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Summary. The chloroplast (cp) genomes of Zea species
are distinguished by at least four restriction fragment
length (insertion/deletion) mutations. All four mutations
occur in the large unique sequence region of the genome.
Restriction fragments containing three of these muta-
tions were cloned. The large and small forms of two of
the mutated fragments were sequenced. This revealed
80 and 83 bp insertion/deletions. The inserted/deleted
segments are not parts of tandem repeats nor were they
flanked by direct repeats. Two other insertion/deletion
mutations were not sequenced, but their sizes were esti-
mated to be 150 and 250 bp by size fractionation on
agarose gels. Use of Tripsacum pilosum and Sorghum
bicolor as outgroups suggests that three of the fragment
length mutations arose via deletions. The fourth could
not be polarized. The three species of section Luxuriantes
of Zea were identical to one another for each of the four
length mutations, and they were consistantly distinguis-
hed from the taxa of section Zez by these mutations.
These data support the division of Zea into the above
named sections.

Key words: Zea mays — Chloroplast DNA — Iength
mutations — Taxonomy

Introduction

The chloroplasts of flowering plants contain circular
DNA molecules that range in size from 120 to 217 kb
(Whitfeld and Bottomley 1983; Palmer 1985). These
molecules evolve by base pair substitutions and struc-
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tural mutations such as inversions and insertions/dele-
tions (Palmer 1985). The insertion/deletion or length
mutations can be classified into small (1-50 bp), me-
dium (501,200 bp) and large > 1,200 bp) forms (Pal-
mer 1985). The medium and large mutations can make
significant contributions to the range of size variation
that has been observed among higher plants. The me-
chanism(s) generating length mutations in chloroplast
genomes are not fully understood. Three possibilities are:
(1) unequal crossing over within arrays of tandem re-
peats (Palmer et al. 1985), (2) deletion of segments be-
tween direct repeats (Palmer 1985) and (3) insertion/
deletion events which create or destroy short direct
repeats (Takaiwa and Sugiura 1982; Zurawski et al.
1984). Some authors have noted that small length muta-
tions occur preferentially in AT rich regions (Zurawski
et al. 1984), and that, in some cases, they map close to
the origin of replication (Koller and Delius 1982).

Medium-sized fragment length mutations have been
reported in the chloroplast genomes of several angio-
sperm genera. Gordon et al. (1982) detected 20 length
mutations among members of the genus Oenothera.
Bowman et al. (1983) reported 14 length mutations
among members of Triticum (including Aegilops). These
mutations are spread over a 60 kb portion of the large
unique sequence region of the genome. Palmer et al.
(1983) reported a number of fragment length mutations
among species of Brassica. Finally, Palmer et al. (1985)
described 17 fragment length mutations in Pisum that
are distributed among four small regions (“hot spots™)
of the genome.

In this paper, we report four length mutations found
in the large unique sequence region of the Zea (Grami-
neae) chloroplast genome. An attempt was made to de-
termine the directionality (insertion or deletion) of each,
and two of these mutations were analyzed by DNA se-
quencing.
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Table 1. Accessions analyzed

Taxa

Locality Source Coliection
Zea Section Luxuriantes
1. Z pgrennis (Zp) Piedra Ancha, Jalisco, Mexico Iitis 1050
2. Z. diploperennis (Zd) La Ventana, Jalisco, Mexico Guzman 777
3. Z. luxurians (Z1) Ipala, Chiquimula, Guatemala Iitis G-42
Zea Section Zea
4. Z. mays subsp. parviglumis var. huehuetenangensis (Zmh) San Antonio Huista,
Huehuetenango, Guatemala Iltis G-120
5. Z. mays subsp. parviglumis var. parviglumis (Zmp) Teloloapan Guerrero, Mexico Itis 80
6. Z. mays subsp. mexicana Race Central Plateau (Zmx) Durango, Mexico Doebley 625
7. Z. mays subsp. mexicana Race Chalco (Zmx) Texcoco, Mexico, Mex. Doebley 479
8. Z. mays subsp. mays Race Northern Flint (Zmm) USA USDhA 214,195
9. Tripsacum pilosum (Tp) Jalisco, Mexico Doebley 467
10. Sorghum bicolor (Sb) - K. Schertz BTx623

