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A change of flower shape was observed in petunia corollas treated with 0.5 mm glyphosate.
Glyphosate changed the flower symmetry from the actinomorphic type to the zygomorphic
type. Corollas treated with glyphosate showed an increased free amino acid content. Free
amino acid profiles in petunia corollas revealed that glyphosate had no significant effect on
aromatic amino acid levels but increased the level of proline. Soluble protein content in
glyphosate-treated corollas did not cause any significant changes. The contents of soluble
phenolics, lignin, and IAA in the corollas were not significantly affected by the glyphosate
treatment. In contrast, glyphosate reduced the nitrate content and the RNA content of petu-
nia corollas by 45% and 63% of the control, respectively. However, the DNA content in
glyphosate-treated corollas was similar to that of the control.

Low concentrations of glyphosate did not show any phytotoxic effects on the whole plants
and any remarkable changes on aromatic amino acid metabolism and protein synthesis. How-
ever, glyphosate reduced the RNA content of petunia corollas and changed the flower sym-
metry from the actinomorphic type to the zygomorphic type. The results of nonprotein nitro-
gen metabolism in glyphosate-treated petunia corollas suggested that glyphosate application
at low concentration may influence the regulation of flower symmetry through the change

of RNA biosynthesis.
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Introduction

The flower is the reproductive structure for an-
giosperms and also shows morphological diversity
in size, shape and colour. Much of the extant
flower diversity results from evolutionary changes
in the shape and number of floral organs. Appro-
priate molecular tools for the biodesign of the
shape of floral organs are necessary for elucidation
of the transitions occurred during angiosperm evo-
lution and improvement of garden variety. For the
biodesign of the flower shape, we need to under-
stand the genetic mechanism that controls the
flower morphogenesis (Hileman et al., 2003; Kim
et al., 1999; Meyerowitz, 1998; Parcy et al., 1998;
Bergbusch, 1999; van der Krol et al., 1993; Conner,
2002). In recent studies, clonal analysis showed
that petal asymmetry of Antirrhinum (snap-
dragon) depends on the direction of growth rather
than regional difference in the growth rate (Rol-
land-Lagan et al., 2003). However, the metabolism
related to flower morphogenesis is still poorly un-

derstood, because the development of flowers is a
complex phenomenon.

For the elucidation of the metabolism related to
the flower shape, we need a flower model enabling
to manipulate flower growth and shape. This study
uses a technique of applying glyphosate (N-phos-
phonomethylglycine) (Jaworski, 1972) to petunia
flower buds for characterizing the metabolism re-
lated to the flower shape. Application of glypho-
sate reveals the change of petunia flower shape
from the actinomorphic type to the zygomorphic
type (Shimada and Kimura, 2006).

Glyphosate is widely used as a nonselective,
broad-spectrum, postemergence herbicide with
particular potential for perennial weed control due
to excellent translocation (Hollander and Am-
rhein, 1980; Haderlie et al., 1977). The primary
mode of action of glyphosate is to competitively
inhibit the binding of the substrate phosphoenol-
pyruvate to the active site of 5-enolpyruvylshiki-
mate-3-phosphate synthase (EPSP synthase; 3-
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phosphoshikimate 1-carboxyvinyltransferase; EC
2.5.1.19). Glyphosate is thus thought to inhibit the
plant growth by blocking the synthesis of aromatic
amino acids which subsequently cause an inhibi-
tion of protein synthesis (Della-Cioppa et al.,
1986). There have been reports on effects of gly-
phosate on the amino acid metabolism using axes
of soybeans [Glycine max (L.) Merr.] (Duke et al.,
1979, 1980) and maize (Zea mays L.) (Hoagland
et al., 1978), suspension-cultured cells of carrot
(Daucus carota L.) and tobacco (Nicotiana taba-
cum L.) (Haderlie et al., 1977), rhizome buds of
quackgrass [Elytrigia repens (L.) Nevski], roots of
wheat (Triticum aestivum L.) (Cole et al., 1980),
inflated duckweed (Lemna gibba L.) (Cooley and
Foy, 1992). However, there is not any information
on effects of glyphosate on the amino acid meta-
bolism using floral organs.

