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ABSTRACT

The chloroplast genome in Spirogyra maxima (Has-
sall) Kiitung is 130 kb in size and lacks large repeat
units. The 16S and 23S rRNA genes are separated by
approximately 44 kb, which makes co-transcription of these
genes unlikely. Spirogyra maxima is unusual among
green algae in that its chloroplast genome apparently does
not contain the tufA gene, the absence of which is char-
acteristic of land plant chloroplast DNAs. Apart from
three groups of genes, psaA-psaB, psbC-psbD, and atpA-
atpF [ H, which are co-transcribed in land plants and
also map together in S. maxima chloroplast DNA, the S.
maxima gene order overall is unlike that of any other
chloroplast genome.
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A comparison of green algal and land plant chlo-
roplast DNAs (cpDNAs) reveals great diversity in
the former and surprising uniformity in the latter.
With few exceptions, the 500+ land plant cpDNAs
examined thus far are 120-160 kb in size and con-
tain a large inverted repeat (IR) that divides the
circular chromosome into large single copy (LSC)
and small single copy (SSC) regions (Palmer 1985a,
b, Palmer et al. 1988). Each IR copy contains a com-
plete set of co-transcribed rRNA genes. The most
common gene order in land plants 1s exemplified by
the order found in tobacco (Shinozaki et al. 1986).
The exceptions to this typical gene order result pri-
marily from one or a few inversions (reviewed in
Palmer et al. 1988). Since land plant cpDNAs are
so conserved with regard to gene order, the few
changes that do occur have the potential to be useful
as phylogenetic markers at broad taxonomic levels
(Palmer et al. 1988).

In contrast to land plants, green algal cpDNAs
show tremendous variation with regard to size, phys-
ical structure, and gene order. The size range is
from 89 kb in Codium fragile (Suringar) Hariot (Hed-
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berg et al. 1981, Manhart et al. 1989) to approxi-
mately 2000 kb in Acetabularia (Green 1976, Pad-
manabhan and Green 1978). Within the
Charophyceae, which is thought to be closest to the
land plant lineage (Bremer 1985, Mishler and
Churchill 1985), the chloroplast genome sizes are
100 kb for Coleochaete orbicularis Pringsheim, 130 kb
for Spirogyra maxima and Sirogonium melanosporum
(Randhawa) Transeau, 160-180 kb for Chara spp.
and 350 kb for Nitella translucens (Pers.) Ag. (Man-
hart and Palmer 1988). Genome size in these five
charophyte genera varies more thanin all 500+ land
plant cpDNAs examined. The size of the Spirogyra
maxima chloroplast genome, at 130 kb, makes it and
Sirogonium melanosporum the only charophytes in-
vestigated to date with chloroplast genomes in the
same size range as in the majority of land plants
(Manhart and Palmer 1988).

Too few green algal cpDNAs have been charac-
terized to determine if large IR’s are normally part
of the genome makeup, as in land plants. Four species
of Chlamydomonas have IR’s in their chloroplast ge-
nomes, but the genic content and relative position-
ing of the IR's in Chlamydomonas cpDNAs are dif-
ferent from those found in land plants (Rochaix
1978, Lemicux and Lemieux 1985, Lemieux et al.
1985, Palmer et al. 1985). Chlorella ellipsodea Ger-
neck is the only green alga known to have an IR
that divides the chromosome into LSC and SSC re-
gions (Yamada 1988). Codium fragile (Manhart et al.
1989) does not have an IR, but this is not surprising
since its genome is only 89 kb in size.

Chloroplast gene orders have been determined in
three species of Chlamydomonas (Lemieux et al. 1985,
Turmel et al. 1988) and Codium fragile (Manhart et
al. 1989). Chlamydomonas eugametos Moewus and C.
moewusii Gerloff have similar gene orders that are
quite different from that of C. reinhardtii Dangeard
(Lemieux et al. 1985). The Codium gene order does
not resemble anz; known land plant or green algal
gene order (Manhart et al. 1989). Unlike land plants,
the few green algal cpDNAs for which gene orders
have been determined are so divergent that it is not
possible to interconvert them by a few discrete rear-
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Fic. | Restriction endonuclease analysis of Spirogyra maxima total cpDNA and cpDNA clones. Lanes 1 and 15 cont:
cut with Clal and P, respectively. The sizes of Clal fragments |

total cpDN A
15 are given in Fig. 2. Lanes 2-14 are cloned Clal fragments as

listed at the left of lane 1. Lanes 16-21 are cloned Pl fragmentsof 9.0, 7.6, 4.8, 4.5, 3.5, and 3.1 kb in size, respectively. Lane 22 1s
a 9.2 kb Clal + Pul fragment. Arrowheads indicate pBS vector band of 3.0 kb

rangements, much less to use genome rearrange
ments as phylogenetic characters

I'he Spirogyra maxima «hlmupl.l\l genome  was
characterized to provide detailed information about
its physical structure and gene order. This infor
mation will expand our hmited knowledge about
green algal cpDNAs and possibly provide informa
tlon about phylogenetic relationships among the
green algae and between the green algae and land
plants

