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Abstract

The structure of amplified 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) DNA of carrot
suspension-cultured cell lines selected for glyphosate resistance was analyzed to determine the mecha-
nism of gene amplification in this plant system. Southern hybridization of the amplified DNA digested
with several restriction enzymes probed with a petunia EPSPS ¢cDNA clone showed that there were
differences in fragment sizes in the amplified DNA from one highly resistant cell line in comparison with
the parental line. Cloning of the EPSPS gene and 5’ flanking sequences was carried out and two dif-
ferent DNA structures were revealed. A 13 kb clone contained only one copy of the EPSPS gene while
a 16 kb clone contained an inverted duplication of the gene. Southern blot analysis with a carrot DNA
probe showed that only the uninverted repeated DNA structure was present in all of the cell lines during
the selection process and the inverted repeat (IR) was present only in highly amplified DNA. The two
structures were present in about equal amounts in the highly amplified line, TC 35G, where the EPSPS
gene was amplified about 25-fold. The presence of the inverted repeat (IR) was further verified by re-
sistance to S1 nuclease hydrolysis after denaturation and rapid renaturation, showing foldback DNA
with the IR length being 9.5 kb. The junction was also sequenced. Mapping of the clones showed that
the size of the amplified carrot EPSPS gene itself is about 3.5 kb. This is the first report of an IR in
amplified DNA of a target enzyme gene in selected plant cells.

Introduction strate in the aromatic amino acid biosynthetic

pathway. Glyphosate (N-phosphonomethylgly-
The enzyme 5-enolpyruvylshikimate-3-phosphate cine) is a competitive inhibitor with respect to
synthase (EPSPS) catalyzes the conversion of PEP and an uncompetitive inhibitor with regards
shikimate-3-phosphate (S-3-P) and phosphoe- to the other substrate, S-3-P, in the EPSPS re-

nolpyruvate (PEP) to EPSP. EPSP is utilized to action [28].
make chorismate, which is the branch point sub- Glyphosate, which is a herbicide lacking spec-
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ificity between weeds and crops, has been used as
a selective agent for microorganisms and higher-
plant cells. These biological systems use two dif-
ferent mechanisms to overcome EPSPS inhibi-
tion by glyphosate. One is to produce glyphosate-
tolerant, mutant EPSPS enzyme which has a
different affinity for one or both substrates as well
as for glyphosate. Selected lines from Salmonella
typhimurium, Aerobacter aerogenes and Escherichia
coli are examples (reviewed by Kishore and Shah
[14]). The second mechanism is to produce ele-
vated levels of EPSPS enzyme activity as has
been reported for A. aerogenes and plant cells.
The molecular basis of the EPSPS activity in-
crease can be either by an increase in gene ex-
pression (Corydalis sempervirens [12]) or by gene
amplification (petunia [24], carrot [ 11, 25, 26, 32]
and tobacco [2, 9, 30]). Although the amplifica-
tion of the EPSPS gene has been well docu-
mented, the actual mechanism has not been de-
termined.

Only two other cases of gene amplification in
plants have been reported and these were also in
response to selection pressure using herbicides.
In one of these cases the glutamine synthetase
(GS) inhibitor phosphinothricin was used. Step-
wise selection of alfalfa cells with phosphinothri-
cin led to the isolation of cell lines which had
elevated levels of GS activity as well as an in-
creased number of GS genes [1]. The amplified
alfalfa GS gene was cloned and the 5’ and 3’
flanking sequences were used to show that the
size of the amplified units was larger than 35 kb
[29].

Very recently, a tobacco cell line was selected
with gradually increasing levels of sulfonylurea
herbicides [10]. The line contained 6 to 7 times
the normal activity of the target enzyme, aceto-
lactate synthase. One of the two acetolactate syn-
thase genes found in tobacco was amplified about
20-fold. The gene that was amplified also con-
tained a base change which rendered the enzyme
more resistant to inhibition by the herbicides.

The plant gene amplification systems studied
thus far appear to be different from the intensively
studied mammalian cancer cell cultures [27] since
amplification occurs more slowly and to much

lower levels in plant cells. There is also no evi-
dence for extrachromosomal element involvement
since the amplification is relatively stable even at
early selection stages [25,26] and in protoplast
fusion hybrids [11, 32] and double minute chro-
mosomes have not been observed. The amplified
units may also be much smaller as demonstrated
by the results presented here since in animal cells
the units are usually from a few hundred to as
many as 10000 kb in length.

