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Abstract—Hydroxycinnamic acid (HCA) amides in fertile and cytoplasmic male sterile lines of maize were
determined in reproductive organs, developing grains and cobs. HCA amides occurred in large amounts in the
anthers of fertile plants (line F7N) and were absent from the anthers of cytoplasmic male sterile lines (lines
F7T and F7C). Restoration of fertility was associated with the production of these compounds (line FC31).
Considerable variations were observed in the concentrations of HCA amides at different stages of growth and
grain maturation. Changes of HCA amides in the grains which were to produce sterile plants followed a
pattern similar to that obtained with the grains which were to produce fertile plants. Accumulation of HCA
amides was substantially higher in fertile lines whatever their genotype (F7N, FC31 and F7T X FC31) than in
sterile lines. Marked changes occurred in the HCA amide content of embryo and endosperm during grain
development. Many changes in HCA amides were observed in cobs during development and maturation, but

no substantial differences could be observed between fertile and sterile lines.

INTRODUCTION

Earlier findings, obtained in our laboratory, indicated
the presence of large amounts of hydroxycinnamic
acid (HCA) amides in a number of species of flower-
ing plants, representing 20 families[1]. Within the
plant, these compounds were found only in meris-
tems, reproductive organs and seeds where they ap-
pear to be the main phenolic compounds[1-5]. HCA
amides disappeared after germination[1, 3-5]. Analy-
sis of HCA amides in whole plants, has revealed a
relationship between HCA amide accumulation and
the flowering state[2,3,5,6]. Previous work has
shown that HCA amides were absent from sterile
reproductive organs in several plants[4-7], and HCA
amides appeared to constitute biochemical markers of
pollen and ovule fertility[4-8]. We recently demon-
strated that HCA amides were absent from the
anthers of maize with Texas male sterile
cytoplasm[4]. Restoration of fertility was associated
with the production of these substances[4]. All the
mature grains which were to produce male fertile
plants, whatever their genotype, contained large
amounts of HCA amides[4]. On the other hand, in the
grain which were to produce sterile plants, with
Texas cytoplasm, much smaller amounts of HCA
amides were found[4]. During germination, the con-
tent of these substances decreased drastically[4]. Of
particular interest was the relation between synthesis
of large amounts of HCA amides, initiation of floral
development, and processes controlling reproduction
in many plants.

Here we report on the quantitative analysis of
HCA amides in reproductive organs, developing
grains and cobs in fertile and cytoplasmic male sterile
lines of maize.
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RESULTS

HCA amides in reproductive organs of male fertile
and male sterile lines of maize

HCA amide content and distribution in reproduc-
tive organs of male fertile and male sterile lines of
maize are shown in Table 1. HCA amides were found
in large quantities in the anthers of male fertile maize
(line F7N). These compounds were absent in the
anthers of the two male sterile lines one with cyto-
plasm Texas (F7T), and the other with cytoplasm C
(F7C). In parallel with HCA amide accumulation,
fertile anthers contained large amounts of tyramine.
Restoration of fertility (line FC31) was associated
with the production of these substances. These com-
pounds were localized in the pollen grains. They
appeared to constitute biochemical markers of pollen
fertility. Female organs contained mainly neutral
HCA amides and there were no differences in the
HCA amide contents of female organs, irrespective
of the presence or absence of T or C cytoplasm and
the restorer genes.

Changes in HCA amides during grain development of
a fertile line of maize (line FTN)

The changes in the amounts of HCA amides during
grain development are shown in Fig. 1. Fertilization
was achieved at ca day 4 after pollination. Consider-
able variation was observed in the concentration of
HCA amides at different stages of growth and grain
maturation.