MATERIALS AND METHODS

Filaments of Sprrogyra maxima were obtaied from umalgal cul
tures grown in sml-water medium (Starr and Zeikus 1987) on a
16:8 h LD cycle at 20°C + 2° C under Aluorescent light at an
rrachance of 50 umol-m 7« I'his alga was used earher for
cytological studies following collection from a site near Tampa,
Florida (Hoshaw et al. 1987). Filaments of 2-week-old cultures
were harvested and washed prior to freezing in hquid nitrogen
F'wenty grams of trozen hlaments were ground in a coffee null,
turther ground with a mortar and pestle in 100 mL. 2x CTAB
buffe, (Dovyle and Dovyle 1987) and placed in a water bath at 60°
Clor 30 min. This material was extracted with 25 ml. chloro
form sisoamyl alcohol (24:1). The aqueous layer was removed,
and the DNA was prec IPII.H{(, with 273 volume of we-cold 1so
pPropanol. The prec ipitate was resuspended in T buffer (10mM
I'ris, | mM FEDTA pH 7 4). CsCl was added to a final densaty of

1.55 g ml and 1 mg of FtBr was added. The solution was
centrifuged at 55,000 rpm for 6 hina Beckman V11 65.2 vertuca
rotor. The banded DNA was removed. and FiBr was extracted
with water and salt-saturated 1sopropanol. CsCl was added to

bring the final density to 1. .66 g-ml and bisbenzimide HS
4 2

was added to a final concentration of 0.04 mg ml T'his so
lution was spun as before, and the upper cpDNA band was re
moved. Bisbenzimide was removed as for FtBr. and the solution
was dialyzed agamnst TF to remove CsCl

Spiregyra maxima n;-l)\ A was cut with the restriction endonu

cleases Clal, EcoRV, Ncol, and Xb

through 1.0% agarose. Fragment sizes were detern

1. Dhigests were electrophoresed

d by com

parson with X DN A cut with Hmd111, Sall, Smal, ¢ Hindl11
and EcoR1 + Kpnl

I'he restriction endonucleases Clal and Pitl were used singl
and i combmation to clone the Spirogvra maxima chloroplast

genome. The }»l,i\m:d vector pBS (Stratagene) was used to tr:

form /

t stramn DHb5a, and white colonies were selected on
ampicilling/ X-gal plates

Restriction site and gene maps were constructed by transfer of
DNA fragments from agarose gels to Magnagraph nylon filters

(Fisher Scaientific Co)) and hyvbnidization of P

abelled probes to

these hlters. Homologous hybnidization probes consisted of re
combinant clones (Fig. 1) and a gelasolated 8.6 kb Clal fragment
Heterologous gene probes were ;nm!:u ed from the rece

plasmids hsted in Table 1. Probes were labelled with *
random primer method following directions in the

Mannheim Random Primer DNA Labeling Kit. Filter

tions (656° C and 4 x SSC for homologous probes and
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Fic. 2. Physical and gene maps of Spirogyra maxima cpDNA.
Gene names are as in Table 1. The summations of fragment sizes
for the four enzymes shown are 129.9 kb (Clal), 130.0 kb (EcoRV),
130.8 kb (Neol), and 128.8 kb (Xbal). Pstl and Clal-Pstl fragments
are indicated by dotted lines and bold, italicized numbers. The
locations of the trnA and trnl genes were determined by nu-
cleotide sequencing of cloned fragments using primers to con-
served regions of the 23S and 16S rRNA genes, respectively
(Manhart and Palmer 1990). The orientations of the 168 and
23S rRNA genes have not been determined. The loci indicated
for atpF /H and rps7/12 may contain one or both of the genes.

4 % SSC for heterologous probes) and washes (65° C and 1 x SSC
for homologous probes and 60° C and 1 x SSC for heterologous
probes) were done as described in Palmer (1982, 1986).