To date the studies of gene amplification in
plant systems have not investigated the structure
of the amplified units to indicate any possible
mechanism. This paper reports studies of the am-
plified EPSPS gene structure of selected carrot
cells as an initial step to determine the gene am-
plification mechanism. An understanding of this
genetic instability might provide insight into such
phenomena as somaclonal variation and the for-
mation of gene families in plants.

Materials and methods
Cell lines

The carrot (Daucus carota L. cv. Danvers Half
Long) cell lines used were the wild-type cell line
TC (usually denoted C1 in other publications)
and the glyphosate-resistant cell lines TC xG
(where x denotes the glyphosate concentration in
mM used in the last selection step; for example,
TC 35G is a TC-derived cell line which was se-
lected stepwise with increasing concentrations up
to 35 mM glyphosate in MX [ 18] liquid medium).
The glyphosate concentrations used for selection
were from 0.35 to 35 mM. PR is a glyphosate-
resistant cell line selected against 25 mM glypho-
sate from TC cells in 1984 by Nafziger et al. [18].

DNA preparation and Southern hybridization anal-
ysis

Genomic DNA was isolated from carrot suspen-
sion cultures using the method of R.M. Haupt-
mann as reported by Menancio et al. [ 17]. Briefly,



cells were collected and ground with liquid nitro-
gen in a mortar and pestle. The ground cells were
thawed on ice in the presence of 0.5-1.0 ml of
TESE buffer per g fresh weight of cells (TESE is
50 mM Tris-HCI pH 8.0, 50 mM EDTA, 50 mM
NaCl, 2% N-lauroyl sarcosine and 400 pg/ml
ethidium bromide). Debris was removed by cen-
trifugation and the supernatant was used for CsCl
density gradient centrifugation. Following re-
moval of ethidium bromide by isopropanol satu-
rated with 20 x SSC (1 x SSCis 0.15 M sodium
chloride, 0.015 M sodium citrate), DNA (5 or
10 pug) was digested with various restriction en-
zymes (BRL), separated by electrophoresis on
agarose gels, and transferred to positively charged
nylon membranes (Micron Separations). South-
ern transfer and hybridization were performed as
described by Sambrook etal. [22]. The DNA
was crosslinked covalently to the membrane by
using a Stratalinker 1800 apparatus (Stratagene).
Prehybridization was done at 65 °C for 2—6 h in
6x SSC, 5x Denhardt’s solution (1 x Den-
hardt’s solution is 0.02%, Ficoll, 0.02%, polyvi-
nylpyrrolidone, 0.02%, bovine serum albumin),
0.19%, SDS, 5% dextran sulfate and 100 pg/ml
sheared, denatured salmon sperm DNA. Hybrid-
ization was done overnight under the same con-
ditions as the prehybridization except that **P-
labeled probe DNA was added to a concentration
of 1-2 x 10° cpm/ml. The petunia EPSPS cDNA
sequence used as a probe was the 900 bp Eco RI
fragment of pMON 9543 [24] obtained from Dr
D. Shah of Monsanto Company. This sequence
includes most of the mature protein coding region
excluding the 3’ end, so contains about 2/3 of the
entire EPSPS gene. Carrot DNAs used as probes
included the 2.0 kb Bg/ II fragment (map position
6.8 kb to 8.8 kb in Fig. 2) and the 1.05 kb Bg/ 11/
Eco Rl fragment (map position 7.7 kb to 8.8 kb in
Fig. 2) of the 16 kb clone described here. The
radioactive probes were prepared by the method
of Feinberg and Vogelstein [ 3, 4] using a random-
primed DNA labeling kit (U.S. Biochemicals).
After hybridization, membranes were washed
twice at room temperature for 15 min in 2 x SSC
and 0.1% SDS and twice at 55 °C for 30 min in
2x SSCand 0.1% SDS for the petunia probe or
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twice at 65 °Cfor 30 minin 0.2 x SSCand 0.1%,
SDS for the carrot probes. The sizes of the frag-
ments that hybridized to the probes were deter-
mined using lambda DNA digested with Hind 111
as standards.

