemoved from the Laminariales and referved to the
Dictyosiphonales. In this light, it is alsc unfortuﬁate that
a representative of the Dictyocsiphonales was not included in

the present analysis for comparison with Chorda filum.

kelp chloroplast DNA substituticn rate.

The high levels of sequence divergence observed within
angiosperm families {(Table 7) have been interpreted as
indicating an ancient arigin for these groups. The

substituticn rate determined by Zurawski et al. {1784) between

the ctDNAs of Zea and Hordeum is consistent with this
interpretation {i.e., 1.1 substitutions/bpsbillion yearsi. In
this context, the high levels of within and betwesen family
sequence divergence that kelp exhibit can be explaired in one

of twoc ways: 1) kelp are alsc of ancient origin and have



accrued the cobserved levels of base substitution at a
similarly slow rate, or 2) kelp are of a more recent origin
and the observed sequence divergence is the result of a fast
rate of substitution; either within the molecule as a whole or
wifhin the regions investigated in this.study.

In lieu of a fossil record of kelp Evolutiqn, the anly way
tc test these hypotheses is to correlate tﬁe cb=erved seqguence
divergences betweeﬁ kelp species with scme documented geclegic -
event such as continental dvift (Valentine & Moores 1974) or
anvivronmentally induced extinction phencomena (Stanley 1984).

A pcssible candidate is the well documented glocbal warming
episcde that occurred scome 2—4 million years ago {mya) in the
early Fliccene {(Buchardt 1278, Stanley 1984).

Beginning in the Cretaceocus (135 mya) and continuing
throughout the Cenczoic (70-2 mya)s the entire world underwent
a devastating climatic c;nliﬂg episocde. The fossil record of
this periocd documents the effect of a sustained -global
temperature reduction of at least 10-15 C in the catastrophic,
extinction of most of the warm water plant and animal species
in the cceans. Temperature is the most importaﬁt physical
factor regulating the gecgraphic distribution of plants in the
cceans. A particular species can survive only within a
certain range of temperatures (Fain & Murray 1982), and a
discontinuity in temperature often marks the boundary of that
species’ geocgraphic range {(Druehl 1970). The sustained
climatic cooling of the Cretacecus—Tertiary eliminated species

that could not accomodate cocler temperatures and that could



not migrate to warmer refugia {(Stanley 1984). Conversely.
warm sensitive species such as kelp could have vastly expanded
their normal distribution and, if sufficient cocling had
acccurred, cross the tropical latitudes intce the scuthern
hemisphere. A sustained global reduction of 10 C in mean
annual temperafure woiild have been sufficient to comnect the
northern and sauthern heéisphere temperate bictas wia a cold
water "corridor” through the tropics (Setchell 1915). Oxygen
isotope and faunal extinction data (Flint 1971, Buchardt 1978,
Stanley 1984) indicate that such conditions probably existed
in the middle QOligocemne (35-20 mya) and late Miccene (10-5
mya). The aforementioned Pliccene warming episcde would have
been of sufficient magnitude to dissclve the late Miccene
"corvidor” and cause the peoleward migration of warm sensitive
kelp. The present day distribution of the giant kelp

Macrorcystis suggecsts such a scenaric. Unigque among kelp,

Macrocystis is one of only a few genera to cccur in both

hemispheres. It is feasible that the reproductive isciation
of the North American and Chilean Macrocystis populations
investigated in this study can be estimated from the
biageagraphiéal recoerd of the last cccurrence of a cold ﬂater
corridor connecting the temperate regions of the two
hemispheres. With that event fixed in time, the amount of
sequence divergence observed Between northern and scuthern

hemisphere Maciccystis populations tocday can be used to

estimate the rate at which the kelp chloroplast genome is

evoelving.
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Although it is likely that a Pliccene warming event was
responsible for separating northern and - scuthern hemisphere