RESULTS AND DISCUSSION

Chloroplast genome cloning. A total of 117.3 kb or
90.3% of the Spirogyra chloroplast genome was
cloned. Clal fragments of 18.0, 15.0, 9.0, 7.2, 5.3,
5.0,4.4,4.1,3.3, 3.2, and 1.1 kb (Fig. 1) were ob-
tained by screening 100 colonies. Of the 31.3 kb
Clal fragment, 30.3 kb was obtained by cloning a
9.2 kb Clal-Pstl fragment and internal Pstl frag-
ments of 7.6, 4.5, and 9.0 kb (Fig. 1). Of the 14 kb
Clal fragment, 10.3 kb was obtained by cloning a
4.8 Pstl fragment that overlapped with tﬁe adjacent
5.0 kb Clal fragment and internal 3.1 and 3.5 kb
Pstl fragments (Fig. 1). Repeated attempts to clone
the 8.6 kb Clal fragment and the remaining 3.7 kb
of the 14.0 kb Clal fragment, which contains a por-
tion of the psbA gene (Fig. 2), were unsuccessful.

Physical structure. The mapping data indicate that
the chloroplast genome of §. maxima consists of a
circular chromosome 130 kb in size which does not
contain any duplications or repeat units detectable
under the described experimental conditions (Fig.
2). The genome size is in the same range as the
majority of land plants (120-160 kb: Palmer 1985a,
b). The absence of a large IR which contains rRNA
genes, although very rare in land plants (Palmer et

TABLE L. Gene probes. Sources, except for 5'rps7-3'rpsi2, atpB/ E,
psaA-5'psaB, 3'psaB, 3‘atpH-5atpF, and atpA are described in Jansen
and Palmer (1987) and Manhart et al. (1989).

Hybridization
Gene designation Plant source signal
5'rps7-3'rps1 20 Tobacco +
rpoA Spinach =
3'petA Pea +
5'petA Pea +
rbel. Pea +
atpE Spinach =
atpB/E" Tobacco +
psaA-5'psaB’ Spinach +
3'psaB* Spinach +
3 psbC Spinach +
3'psbD Pea +
rpoB Tobacco -
YatpH-5'atpF* Pea +
atpA' Tobacco +
16SrRNA Tobacco +
23rRNA Tobacco 8 +
tufA Chlamydomonas =

* 1226 bp BamHI1-BamH1 fragment containing 278 bp of 5" end
of rps7, and all of exons 3 (231 bp) and 2 (35 bp) of 3'rps12, and
extending 101 bp before exon 2 (Shinozaki et al. 1986).

" 1051 bp Spel-BamH1 fragment beginning 848 bp past initia-
tion codon (IC) of atpB through termination codon (TC) (648
bp). containing all of atpE (401 bp) and ending 5 bp past atpB 1C
(Shinozaki et al. 1986).

* 2505 bp BamH1-BamHI fragment beginning 50 bp past I1C of
psaA and ending 277 bp past IC of psaB (Kirsch et al. 1986).

41683 bp BamHI-BamHI fragment beginning 598 bp past 1C
and ending 80 bp past TC (Kirsch et al. 1986).

* 767 bp Pstl-BamH1 fragment beginning 92 bp past 1C of atpH
and ending 111 bp past 1C of atpF (Hudson et al. 1986).

11449 bp Bcll-Kpnl fragment beginning 14 bp before 1C and
ending 80 bp from TC (Shinozaki et al. 1986).

al. 1988), appears to be more common in the green
algae, occurring in Codium (Manhart et al. 1989) and
S. maxima.

Gene content. 1t is difficult to make absolute state-
ments about gene content on the basis of Southern
hybridizations using heterologous probes. The lack
of autoradiographic signals for atpE, rpoA and rpoB
(Table 1) can either be interpreted as indicative of
gene absence or a high level of nucleotide sequence
divergence. These particular gene probes also give
either no autoradiographic signal or very weak sig-
nals with Codium fragile cpDNA under the described
hybridization conditions (Manhart et al. 1989). In
addition, with the exception of the rps12 gene, ri-
bosomal protein gene probes from angiosperm
cpDNA did not hybridize with Codium fragile cp-
DNA (Manhart et al. 1989). Strauss et al. (1988)
noted the lack of hybridization of some angiosperm
ribosomal protein genes to conifer cpDNAs. The
ribosomal protein genes are relatively small and ap-
pear to evolve more rapidly than photosynthetic
genes (Sugiura 1989).