Genomic library construction

TC 35G DNA was digested with Bam HI, sub-
jected to electrophoresis in a 0.5%, low-melting-
point agarose gel, and 10-20 kb fragments were
eluted from the gel using phenol extraction by the
method of Wieslander [31] as described by Sam-
brook et al. [22]. The purified DNA was ligated
to the Lambda Dashll/Bam HI vector (Strat-
agene) and packaged invitro with Gigapack
gold Il packaging extract (Stratagene) as de-
scribed by the manufacturer.

Identification of the EPSPS clones

Approximately 3000 phage were screened with
the petunia EPSPS c¢DNA probe from
pMON 9543, Prehybridization and hybridization
conditions were the same as those of genomic
Southern hybridization except that 5 x 10° cpm/
ml of the probe was used. The frequency of pos-
itive phage was 13 out of 3000, i.e. approximately
one per two hundred. Of the thirteen positive
phage plaques, six were purified and bulk DNA
prepared by the method of Reddy et al. [20] using
DEAE-cellulose column chromatography. The
purified DNA was cleaved with Bam HI and three
of the six phage were shown to contain a 13 kb
insert while the remaining three contained 16 kb
inserts. The identity of the two insert families was
verified by restriction endonuclease digestion pat-
terns.

Gene mapping

On each of the 13kb and 16 kb clones was
mapped as described in the Gene Mapping Kit
instruction manual (1989, Stratagene).
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Analysis of inverted duplications

The presence of inverted duplications in the cel-
lular DNA was demonstrated by the method of
Ford et al. [5] and Ford and Fried [6] with some
modifications. Fresh preparations of CsCl-puri-
fied genomic DNA (100 pg/ml) were denatured
by adding 10 M NaOH to a final concentration of
50 mM, renatured by addition of HCI to a final
concentration of 50 mM and 50 mM Tris-HCl
pH 7.5, and were digested with S1 nuclease. S1-
resistant DNA was recovered by precipitation
with ethanol and analyzed following electrophore-
sis on an agarose gel with or without restriction
digestion by Southern transfer and hybridization
with the pMON 9543 probe.

DNA sequencing

Appropriate restriction fragments of the 13 kb or
16 kb Bam HI fragments were subcloned into
pUC 19. The dideoxy termination reaction was
performed by the method of Sanger et al. [23]
following the instruction manual of Sequenase
version 2.0 (U.S. Biochemical Corporation). The
reaction products were analyzed on 69, acryla-
mide gels containing 8 M urea in TBE (90 mM
Tris-borate pH 8.2, 1 mM EDTA). Computer
analysis of DNA sequences was performed on an
Apple PC Macintosh Ilcx with MacVector 3.5
software.

Results and discussion

As a first step in characterizing the structure of
the amplified DNA during the gene amplification
process, we determined if there were differences
in the flanking sequences and EPSPS gene struc-
ture of highly glyphosate-resistant carrot cells in
comparison with the wild-type cells. Southern hy-
bridization with wild type, TC, and the most re-
sistant selected line, TC 35G, DNA digested with
five different enzymes using the petunia EPSPS
cDNA clone pMON 9543 as probe showed that
there were additional fragments evident with

Bam HI, Bgl 1l and Eco RI digests of TC 35G
DNA relative to those of TC (Fig. 1). These
changes might indicate rearrangements or dele-
tions of the proximal flanking sequences or
changes in the EPSPS gene itself during the se-
lection process.

In order to isolate the EPSPS gene and its
flanking sequences, we constructed a genomic li-
brary with TC 35G DNA and screened the li-
brary with pMON9543. The Bam HI site of
Lambda Dash Il was used for cloning since
there were two large Bam HI fragments in the
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Fig. 1. Hybridization pattern of genomic DNA of wild type
(TC) and a selected line (TC 35G). Genomic DNA was di-
gested with Bam HI (lanes A~C), Bgl II (lanes D-F), Eco RI
(lane G-I), Hind III (lane J-L) and Xba I (lane M-0). The
cut DNA was loaded onto an agarose gel in a fashion that the
first lane contains 10 pg wild-type DNA, the second lane con-
tains 0.4 ug of the selected line DNA which gives a compa-
rable signal strength to the wild type and the third lane con-
tains 10 ug seleced line DNA. The digested DNA was
separated on a 0.6, agarose gel by electrophoresis and trans-
ferred onto a charged nylon membrane. The filter was hybrid-
ized with the 3?P-labeled insert of pMON 9543, which con-
sisted of most of the mature protein coding regions of petunia
EPSPS cDNA.