Materials and methods

The genus Zea includes maize and its wild relatives, the teosintes.
As treated by Iitis and Doebley (1980), Zea contains four spe-
cies divided between two sections. Section Zeg contains one
species, Z. mays. This species is highly polymorphic, containing
three subspecies: subsp. mays (corn or maize), subsp. mexicana
(Chalco, Central Plateau and Nobogame teosintes) and subsp.
parviglumis (Balsas and Huehuetenango teosintes). Within the
subspecies, varietal and racial designations are given to some
populations (Wilkes 1967; Iitis and Doebley 1980). Section
Luxuriantes contains three wild species (teosintes), Z. peren-
nis, Z. diploperennis and Z. luxurians. For the present study,
eight accessions of Zea were chosen to represent the array of
taxonomic variation in Zee (Table 1). For each accession, seed
from a single plant was used for chloroplast isolation. For com-
parative purposes, cpDNA was isolated from Tripsacum pilosum
and Sorghum bicolor both of which belong to the same tribe
(Andropogoneae) of the grass family as Zea (Table 1).

Chloroplasts were isolated from 2—3 week old seedlings by
the sucrose gradient method (Palmer 1986). After isolation, the
chloroplasts were resuspended in 50 mM Tris-25 mM EDTA pH
8.0 and frozen (=20 °C) for later DNA extractions. DNA was
isolated from the chloroplasts by phenol and chloroform extrac-
tions (Zimmer and Newton 1982).

Restriction enzymes were purchased from Bethesda Rese-
arch laboratories or New England Biolabs and the restrictions
carried out according to manufacturer’s recommendations. Re-
stricted DNAs were electrophoresed in 0.5, 0.8, or 1.5% agarose
gels with a running buffer of 100 mM Tris-Acetate, 1 mM EDTA
pH 8.1. DNA fragment sizes were estimated using the maximum
likelihood method with Hindlll-digested bacteriophage ADNA
and/or Haelll-digested X174 DNA as standards (Schaffer and
Sederoff 1981). DNA fragments in the gels were denatured and
transferred to a nylon hybridization membrane (Gene Screen
Plus) according to manufacturer’s (New England Nuclear) re-
commendations. Nylon filters were prehybridized overnight in
a hybridization buffer of 10% dextran sulfate, 1 M NaCl and 1%
SDS. Cloned DNA fragments were labeled with 32P dATP by
nick translation as described by Maniatis et al. (1982). Nick trans-
lated probes were separated from unincorporated 32p_gATP
on spun columns (Maniatis et al. 1982), and then added to the

hybridization buffer. Hybridizations were carried out at 65 °C
overnight. Hybridization membranes were washed according to
manufacturer’s instructions and exposed to x-ray film (Kodak
XAR-5) at —80 °C for 6 h to 1 week using Dupont Cronex in-
tensifier screens.

Chloroplast DNA was restricted with Smal or PstI and ligat-
ed into pUCY as described by Maniatis et al. (1982). Ligation
products were transformed into E. coli strain IM83 (Dagert and
Ehrlich 1979). Recombinant plasmids were isolated from E. coli
by the NaOH/SDS method (Birnboim and Doty 1979), and those
clones containing fragments with length mutations were identi-
fied on agarose gels. A BamHI library of Sorghum bicolor
(IS1112C) cpDNA in pUC8 (Dang and Pring 1986) was used
in some experiments.

