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Chloroplast DNA and Molecular

Phylogeny

Jeffrey D. Palmer

Summary

The small, relatively constant size and
conservative evolution of chloroplast
DNA (cpDN A) make it an ideal molecule
for tracing the evolutionary history of
plant species. At lower taxonomic levels,
c¢pDNA variation is easily and conve-
niently assayed by comparing restriction
patterns and maps, while at higher
taxonomic levels, DNA sequencing and
inversion analysis are the methods of
choice for comparing chloroplast gen-
omes. The study of cpDNA variation has
already yielded important new insights
into the origin and evolution of many
agriculturally important crop plants, and
promises to significantly enhance our
phylogenetic understanding of the major
lines of descent among land plants and
algae.

introduction

The widespread availability of many
different restriction endonucleases, to-
gether with the development of rapid
techniques for cloning, mapping and
sequencing DNA, has led to a recent
explosion of studies in which DNA
variation has been used as the basis for
reconstructing the phylogenetic his-
tories of various groups of organisms.
The most intense of these efforts has in-
volved the use of mitochondrial DNA
sequence variation to describe popula-
tion structure, introgression, and spe-
cies relationships among a wide variety
of animals, most prominently primates
and rodents.»? Although the pace of
DNA systematics research in plants has
been stower, there has emerged over the
last few years a critical mass of data
demonstrating the phylogenetic utility
of one of the three plant cellular
genomes — the chloroplast genome — for
at least one major group of plants, the
angiosperms. Before discussing these
recent studies, I will first briefly review
relevant information on the evolution,
inheritance and usefulness in phylogene-
tic studies of cpDNA as compared with
plant mitochondrial and nuclear DNA.

Evolution and Phylogenetic
Suitability of cpDNA

Overall, in terms of its size, organization
and sequence, cpDNA is the most
conservatively evolving genome
known.?>~®* Among all characterized land
plants, cpDNA has been found to vary
less than twofold in size, from 120 to
210 kb.4-5> Moreover, almost two-thirds
of the observed variation results not
from changes in sequence complexity
(which varies only from 115 to 150 kb),
but from changes in size of a large in-
verted repeat sequence present in almost
all chloroplast genomes. Although
chloroplast genomes are very static in
size, with large length mutations (i.e.
deletions and additions) occurring only
very rarely, small length mutations of a
few bp to several hundred bp are
relatively common during chloroplast
genome evolution. The linear order and
arrangement of chloroplast sequences
is extraordinarily conserved among
almost all land plants.®> With one
documented exception (see ‘Higher
Order Relationships’, below), all groups
of land plant cpDNAs contain the
aforementioned, large inverted repeat
sequence (e.g. Fig. 1). Sequence inver-
sions (e.g. Fig. 1) and transpositions
occur only very rarely in most chloro-
plast genomes.
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The rate of nucleotide substitutions is
extremely low over the chloroplast
genome as a whole and in most
sequenced genes.** In spite of the low
overall rate of cpDNA sequence evolu-
tion, different chloroplast genes do
evolve at different rates,* thus providing
a range of molecular yardsticks for mea-
suring evolutionary distances at various
taxonomic levels. Accompanying the
low rate of nucleotide substitutions in
evolution is a relatively low transition—
transversion bias.** These two factors
are reflected in the extremely low
incidence of parallel and convergent
cpDNA restriction site mutations found
in studies at the interspecific level (see
next section).

The conservative evolution of the
chloroplast genome provides it with
distinct advantages in phylogenetic
studies compared to the much more
dynamic and diverse mitochondria® and
nuclear® genomes of plants. Chloroplast
genomes are sufficiently small and
constrained in size that the entire array
of fragments produced by many restric-
tion endonucleases can be easily visu-
alized on a single agarose gel. Such
resolution is impossible to obtain for all
nuclear genomes and for ail but the
smallest plant mitochondrial genomes.
In addition, the small size of cpDNAs
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Fig. 1. Mapping of a 50 kb inversion between mung bean and spinach cpDNAs. The circular chloroplast
chromosomes are shown linearized 1o facilitate comparison. Each of 14 cloned mung bean restriction
Sfragments (sizes given in kb) was hybridized to a nitrocellulose filter containing spinach cpDNA restriction
Jragments. Lines drawn between the two maps indicate regions of homology in the two genomes. Heavy
horizontal lines indicate the position of a large inverted repeat in each genome. Reprinted with permission

