
Plant Physiol. (1988) 86, 967-970
0032-0889/88/86/0967/04/$01.00/0

Variation of Transhexadecenoic Acid Content in Two Triazine
Resistant Mutants of Chenopodium album and Their Susceptible
Progenitor

Received for publication November 16, 1987 and in revised form December 24, 1987

A. TREMOLIERES*, H. DARMENCY, J. GASQUEZ, M. DRON, AND A. CONNAN
Institute de Physiologie Vegetale, CNRS, 91190 Gif sur Yvette, France (A.T., A.C.); 1.N.R.A.
Laboratoire de Malherbologie, BV 1540, 21034 Dijon Cedex, France (H.D., J.G.); and Plant Biology
Laboratory. The Salk Institute, P.O. Box 85800, San Diego, California 92138-9216 (M.D.)

ABSTRACT

Two atrazine resistant nutants of Chenopodium album L. and their
susceptible progenitor were analyzed for lipid composition. In the phos-
phatidyldiacylglycerol the A3-trans-hexadecenoic acid (C16:1 trans) per-
centage was higher in the two resistant phenotypes. However, this dif-
ference appears later in the development of the leaves and is not clearly
observed in young leaves and seedlings. Thus, the increase of the C16:1
trans during the leaf development of the resistant phenotypes is probably
a secondary effect of the psbA mutation that arises in compensation for
some photosynthesis deficiency. The signifi'cance of the lipid differences
shown between the two resistant mutants is discussed in terms of whether
they are responsible of the two different levels of herbicide resistance
observed in the field.

Resistance to triazine herbicides at the chloroplast level in
higher plants is known to occur in more than 30 species (9). This
resistance is related to the alteration of the herbicide binding
site, the protein of the secondary electron carnrer on the reducing
side of PSII called the 32 kD protein (21). It has been shown
that a single base substitution on the chloroplast psbA gene re-
sulted in a single amino acid change in the 32 kD protein (11).
The same substitution at amino acid 264 occurs in all higher
plants tested to date (19). This change results in a specific loss
of herbicide binding capacity and a reduced rate of electron
transport in triazine resistant chloroplasts resulting in a lower
growth rate of the resistant plants (10). Ultrastructural studies
have shown that the chloroplasts of the resistant plants have more
large grana stacks and lower Chl alb ratio than susceptible plants
(23). This would suggest that they have larger PSII antennae.

Several lipid differences also have been reported repeatedly
(5, 20), especially an increase in the C16:1 trans1 fatty acid pro-
portion in the PG of the resistant plants (4, 14, 15). Since the
fatty acid composition of the PG has been previously suggested
to be implicated in the PSII and antennae organizations (6, 12),
and PG occurs only in chloroplast membranes (6), it could be a

' Abbreviations: C16:1 trans, A3-trans-hexadecenoic acid; Sp, I, and
Ri, susceptible, intermediate and resistant isogenic phenotypes; PG,
phosphatidyldiacylglycerol; PE, phosphatidylethanolamine; PC, phos-
phatidylcholine; MGDG and DGDG, mono- and digalactosyldiacylgly-
cerol; C16:0: palmitic acid; C16:3, 7-, 10-, 13-cis-hexadecatrienoic acid;
C18:0: stearic acid; C18:1, 9-cis-octadecenoic acid; C18:2, 9-, 12-all-cis-
octodecadienoic acid; C18:3, 9-, 12-, 15-all-cis-octodecatrienoic acid.

good marker of a secondary effect of the mutation. Indeed, an
increase of the PSII antennae could correspond to the need for
a better light energy collection in order to compensate for the
deficiency in electron transfer in the resistant plants. Alternately,
PG changes could be directly involved in the expression of the
resistance as PSII centers are partially embedded in the lipid
matrix of the thylakoid membrane:conformational changes due
to lipid variations may well affect the atrazine binding.
The aims of this paper are therefore to clearly establish the