DNA sequences were obtained using the dideoxynucleotide
chain termination method (Sanger et al. 1977, 1980) after liga-
tion into M13 and transfection in E. coli JM101 (Messing and
Vieira 1982). The single-stranded recombinant phage DNAs
were isolated by phenol extraction of the polyethylene glycol
concentrated phage and sequenced using a universal primer
(Anderson et al. 1980). Sequential series of overlapping clones
for sequencing were produced in both orientations using single-
stranded recombinant M13 (mp8 and mp9) DNA and comple-
mentary 22- or 29-mer deoxyoligonucleotides as described by
Dale et al. (1985). The complete sequence of contiguous regions
was assembled from individual clones using programs from the
University of Wisconsin Genetics Computer Group (Devereux
et al. 1984).

Results
Restriction endonuclease analysis

Each of the Zea cpDNAs (Table 1) was digested with a
series of restriction enzymes. Sall, Xhol, Hpal, Bgll,
BstEIL, Sacll, and Pvull showed no differences in the
sizes and numbers of bands among the samples. Smal,
Pstl, and Kpnl showed the same numbers of bands in
each sample, although one or two bands varied slightly
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Fig. 1. Restriction digests of Zea perennis (Zp) and Z. mays
subsp. mays (Zmm) with Smal, Pst], and Kpnl. Arrows indicate
fragments that differ in size between the two cpDNAs and the
numbers refer to specific length mutations (see text). Size mar-
kers are shown on right in kb

in size (Fig. 1). Several other enzymes (EcoRI, BamHl,
Hindlll, Sacl, Bglll, Ncol, Dral and Clal) showed more
complex differences in both size and numbers of bands
among the samples, suggesting that both restriction site
and length mutations distinguished the samples.

For Smal, Z. perennis, Z. diploperennis and Z. luxu-
rians cpDNAs contained a 5.18 kb fragment, while cp-
DNAs of Z. mays (including all subspecies) had a 5.34
kb fragment (Fig. 1). The 5.18 kb Smal fragment was
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cloned in pUCY from Z. perennis, and the 5.34 kb Smal
fragment from subsp. mays. The cloned fragments were
digested separately with EcoRI, BamHI, Sall and Pstl.
Because a map for each of these enzymes has been pu-
blished for maize (Larrinua et al. 1983), it was possible
to place these Smal fragments on the maize map simply
by examination of the size and number of fragments
produced with each of the four enyzmes. Both Smal
fragments lie between positions 41,000 and 46,500 on
the maize map (Fig. 2). Restrictions of the two cloned
Smal fragments also demonstrated that they differ by a
150 bp length mutation, which we have designated LM-1.
This mutation occurs in the EcoRI-1' fragment or Bam-
HI-15" (Fig.2). Fragment number (or letter) designa-
tions are those of Larrinua et al. (1983).

To determine whether LM-1 represents an insertion
or deletion, we compared the size of EcoRI-1' and
BamHI-15" of our Zea cpDNAs to the homologous
fragments of Sorghum bicolor. Dang and Pring (1986)
have shown that the sorghum and maize maps are
remarkably similar. Phylogeneticists refer to the use of
a related taxon in this manner as outgroup analysis.
The logic applied in this comparison is that the genetic
mechanism which requires the fewest events is the me-
chanism most likely involved in the mutation. For
example, if the sorghum fragment is the same size as the
larger Zea fragment, then a single deletion occurring in
one of the Zea cpDNA phylads is implicated. Under
these circumstances, the alternative explanation (inser-
tion) would require that identically-sized insertions oc-
curred independently in EcoRI-1" in sorghum and some
Zea. This is a far less likely occurrence. The sorghum
recombinant plasmid pLD18 (Dang and Pring 1986)
contains sorghum BamHI-18 which is homologousto Zea
BamHI-15'. This plasmid was used to probe a filter con-
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Fig. 2. Restriction map of Zea mays subsp. mays chloroplast genome showing the positions of the four length mutations (LM-1 to 4).
Pstl sites, rebL, tRNASET (UGA), psbA4 and inverted repeats (large arrows) are shown. On the enlarged Smal and Pst1 fragments, BamHI
(B), EcoRI (E), Pst1 (P), Rsal (R), Sall (S) and Smal (Sm) sites are shown. Dashed line on the enlarged Smal fragment represents a
region with several BamHI and EcoRI sites that were not mapped. The enlarged PstI fragment contains additional Rsal sites which