We describe here the relationship between the
flower symmetry and the nitrogen metabolism of
petunia corollas treated with glyphosate.

Material and Methods
Plant growth and application of glyphosate

Seeds from an F1 hybrid of Petunia hybrida pur-
chased from Takii Nursery, Kyoto, Japan, were
sown in multipot plastic trays filled with peat and
germinated under growth chamber conditions at
25 °C with 100 umol photons m~2s~! (white fluo-
rescent lamps) for 14 d. Uniform seedlings at the
4-leaf stage were transplanted into 20-cm pots
filled with a commercial soil for flowers purchased
from Hirata Nursery, Fukuoka, Japan, and grown
in a greenhouse (25/15 °C day/night) under a natu-
ral photoperiod. Plants were irrigated once a week
with fertilization (4-6-7 NPK). An 1 ml per pot
aqueous solution containing 0.5 mm glyphosate
and Tween-80 (1 gl~1) was applied to all leaves
once in 2d for a total of three treatments from
45 d after sowing. Glyphosate was purchased from
Wako Pure Chemical Industries Ltd, Osaka, Ja-
pan.

Free amino acid content of corollas

The fresh corollas (0.15 g) were homogenized in
5ml cold 25 mm Na-borate buffer (pH 8.8) con-
taining 2 mM Na-bisulfite with a Polytron equip-
ment (Kinematica) at the medium-speed setting
for 60s, and the homogenate was centrifuged
(4 °C, 12,000 x g, 10 min). The supernatant was an-
alyzed for free amino acid content according to
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Moore and Stein (1948, 1954) and Moore (1968).
The reaction mixture containing 2 ml supernatant
and 2 ml ninhydrin reagent was heated for 15 min
in a boiling water bath. After rapid cooling, etha-
nol and water (50:50, v/v; 3 ml) were added and
the absorbance was measured at 570 nm using glu-
tamic acid as the standard.

Free amino acid composition analysis of corollas

Free amino acid composition analysis was car-
ried out according to the method of Chang et al.
(Lin and Chang, 1975; Chang et al., 1981, 1982).
The supernatant prepared for the measurement of
the free amino acid content was adjusted to pH
7.0 with 0.1 m NaOH and then centrifuged (4 °C,
2,000 x g, 10 min). The clear supernatant was lyo-
philized and the residue was dissolved in 0.5 ml
0.1 m sodium carbonate buffer (pH 9.2). The reac-
tion mixture containing 0.1 ml buffer solution and
0.1 ml dabsyl chloride solution was heated for
10 min at 70 °C. The mixture was concentrated in
vacuo and redissolved in ethanol/water (70:30,
v/v; 2ml). The resulting solution was filtered
through a Millex-LH filter (0.45 gm x 13 mm, Mil-
lipore) and analyzed by reversed-phase HPLC
(LC-6A instrument, Shimadzu). The free amino
acid solution was separated on a TSKgel ODS-
80TS column (4.6 x 150 mm, Tosoh) at 40 °C. The
mobile phase consisted of solvent A (10 mm citrate
buffer, pH 6.2) and solvent B (90% acetonitrile in
water), the following gradient procedure was used:
20% of B for 0 min; a linear gradient from 20 to
45% of B for 25 min; a linear gradient from 45 to
70% of B for 10 min; a linear gradient from 70 to
100% of B for 2 min; 100% of B for 13 min. The
flow rate was 1.2 ml min~!.

Soluble protein content of corollas

Soluble protein content was determined by the
method of Bradford (1976) using bovine serum al-
bumin as the standard. The supernatant prepared
for free amino acid measurements was used for
the quantitative analysis of protein.