Macrocystis populaticons, was it the most recent instance? The

Fliocene era culminated with the onset of the Pleistccene Ice
éges (Buchgrdt 1978), and it might seem likely that the
northern and scuthern hemisphere bictas would have again
become confluent with the world-wide reduction in seawater
temperature that cccurvred during‘this time. However . the Ice
Ages were not static pericds of consistent climate patterns.
They were comprised of intervals of cold, periglacial; and
full glacial conditions that alternated with warm interglacial
pericds from the end of the Fliccene (1.8 mya) to the end of
the last ice event (8300 BC). The amplitude of temperature
alterations during the fluaternary was at least three fold
greater than during the Miccene {(Hodell et al. 1?236). Oxygen
isotope analysis of fossil foraminiferal shells from the
western equatorial Pacific, the Caribbean, and equatorial
Atlantic have revealed that seawatsr temperature in the
tropics fell to a minimum of about 22 C during this time
period; These data indicate that low temperatﬂre intervals
alternated with pericds where seawater temperature warmed to
above 27 C in cycles of about 40,000 years duration. These
cycles were repeated some nine times in the last 700,000
vears, with the most recent temperature minima occurving about
20,000 years agoe (Emiliani &‘Shackletun 1974). The duration
of the cocling portion of these cycles was on the order of ten

thousand years. although temperature minima persisted for less

78



time.

It is concievable that the warming events that cccurred
before and interspercsed between the glaciatian eventes of the
Fleistoccene created an unstable temperature climate that
precluded the reformation of thebgaldeater bridge between
novthern and scuthern hemisphere biatas that had per=isted
into the early Pliccene {about & mya)d. The recently
documented (Dayton 1984, North et al. 178S) devastation of

Macrocystis in scuthern California in the wake of the warming

effects of the 1982-84 El1 Nino event is convincing evidence of
the sensitivity of this species to warm water cnnditioné. In
addition, although Macrocystis has been cbserved to migrate at
rates of 30-50 miles a year under favorable temperature
cenditions {(i.e., 15-20 C5 Wheeler North, pers. comm.}, the
slow reestablishment capability of Macrocystis documented by
Morth (19587) following an earlier (19257-59) warm water
devastation inlthé same reglion is evidence of the relatively
limited range extention capacity of this species in response
to unstable temperature conditions. In this light  then, a
possible date for the reproductive isclation of the northern

and scuthern hemisphere HMacrocystis populations would be some

4 myx in the early Fliocene.
A substitution rate of 1.17 substitutions/bp/billiocn years

can be calculated from the inter—hemisphere Macroccystis ctDiA

sequence divergence values ascsessed in this study (p=0.0054,

Mei & Li 197%?) and the estimated reproductive isclation of the

northern and scuthern hemisphere Macvocvstis populations at
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the begimning of the Fliccene some 4.8 mya {(Hodell et al.
1984). This figure is in agreement with the 1.1
substitufinnsfbp/billinn vears estimate of Zurawski et al.
(1984) Tor the subétitution rate’qf angiosperm ctDMA.

Alternatively, if the reproductive isolation of northern and

southern hemisphere Macrocvystis cccurred during the last
tropical minima {i.e., about 20,000 years agos Emiliani &
Shackleton 1974) a substitution rate of 23
substitutiens/bp/million years can be derived. This value is
two orders of magnitude faster than the ratese calculated for
anglosperm ctDiMA (Eurawski‘gg al. 1984) . It should be
understood that the sequence divergence value used in this
calculation is based on the assessment of a limited ﬁnrtinn of
the Macvrecocystiis chloroplast genome; However, as a first
approximations this analysis provides én interesting basis
that may be addressed by further investigations. In
conclusion, 1t is my estimation that it is most likely that
the chlaroplast gencme of the kelps is not evolving at an
accelerated rate, but that it is evelving at a similar rate to

that of the angiosperm plants.

Fhvlocgenetic relatinnships in the Laminariales.

Chlorcplast DNA svoclutionary trees were constructed for
intrafamily and interfamily comparisons by parsimony analysis
{(Phylip program of Joe Felsenstein, Univ. of Hashingtonl). The

number of phylogenetically informative restricticn site
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phenctypes (i.e., shared by two or more DNAs) for intrafamily
comparisons (7 enzymes) were 54, whereas 40 sites were unique
te a single DNA. In interfamily comparisons (9 enzymes)s the
number Gf‘phylogenetically infarhative restriction fragments

was 40 while 116 were unique toc a single DNA.

Parsimeny analysis does not result in a rooted tree.
Fhylogenetic information is cbtained from the branching
relationships of the resulting networik. Q.Qriori, any group
in the netwérk could be chosen as the root and a consistant
branching pattern calculated in reference to it. However. by
ivicorporating such jusfifiable reference features as known or
assumed ancestors or ocutlying species, the shape of the tree
can be adjusted internally to reveal the best approximation of
the true.evolutionary relationships. The trees in Figure 14
(Paﬁel A—-intrafamilys Panel B-interfamily) best reflect the
evaluticnary history of these taxa as infervred from the
chloroplast DNA divergences reported in this study.