wete not mapped
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Fig. 3. Autoradiograph used to determine directionality of LM-1.
BamHI and EcoRI digests of Zea perennis (Zp), Z. mays (Zmm)
and Sorghum bicolor (Sb) cpDNA. Sorghum clone pLD18 was
used as the probe. Zmm and Sb have 2.85 kb BemHI fragments,
but the homologous fragment in Zp is 2.7 kb. Zmm and Sb have
2.45 kb EcoRI fragments, but the homologous fragment in Zp
is 2.30 kb
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Fig. 4A, B. Autoradiographs used to determine the polarity of
LM-2. A PstI-Sall double digests of Zea perennis (Zp), Z. mays
(Zmm) and Sorghum bicolor (Sb) cpDNA using the 1.6 kb
Sall-Pst] fragment in which LM-2 occurs as the probe. B Pstl-
Rsal double digests of Zp, Zmm and Tripsacum pilosum (Tp)
cpDNA using the 600 bp Pstl-Rsal fragment in which LM-2
occurs as the probe

taining BamHI and EcoRI digests of Zea perennis, Z.
mays subsp. mays and sorghum cpDNAs (Fig. 3). Maize
EcoRI-1’ and BamHI-15' are identical in size to the ho-
mologous fragments of sorghum, but both are approxi-
mately 150 bp larger than their counterparts from Z.
perennis (Fig.3). By outgroup analysis as discussed
above, this suggests that LM-1 was produced by a dele-
tion in the phylad leading to section Luxuriantes. This
experiment was repeated using Tripsacum pilosum as
the outgroup, and we obtained the same result.

For Pstl, a 3.45 kb fragment found in Z. perennis,
Z. diploperennis and Z. luxurians cpDNAs is replaced
by a 3.25 kb fragment in Z. mays cpDNAs. This frag-
ment has been designated PstI-12 by Larrinua et al.
(1983). The two size variants of PstI-12 were cloned
from Z. perennis and Z. mays subsp. parviglumis cpDNAs.
Each was restriction mapped, which revealed that the
fragment contains two length mutations, LM-2 and
LM-3 (Fig. 2). Each of these mutations was subsequently
sequenced (see below).

To determine if LM-2 and LM-3 caused other frag-
ment length variants, the pUC clone of Pstl-12 was hy-
bridized to a filter containing Kpnl digests of the cp-
DNAs (not shown). This demonstrated that the small
size difference between two approximately 7.5 kb
Kpnl fragments (Fig. 1) occurred in the same portion
of the genome as PstI-12. The small size difference be-
tween the Kpnl fragments is probably a manifestation
of LM-2 and LM-3.

The directionality of LM-3, which is located in the
800 bp EcoRI-Pstl, was investigated by DNA sequen-
cing (see below). The directionality of LM-2, which
occurs in the 1.6 kb PstlSall fragment (Fig.2), was
investigated by comparison of restriction fragment
lengths to Sorghum and Tripsacum. Maize, Z. perennis
and sorghum cpDNAs were double digested with Sall
and Pstl. It is known from the work of Dang and Pring
(1986) that Zea and Sorghum have identical Sall and
Pstl sites in this region of the genome. Digests were
electrophoresed and transferred to Gene Screen. The
pUC clone of Pst1-12 was similarly digested and the 1.6
kb Sall-Pst] fragment excised from a gel after electro-
phoresis. The 1.6 kb Sall-Pst] fragment was radioacti-
vely labelled and hybridized to the Gene Screen filter
(Fig. 4A). This shows that sorghum contains a fragment
similar in size to the larger Zea fragment. By outgroup
analysis as discussed above, one can infer that LM-2
arose as a deletion in the phylad leading to section
Zea of the genus. A similar experiment was performed
using Tripsacum pilosum as the outgroup and double
digesting with PstI-Rsal (Fig.4B). Again, the outgroup
and Z. perennis have identically sized PstI-Rsal frag-
ments, which are larger than the homologous maize
fragment. This confirms the polarization made using
sorghum as an outgroup and does so with a smaller
(600 bp) fragment.