PG difference between atrazine resistant and susceptible plants
and to determine whether this lipid change appears very early
or in a later stage of the plant life, as a secondary effect. More-
over, we intended to make a correlation between the lipid com-
position and low and high levels of resistance in fields. However,
such a study needs the use of genetically related plants to provide
valuable results free of uncontrolled genetic variations. In the
present study, we used a unique plant model showing three levels
of atrazine resistance (susceptible, intermediate, and resistant)
within the descendance of a single plant line (2, 7). A sponta-
neous intermediary resistant and an induced highly resistant mu-
tant of Chenopodium album L. were both issued from the same
susceptible parent plant. As far as these three phenotypes have
been studied (morphology, phenology, physiology, isozymes, and
DNA), they do not differ from one another except for what
concerns the consequence of the 32 kD protein mutation. Since
the two resistant plants have the same inbred mother plant, and
since the psbA mutation was demonstrated to be punctual at the
same amino acid in both cases (2), these two resistant materials
certainly display nearly the same mitochondrial, muclear, and
chloroplastic genomes as their susceptible mother plant.

MATERIALS AND METHODS

Source of Plant Materials. Seedlings of susceptible plants were
collected in a private garden, then transferred in the greenhouse
and self-pollinated under individual bags. Their descendance was
sown in the greenhouse and the resulting seedlings were analyzed
for resistance using the leaf fluorescence test (7). In a few cases,
a few intermediary resistant plants (I) appeared together with
susceptible ones (Sp) within the same descendance (2, 7). I plants
showed to be resistant to 10-fold the lethal dose of the Sp plants
and this characteristic was maternally inherited. However, when
an I plant was sprayed with a sublethal dose of atrazine, its whole
descendance (Ri) resulted to be resistant to at least 200-fold the
lethal dose of the Sp plants and to have a fluorescence test
different from that of the I plant (7). Therefore, the Sp and I
materials used here are sister plants, and the Ri material is the
progeny of atrazine treated I plants. It has been demonstrated