TC 35G DNA which were identified using the
pMON 9543 probe (Fig. 1). Only two discrete in-
sert sizes were observed with the six clones ex-
amined. One group of three clones contained a
13 kb insert while the remaining three contained
16 kb inserts. These two classes differed with re-
spect to restriction maps as well as insert size but
were identical within each group. However,
Southern analysis of the two cloned DNAs
probed with pMON 9543 gave identical hybrid-
ization patterns, indicating that the EPSPS gene
itself was not altered but the sequences flanking
the gene were different in the two clones. From
restriction maps of the clones we concluded
that the 13 kb clone contained only one copy of
the EPSPS gene while the 16 kb clone had two
copies of the EPSPS genes oriented in opposite
directions (Fig. 2). Southern hybridization of
restriction digests of cloned DNA probed with
5" (400 bp Eco RI/Bam HI), middle (200 bp
Bam HI/Hind III), or 3’ (300bp Hind III/
Eco RI) fragments of pMON 9543 (petunia
EPSPS cDNA clone) was done to determine the
orientation of the gene as shown in Fig. 2. This
experiment also showed that the clones contained
5’ flanking sequences of the EPSPS gene and
most of the carrot EPSPS coding sequence, be-
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cause 3’ sequences of the petunia EPSPS cDNA
hybridized to the 1.3 kb Bam HI/Hind 111 end
fragment of the clones.

About 250 bases from the left end of the 3.4 kb
Bam HI/Eco RI fragment were sequenced. The
first 120 bp of the sequence was at least 659,
homologous to the cDNA sequences of petunia
within about 100 bp of the 3" end of the petunia
EPSPS gene. Thus the 13 kb and 16 kb Bam HI
fragments include almost the entire EPSPS gene
except for about 100 bp of the protein coding se-
quences at the 3’ end in the last exon (data not
shown). Therefore the genomic sequence of the
carrot EPSPS gene is at least 3.4 kb in length
(Fig. 2). The size of the EPSPS gene varies among
plant species due to differences in the intron sizes,
being about 2.3 kb in Arabidopsis [15], 2.8 kb in
Brassica napus [8] and 6.9 kb in petunia [7].

The IR structure found in the 16 kb clone has
a unique junction point as shown in Fig. 2. To
determine if the IR existed in the parent or was
an apparent product of the amplification process,
the fragment containing this junction from the
16 kb clone was used as a probe in Southern
analysis of the cloned 13 kb and 16 kb Bam HI
fragments by using appropriate restriction endo-
nucleases to differentiate between them. This

13 kb fragment
B H H EH HG GGH E GH HB
b1 T Ll T Ll Ll
] - ]
i —
EPSPS Send |
- |
| J
: 16 kb fragment
B H H EH HG GGH E vGG GH HE H H B
L1 L 11 L1y 1 L1 11 T
[ ] - S—
EPSPS S'-end [ ] 5'-end EPSPS
- —
inverted repeat inverted repeat
R [ N N A A N IR U [ IR [
0 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 kb

Fig. 2. Restriction endonuclease map of 13 kb and 16 kb Bam HI fragments of a selected carrot line, TC 35G. B, Bam HI; E,
Eco RI; G, Bgl II; H, Hind II1. The position of the junction is indicated as J. The blocks indicate the probes used in the experi-
ments (see the text). The filled triangles indicate the regions and direction of the sequencing as shown in Fig. 6.
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method was also applied to genomic DNA iso-
lated from TC and TC 35G. The results of South-
ern hybridization using a 1.05 kb Bg/ II/Eco R1
fragment from the 16 kb clone (position 7.7 kb to
8.8 kb of the restriction map in Fig. 2 which spans
the junction) as a probe are shown in Fig. 3. While
the Bam HI/Eco RI digests (lanes A-F) of wild

BamHIl/EcoRI BamHl/Hindlll

A BCDETFGHTIIJ KL
4.6 - A a
4.0 - e e
3.4 - -

Fig. 3. Southern hybridization of genomic DNA and genomic
clones showing that the wild type had only the 13 kb Bam HI
fragment and the selected line TC 35G had both the 13 kb and
16 kb Bam HI fragments. Genomic DNA (5 ug) or phage
DNA (4ng) was digested with Bam HI/Eco RI or with
Bam HI/Hind I11. The fragments were separated on a 0.7%,
agarose gel and transferred to a charged nylon membrane. The
filter was hybridized with the 3?P-labeled carrot probe which
was the 1.05kb Eco RI/Bgl/ Il fragment of the 16 kb clone
(position 7.7-8.8 kb in the restriction map shown in Fig. 2).
Lanes A-F, Bam HI/Eco Rl-digested DNA of TC (lane A),
TC 35G (lane B), two 16 kb clones (lanes C and D) and two
13 kb clones (lanes E and F). Lane G-L, Bam HI/Hind I11-
digested DNA of TC (lane G), TC 35G (lane H), two 16 kb
clones (lanes I and J) and two 13 kb clones (lanes K and L).