In Fig. 1, another small size difference is shown be-
tween a 17.0 kb fragment (Pstl-2) in Z. perennis and
maize cpDNAs. Dang and Pring (1986) reported a 720
bp difference between maize and sorghum for this frag-
ment and noted that the length mutation occurs in sorg-
hum BamHIL.7. Our estimate of the size difference be-
tween maize PstI-2 and sorghum Pst1-2 is only 250 bp,
nearly 500 bp less than the estimate of Dang and Pring
(1986). To further investigate this mutation (LM-4),



J. Doebley et al.: Insertion/deletion mutations in Zea chloroplast DNA

. oD e
.:. -2.30
-1.83

1.25 o Gl e
-_—.- e -0
85- - - 00
60 - — - - -60

Fig. 5. Autoradiograph used to determine directionality of LM-4.
BamHI and EcoRI digests of Zea perennis (Zp), Z. mays (Zmm),
and Tripsacum pilosum (Tp) cpDNA. The 5.36 kb sorghum
BamHI-7 fragment cloned in pUC8 (pLD7) was used as the
probe

cpDNAs of maize, Z. perennis and Tripsacum were
digested with BamHI, electrophoresed and transferred
to Gene Screen. pLD7, a pUC clone of sorghum BamHI-
7, was hybridized to the Gene Screen filter (Fig. 5).
pLD7 hybridized to 3.30 and 1.25 kb BarnHI fragments
in all three cpDNAs (Fig. 5). Zea perennis has an addi-
tional 850 bp fragment, Tripsacum a 930 bp fragment
and maize a 600 bp fragment. This suggests that Z. pe-
rennis and Z. mays differ by a 250 bp length mutation
(LM-4), but that additional alterations distinguish Zea
from Tripsacum. Sorghum lacks the two BamHI sites
that create the three fragments seen in Fig. 5, thus,
pLD7 hybridizes only to itself (not shown).

pLD7 was also hybridized to EcoRI digests of Z. pe-
rennis, maize, and Tripsacum (Fig.5) and sorghum
cpDNAs (not shown). Here pLD7 hybridizes to 2.30,
1.0 and 0.6 kb fragments in each cpDNA. Maize has an
additional 1.83 kb fragment, Z. perennis a 2.07 kb
fragment and sorghum and Tripsacum a 2.15 kb frag-
ment. LM4 accounts for the approximately 250 bp
difference between maize and Z. perennis, however
additional event(s) are necessary to explain the differen-
ce between Zea and the other genera. For this reason,
LM-4 could not be polarized. LM-4 occurs in EcoRI-
p' of maize. The short form of LM+4 is found in all
section Zea cpDNAs, and the long form in all section
Luxuriantes.
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Fig. 6. Ethidium bromide stained gel and autoradiograph of
Gene Screen filter with Kpnl and Smal digests of Zea perennis
(Zp) and Z. mays (Zm) cpDNAs. The 5.36 kb sorghum BamHI-7
fragment (pLD7) was used as the probe. LM-4 produces the size
differences seen in the autoradiographs

ILM+4 is located in a region of the genome that Larri-
nua et al. (1983) did not map for BamHI, but referred
to as a 1.9 kb gap. Our data show that this gap is occu-
pied by 1.25 and 0.60 kb BamHI fragments in maize,
and that the length mutation occurs in the 0.60 kb
BamHI piece. We do not know the order of these frag-
ments within the gap. Dang and Pring (1986) did not
detect this 0.6 kb BamHI fragment, and thus they con-
cluded that the gap was occupied only by the 1.25 kb
piece and they judged that sorghum and maize differ
by a 720 instead of a 250 bp length mutation in this
region.