The ctDNAs of Dictvoneurum and Dictvoneuropsics were

identical for the present comparisons, and the intrafamily
tree (Fig. 14-Panel A) includes only a single branch
representing their phylogenetic lineage (labelled

Dictvoneurum). The Dictyoneurum branch is indicated as the

mest ancient lineage in the group by its placement at the base
of the tree on the far left. The most recent divergénce
within the greocup cccurred in the line leading to the
Nereccystis and Postelsia branches, and it is indicated by its

terminal position on the far right. The interfamily
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Figure 14.

Phylogenetic trees for six lessoniacean genera
{Panel A) and four laminarialean families (Panel
B). The tree in (Panel A) depicts the most
parsimonious branching order from ctDNA
restriction site maps (Figures 6 & 8). The tree
in (Panel B) depicts the most parsimonious
branching order from ctDNA restriction fragment
length data. Trees are compiled from the combined
hybridization results of both probe sequences
pMiPS2 and pMiP73. Relative time is indicated in
the figures by more ancient to more recent
divergences being drawn from left to right.
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phyleogenetic lineages within the Laminariales (Fig. 14—-Panel
A, Figure 14-Panel B) are referenced toc each other by the
ancient divergence of the fucalean line from the base.ﬂf the
tree. Laminarialean lineages branch td the right with the
Chordaceae diverging early from‘the line leading‘to thé
Lessoniaceae, Alariaceaes and Laminariaceae. Although ctDNA
sequence divergences indi;ate that the families Lessoniaceae,
Alariaceae, and Laminariaceae are equally divergent; parsimony
analysis of shared restriction fragment lengths indicates that
the Alariaceae and Laminariaceae have diverged most recently.
The Lessoniaceae diverged earlier from the common ancestor to
the Alariaceae and Laminariaceae. The comparatively similar
unbranched morphologies of the Alariaceae and Laminariaceae
{with the exception of Egregia) support this asscciation. In
that bath the Lessnniaceae and Alariaceae/Laminariaceae
lineages exhibit specialized soral blades, sorus formation on
vegetative bhlades., and midrib structures in vegetal blades., it
is likely that these characters were present in the comhon
ancestor to the three families. The most significant
discriminating feature between the families would then remain
thallus branching format (i.e., unbranched, pinnate. or true

branching).

Bicgecgraphical distribution and evelution in the

Lessoniaceae.

Primarily of an anti-—-tropical distribution, the
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Lessoniaceae are found circum—subantarctic and along the West
coast of South America in the scuthern Hemisphere, and aleng
the West cocast of Morth America. The place of crigin of a
taxon is-cunsidEred to be that ldcation‘in which it is most
diverse. It is thought that the richest centers produced
competitively advanced individuals superiocr to the parental
forms and that the subsequent interaction tended to force an
outward dispersal of the more primitive forms. TndaQ the
greatest diversity of kelp species is encountered in the
southern kKuriles—northern Hokkaido region of Japan and in the
vicinity of Vancocuver Island in scuthern British Columbia,
Canada {(Druehl 1981).

The differences between the absclute magnitudes of the
sequence divergences obtained by fragment and site analysis

{Table 3) were consistantly observed. However, the

were maintained by fragment comparisons. Sequence divergence
determined by site analysis was on average about 1.8 times
that determined by fragment analysis. This is likely due to
the fact that the fragment method dces not conéider back
mutation (Nei & Li 197%). As a result, the use of the
fragment method is most accurate when the number of
substituticone per nuclectide site is relatively =mall. This
is seen. in the similarity of the respective'sequence
divergence estimates of the =site and fragment mefhads in
comparisons of populations and species of Macrocystis [i.e.,

100p=0.446 (fragment method) and 0.546 (site method)l.
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Therefore. the magnitudes of the sequence divergence estimates
obtained in comparisons of more distantly related plants
{e.g.» genera both within and between families) are
underestimations. Accordingly, the I.BItimes difference
between the twoc methods was used to equate the magnitudes of
the interfamily fragment method sequence divergeﬁce values
with the more accurate siteAmethod values determined in
intrafamily comparisons. This was done sclely to estimate
divergence times between the four kelp families. The
following interpretation of the evolutionary history of the
kelps was determined from the ciDNA sequence divergence data
obtained in this study, and the ctDMA substitution rate
derived for Macrocystis from biogecgraphical and ctDNA
restriction analysis data (see above). About 150 mya the
lineage leading to the present day kelp family Chordaceae
diverged from the line that eventually led to the families:
Lessoniaceae, Laminariaceae, and Alariaceae. Scme 80-100 mya
the diversification of these three families occurred.