The initial phase of grain development until 40 days
after pollination was characterized by a rapid and
substantial accumulation of feruloylputrescine and by
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Hydroxycinnamic acid amides in fertile and cytoplasmic male sterile lines of maize

small amounts of neutral HCA amides (diferuloyl-
putrescine, diferuloylspermidine, diferuloylspermine,
feruloyltyramine). Feruloylputrescine content was
maximal at this stage. During the second phase from
day 50 to maturity, feruloylputrescine decreased, p-
coumaroylspermidine was synthesized, and high
concentrations of neutral compounds were found.
The feruloylputrescine accumulation appeared to
be biphasic with an initial accumulation at day 15 of
development (milky stage) and a subsequent one
occurring on day 50. On day 15 feruloylputrescine
was 13 times higher than on day 4. On day 50,
accumulation was less pronounced: there was six
times the amount present on day 4. After this period,
feruloylputrescine showed a marked decrease during
the later stages of development. Diferuloylputrescine
was initially low between days 4 and 15 after pol-
lination. Diferuloylputrescine content then increased
rapidly, reaching a maximum within 50 days after
pollination. On day 50, diferulovlputrescine was 55
times higher than the value on day 4. On day 55, the

diferuloylputrescine content decreased and then
remained constant during the later stages of grain

maturation. At maturity, dlferuloylputrescme was 34
times higher than the value on day 4.

nmol/g fr.wt of grain
3
8
——
-
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Amount of HCAS,

No of days after pollmatlon

Fig. 1. Changes in HCA amides during grain development
of fertile line of maize (F7IN). (@—@) Feruloyl-
putrescine, (O—QO) diferuloylputrescine, (@----@®) p-cou-
maroylspermidine, ( x —x) diferuloylspermidine, (A—A)
diferuloylspermine, (A—A) feruloyltyramine, M = Maturity.
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The high level of feruloylputrescine in the early
stages of grain development, its progressive decline
as the rate of diferuloylputrescine accumulation in-
creased, and the low level at maturity, might be
explained by the conversion of feruloylputrescine
into diferuloylputrescine.

p-Coumaroylspermidine was synthesized within 50
days after pollination. The maximum value occurred
between 60 days and maturity. Diferuloylspermidine
was found in small amounts initially. The maximum
value occurred during the final stage of maturation.
Diferuloylspermine and feruloyltyramine were
present in very small amounts at the beginning and
increased slowly during grain development.

Marked changes were observed in the HCA amide
content of embryo and endosperm during grain
development. Comparative evolution of HCA amides
in embryo and endosperm on day 40 and at maturity
is shown in Table 2. In the embryo on day 40,
spermidine derivatives occurred in larger amounts
than the putrescine derivatives. On the other hand,
this stage of grain development was characterized by
a substantial accumulation of putrescine derivatives
in endosperm. During the initial period (440 days)

feruloylputrescine was not detected in the embryo
The diferuloviputrescine level was ca twice as high in
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the endosperm as in the embryo. Production of diferu-
loylspermidine in the embryo was ca four times that
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In the embryo, from day 40 to maturity, a progres-
sive increase in the concentrations of HCA amides
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paratively higher than these found in mature endos-
perm (ca three tlmes higher than the endosperm
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as abundant as the putrescine derivatives. The mature
embryo was also characterized by large amounts of
tyramine and phenethylamine.

With the onset of maturation a rise in diferuloyl-
spermidine was observed in the endosperm (2.5 times
l.ﬂC deUl’ll pfescm on Udy 4U} uucruwylpmreSunc
increased ca 1.5 times, p-coumaroylspermidine ap-
peared and feruloylputrescine decreased with
maturation of grain. Only smail changes in the con-
centrations of diferuloylspermine and feruloyl-
tyramine were observed at maturity in both embryo
and endosperm.