Two other fragment length variants are apparent,
one involving a 5.4 kb Kprl fragment and another in
a 8.0 kb Smal fragment (Fig. 1). A southern hybridi-
zation of pLD7 to Kpnl and Smal digests demonstrated
that both of these fragments lie in the same region of
the genome as sorghum BamHI-7 (Fig. 6). Thus, the
variation in length observed for these two fragments could
be caused by LM-4 which lies in sorghum BamH]I-7.

In summary, all variation in fragment lengths can be
explained by four length mutations. Other length muta-
tions of similar size (> 50 bp) may exist among these
cpDNAs, but could not be detected because they do not
occur in restriction fragments of small size (< 10 kb).
Another confounding factor is that two length muta-
tions may occur in the same fragment such as reported
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1 CTGCAGCAGCGTTTGAAAAGGGAATTGATCGCGATTTGGAACCTGTTCTTTACATGACCCCTCTTARCTAMGATTTTTTATTTATACCTETTCTAGTTTT

101 TTTCTGTTCTGGCTCRGTTATTCCATCTAGCCGAGE . ATTCATECTTTTTTATGAAAGAATGATAT AAGAGEGECTECACARAGARARACAT AGATAGAA
. . . A . . . (.} A . .

201 AGAAgCAAATGTATTCAATATACAAAAGGAGAGAGAGGGATTCGAACCCfCGATAGTTCéTAGAACTATACCGGTTTTCAAGACCGGAGéTATCAACCA&

301 TCAGCCATCTCTCCACAGCCCAATCCCTATTTTATTCCTACAAATAGAACATAGCTATATGAAATGATCTACTAR. . . . .CTCATCTCAGATGCAAGTCE

U ——

—

. e e . . . . . : .
401 ACTTTCAATATATCTCTGTATACTGTATACACGGATACAGAATCCGCTATATCCGTTGIGAAATAAA .GCTAAATCCLCTCCCLT CAACTCCATATCTAA
. . . . . G . . . c.

. —

501  ATARAAGCGGTAAGGAAARAGTTTTAATAAAAAGAAGAATCAATGGATTCATGATTARACCCCTCCTACTTCTTGTATTTTCATACAATTTTGATTAAGT

601 GAGGGATCAAATAGAAATATGTAGTCAACTTTATTTGAAGGTAGTTTGGAGGATTATARATATGAATATTGCTTTCCAATTAGCTGTTT ITGCATTARTT
) e

701 GC?A?CTTCCTCAGTTTTAGTAATTAGTGTACCCCTTGTATTTGCTTCTéCTGATGGTTéGTCAAATAA%AAAAACGTTéTATTTTCCGéTACATCATTA

8ul TGGATTGGATTAGTCTTTCTGGTASCTAT%CTGAATTC )

Fig. 7. DNA sequence of the 831 bp EcoRI-Pstl fragment containing LM-3 from Zea perennis shown in Fig. 2. The blocked region
shows the 80 bp segment deleted in Z. mays cpDNA., Differences between the Zea perennis and sorghum sequence are shown beneath
the Zea sequence. Arrows show small inverted or direct repeats. tRNAS®T is underscored

above for maize fragment PstI-12. Thus, an accurate
assessment of the size and number of length mutations
can only be obtained by detailed restriction mapping
or DNA sequencing.