Within the family Lessoniaceae. the early divergence

(70-80 mya) of the DictyoneurumiDictyoneurousié lineage is of

particular interest, as it would have been concurrsnt with the
diversification of the three principle kelp families discussed
above. Thiss in conjunction with its relatively
unspeciallized morphology, may indicate it as being
representative of the ancestfal lessoniacean "tyhe“.

Subsequent divergences of Lessonia., Lessoniopsis. Macrcoccystis.

and the line that led to the present day Hereccystis and



Postelsia occurred about 60-65 mya. The combination of the
movement of cold water toc lower latitudes and the formation of
a ccld water connection along the West coast of the Americas
allowed for the scuthward dispefsal of ﬁacrocystis and
Lessonia- In the Nofthern hemisphere, Nereccystis and
Postelsia apparently diverged from a common ancestor about 30
mya.

Again it should be stressed that these estimateé are based
on a substitution rate calibration that has been determined
from a limited assessment of the Macroccystis chloroplast
genome and are therefore tentative at best. The only other
ctDNA substitution rate estimate available was deterMinéd from
angiosperm ctDMA sequence compariscns. As ment ioned
previcusly, the estimation of kelp family and genus divergence'
times based on the angiosperm ctDMA substitution rate would

not yield significantly different results.
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SUMMARY

DNA extraction vields.

Total cellular DMNA was isclated from kelp blades at vyields
of about 1mgr per gram wet weight of tissue extracted.

Furified nuclear and chloroplast DNAs were isclated from M.

inteqrifolia at respective yields of about S50 ngr and lmgr per
gram wet weight of tissue extracted. DNA yields from kelp
tissues by my protocol are 1/25-1/10 those obtained from

angliosperm plants by varicus other protocols.

Chloroplast genome characterization.

The size of the chloroplast genome of Macrncystié

integrifclia is about 170 kb. The chloioplast genome of M.

integrifolia is comprised of both repeat regions and single

copy regigné= The repeat region=s sncode the rvRMA genes and,
conseqgquently, the chloroplast genomes of kelp species encode
twoe copies of the 235 vRMA gene (Fig. 4. Table 4). %he
chloroplast genes atpB. rbcl,. and psbA appear toc occcur only

cnce on the M. integrifolia chlorcocplast gename’and hence are

presumed toc be encoded in the single copy regions of the
molecule (Figs. 4 & S5, Table 4). The repeat regions of the
chloroplast genomes of kelp underge nuclectide substitutiens

less frequently than do the single copy regions.
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Chloroplast DMA sequence divergence at comparable taxonomic

levels in kelp and anqiospggﬂfplants.

"With only thirty genera divided intoc five separate
families, the classification of the order Laminariales might
appear.tn bé somewhat artificial. However, kelp ;hlorqplast
DNA seqﬁence divergences at the species, genus, and fami;y
levels is comparable to those determined for simila%.taxﬂnamic
levels among the much more diverse angicsperm plant families
(Table 7). Such data may justify the high level of taxconomic

distinction accorded to the Laminariales.

Interpopulation/Interspecies sequence-diverqencgg.

Morthern and scuthern hemisphere M. integrifolia

populations have diverged at about 0.5% of the base pairs in
their réspective chloroplast genomes. No sequence divergence

was chserved among or between ncrthern hemisphere M.

integrifolia populations. No sequence divergence was observed

among or between northern hemisphere M. integrifclia and M.

pyrifera species. Thus the northern hemisphere species M.

integrifolia and M. pyrifera have shared a common ancestor

more recently in their evoclutionary past than have the
northern and scuthern hemisphere populations of M.

integrifolia.

Intrafamily seguence divergence.

With respect to the analy=is employed in this study, the

chloroplast genecmes of the lesscniacean genera Dictvoneurum
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and Dictvoneuwropsis are identical. In that at least 0.5%
sequence inergence was observed between the ctDMNAs of
species/populations within the genus Macrocystiss it is likely
that genus level diétinction between these plants is not
justified. On the basis of buthvthe parsimcny analysis of
shared restriction sites and sequence diveirgence
determinafihns, Nereccystis and Pﬁételsia are the most claosely

related genera within the Lessoniaceae, and Dictvoneurum the

mast distant relation (Fig. 14 and Table 5). Tcgether,

Macrocystis and Lesscniopsis comprise a loosely defined

subgroup that is mocre clesely alligned with the

Nereccystis—-Postelsia subgroup than with Lesscnia or

Dictvoneurum. However, in these comparisons parsimony

analysis and sequence divergence determinaticns give
conflicting results. Sequence divergence determinations

indicate that Macrocystis is more closely related to

Mereocystis and Postelsia than is Lessoniopsis (Table S5) .
Parsimony analysis of shared restriction sites gives the
ocpposite result (Fig. 14).