967



~~~~~~~~~~~~~~PlantPhysiol. Vol. 86, 1988

that both I and Ri phenotypes have the same mutation at amino
acid position 264 of the 32 kD protein while the Sp phenotype
has no mutation (2).

Conditions of Culture a'nd- Harvest. Seeds were sown in ver-
miculite soil, then transplanted when 10 d old in individual pots
in the greenhouse (240C -day. and 17'C night, at 70% hu'midity.
with a 16 h18 h -ph'otop'eriod). Three experiments were carried
out independently in November, April, and June 1985-1986.
For each experiment, leaves of 60 d old plants were harvested
(5 repetitions of 10 fully developed leaves for each phenotype),
then analyzed for their lipid composition. In one experiment
(June). the leaves were harvested at three stages: (a) at 10 d the
plants have four small leaves that were all harvested; (b) at 30
d three samples were carried out on three different parts of the
plants (the younigest leaves at the very top of the plants, the fully
developed leaves at the middle of the plants, and the four primary
leaves at the basis of the plants; (c) at 60 d, fully developed
leaves were harvested. Leaf surface was measured with an area
meter from b-T devices.

Lipid Analysis. Leaves were boiled in water for lipase inacti-
vation. Total lipids were extracted by grinding the leaves in chlo-
roform methanol 1/1. After addition of water (1 volume), the
chloroform phase was separated from the aqueous phase then
evaporate'd to dryness under a N2 stream (3). An aliquot of, total
lipid extract was transmethylated with boron-trifluo'ride metha-
nol according to Metcalf et al. (17). Fatty acid methyl esters were
analyzed by capillary GLC at 180'C using a Girdel 30 equipped
with flame ionization detector. A 25 m long, 0.32 mm diameter
glass column coated with PEG was used. For quantitative de-
termination of fatty acids, a known amount of heptadecanoate
(C17:0O) was added as an internal standard during lipid extraction
to avoid artefacts in quantitation of fatty acids. Separation of
differe'nt lipid classes was performed by TLC. Polar lipids were
separated as described by Tremoli'eres and Lepage (22). Fatty
acid composition and content o'f lipid classes separated by TLC
wasetemind byscrppig lpid spots vizu'alized under UV

after primulin'e pulverisation then transesterification and capil-
lary GLC analysis.'

RESULTS

Lipid Classes Composition and Fatty Acid Content. Table I
pre'sents a typical experiment that shows the relative abundance
of several lipid classes in leaves of 60 d old plants. Galactolipids,

Table I. Polar Lipid Classes, Composition, Total Fatty Acid Content,
and Specific Leaf Weight of Leaves at the Middle of the Stem of 60 d

old Plants of Sp, I, and Ri Phenotypes of Chenopodium
The data are the mean ± SE.

Component Sp I Ri

MGDG 41.3 ± 1.9 40.4 ± 2.2 40.8 ±0.3
PE 5.4 ± 0.3 4.5 ± 0.3 5.1 ±0.3
PG 8.1 ± 0.4 8.0 ± 0.5 8.5 ±0.4
DGDG 21.6 ±0.8 25.9 ± 1.1 24.1 ±0.4
PC 23.6 L18 21.2 ± 0'.8 21.5 ±0.9
Total gc2 136 ±5 126 ± 4 112 ±4
Total g/g 6754 ± 208 7430 ± 92 6284 ±135

fresh wt

Specific leaf 20.2 ± 0.6 17.0 ± 0.5 17.8 ±0.4
weight
Mg/CM2

as in all green leaves, represent the main polar lipid classes with
a percentage of about 60%. The PG represents 8% of the polar
lipid.s. No major differences could have been detected between
the. three pheniotypes in either the.PG percentage or in ayote
lipid classes (Student t test, 1% level). However, the total amount
of fatty acids on a fresh matter basis varied with~the phenotype
but irrespective to the chloroplast'mutation. In contrast, on a
leaf area basis, the two mutants clearly showed lower total fatty
acid contents. This result was due to the presence of thicker
leaves in these two phenotypes.

Fatty Acid Composition of the PG. In order to determine more
precisely the fatty acid composition of the PG in the leaves of
the three phenotypes and to distinguish between genetic and
developmental variations, three distinct, cultures of Chenopo-
dium were grown and analyzed at three different dates in the
year. The results were interpreted through an analysis of variance
(Table II). A significant increase of about 20% in the percentage
of C16:1 trans in the PG of I and Ri phenotypes was observed,
but no differences were measured between I and Ri. Correla-