DNA sequence analysis

To investigate the mechanism generating the length mu-
tations, two mutations were chosen for DNA sequence
analysis. First, the 0.8 kb EcoRI-PstI fragment, which
contains LM-3 (Fig. 2), was cloned into M13 from cp-
DNA of Z. perennis and Z. mays subsp. parviglumis.
This fragment was also subcloned from Sorghum bicolor
pLD4 into M13. DNA sequencing revealed an 80 bp de-
letion in subsp. parviglumis relative to Z. perennis and
sorghum (Fig. 7). The fragment was 831 bp in Z. peren-
nis, 751 bp in subsp. parviglumis and 835 bp in sorghum.
By outgroup analysis, these data suggest that LM-3
arose as a deletion in the phylad leading to subsp. par-
viglumis and other section Zea cpDNAs. The sequences
from Z. perennis and subsp. parviglumis are identical
for this fragment with the exception of the 80 bp dele-
tion. The sorghum sequence differs from Z. perennis
by five single bp deletions (three in sorghum, two in
Zea), one 5 bp deletion in Zea (part of a small direct
repeat) and seven separate single bp substitutions (Fig.
7). The seqeunce was analyzed with the “Wordsearch”

program (Devereux et al. 1984) which revealed a tRNAS*
gene previously sequenced in maize (Krebbers et al.
1984). Our analysis demonstrated that the tRNA®T
sequence is the same in sorghum as in maize. The se-
quences were also analyzed for direct and inverted re-
peats using the “stem-loop” and “repeat” programs
(Devereux et al. 1984). Numerous small direct and in-
verted repeats are scattered throughout the sequence.
Those occurring near the end-points of LM-3 are shown
(Fig. 7), however, there is no obvious relationship be-
tween these repeats and the deletion end-points.

The 1.6 kb PstI-Sall portion of PstI-12 contains
LM-2 (Fig.2). This 1.6 kb fragment was cloned from
cpDNAs of Z. perennis and subsp. parviglumis in pUC9.
Restriction analysis of these clones revealed that LM-2
resides in a 600 bp PstI-Rsal fragment (Fig.2). This
600 bp fragment was subcloned into M13 and sequen-
ced. This demonstrated that subsp. parviglumis has an
83 bp deletion relative to Z. perennis (Fig. 8). The two
sequences also differ by two single nucleotide substi-
tutions (Fig. 8). The sequences contain a number of small
direct and indirect repeats, but they bear no obvious re-
lationship to the deleted segment. Those occurring near
the deletion end-points are shown (Fig. 8). No genes or
open reading frames were found in this fragment.

The two sequences containing the LM-2 and LM-3
were compared using the “Dot-Plot” procedure (Deve-
reux et al. 1984) to check for any similarity in sequence
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1 GTACAGTTC&CATAAATCC&TTTCTTCCT%TTCTTTTTTéTTCAGAATTGAACAAAGAAATTGCGAAAGATGTTTTCTTCCTCCACGTATCATGAAGTGC

c . .

101 GAGCCATAGGGAAGRAGTGAGATGACTTTCCARAAT TTTTCATAGACTTCGTCTATCGCTTGAGAGAAGCAACARAGAGTAATAACT TAARAAGAAAAGC

—_— ———
—

———

201 AGATACGAA%CGECAGATTTACCTGATGAAAATTTACATCAGAGTCCTCTGATGAGGATTCCTCAAACTCTTCATAAAGAAGAYCCGGAAAGTCﬂCTGGT

——— i
[ R

—— . . . - . . .
301 TAGTCGATCCTCTCCATTTCCTAATTTCCTCTCTTCTTTTCCGCTCAATTCTAGTTTATTAGATTCTTGTTTAARAGAATCAAAGAAGATGAATAGAACT