from Cell (ref. 26); copyright held by M.I.T.
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(together with their high copy number in
leaf cells and relatively straightforward
purification) greatly facilitates the isola-
tion and cloning of individual chloro-
plast genes for sequencing studies. The
rapidity with which plant mitochon-
drial* and nuclear® genomes rearrange
their sequences makes it very difficult to
describe in any comprehensive and
satisfactory manner the evolution of
even moderate-sized portions of the
genomes, whereas the evolution of an
entire chloroplast genome can be descri-
bed rather easily. Chloroplast genomes
are essentially free of any of those
evolutionary processes, such as gene
duplication and deletion, concerted
evolution and pseudogene formation,
which are common among nuclear
genes and which can dangerously distort
the evolutionary history of DNA se-
quences relative to that of organisms
(see discussion in refs. 7 and 8).

Given these disadvantages of mito-
chondrial DNA relative to the chloro-
plast genome, plus the lack of any
relative advantages (the two genomes
have the same pattern of inheritance
and similarly slow rates of sequence
evolution),* it appears that plant mito-
chondrial DNA has very little to offer
for phylogenetic studies. At best, it is
likely to be occasionally useful for
purposes of classification, as opposed to
phylogenetic reconstruction, as in the
case of maize and its relatives.?

Although plant nuclear DNA is
phylogenetically ‘ difficult’ compared to
cpDNA, as a result of its large and
variable size, complex modes of rear-
rangement and concerted evolution, it
does possess two attributes that make it
quite useful for studies of genetic
variation at the interspecific level and
below. First, certain nuclear sequences,
in particular the ribosomal DNA non-
transcribed spacer, appear to evolve
more rapidly than any cpDNA sequen-
ces. Such nuclear sequences allow a finer
level of genetic discrimination, particu-
larly at the population level,'® than do
sequences of the highly conserved
chloroplast genome.

Most critically, from the standpoint
of phylogeny, nuclear and chloroplast
genomes are inherited differently and
thus trace potentially different evolu-
tionary histories. The nuclear genome
is, of course, always inherited in a bi-
parental, Mendelian fashion, whereas
the chloroplast and its genome are often
inherited maternally.’' Furthermore,
cpDNA inheritance is always clonal,
since even where chloroplast inherit-
ance is itself biparental, it is accom-
panied by somatic segregation in the

complete absence of chloroplast recom-
bination. It is common knowledge that
processes of hybridization, introgres-
sion and polyploidization are wide-
spread among plants.}? It is therefore
important, whenever taxa capable of
hybridization are being studied (gener-
ally this means taxa from within a
genus), to compare the clonal, generally
maternal,
cpDNA with the biparental phylogeny
derived from nuclear DNA and other
characters under nuclear control.

Interspecific Relationships

The great majority of studies that have
used cpDNA variation to assess phylo-
genetic relationships have examined
cpDNA restriction site variation among
closely related plants, usually species
within a single genus. Those genera that
have been studied in the greatest detail
include Lycopersicon,'3 Pisum,*
Brassica,'®'%  Triticum—Aegilops,}"-1®
Nicotiana'®?® and Solanum,?* while a
number of other genera have been

phylogeny derived from

studied in lesser detail (reviewed in refs.
7 and 8).