Lignin content of corollas

Quantitative analysis of lignin was carried out
according to Li et al. (2003), Johnson et al. (1961)
and Effland (1977). The corollas (0.2 g dry weight,
DW) were extracted sequentially at room tem-
perature twice with distilled water for 10 min,
twice with 1M NaCl containing Triton X-100
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(20 g 171) for 10 min, and finally with ethanol/tolu-
ene (1:1, v/v) for 5 h. After drying, the sample was
hydrolyzed with 2mM NaOH for 2h at 70 °C,
washed with distilled water for 10 min, dehydrated
with acetone and dried. The dried sample (5 mg)
was incubated in acetylbromide/glacial acetic acid
(25:75, v/v; 0.5ml) for 30 min at 70 °C. After a
rapid cooling, 0.5 ml 2m NaOH and 0.1 ml 7.5 m
hydroxylamine-HCI were added and the volume
was made up to 10 ml with glacial acetic acid.
After filtration, the absorbance was measured at
280 nm using ferulic acid as the standard.

Total soluble phenol content of corollas

Total soluble phenol analysis was carried out ac-
cording to the method of Camacho-Cristobal et al.
(2002), Ruiz et al. (1999) and Arnaldos et al.
(2002). The fresh corollas (0.3 g) were extracted
with 3 ml methanol. The extracts were maintained
on ice for 1 h and then centrifuged (4 °C, 4,000 x g,
15 min). Aliquots (0.25 ml) of the extracts were
mixed with 2.5 ml 2% Na,COj; in water and 0.2 ml
Folin-Ciocalteu reagent. After the mixture was in-
cubated for 15 min in the dark at room tempera-
ture, the absorbance was measured at 765 nm us-
ing caffeic acid as the standard.

IAA content of corollas

Quantitative analysis of indole-3-acetic acid
(IAA) in petunia corollas was carried out accord-
ing to the modified method of Akiyama et al.
(1983), Shimada et al. (2000) and Crozier et al.
(1980). The fresh corollas (0.3 g) were homoge-
nized in 25 ml 80% acetone in water with a Poly-
tron equipment (Kinematica) at the medium-
speed setting for 60s, and the homogenate was
centrifuged (4 °C, 2,000 x g, 5 min). The clear su-
pernatant was concentrated in vacuo to give an
aqueous solution. The volume of the aqueous solu-
tion was made up to 10 ml with distilled water and
was adjusted to pH 3.5 with 0.1 m tartaric acid. The
solution was washed with an equal volume of pe-
troleum ether and partitioned twice with an equal
volume of diethyl ether. The diethyl ether fraction
was partitioned twice with an equal volume of
0.1 m potassium phosphate buffer (pH 8.0). The
aqueous fraction, adjusted to pH 3.5 with 0.1 m
HCI, was partitioned twice with an equal volume
of diethyl ether. The organic fraction was con-
centrated in vacuo, and the residue was dissolved
in acetonitrile. IAA in each sample was quanti-

fied chromatographically on a HPLC instrument
(Model LC-6A, Shimadzu) with a TSKgel ODS-
80Ts column (4.6 x 250 mm, Tosoh). Each sample
was eluted with 20% acetonitrile solution plus
20 mMm sodium acetate buffer (pH 3.5) at a flow
rate of 0.8 ml min~!. The elute was monitored with
a spectrofluorometer (Model RF-550, Shimadzu).
The excitation wavelength was 280 nm and the
emission wavelength was 355 nm. Triplicate ex-
periments were conducted.

Nitrate content in petunia corollas

Quantitative analysis of nitrate in petunia corol-
las was carried out according to the method of
Cataldo et al. (1974, 1975). The solution prepared
for the measurement of the ammonia content was
used for measuring the nitrate content. To 50 ul
sample solution in a 20-ml test tube, 200 ul of 6%
salicylic acid and conc. H,SO,4 were added. The
solution was mixed and incubated for 20 min at
room temperature. After Sml 2m NaOH were
added, the solution was mixed thoroughly and in-
cubated for 20 min at room temperature. The ab-
sorbance was measured at 410 nm using NaNOj as
the standard. Triplicate experiments were con-
ducted.