The further increases in HCA amides which oc-
curred during the final maturation of the embryo could
resuit from the synthesis in situ or from the trans-
location of these compounds from the endosperm
into the embryo.
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The changes in the amounts of HCA amides during
grain development of sterile lines of maize are shown
in Figs. 2 and 3. Biosynthesis of HCA amides in
developing grains of male sterile lines followed
similar profiles the sequences being similar to those
observed with F7N. During grain development the

Changes i in HCA amides during grain development of
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Table 2. HCA amides and aromatic amines in the embryo on day 40 and at maturity in fertile line of maize (F7N)

Neutral HCA amides

Aromatic amines

Basic HCA amides

(nmol/g.fr.wt)

(nmol/g.fr.wt)

(nmol/g.fr.wt)

Tyr Phe Diferpne Diferspd Diferspm Fertyr

Pcspd

Ferpne

On day 40

220
400

2700 850
400

1250
2700

40
150

Embryo

700

1100

Endosperm

At maturity

250
650

6900 900
700

1700

5100
3400

5250 1200 1500

1300

1400

Embryo

Endosperm

Abbreviations: phe, phenethylamine; pcspd, p-coumaroylspermidine. See Table 1 for others.
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HCA amide content in F7T did not differ much from
that of F7C.

Feruloylputrescine reached a maximum content on
day 15 (9.5 times higher than the value on day 4). The
maximum value of diferuloylputrescine occurred on
day 50 (35 times the amount on day 4). p-Cou-
maroylspermidine was synthesized within 50 days
after pollination the maximum value being reached
between 60 days and maturity. The maximal value of
diferuloylspermidine occurred during the final
maturation. Diferuloylspermine and feruloyltyramine
increased slowly throughout the developmental stages.
In general, at all stages of grain development F7N
accumulated ca twice as much of the HCA amides as
F7T and F7C.

On day 15, the feruloylputrescine content in both
the sterile varieties (F7T and F7C) was 40% that of
the fertile line (F7N). The maximum difference in the
rates of feruloylputrescine accumulation between
F7N and F7T or FTC was found on day 40. At this
stage of grain development the level of feruloyl-
putrescine in F7N was 9.5 times greater than that of
feruloylputrescine found in F7T and F7C. At maturity
the feruloylputrescine content was in FIN ca six
times the amount observed in grain from sterile lines.

The distribution of HCA amides between embryo
and endosperm at the two different stages of grain
development in sterile lines is shown in Table 3.
Changes and distribution in HCA amides in embryo
and endosperm of sterile lines followed a pattern
similar to that obtained with F7N. No substantial
difference could be observed between sterile lines. In
the embryo, during the initial period (4-40 days)
spermidine derivatives occurred in larger amounts
than putrescine derivatives. This stage of develop-
ment was characterized by an accumulation of
diferuloylputrescine in the endosperm.

At maturity, the levels of HCA amides in the embryo
were higher than in the endosperm. Compared with
the sterile lines, the HCA amide content in the grain
from the fertile line was higher in both the embryo
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Fig. 2. Changes in HCAs during grain development of maize
with T male sterile cytoplasm (line F7T). Key as for Fig. 1.
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Fig. 3. Changes in HCAs during grain development of maize
with C male sterile cytoplasm (line F7C). Key as for Fig. 1.

and endosperm. At all stages of grain development,
restoration of fertility (grain from lines FC31 and
F7T x FC31) was characterized by similar variations
and quantitative changes in HCA amides as observed
in grains of the fertile line (Table 1).

HCA amide changes in the cob during development
and maturation of fertile and sterile lines of maize
(Fig. 4)

During development and maturation many changes
in HCA amides were observed in the cob of maize.
Maximal values of feruloylputrescine and diferuloyl-
putrescine contents in the cob occurred at the same
stages of development as those observed in the
developing grain. Initially, just after pollination, the
feruloylputrescine content was low, but began to
increase soon after and by day 15 it had increased 10
times. After this, it decreases sharply, and on day 40,
feruloylputrescine disappeared. The decline in feru-
loylputrescine was accompanied by a rapid rise in
diferuloylputrescine content. On day 50, there was 34
times the amount present on day 4. Thereafter the
diferuloylputrescine content decreased and then
remained constant during the later stages of matura-
tion. At maturity diferuloylputrescine was 12 times
higher than the value on day 4. Small changes in the
concentrations of diferuloylspermine and feruloylty-
ramine were observed during development.