As a result of the slow rate of cpDNA
evolution, restriction patterns of
cpDNAs from species belonging to the
same genus are often similar enough to
allow critical analysis of mutational
differences by direct inspection of the gel
profiles. For example, the only differen-
ces in the Kpn I patterns (Fig. 2) of
cpDNAs from eight Lycopersicon spe-
cies and two closely related Solanum
species are most easily attributed to the
presence of one additional Kpn I site in
the Lycopersicon cpDNAs, resulting in
unique fragments of 4.8 kb and 2.8 kb,
within the Solanum-specific fragment of
7.7 kb. Where more complex enzyme
patterns are compared among species at
the extremes of a genus’s phylogenetic
tree it is sometimes necessary to perform
specific mapping experiments (usually
by filter hybridization) in order to
clarify the mutational nature of ob-
served fragment differences.'®

By treating each restriction site as a
single two-state character one can use
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Fig. 2. Restriction site mutation distinguishing eight Lycopersicon cpDN As from two Solanum cpDN As.
Purified cpDNASs from ten different species (lane numbers correspond to species accession numbers given
in Fig. 3) were digested with Kpn I and fragments were separated in a 0.8%, agarose gel. Numbers at right
are fragment sizes in kb. Arrows indicate fragment size differences ascribable to a specific restriction site
mutation (see text). Reprinted with permission from Proceedings of the National Academy of Sciences,

USA (ref. 13).



cladistic principles, usually based on the
parsimony assumption, to construct a
phylogenetic tree which incorporates
the evolutionary information from all
restriction-site mutations found among
a given group of cpDNAs. The tree
shown in Fig. 3 is based on analysis of
the 10 cpDNAs shown in Fig. 2, plus five
other DNAs, with 25 different restriction
endonucleases.'> Among the 15 DNAs,
a total of only 40 independent restriction
site mutations (Fig. 3) were detected
among 484 restriction sites (2800 base
pairs) examined. The very low rate of
cpDNA base sequence change is evident
from the fact that pairwise sequence
divergence values between species
ranged from 09, to a maximum of only
0.7% . Moreover, this tree postulates
only a single case of homoplasy (conver-
gence or parallelism) in restriction site
mutations. This low incidence (2.5%, ) of
homoplasy compares favorably with
values of 509, or more that are often
obtained in studies using morphological
or protein characters, and is one reason
why cpDNA holds so much promise for
systematic studies.

Relationships within the genus Lyco-
persicon based on the cpDNA-derived
phylogeny shown in Fig. 3 are in general
agreement with those based on classi-
cal criteria, in particular those of
morphology? and crossability.?* How-
ever, the molecular data provide a
quantitative estimate of relationships
that is hard to obtain otherwise, and in
addition provide more detailed resolu-
tion at several places. Five separate
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8 L. esculentum
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Fig. 3. CpDNA phylogeny for Lycopersicon and
two related species in Solanum. Numbers at
termination of branches indicate accessions (see
Table 1 of ref. 13). Numbers on the branches
indicate the number of cpDNA restriction site
mutations specific to each branch. Reprinted with
permission from Proceedings of the National
Academy of Sciences, USA (ref. 13).

restriction site mutations define the
three red—orange fruited species in the
genus (all other species have green
fruits) — L. esculentum (the cultivated
tomato), L. pimpinellifolium and L.
cheesmanii — as a single monophyletic
clade (Fig. 3). This result very strongly
suggests that the mutation(s) leading to
the ability to synthesize red—orange
carotenoid pigments within the tomato
fruit occurred only once within this
group of species. The cpDNA analysis
is in excellent agreement with recent
studies?®- 2¢ which have argued that §.
pennellii is misplaced in Solanum and
properly belongs within Lycopersicon.
The major surprise from the cpDNA
study is that the limited amount of
intraspecific cpDNA polymorphism
found among six accessions of L. peru-
vianum encompasses the two species
L. chilense and L. chmielewskii (Fig. 3).
Since L. chmielewskii is not thought to
be closely related to L. peruvianum,?
this result could indicate either the
occurrence of cytoplasmic exchange
between the two species, through intro-
gressive hybridization, or else that the
degree of their reproductive isolation®?
is not a very good measure of their
overall genetic similarity.