DNA content of corollas

Extraction of DNA from petunia corollas was
carried out according to the modified method of
Murray and Thompson (1980). The fresh corollas
(1 g) were frozen in liquid nitrogen and ground to
a fine powder using a mortar and pestle. After the
extract had been transferred to a 20-ml test tube,
3 ml extraction buffer [1.4 M NaCl, 20 g1-! cetyl-
trimethylammonium bromide (CTAB), 100 mm
Tris (2-amino-2-hydroxymethyl-1,3-propanediol)-
HCI buffer (pH 8.0), 20 mm EDTA] were added.
The mixture had been emulsified by gentle inver-
sion, and then was incubated for 30 min at 65 °C.
The solution was emulsified for 5 min by gentle
mixing with an equal volume of chloroform/
isoamyl alcohol (24:1, v/v), and then centrifuged
(20 °C, 12,000 x g, 15 min). The supernatant was
emulsified once more with an equal volume of
chloroform/isoamyl alcohol and centrifuged
(20°C, 12,000 x g, 15 min). After 1.5 volume of
CTAB solution [10 g 17! CTAB, 50 mm Tris-HCl
buffer (pH 8.0), 10 mm EDTA] was added, the so-
lution was incubated for 1 h at room temperature.
After centrifugation (20 °C, 8,000 x g, 10 min), the
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supernatant had been removed. The precipitate
was dissolved in 2ml 1 M CsCl, and then 4 ml of
ethanol were added. The solution was mixed by
gentle inversion and incubated for 20 min at
—20°C. After centrifugation (20°C, 12,000 x g,
5 min), an supernatant had been removed, and
2 ml 70% ethanol in water were added. After cen-
trifugation (20 °C, 12,000 x g, 15 min), the precipi-
tate was dissolved in 2 ml 10 mm Tris-HCI buffer
(pH 8.0) containing 1 mm EDTA.

Quantitative analysis of DNA in petunia corol-
las was carried out according to the method of
Burton (1956). After 2 ml sample solution were
mixed with an equal volume of diphenylamine re-
agent, the solution was incubated for 18 h at 30 °C.
The absorbance was measured at 600 nm using
DNA from salmon sperm as the standard.

RNA content of corollas

Extraction of RNA from petunia corollas was
carried out according to the modified method of
Lopez-Gomez and Gomez-Lim (1992) and Shirza-
degan et. al. (1991). The fresh corollas (1.5 g) were
homogenized with a Polytron at medium speed for
30 s by the addition of 15 ml extraction buffer and
15 ml phenol solution. The extraction buffer con-
tained 200 mm NaCl, 50 mm Tris-HCI buffer (pH
8.5), and 10 mm EDTA. The phenol solution con-
tained water-saturated phenol/chloroform/isoamyl
alcohol (50:50:1, v/v/v). The homogenate was
emulsified by quickly inversion for 10 min and
centrifuged (10 °C, 7,000 x g, 20 min). The super-
natant had been emulsified with an equal volume
of phenol solution and centrifuged (10 °C, 7,000 x g,
20 min). The supernatant was emulsified and cen-
trifuged once more. The clear supernatant was
mixed with an equal volume of isopropanol and
incubated for 20 min at —80 °C. After centrifuga-
tion (4 °C, 7,000 x g, 20 min), a supernatant had
been removed. The precipitate was dissolved in
2ml 50 mm Tris-HCI buffer (pH 7.5) containing
1 mm EDTA. After 80 ul 5™ NaCl and 5 ml cold
EtOH had been added, the solution was mixed by
gentle inversion. The solution had been incubated
for 20 min at 20 °C and was centrifuged (4 °C,
7,000 x g, 20 min). An aqueous phase had been re-
moved, and the precipitate was redissolved in 2 ml
50 mm Tris buffer. After 0.5 ml 8 M urea and 0.5 ml
10 m LiCl had been added, the solution was mixed
gently. The solution had been incubated overnight
at 4°C and was centrifuged (4°C, 7,000 x g,
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20 min). A supernatant had been removed, and
the precipitate was redissolved in 2 ml 50 mm Tris
buffer.