v

401 ARGAACACATAAAAAAGAGCATAGAGAACCAT TACCAAACGTTCCTCCTAAGARTCATATTGGGTATCTETCCCCTTCCTTTTAACCCTAGGATCGAARA

A

501 TCTAGAATCCTCCCTTTTCCTAGTGTTCGOAAACBGAARACCCTGAACCTGGAGGAGTTAGGTATGTAGGATATGCTTTTTATTTTTTGTTGGECAGGCA

601 GTAGTATAATTTTGATACTCTGCAG

Fig. 8. DNA sequence of the 625 bp Pstl-Rsel fragment containing LM-2 from Zea perennis shown in Fig. 4. The blocked region
shows the 83 bp segment deleted in Z. mays cpDNA. Other differences between the Z. perennis and Z. mays sequences are shown be-
low the Z. perennis sequence. Arrows show small inverted or direct repeats

that might occur in or near the deleted segments. No
significant similarity could be detected between the two
sequences. There is no similarity between the end
points of the two deleted segments (Fig. 7 and 8). The
GC content of LM-3 is 40% and the GC content of LM-2
is 37%. These percentages do not differ appreciably from
the estimated 37—39% GC content for the chloroplast
genomes of angiosperms.

Discussion

Medium-sized length mutations are well-documented in
chloroplast genomes of angiosperms. These mutations
have been analyzed primarily by restriction mapping and
little is known about their directionality (insertions vs.
deletions) or the mechanisms which generate them.
Length mutations occur most commonly in the large
unique sequence region of the genome. Some evidence
suggests that they occur preferentially in small regions
of the genome (“hot spots”) prone to this type of mu-
tation (Kung et al. 1982; Palmer et al. 1985).

We have described four fragment length mutations
among eight cpDNAs representing the range of taxono-
mic variation in Zea. The directionality of three of these
(LM-1, LM-2, LM-4) was investigated by comparison
of restriction fragment lengths using Tripsacum pilo-
sum and Sorghum bicolor as outgroups. The fourth
(LM-3) was polarized by DNA sequencing using sorghum
as the outgroup. These experiments suggested that
LM-1, LM-2, and LM-3 all arose via deletions. Our evi-
dence is most secure for LM-3 which was sequenced and
is least secure for LM-1 which was polarized by compari-
son of restriction fragments greater than 2 kb. LM+4

could not be polarized because the 600 bp BamHI frag-
ment in which it occurs differs from the outgroups by
an additional mutation(s). Once length mutations are
polarized in other genera, it will be of interest to deter-
mine if insertions or deletions occur with equal frequen-
¢y or if one of these predominates.

Each of these length mutations occurs in the large
unique sequence region of the genome. They occur in
the same regions of the chloroplast genome in which
Bowman et al. (1983) reported numerous length muta-
tions in Triticum. Further, LM-2, 3 and 4 occur in a
region of the genome in which several inversion end-
points in the cereal genome have been found (Quigley
and Weil 1985). It appears this region should be consid-
ered a hot spot for length mutations in the Zea chloro-
plast genome.

LM-1 is a deletion in all taxa of section Luxuriantes
relative to the taxa of section Zea. LM-2 and 3 are dele-
tions in the taxa of section Zea relative to section Luxuri-
antes. LM-4 may be either a deletion or insertion. The
long form of LM+4 is found in all section Luxuriantes,
and the short form in all section Zea. Thus, the four
length mutations support previous taxonomic judge-
ment that Zea could be divided into these two sections
(Doebley and Iitis 1980; Doebley et al. 1984).

DNA sequence analysis of two of the length muta-
tions failed to elucidate the mechanism which generated
them. The deleted regions are not members of arrays of
tandem repeats nor are they flanked by direct repeats.
The two deleted segments do not share any apparently
significant sequence homology. The same may be said
of their flanking regions. The GC content of the deleted
segments approXimates the typical values for angiosperm
chloroplast genomes. Bowman and Dyer (1985) reported
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that Triticum has several small repeats which have one
segment in the large inverted repeat and the other in
the region where length mutations are frequent. Such
repeats could play a role in the length mutations des-
cribed in this paper. We have not examined the Zea
chloroplast genome for such features.
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