tively, the C18:1 and the C16:0. percentages decreased in these
two phenotypes. In addition, the I phenotype was found to be
slightly richer in C18:2 than the two other phenotypes. Other
differences -were -observed in the other lipid classes (Table III).
In the PC class, two highly significant d'ifferepces appeared be-
tween the I phenotype on the one hand and the Sp and Ri
phenotypes on the other hand for C16:0 and C18:2. Three other
highly significant differences were observed in C16:0, C18: 1, and
C18:3 of the DGDG between the susceptible and the resistant
plants.

Evolution of the Fatty Acid Composition of PG According to
the State. of Development of the Leaves. In- order t_o report var-
iations in the C16: 1 trans proportion independently of the C18
polyunsaturated chains percentages which change largely during
the development (results not presented; and Ref. 13), results are
given in terms of the C16: 1 translC16:0 ratio and interpreted
through a two-factor analysis of variance (June experiment, Table
IV). Both the stage and the phenotype effects were highly sig-
nificant (F= 232 an'd F= 36, respectively, significant at P -- 0.001)
as well as the interaction between stages and phenotypes (F= 6.2,
significant at P .0.001). All the phenotypes pooled', the more
juvenile stages appeared to have the lowest ratios, while the
highest ratios were recorded for the oldest leaves. For example,
a mean increase of 50% (from 0.9-1.34) was observed in the
four first leaves within 20 d from the seedling stage to the 30 d
old plant stage. In average over the five stages, the two resistant
I and Ri showed higher C16:1 trans/C16:0 ratio than the Sp
material. This is coherent with the analysis carried out at the 60
d old plant stage only.. However, no difference was observed
between the phenotypes for the juvenile material (four-leaved
seedlings and top of 30 d old plants) while differences appeared

Table II. Fatty Acid Composition of the Phosphatidyldiacylglycerol
from Leaves of the Sp, I, and Ri Phenotypes

Each value is the.mean of 15 true repetitions (3 dates, 5 samples each).
The analysis of variance indicated the le-ast significant difference (LSD
at P -- 0.01); values in the same horizontal line that are followed by the
same letter are not different at P --: 0.01.

Fatty'Acid Sp I Ri LSD 1%

C16:0 30.3 b 25.0 a 26.9 a 2.1
C16:1 trans 22.2 a 25.3 -b 26.3 b 1.8
-C18:0 2.3 a 2.'3 a ~2.3 a NS
C18:1 8.2 b 6.8 a 6.1 a 0.7
C18:2 10.5 a 12.5 b 10.9 a 1
C18:3 26.5 a 28.0 a 27.6 a NS
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Table III. Fatty Acid Composition, of the Main Lipid Classes (except
PG, see Table II) in Sp, I, and Ri Phenotypes in Leaves of 60 d old

Plants (same leaves as in Table I)
Mean of 5 repetitions ± SE, in percent of fatty acid content in each

lipid class. Means indicated with *,**, and *** are different from that
of the other phenotypes at P s 0.05, P 0.01, and P < 0.001, respectively
(Student t test).

Sp I Ri

PC
C16:0 26.7 ± 0.4 21.7 ± 1.1** 26.5 ± 0.9
C18:0 2.0 ± 0.3 1.8 ± 0.1 3.1 ± 0.6
C18:1 20.3 ± 0.9 21.2 ± 0.4 20.4 ± 1.0
C18:2 29.8 ± 0.2 33.4 ± 0.6*** 28.9 ± 0.5
C18:3 21.1 ± 0.5 22.1 ± 1.0 21.1 ± 0.5

DGDG
C16:0 15.2 ± 0.4*** 11.2 ± 0.4 10.9 ± 0.4
C16:3 2.2 ± 0.2 2.6 ± 0.1 2.4 ± 0.2
C18:0 1.6 ± 0.3 1.2 ± 0.1 1.7 ± 0.2
C18:1 2.4 ± 0.1*** 1.2 ± 0.2 1.2 ± 0.2
C18:2 3.2 ± 0.3 2.6 ± 0.1 2.5 ± 0.6
C18:3 75.5 0.9** 81.3 ± 0.3 81.3 ± 0.8

PE
C16:0 30.5 ± 2.5 27.8 ± 0.4 -32.2 ± 1.9
C18:0 2.1 ± 0.6 2.7 ± 0.4 2.5 ± 0.5
C18:1 11.3 ± 0.5 11.5 ± 0.2 11.3 ± 0.5
C18:2 43.5 ± 2.1 47.1 ± 0.6 41.5 ± 2.2
C18:3 12.7 ± 0.6 10.8 ± 0.6 12.4 ± 1.1

MGDG
C16:0 2.8 ± 0.3 1.9 ± 0.1* 2.4 ± 0.2
C16:3 5.3 ± 0.5 5.2 ± 0.1 5.8 ± 0.1
C18:0 0.6 ± 0.2 0.2 ± 0.1 0.4 ± 0.1
C18:1 1.2 ± 0.1* 0.8 ± 0.1 0.8 ± 0.1
C18:2 2.2 ± 0.1 3.0 ± 0.2 2.7 ± 0.2
C18:3 88.0 ± 0.9 89.0 ± 0.2 87.9 ± 0.4

clearly at further stages. In two of the three well developed leaf
stages, the I value was intermediary between that of Sp and Ri.

DISCUSSION

In this work, both the resistant mutants I and Ri showed a
statistically significant enrichment in C16:1 trans of the PG frac-
tion of fully developed leaves, as compared to their susceptible
progenitor Sp. Over the studies that have dealt with the fatty