type DNA (lane A) yielded the 5.2 kb fragment,
the TC 35G DNA (lane B) had both the 4.6 kb
and 5.2 kb fragments, which are diagnostic for
the 13kb and 16 kb structures, respectively.
Bam HI/Eco RI digests of the 16 kb clone (lanes
C-D) and 13 kb clone (lanes E-F) resulted in
4.6 kb or 5.2 kb fragments, respectively. There-
fore, we could conclude that wild-type DNA con-
tained only the 13 kb Bam HI fragment and
TC 35G DNA had both the 13kb and 16 kb
Bam HI fragments. This conclusion is confirmed
in additional experiments with Bam HI/Hind 111
digests (lanes G—~L). While the 13 kb clone (lanes
K-L) and 16 kb clone (lanes I-J) had 3.4 kb and
4.0 kb fragments, respectively, the 3.4 kb frag-
ment was detected in the wild type (lane G) and
both the 3.4 kb and 4.0 kb fragments were found
in TC 35G DNA (lane H). The intensities of the
band indicate that TC 35G cells have about equal
concentrations of each fragment.

To determine when the inverted repeat struc-
ture of the 16 kb Bam HI fragment was formed
during the glyphosate selection process, several
selected cell lines were examined at different steps
during one selection experiment. When Bg/ II di-
gested genomic DNA was probed with the 2.0 kb
Bgl II fragment of the 16 kb clone (part of this
fragment is also contained in the 3.5 kb Bg/ II
fragment in the 13 kb clone as shown in Fig. 2),
only the 3.5 kb fragment was present in the wild
type up to TC 22G lines (lanes A-D of Fig. 4).
However, both the 3.5 kb and 2.0 kb fragments
were present in TC 35G and the intensity of each
band was approximately equal (lane E of Fig. 4).
This indicates that only the 13 kb Bam HI frag-
ment was present in the selected lines up to
22 mM glyphosate, and both the 13 kb and 16 kb
Bam HI fragments were present in equal amounts
in the 35 mM glyphosate selected line. Therefore,
the inverted repeat was formed or was enriched
enough to become detectable between the 22 mM
and 35 mM glyphosate selection levels.

The 16 kb cloned fragment appears to com-
prise a large inverted duplication which extends
beyond the Bam HI ends of the fragment. To
confirm the presence of the inverted duplication
in the glyphosate selected cells and to determine



iswamBDead

2.0 e

Fig. 4. Southern hybridization of stepwise selected lines
showing the presence of only the 13 kb Bam HI fragment in
the wild type and lines selected with up to 22 mM glyphosate
(TC 22G) and the presence of both the 13kb and 16 kb
Bam HI fragments in the 35 mM glyphosate selected line
(TC 35G). Genomic DNA (10 ug) was digested with Bg/ II.
The cut DNA was separated on a 0.6%, agarose gel and
transferred to a charged nylon membrane. The filter was hy-
bridized with the *?P-labeled 2.0 kb Bgl/ Il fragment of the
16 kb clone. Lane A, wild type DNA; lane B, TC 4.4G DNA;
lane C, TC 12G DNA; lane D, TC22G DNA; lancE,
TC 35G DNA.