A particularly powerful use of
cpDNA variation is to elucidate the
specific parentage and timing of origin
of the hybrid species and polyploid
complexes that are so common among
plants.!*-%1 For example, two groups of
investigators!®-'® independently analy-
zed the maternally inherited chloroplast
genomes of six Brassica species in order
to elucidate the maternal and paternal
parentage of the three amphidiploid
species whose putative nuclear origins
are shown in Fig. 4. Both groups were
able to assign unambiguously the mater-
nal progenitors for the amphidiploids
B. carinata and B. juncea as B. nigra and
B. campestris, respectively (and by sub-
traction, that B. oleracea and B. nigra
must have served as the paternal parents
in these crosses). In addition, Palmer et
al.1® were able to identify a specific line
among several different lines of each of
nigra and of campestris that is most
likely to have served as the maternal
progenitor for each of the two diploids.

Quantitative analysis of the number
of cpDNA restriction site mutations
distinguishing a given amphidiploid
from each diploid parent, and also the
two parents from each other, allowed
insight into the relative timing of the
interspecific hybridization event. Thus,
the fact that the carinata chloroplast
genome is identical at all 3000 bp of the
restriction sites compared to that of a
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Fig. 4. Hypothesized origins of three amphidiploid
species of Brassica from three diploid species.
Haploid chromosome numbers and genome designa-
tions are indicated. Based on cytogenetic studies

of U

specific nigra line allowed the conclusion
that this hybridization must be a very
recent event.!* The fact that nigra and
oleracea differ at a large number of
restriction sites (2.4%, sequence diver-
gence) indicates that the two species
must have diverged quite some time ago
relative to their recent hybridization to
form carinata.'

Most surprisingly, both studies'® !¢
found that the chloroplast genome of
the amphidiploid B. napus is quite
unlike that of either diploid species (Fig.
4) that gave rise to the napus nucleus. In
fact, formal cladistic analysis indicates
that the napus cytoplasm may actually
have diverged from a cytoplasm which
is a common ancestor of the oleracea
and campestris cytoplasms, i.c. that the
napus cytoplasm divergence predates
that of the two diploids from one
another.'® To explain this discordancy
between maternal, chloropiast and bi-
parental, nuclear phylogenies, it was
postulated that B. napus received its
cytoplasm by introgression of some
foreign, unidentified Brassica cyto-
plasm.’®* Thus the cpDNA results
suggest that B. napus has a particularly
complicated history, involving both
interspecific hybridization, as well docu-
mented between B. oleracea and B.
campestris, and possibly also introgres-
sive hybridization.

Higher Order Relationships

Compared to the wealth of phylogenetic
data gathered from cpDNA systematic
studiesat theinterspecificlevel, relatively
little effort has been made to apply
molecular techniques to the study of
higher-order relationships among plant
families, orders and classes. Four studies
have extended the approach of compa-
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ring restriction fragment patterns and
maps in order to study evolutionary
relationships among different genera
within a family (reviewed in refs. 7 and
8). Unfortunately, the phylogenetic
insights gained in these studies have
been necessarily limited by the small
numbers of taxa examined.

As mentioned in an earlier section,
major structural rearrangements, i.e.
large length mutations, inversions and
transpositions, occur very rarely during
the course of chloroplast genome evolu-
tion. However, when found, these
mutations often serve as very prominent
and powerful phylogenetic markers,
demarcating major dichotomies among
plant groups. For example, the large
inverted repeat sequence shown in Fig.
1 for the chloroplast genomes of spinach
and mung bean is an evolutionarily very
ancient structure that has been lost only
once among all land plants examined.
One entire segment of this duplicated
sequence has been deleted from the
chloroplast genomes of species belonging
to at least eight genera and four tribes
of legumes, while the repeat structure
has been retained within species (includ-
ing mung bean) from at least four other
genera and two other tribes of
legumes.” ® 26 Thus this deletion muta-
tion makes a deep and profound split
within the legume family. The 50 kb
sequence inversion shown in Fig. 1 is
shared by the chloroplast genomes of all
twelve genera and six tribes of the
legume subfamily Papilionoideae that
have been examined.’ %2 It will be
interesting to see whether this inversion
is also shared by species belonging to the
other two legume subfamilies (Mimo-
soideae and Caesalpinioideae), and
perhaps also by related families in the
subclass Rosidae. Several other cpDNA
sequence inversions have also been
found that make major phylogenetic
groupings among and within families
of flowering plants (reviewed in refs. 7
and 8).