Putrescine derivatives occurred in abundance in
the cobs compared with spermidine derivatives. The
high level of feruloylputrescine in the early stages of
development, and its loss as the level of diferuloyl-
putrescine accumulated might be explained by the
conversion of feruloylputrescine to diferuloylputres-
cine. No important differences could be observed
between fertile and sterile lines of maize.

J. MARTIN-TANGUY et al.

DISCUSSION

Considerable and similar variations were observed
in the concentration and distribution of HCA amides
at the different stages of growth and maturation in the
grain and cobs of fertile and cytoplasmic male sterile
lines of maize. This report suggests that in maize,
cytoplasmic male sterility affects HC A amide synthesis
in both anthers and grain. In the anthers, the presence
of male sterile cytoplasm led to the inhibition of HCA
amide accumulation. Was the presence of HCA
amides a result rather than a cause of pollen fertility?
All the grain for producing male fertile plants, wha-
tever their genotype (F7N, FC31, and F7T x FC31)
contained larger amounts of HCA amides than those
producing sterile plants. The larger cmounts of HCA
amides in grain for producing fertile plants were not due
to a maternal effect, but rather to the presence of the
two restorer genes. F7T x FC31 grains did not show
any difference in HCA amides compared to FC31
grains. Cytoplasmic male sterility could affect both
HCA amide synthesis and/or degradation.

Given the large amounts of HCA amides present
within the cells at all stages of the reproductive cycle
of maize, it is probable that a number of the cellular
processes involved in the developmental phases of
reproductive organs and grain depend on HCA
amides.

Two examples may be drawn from the correlation
between our results on HCA amides and other results
in the literature. Ingle ef al.[9] have studied the
changes in RNA, DNA and protein which occurred
during the development and maturation of maize
grain. There is a close correlation between the most
rapid increase in the content of HCA amides and the
maximal rates of RNA, DNA and protein synthesis,
in such a way that our figures parallel those of Ingle.
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Fig. 4. HCA in cob during development and maturation of
fertile and sterile lines of maize. Key as for Fig. 1.
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Such a coincidence has already been observed be-
tween nucleic acids or protein synthesis and poly-
amines in fast growing cells of different biological
systems [10-18].

On the other hand, many authors{19-25] have
shown that maize endosperm synthesizes active
growth factors during the first phase (8-18 days) of
grain development, during which maize endosperm
could grow on a simple medium without growth
regulators. Afterwards mature endosperm was un-
able to grow in tissue culture. This could be cor-
related with the presence of basic HCA amides (par-
ticularly feruloylputrescine) during the first phase,
and by contrast, with the predominance of neutral
HCA amides in mature grains.

EXPERIMENTAL

The fertile and cytoplasmic male sterile lines of maize,
chosen for this study were FIN, FIT and F7C: they are
isogenic and had normal, Texas and C cytoplasms respec-
tively. A two-locus system restores the normal fertility of
plants with Texas cytoplasm. Line FC31, used here, had
Texas cytoplasm and was homozygous for the two dominant
genes Rfl and Rf2; this it was male fertile. Grains from a
cross between F7T and FC31 (as a male parent) were also
analysed. Cytoplasmic male sterility was characterized both
in F7T and F7C by pollen abortion and normally developed
tassels. Lines of maize were planted in a greenhcuse at the
Experimental Station at Epoisses (Dijon, Cote d’Or, France)
in the spring of 1980. For analysis of HCA amides in these
lines, tassels were cut off before anther dehiscence and the
ears some days after emerging from the silks. Plants were
pollinated in July. Collection of the developing grains was
started just after pollination and was continued at 15, 25, 40,
50, 55, 60, 70 and 75 days after pollination.