the full length of the inverted repeat (IR) DNA
unit, S1 nuclease resistance experiments were
carried out as described by Ford ef al. [5] and
Ford and Fried [6]. Following denaturation and
rapid renaturation, only IR DNA anneals fast
enough to form double strands resistant to the
single strand specific endonuclease S1. Because
the two copies of the gene appear to be present
as a palindrome on the 16 kb fragment we would
expect to find an S1 nuclease fragment equal in
size to the stem of the palindromic region. When
Sl-resistant TC 35G DNA was analyzed by
Southern hybridization without any restriction
digestion, a 9.5 kb fragment hybridized to the
pMON 9543 probe (lane B of Fig. SA). When this
Sl-resistant DNA was further digested with
Bam HI, a 7.0 kb fragment was found (lane D of
Fig. 5B), which is the size predicted from the gene
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Fig. 5. Southern hybridization of S1-resistant TC 35G DNA
showing the presence of inverted duplications in the cell. Fresh
preparations of CsCl purified genomic DNA were denatured
with NaOH, neutralized with HCI to anneal the inverted re-
peats and then treated with S1 nuclease. The Sl-resistant
DNA was precipitated and digested with restriction enzymes
if necessary. The Sl-treated (and digested) DNA was sepa-
rated on a 0.6%, agarose gel and transferred onto a charged
nylon membrane. The filter was hybridized with 3*P-labeled
insert of pMON 9543. 10 ug of only S1-treated TC (lane A),
TC 35G (lane B) and PR (lane C) DNA. B. 30 ug of SI-
treated and restriction-digested TC (lanes A-C), TC 35G
(lanes D-F) and PR (lanes G-1) DNA. The first lane of each
cell line contained Bam Hl-digested DNA, the second lane
Bgl 1I-digested DNA, and the third lane Eco RI-digested
DNA.

map in Fig. 2. Bg/ Il or Eco RI digests of S1 re-
sistant TC 35G DNA showed 7.4kb or 5.7 kb
fragments, respectively (lanes E-F of Fig. 5SB),
which are the expected sizes if the length of the
IR stem is 9.5 kb. Therefore, we could conclude
that the length of the IR stem region is about
9.5 kb, and extends ca. 2.5 kb past the Bam HI
site ends of the 16 kb clone.

Wild-type TC and another line, PR, which was
selected from TC cells in 1984 [18] for growth on
25mM glyphosate and selected recently for
growth on 35 mM glyphosate, did not show any
bands in the same experiments (Fig. 5A and 5B)
indicating that the IR is present only in TC 35G,
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which agrees with the other experimental results.
It has been reported in mammalian systems that
inverted duplications are often observed in the
highly amplified DNA where during the early se-
lection stages only tandem head-to-tail repeat
structures are present [13, 15]. It is possible that
the 13 kb clone represents one copy of these tan-
dem head-to-tail structures, but as yet we do not
know how the 13 kb fragments are organized in
the genomic DNA.

To understand more about the sequences
flanking the two cloned Bam HI fragments, the
terminal 0.4 kb Hind I11/Bam HI fragment of the
13 kb Bam HI fragment (Fig. 2) was used as a
probe in genomic Southern hybridization of
TC 35G DNA. This probe hybridized specifically
to the 13 kb Bam HI fragment and to two frag-
ments when other restriction endnucleases were
used. This indicates that there are two different
flanking sequences next to the 13 kb Bam HI
fragment. When the 1.3kb Bam HI/Hind III
fragment, which is found at the other end of the
13 kb clone, and also at both ends of the 16 kb
clone, was used as a probe in Southern hybrid-
ization, two fragments were revealed with each
enzyme, instead of the three fragments which
could be expected from the three ends. We know
that the IR extends only about 2kb past the
Bam HI sites of the 16 kb Bam HI fragment from
the S1 nuclease resistance experiments, so the
flanking sequences past that point are not the
same, It is probable that the extension from one
end of the 16 kb Bam HI fragment is the same as
that of the 13 kb Bam HI fragment while the se-
quences flanking the other end are specific to the
16 kb Bam HI fragment as indicated by the S1
nuclease resistance experiments and Southern
hybridization with the 1.3 kb Bam HI/Hind 111
end fragment as a probe.

This is the first report of the involvement of IR
in gene amplification in plants. Stepwise selection
of alfalfa cells with phosphinothricin produced
cultures which had increased numbers of GS
genes. There were no changes in the structure of
the GS genes and the flanking sequences in the
amplified DNA compared to that of the wild type
[29]; however, the alfalfa cell line contained only

a 5-to 10-fold increase in the GS gene copy num-
ber [29]. Densitometry of the Southern hybrid-
ization signals of the TC 35G DNA showed that
there was about a 25-fold increase in EPSPS gene
copy number [25, 26]. In glyphosate-resistant to-
bacco lines, rearrangement of the EPSPS gene
was detected by Southern hybridization [9, 30]
but detailed analysis was not reported.