acid composition of resistant and susceptible plants (4, 5, 14,
15), three showed such a difference, even in higher magnitude
(4, 14, 15). Hence, it could be suggested that this is a charac-
teristic of the psbA mutation at amino acid 264, at least when
genetically related plants are compared. In contrast to the other
works, no changes in the MGDG to DGDG ratio nor in the

MGDG fatty acid composition were observed here, but a clear-
cut difference was shown in the DGDG fatty acid composition.
In this lipid class only, the unsaturation indice (total of unsat-
urated versus saturated fatty acids) was higher in the resistant
materials (7.1 ± 0.3 and 6.7 ± 0.3 for I and Ri, respectively)
than in the susceptible one (5.0 + 0.2, different at P c C 01 by
a Student t test). This corresponds to a general trend shown in
other lipid classes in atrazine resistant plants (16). These slight
discrepancies perhaps could be due to the plant materials used.
The three materials used in this study are certainly more genet-
ically closely related than in previous works that have used any
plant collected in the field. Here, the two mutants are the direct
descendants of the same unique self-pollinated mother plant used
as susceptible material so t-hat all the plants used have very similar
cytoplasmic and nuclear genomes (7).
With regard to the differences between the two resistant mu-

tants, I and Ri, which show the same psbA mutation but different
whole plant responses to atrazine treatment (7), no clear differ-
ences in the C16:1 trans percentage have been detected. How-
ever, a higher total fatty acid content per gram of fresh matter
and a higher C16:2 percentage in the PC and PG have been
observed in the I phenotype. Whether the difference in the levels
of field resistance between the I and the Ri resistant phenotypes
is directly related to these lipid changes needs further attention.
The proportion of the C16:1 trans versus the C16:0 increased

with leaf ageing (senescence not involved), as already showed
(13). However, this increase varied according to the phenotype:
it was slower for the. Sp phenotype. From the youngest to the
oldest leaves, the C16:1 trans/C16:0 ratio changed from 0.26 to
1.12 in the Sp and from 0.18 to 1.6 in the Ri phenotype. Samples
of young leaves (the first leaves of the seedling and the leaves
at the top of the 30 d old plant) showed no difference between
the phenotypes. The and Ri resistant phenotypes showed higher
values at a later stage of the leaf development. Therefore, the
increase in C16:1 trans percentage of the PG can be clearly
considered as a secondary effect of the psbA mutation.
How is this secondary effect linked to the mutation affecting

the 32 kD protein? The role of the C16:1 trans in thylakoids is
still not clear. For example, an Arabidopsis mutant lacking this
fatty acid shows normal growth and chloroplast properties and
ultrastructure (18). Moreover, the treatment of Lemna with a

sublethal dose of atrazine induced a C16:1 increase (8), but also
a reduction in the number of lamellae per grana (1), in contrast
to what has been observed in triazine resistant weed biotypes
(23). Nevertheless, since a correlation between the C16:1 and
the light harvesting complex oligomers was observed (6, 12), it
can be proposed that the increase in C16: 1 trans percentage with
leaf ageing in the PG of resistant plants corresponds to an in-
crease of the antennae size which may result itself from some
compensation for the low efficiency of individual photosynthetic
center.

Table IV. Evolution of Fatty Acid Composition in PG of Leaves during the Development of Sp, I, and Ri
Phenotypes

The data are the C16:1 trans/C16:0 ratio of leaves of 10, 30 (3 parts of the plant), and 60 d old plants (June
experiment). Each value is the mean of four repetitions. The values followed by the same letter are not
different at P - 0.01 (Newman and Keuls test).

Time Sp I Ri All phenotypes

At 10 d 0.82 b 0.86 b 1.00 bcd 0.90 x
At 30 d
Top 0.26 a 0.25 a 0.18 a 0.23 w
Middle 0.95 bc 1.17 cde 1.24 de 1.12 y
Basis 1.12 cde 1.30 e 1.60 f 1.34z

At 60 d 0.76 b 1.11 cde 1.13 cde 1.00 x

All stages 0.78 a 0.94 p 1.03 , 0.92
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