Quantitative analysis of RNA in petunia corol-
las was carried out according to the method of
Mejbaum (1939). After 2 ml sample solution were
mixed with an equal volume of orcinol reagent,
the solution was incubated for 20 min in a boiling
water bath. After rapid cooling, the absorbance
was measured at 670 nm using RNA from yeast as
the standard.

Results

Effects of glyphosate on free amino acids and
soluble protein of petunia corollas

The corollas treated with glyphosate increased
the free amino acid content to 136% of the con-
trol. Free amino acid profiles in petunia corollas
revealed that glyphosate had no significant effect
on the aromatic amino acid levels but increased
the level of proline (Table I). Soluble protein con-
tent in glyphosate-treated corollas did not cause
any significant changes. Glyphosate caused a re-
duction of anthocyanin formation and PAL activ-
ity (Shimada and Kimura, 2006) but did not affect
the aromatic amino acid and protein biosynthesis.
Phenylalanine and tyrosine are the important pre-
cursors in the production of phenolic compounds
and lignin (Duke et al., 1979). Tryptophan is an

Table I. Free amino acid profile of petunia corollas
treated with 0.5 mm glyphosate.

Amino acid Control (mol%) Glyphosate (mol%)
Ala 6.1 8.8
Leu 22 1.3
Val 5.1 32
Phe 1.5 1.2
Tyr 0.4 0.8
Trp 1.3 1.0
His 1.7 1.8
Gly 33 31
Ser 7.5 7.4
Cysl 243 30.4
Cys2 0.9 0.3
Glu 15.6 12.4
Arg 5.2 4.1
Pro 3.1 6.4%
Asp 12.5 11.9
Thr 2.1 22
Met 3.0 0.7%*
Ile 24 1.2
Lys 2.0 1.6

* P < 0.05 compared with the control.
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Fig. 1. Effects of glyphosate on total soluble phenols, lignin and IAA contents of petunia corollas. Values are

means + SE; n = 3; * P < 0.05 compared with the control.

important precursor in the production of TAA
(Hoagland et al., 1978; Duke et al., 1979). Thus,
the effect of glyphosate on aromatic amino acid
metabolism was the next examination.

Effect of glyphosate on total soluble phenolics,
lignin and IAA contents of petunia corollas

Methanol extracts of the corollas treated with
glyphosate were analyzed for total soluble pheno-
lic compounds. There was no significant difference
in the amount of soluble phenolic compounds be-
tween the control tissue and the tissue treated with
glyphosate (Fig. 1). The effect of glyphosate on the
lignin content in the corollas is shown in Fig. 1;
it was not significantly affected by the glyphosate
treatment. The effect of glyphosate on the TAA
content is also shown in Fig. 1. The amount of
IAA, a metabolite of tryptophan, in the corollas
was not significantly affected by the glyphosate
treatment.

Glyphosate also did not affect the aromatic
amino acid metabolism. Since no information
seems to be available on the role of glyphosate
in the regulation of flower symmetry in petunia
corollas, the effect of glyphosate on nonprotein ni-
trogen was examined next.

Effects of glyphosate on the content of nitrate of
petunia corollas

Glyphosate reduced the nitrate content of petu-
nia corollas by 45% of the control (Fig. 2), but did
not affect the contents of amino acid and protein.
Thus, the effect of glyphosate on the contents of
DNA and RNA was examined next.

Effects of glyphosate on the contents of DNA and
RNA of petunia corollas

DNA content of petunia corollas increased to
113% of the control by the treatment of glypho-
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Fig. 2. Effects of glyphosate on the nitrate, DNA and RNA contents of petunia corollas. Values are means + SE;
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sate. In contrast, RNA content decreased by 63%
of the control by the treatment of glyphosate
(Fig. 2).