The presence of IRs as shown by the resistance
to S1 nuclease digestion [5, 6] and by mapping of
the cloned genes [13, 19] has been mechanisti-
cally linked to mammalian gene amplification.
The structure of the IR-containing fragment in
TC 35G might therefore be able to give clues to
the gene amplification mechanism in carrot. Ruiz
and Wahl [21] showed that a 9.2 kb dihydro-
folate reductase (DHFR) gene construct in a
plasmid vector transformed into DHFR gene-
deficient mammalian cells formed a submicro-
scopic molecule containing IRs spanning more
than 70 kb comprising the DHFR gene and host
DNA. These extrachromosomal elements were at
least 750 kb in size and were readily amplified
under the selection pressure, but were lost in the
absence of drug selection. In this case, the for-
mation of an IR was proposed to be an initial step
in gene amplification. In contrast, our selected
lines were relatively stable, maintaining half of the
amplified copies of EPSPS genes without selec-
tion pressure for two years [25, 26]. The possible
involvement of extrachromosomal elements in the
formation of the IR during the EPSPS gene am-
plification in carrot cells therefore seems unlikely.

In our studies, comparison of the 13 kb and
16 kb clone restriction maps suggests that ap-
proximately 1.5 kb (map position 7.0-8.5 kb in
Fig. 2) of the 13 kb Bam HI fragment is not du-
plicated in the second copy of the inverted repeat
of the 16 kb Bam HI fragment and a junction (J)
was found between the Bgl/ Il and Eco RI sites
(see arrowheads in Fig.2) in the 16 kb clone.
Similar IR structures have been observed in
mammalian gene amplification [13, 14, 19, 21]. In
such cases, the two palindromic arms, which may
extend for many hundreds of kb, flank a much
smaller nonpalindromic central loop of variable
size (200-1000 bp). Several explanations for such



structures have been proposed. From the struc-
ture and sequence of the inversion joint, Nal-
bantoglu and Meuth [ 19] suggested that, in a rare
event, replication switches strands and proceeds
around the replication fork rather than in a bidi-
rectional manner producing an IR from the two
arms of the fork. Hyrien er al. [13] proposed a
chromosomal spiral model based on the multi-
copy appearance of a large inverted duplication
and the sequence at the inversion joint. Nalbanto-
glu and Meuth [19] also suggested that the und-
uplicated region could be produced by loopout of
a single strand in advance of the replication com-
plex before the strand switching event. It is also
possible, however, that the IR structure with the
unduplicated loop region and junction is formed
by recombination events after unscheduled repli-
cation as in the onion skin model [27].

Joints linking two amplified units together have
been reported to be formed during mammalian
gene amplification. Break points lying in the loops
of stable stem-loop structures were found at each
point where breaks had occurred by Hyrien ez al.
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0.9 kb Bg/RI 1 Kk kkkh Ak k kkkkkdkkkd
60
1.05 kb Bg/RI 51 AGCAGAATGG GACACAGAARA

0.9 kb Bg/RI ] Kkkhkkddkhkkdk kkkkdkkkkkk

110

=
(o)
(&)

160

fary
o
w»

210

.05 kb Bg/RI 201 GGTAGTGCTG ACTTTGCTTC
kb Bg/RI 201 TT*CAGCAARC *A*CCRAAC*

O =
Lo

1.05 Kb BG/RI 251 vvevunrnn vonnvnnns
0.9 kb Bg/RI 251 TGTATGTGC. +.uvv....

kb Bg/RI 101 TTGTCAGACA TACACTCCTG
0.9 kb Bg/RI 101 AAT*TT***C ATA*G**T*T

kb Bg/RI 151 CTCAGGCATG TCTAAATGCC
0.9 kb Bg/RI 151 *AACAA*CCA *ACC**ACTT
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[13] but no sequence peculiarity was found by
Nalbantoglu and Meuth [19]. There has been no
absolute requirement for a particular type of se-
quence at the points where the breaks occurred;
however, A + T-rich elements seem to be involved
frequently in mammalian systems [27]. When we
compared the sequence of the 237 nucleotides
starting from the Bg/ Il site at the 8.8 kb map
position (see Fig. 2 for map) at the junction in the
16 kb Bam HI fragment with the 259 nucleotides
starting from the Bg/ Il site at the 6.8 kb map
position (see Fig. 2 for map) in the 13 kb Bam HI
fragment, they were identical for the first 88 bases
going in the direction of the arrows (Fig. 6). The
end of the matching sequence represents the
putative break point in the 13 kb clone and the
putative junction point (or joint) in the 16 kb clone
(Fig. 6). Our sequencing data shows that the
break point is at the end of a very A + T-rich
region as has been reported in the mammalian
systems.