The range of ctDNA sequence divergence that exists within
the families Alariaceaé and l.aminariaceas may be similar teo
that in the family Lessoniaceae (Tables 5 & &). .Twa genera
from different tribes in the lLaminariaceae and Alariaceae were
investigated in this study (Table 1). However. the degree of
morphalogical difference that is required to srect
taxoﬁamically distinct tribes within a family is not

representative of the range of ctDNA divergence extant within
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that family. That is, highly diverged merpholcogies de not
necessarily imply highly diverged ctDNaAs. The ctBPNAs of
additienai representatives of the Laminariaceae and Alariaceae
must be investigated before their relativeidivergEﬂces can he

discusesed.

Interfamily ceguence divergence.

The Tamily Chordaceae diverged early from the line leading

to the cleosely inter~related families Slariaceae.s

o

Laminariaceae, and Lessoniaceae (Figure 14 and Table &6). The
relative divergences of the Alariaceae, Laminariaceaes, and
Lesscniaceae is not clear. The sequence divergence of the
CtDMAs of selected representatives indicates that these three
families are equally divergent {(Table &). On the cther hand,
parsimony‘analysis of shared restriction fragment lengths
indiéates that the Alariaceae may be more closely rela

the Laminariaceae than are the Les=oniaceae.

Cubstitution rates in laminarialean chlovronlast DMS.

A substituion rate of 1.17 nuclectide substitutions 7hp/
pillien yvears can be calculated from the inter—-hemizphere

Macrocystics cthiNa sequence divergence values asssssed in this

study and the estimated vepreoductive isclation of the northern

and scuthern hemisphere Macrocystis populations 4—-8 mva

{Hodell et al. 19856). This figure is in clase aéreement wilth

the '1.1 nuclectide substitutions sbp/ billien yvears sstimate



of Zurawski et al. (1284) for the substitution rate of
angliosperm ctDNA.

In this light, it has been estimated that the Chordaceae
diverged from the main line of lLaminarialean evolution about
150 mya. The divergence of the Lessaniaceée, ﬂlariaceaea and
Laminariaceae cccurred some 80-106 mya, and the lessoniacean
genera investigated in this study diverged over the last 30-70
my. For purposes of reference, Muller {(1981) has determined
from fossil pollen deposits that the monccotyledonous and
dicotyledonous subclasses of the Angiospermae diverged some
100-150 mya. In the same study it was estimated that the
dicotyledonous families Cruciferae, Solanaceae,
Chamelcpodaceae, and Lequminacease have diverged over the last

S0—-100 my.
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PROPOSALS FOR FUTURE RESEARCH

I. Construct a complete réstrictinn map of the chloroplast
genome of Macrocystis for overall sequence organizatien
determination and gene,lmcation.’ Are there‘interesting
differences with respect toc angicspernm and other aigal

systems?

II1. Examine the question of mutation rate in the nuclear and
chloroplast genomes of kelps. Utilize clearly datable
bicgeagraphical events as time }Eferences {e.g.s northern &
southern hemisphere segregation of Macrocvystis by gloﬁal

temperature fluctuations).

I11. Determine the relative divergences between selected
representatives of the Alariaceae, Laminariaceae, and
Lessoniaceae by sequence analysis of selected regions of their

respective ctDhAs.

IV. Use restriction analysis toc quantify the range of ctDNA
sequence divergence that is extant within the Alariaceae,
Laminariaceae, Chordaceae, and Phyllariaceae. Are they

equivalent?
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V. Examine ctDMA relaticns between the laminarialean
families Chordaceae, Phyllariaceae and a representative cof the
closely related order Sporochnales (Fhaecphycidae). This
information would provide insight as to both the early
diversification of the Laminariales and the divergence of the

Laminariales and Sporochnales.

VI. Determine nuclsar sequence divergence and perform

crossability tests between Dictvoneurum and Dicitvoneurocpsis

and alsce between Macrocvstics pyrifera and M. integrifolia to

determine if they -are congeneric species or conspecific

n

ecatypes/forms.
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