Discussion

Changes of flower shape and pigmentation were
observed in petunia corollas treated with glypho-
sate (Amrhein et al., 1980). Although the decrease
in anthocyanin content was a result of the reduc-
tion of PAL activity caused by glyphosate (Hol-
lander and Amrhein, 1980), the reduction of PAL
activity alone could not account for the two inde-
pendent processes of flower shape and pigmenta-
tion.

Many studies have given strong support to the
hypothesis that inhibition of the shikimate path-
way enzyme EPSP synthase is the primary site-of-
action of glyphosate and other metabolic effects
are secondary in nature. According to this hypoth-
esis, inhibition of EPSP synthase may lead to de-
creased levels of aromatic amino acids that subse-
quently cause an inhibition of protein synthesis
(Amrhein er al, 1980; Rubin et al., 1984). How-
ever, our findings showed that glyphosate in-
creased the free amino acid content but did not
affect the aromatic amino acid levels and soluble
protein content. Furthermore, glyphosate had no

significant effect on the aromatic amino acid me-
tabolism such as phenolic compounds, lignin and
TAA. In contrast, glyphosate reduced the nonpro-
tein nitrogen of nitrate and RNA.

High concentrations of glyphosate showed phy-
totoxic effects on a number of plant species by the
inhibition of EPSP synthase. This inhibition led to
decreased levels of aromatic amino acids that sub-
sequently cause an inhibition of protein synthesis
(Amrhein et al., 1980; Rubin et al., 1984). In addi-
tion, glyphosate induced high levels of PAL activ-
ity (Duke et al., 1979, 1980; Cooley and Foy, 1992;
Amrhein and Godeke, 1977). High levels of PAL
activity produced toxic levels of ammonia and in-
creased the levels of growth-inhibiting phenolic
compounds (Duke et al., 1980). Furthermore, gly-
phosate acted as a respiratory inhibitor through
uncoupling mitochondrial phosphorylation and re-
duced photosynthesis in the whole plants (Hader-
lie et al., 1977; Ali and Fletcher, 1977; Olorunsogo
et al., 1979). In contrast, low concentrations of gly-
phosate did not show any phytotoxic effects on the
whole plants and any remarkable changes on the
aromatic amino acid metabolism and protein syn-
thesis. However, glyphosate reduced the RNA
content of petunia corollas and changed the flower
symmetry from the actinomorphic type to the zy-
gomorphic type.
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In petunia, expression of the gene encoding
EPSP synthase is petal-specific, and the expression
level increases dramatically during flower opening
(Hirai et al., 1994). EPSP synthase is a key enzyme
of the shikimate pathway which is necessary for
the production of aromatic compounds to provide
material such as phenylpropanoids and IAA for
flower pigmentation and development (Hirai et al.,
1994; Gasser et al., 1988). This enzyme is the target
of the nonselective herbicide glyphosate. PE-
Thy;ZPT2-1, one of the zinc-finger transcription
factors of petunia, regulates the petal-specific ex-
pression of the gene for EPSP synthase and the
floral organ formation (Takatsuji et al., 1994; Ko-
bayashi et al., 1998). Overexpression of cDNA for
another zinc-finger protein of petunia, designated
lateral shoot-inducing factor (LIF), in transgenic
petunia plants results in the morphology of flowers
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(Nakagawa et al., 2005). The flower shape of LIF-
overexpressed petunia is similar to that treated
with glyphosate. In addition, glyphosate inhibits
RNA transcription in the sea urchin’s early devel-
opment (Marc et al., 2005). Thus, the results of
nonprotein nitrogen metabolism in glyphosate-
treated petunia corollas suggests that low concen-
tration of glyphosate might affect the expression
of the transcription factors related to the flower
development through the reduction of RNA bio-
synthesis.
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