The absence of any detectable hybridization of
Spirogyra maxima cpDNA with the tufA clone, which
contains an internal, highly conserved region of tufA
from Chlamydomonas cpDNA (Table 1), is quite in-
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triguing. This probe hybridizes with other green
algal cpDNAs, with the exception of Spirogyra max-
ima and Sirogonium melanosporum (Baldauf et al.
1990). The absence of this gene has been noted in
land plant cpDNAs (Sugiura 1989, Baldauf and
Palmer 1990), and there is evidence for its transfer
from the chloroplast to the nucleus in the green algal
ancestor to land plants (Baldauf and Palmer 1990).
Since Coleochaete, Nitella, and Chara, which have a
tufA gene in their cpDNAs, are more closely related
to land plants than Spirogyra maxima and Sirogonium
melanosporum (Bremer 1985, Manhart and Palmer
1990) the apparent absence of the tufA gene from
the cpDNAs of these two members of the Zygne-
matales is best treated as a loss that occurred in
parallel with the complete loss of tufA from land
plant cpDNAs (Baldauf et al. 1990).

Gene order. The gene order of Spirogyra maxima
¢pDNA does not bear any marked resemblance to
land plant cpDNAs or any other green algal cpDNA
(Lemieux et al. 1985, Manhart et al. 1989). The
only similarities are that the members of three pairs
of functionally related genes, psa A-psaB, psbC-pshD,
and atpA-atpF/H, that are known to be co-tran-
scribed in land plant cpDNA, map near each other
in§. maxima cpDNA. The psa-A-psaB and psbC-psbD
pairings also occur in Codium fragile cpDNA (Man-
hart et al. 1989), and the atpA-atpF gene cluster
occurs in Chlamydomonas moewusii (Turmel et al.
1988). ‘T'he resemblance ends there, however, with
the locations of the other genes mapped in S. maxima
CpDNA quite different relative to land plants (Fig.
3) and other green algae.

In land plants the 16S and 23S rRNA genes are
located in the IR and are separated by a spacer of
about 2.5 kb in size that contains two tRNA genes,
trnA(UGC) and trnl(GAU). The rRNA genes, in-
cluding the spacer, are co-transcribed in tobacco
(Shinozaki et al. 1986) and presumably all land plants.
In Spirogyra maxima cpDNA, the 168 and 23S rRNA
genes are approximately 44 kb apart (Figs. 2, 3),
which is the greatest separation known for these two
genes in any chloroplast genome. Since the rRNA
genes in S. maxima cpDNA are so far apart and have
additional genes between them, it is extremely un-
likely they are co-transcribed. The only other known
instances in bacteria and cpDNAs where the rRNA
genes are probably not co-transcribed include Lep-
lospira interrogans (Stimson) Wenyon, a gram-nega-
tive bacterium (Fukunaga and Mifuchi 1989), Chlo-
rella ellipsoidea (Yamada and Shimaji 1986, 1987),
and Codium fragile (Manhart et al. 1989). Nucleotide
sequencing (Manhart and Palmer 1990) has shown
that trnA is adjacent to the 23S rRNA gene and
trnl is adjacent to the 16S rRNA gene in S. maxima
CpDNA (Fig. 2). This is the same relative positioning
found in the IR of land plants. Thus, the standard
TRNA operon has been broken essentially in half in
S. maxima, potentially by as few as one rearrange-
ment.
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FiG. 3. Comparison of gene orders in tobacco and Spiragyra
chloroplast DNAs. Spirogyra gene order is from Figure 2: tobacco
gene order is from Shinozaki et al. (1986). Gene names are as in
Table 1. Maps are drawn to same scale. Heavy lines in tobacco
genome indicate locations of the inverted repeats.

Characterization of the ¢pDNAs of additional
Zygnematalean taxa should provide information on
possible modes of evolution in chloroplast genomes.
For example, if the IR is absent in related taxa such
as Sirogonium, Zygnema, and Mougeotia, we might ex-
pect the genomes to be rearranged relative to each
other as in certain legume genera (Palmer et al.
1987) and conifers (Strauss et al. 1988) that have
lost one of the repeats. This would provide a test of
the hypothesis that the loss of the inverted repeat
leads to an unstable genome that undergoes more
frequent rearrangements than genomes with the IR
(Palmer and Thompson 1982, Palmer 1985b, Strauss
et al. 1988). The data may also prove useful in test-
ing alternative phylogenetic hypotheses proposed
for the Zygnemataceae on the basis of chloroplast

form and growth habit (Hoshaw and McCourt 1988).
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