A particularly profound phylogenetic
insight gained by comparing the se-
quence of genes in chioroplasts and in
eubacteria, cyanobacteria in particular,
is that chloroplasts almost certainly
originated by the endosymbiotic associ-
ation of a photosynthetic prokaryote
and a primitive protoeukaryote.42?:28
Furthermore, sequence comparisons
suggest that different plastid lineages
were established by multiple indepen-
dent endosymbioses.

Conclusions

By virtue of its easy purification, small
size, highly constrained organization,
and slow rate of sequence evolution,
cpDNA s particularly well suited for
phylogenetic studies at a range of
taxonomic levels. Thus far, this potential
has been demonstrated primarily in
interspecific studies, many of which
have examined the origin and evolu-
tionary relationships of various impor-
tant crop plants. A feature which has
provided unique insights into the paren-
tage and timing of origin of interspecific
hybrid species and polyploid complexes
is the predominantly maternal mode of
inheritance of cpDNA. Although little
effort has been made to apply cpDNA
analysis to resolving higher-order taxo-
nomic relationships, it is predicted that
significant advances in our understand-
ing of the evolutionary relationships of
major groups of plants will come
primarily from comparative sequence
studies of chloroplast genes.
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the National Science Foundation
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The Astral Relaxation Theory of
Cytokinesis Revisited

J. G. White

Summary

Cytokinesis in animal cells is accompli-
shed by the active constriction of the equa-
torial regions of a cell by an actomyosin-
containing contractile ring. The mitotic
apparatus specifies the position and
orientation of the furrow such that the
mitotic spindle is always bisected. Global
cortical contractions occur in the cortex
of a cell prior to cytokinesis that are
independent of the presence of the mitotic
apparatus. It was proposed some years
ago that the asters of the mitotic
apparatus couldact torelax the preformed
cortical tension in their vicinity. This
would produce a differential in tension
between the equatorial regions and the
adjacent regions of the cortex so that the
equatorial regions would contract, for-
ming a cleavage furrow. It can be shown
that, as it stands, this theory cannot
explain cleavage. However, if cortical
contractile elements are assumed to be
laterally mobile in the plane of the cortex,
then the astral relaxation theory can
account for many of the aspects of
cleavage, including the formation of the
contractile ring. Similar schemes may
account for the behaviour of the lamella-
podia of motile cells.

Introduction

Cytokinesis and mitosis are the funda-
mental mechanisms that bring about the
division of cells. The two mechanisms
work in concert, the cleavage furrow
always bisecting the mitotic apparatus
(MA) after the chromosomes have
separated and have migrated to the
poles, thus ensuring the equipartition of
genetic material to the daughter cells. In
spite of the fundamental nature of

cytokinesis, it has received relatively
scant attention from contemporary cell
biologists. The subject has, however,
been studied for many years by a few
enthusiasts, who have accumulated a
considerable body of observational and
experimental data. A knowledge of the
mechanisms involved in cytokinesis will
have considerable intrinsic interest be-
cause of the ubiquity of this process, and

will also probably shed light on other
aspects of cellular motility, such as cell
locomotion and morphogenetic move-
ments during development. I will at-
tempt to review briefly the current state
of knowledge on the subject and des-
cribe a model that was proposed some
time ago in the light of some recent
observations.

Position of future
cleavage furrow

Astral
microtubules

Calcium
sequestering
vesicles

Laterally
associated
¢ spindle

Centrosome

Fig. 1. The mitotic apparatus of a typical animal cell at metaphase. Microtubules radiate out of two
centrosomes. Some are attached to the kinetochores of chromosomes and others become laterally associated
with microtubules from the opposite aster, making up the body of the mitotic spindle. Astral microtubles
away from the spindle region radiate out to the cortex of the cell. Large accumulations of membrane-bound
vesicles are associated with the astral microtubules, some of which probably have a calcium-sequestering
activity. Furrowing occurs at the equator (arrowed) after the chromosomes have separated and migrated

to the poles.