At each sampling, three ears were selected from each line
and taken directly to the laboratory. Grain was removed
from the axial part (cob) of each ear, mixed, and used for
the experimental determinations. Cobs were examined.
Duplicate lots of 30-50 grains were used for each of the
determinations. Embryos were dissected from the grain
sampled on day 40 and at maturity. The embryo (scutellum,
plus embryo axis) and the remainder of the grain, which by
this stage of development was largely endosperm were
analysed separately. Duplicate lots of 50 endosperms and
100 embryos were used. Extraction of plant tissue was
according to refs. [1, 3, 5, 6]. HCA amides were isolated,
purified and identified using the methods of refs. [1, 3, 5-8,
26]. HCA amides were estimated by the methods of refs. [3,
5-8].

Acknowledgements—The excellent technical assistance of J.
Delbut is gratefully acknowledged.

10.

11.

19.
20.

21.

22.

23.

24,

25.

26.

1945

REFERENCES

. Martin-Tanguy, J., Cabanne, F., Perdrizet, E. and Mar-

tin, C. (1978) Phytochemistry 17, 1927.

. Cabanne, F., Martin-Tanguy, J., Perdrizet, E., Vallee, J.

C., Grenet, L., Prevost, J. and Martin, C. (1976) C. R.
Acad. Sci. 282, 1959.

. Cabanne, F., Martin-Tanguy, J. and Martin, C. (1977)

Physiol. Veg. 15, 429.

. Martin-Tanguy, J., Deshayes, A., Perdrizet, E. and

Martin, C. (1979) FEBS Letters 108, 176.

. Cabanne, F., Dalebroux, M. A., Martin-Tanguy, J. and

Martin, C. (1981) Physiol. Plant. 53, 399.

. Cabanne, F. (1980) Dissertation, Thése Doctorat d’Etat,

Dijon, France.

. Gibert, D. (1981) Dissertation, Thése 3&me cycle,

Dijon, France.

. Ponchet, M. (1981) Dissertation, Thése Ingénieur Doc-

teur, Paris, France.

. Ingle, J., Beitz, D. and Hageman, R. H. (1965) Plant

Physiol. 40, 835.

Sen, K., Choudhuri, N. M. and Ghosh, B. (1981) Phy-
tochemistry 20, 631.

Dion, A. S. and Herbst, E. J. (1970) Ann. N. Y. Acad.
Sci. 171, 723.

. Caldarera, C. M. and Moruzzi, G. (1970) Ann. N. Y.

Acad. Sci. 171, 709.

. Russell, D. H. (1973) in Polyamines in Normal and

Neoplastic Growth (Russell, D. H., ed.) p. 1. Raven
Press, New York.

. Smith, T. A. and Best, G. R. (1977) Phytochemistry 16,

841.

. Villanueva, V. R., Adlakha, R. C. and Cantera-Soler, A.

M. (1978) Phytochemistry 17, 1245.

. Bagni, N. and Serafini-Fracassini, D. (1979) Ital. J. Bio-

chem. 28, 392.

. Ramakrishna, S. and Adiga, P. R. (1975) Phytochemistry

14, 63.

. Caldarera, C. M., Barbiroli, B. and Moruzzi, G. (1965)

Biochem. J. 97, 84.

La Rue, C. D. (1949) Am. J. Botany 34, 585.

Straus, J. and La Rue, C. D. (1954) Am, J. Botany 41,
687.

Sternheimer, E. P. (1954) Bull. Torrey Botany Club 88,
111.

Tabata, M. and Motoyoshi, F. (1965) Jpn J. Genetics 40,
345.

Tamaoki, T. and Ullstrup, A. J. (1958) Bull. Torrey Bot.
Club 85, 116.

Steward, F. C. and Shantz, E. M. (1956) in The Chem-
istry and Mode of Action of Plant Growth Substances
(Wain, R. L. and Wightman, F., eds.) p. 165. Butter-
worths, London.

Miller, C. O. (1961) Proc. Nat. Acad. Sci. U.S.A. 47,
170.

Martin-Tanguy, J., Martin, C. and Gallet, M. (1973) C. R.
Acad. Sci. 276, 1433.