DNA samples isolated from TC 35G on sev-
eral occasions over a period of time involving

30 40 50
AGTAATATAC CTTAAAATTA GCCTTTCARAC 50
Rk Ak Rk kkk (G kk ok ko kT s ok ok ok ok ok K 50

é{/ junction point

80 90 100
GAAACTARAG ARAGAAAACC GTGTGACGAC 100
xkkkkkkhk kkkkkrk* DG AATACG*TGA 100

break point

130 140 150
AGGTCCCTGC CGATGCCACC AGAAATCTCT 150
TAA*G*AAT* *AGCCAA*A* *CTCTCA*TA 150

180 190 200
CTTGCACCAG CAGTTCCTGG CCTAATCGGT 200
TCAA*TTT*A G*ACAGAAAC AAA*GGATAX 200

230 240 250
CTCCAARCAC ACTTGRA... ...vvuunnn 250
TCAGGGT*CA TTCCTTCACT TTCAATTGGT 250

Fig. 6. DNA sequences showing the putative break point in the 0.9 kb Bgl/ II/Eco RI (Bg/RIl) fragment in the 13 kb Bam HI
fragment and the putative junction point in the 1.05 kb Bgl II/Eco RI (Bg/RI) fragment of the 16 kb Bam HI fragment. The po-
sition and direction of the sequencing starting from Bg/ II sites are indicated by the filled triangles in Fig. 2. Matched sequences
are shown as bars and unmatched sequences are shown as lower case letters from the comparison of the sequences of 237 bp of
the 1.05 kb Bgl 1I/Eco RI fragment and 259 bp of the 0.9 kb Bgl II/Eco RI fragments.
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subculturing showed the same relative concentra-
tions of the 13 and 16 kb fragments. It is unlikely
therefore that TC 35G contains a mixed popula-
tion of cells since this would require that the rela-
tive cell densities were constant despite cell
growth during subculturing. We therefore believe
that both molecular structures are present in the
same cell and that the IR probably derives from
the linear structure. This would suggest that either
a single event generated the IR which was sub-
sequently rapidly amplified or that the event hap-
pened many times in the population of amplified
linear structures, possibly during the resolution of
an instability generated in the amplification step
from 22 to 35 mM glyphosate. Study of larger
DNA fragments to determine whether there is
any physical relationship between the IR and
linear forms may indicate whether single or mul-
tiple events were involved in the amplification.
We do not know why the IR structure is found
only in the highly amplified line, TC 35G. It is
possible that a population of cells having the IR
structure became enriched in the later selection
stages, which made detection of the IR by South-
ern hybridization possible. However, Southern
hybridization of the Bgl/ II digested DNA from
several lines obtained from colonies selected on 1,
2, and 10 mM glyphosate-containing medium also
failed to detect the IR using the junction fragment
of the 16 kb Bam HI fragment as a probe, indi-
cating that the IR structure was not present even
in small populations of the cells at the early se-
lection stages (S. Caretto and J.M. Widholm, un-
published data). To verify if the IR structure and
non-IR structure are present in the same cell,
cloning of the TC 35G cells is required.

In conclusion, two different arrangements of
the highly amplified EPSPS genes of the glypho-
sate-resistant carrot cells were identified from two
genomic clones. One of the clones had only one
copy of the EPSPS gene, which may represent the
unit fragment of a tandem head-to-tail repeat
structure. This structure is present in both wild
type and selected cells. The other structure which
was present only in the highly amplified line,
TC 35G, contained a 9.5 kb inverted duplication
of the EPSPS gene. The presence of IRs in the

later stages of selection and of junctions has been
reported in several amplified mammalian cell sys-
tems. The size of the IRs in the case of carrot are
much smaller than those found in animal cells.
Our results suggest that similar gene amplification
mechanisms may occur in mammalian and plant
systems even though plant gene amplification oc-
curs more slowly and to a lower level and does
not appear to involve extrachromosomal elements
as determined by relative stability even at early
stages of selection [25, 26].

This carrot system is ideal for gene amplifica-
tion (genome instability) studies due to the ease
and repeatability of the selection. Further study
should yield information about how plant ge-
nomes can evolve to produce phenomena such as
repeated DNA and gene families.
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