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To clarify w hether the structure of sporopollenin varies during pollen developm ent FTIR  
and 13C N M R  spectroscopic analyses of Tulipa and Cucurbita sporopollenin from  three dif­
feren t developm ental stages were carried out.

The spectra of sporopollenin obtained from an early, a middle postm eiotic and the m ature 
stage have been com pared. The assumption tha t sporopollenin mainly consists of long chain 
aliphatics with varying am ounts of aromatics is corroberated  by our results.

O nly slight changes in sporopollenin structure could be recognized during pollen wall de­
velopm ent of Cucurbita maxima. In contrast to  this the spectra of Tulipa sporopollenin of 
the three developm ental stages exhibited significant differences concerning the aliphatic and 
arom atic components.

Introduction

Sporopollenin is a biopolymer which is substan­
tially involved in the formation of the outer pollen 
and spore walls. Because of its high resistance 
towards nonoxidative chemical, physical, and bio­
logical degradation, neither its definite chemical 
structure nor the involved biochemical pathways 
have been clarified in detail yet.

As the macromolecule is insoluble in most com­
mon solvents, solid state analyses like NMR and 
FTIR spectroscopy are suitable techniques to 
study structures of sporopollenins (Guilford et al., 
1988; Espelie et al., 1989; Hemsley et al., 1992, 
1993; Wilmesmeier et al., 1993).

The results of those spectroscopic investigations, 
concerning sporopollenin fractions of different 
systematic origin, revealed far-reaching similarities 
of characteristic signals. At present it is well ac­
cepted that sporopollenin is mainly composed of 
long chain aliphatics with a varying amount of aro­
matics. Contributions of single chemical groups to 
the entire molecule however, were found to differ 
(Hemsley et al., 1992, 1993; Wilmesmeier et al.,
1993).

Therefore to our current state of knowledge, 
sporopollenin is considered to represent a group
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of closely related macromolecules, showing signifi­
cant variations due to their diverging phylo­
genetic origins.

Even the resistant biopolymer of some algal 
walls is considered as sporopollenin, regarding 
chemical properties and spectroscopic data (Guil­
ford et al., 1988; Derenne et al., 1992).

Although sporopollenins of different systematic 
origin were subject of intensive NMR- and FTIR- 
spectroscopic analyses investigations comparing 
sporopollenin of different developmental stages 
are still missing.

Investigations by electronmicroscopy (Heslop- 
Harrison, 1968; Southworth, 1983; Blackmore and 
Barnes, 1990), histochemistry (Southworth, 1973), 
UV and fluorescence spectroscopy, respectively 
(Willemse, 1972; Southworth, 1983) indicate, that 
the chemical structure of sporopollenin changes 
during the various stages of exine development.

An increase in resistance towards acetolysis in 
the course of maturation (Heslop-Harrison, 1968) 
and changes in stainability and UV absorption 
(Heslop-Harrison, 1968; Echlin, 1969; Southworth, 
1974) have been reported.

FTIR- and NMR-spectroscopic techniques were 
used to obtain clear data about variations on the 
molecular level that occur during sporopollenin 
development. To account for developmental as 
well as taxonomical differences sporopollenin 
fractions obtained from anthers of different plant
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taxa ( Tulipa cv. “Apeldoorn", monocotyledonae 
and Cucurbita maxima, dicotyledonae) each at 
three different developmental stages were in­
vestigated.

Material and Methods

Plant material

Androecia of Cucurbita maxima var. “Gelber 
Zentner" cultivated in a greenhouse of the Botani­
cal garden. Münster, and anthers of Tulipa cv. 
“Apeldoorn" (Nebelung. Münster. BRD), grown 
outside, were used.

Characterization of the three investigated devel­
opmental stages:

1. Cucurbita maxima 
Stage I:
-  Anthers 4.0-5.5 mm in length.
-  Mononuclear microspores just after tetrad dis­

ruption. with exine already patterned and non­
vacuolated cytoplasm.

Stage II:
-  Anthers 7.0-9.0 mm in length.
-  Pollen grains just after mitosis I; exine showing 

characteristic patterns (spinulae); tapetum cells 
not degenerated, no fibers formed in the an­
ther wall.

Stage III:
-  Mature pollen after anther dehiscence.

2. Tulipa cv. “Apeldoorn"
Stage I:
-  Anthers 11.0 mm in length.
-  Microspores immediatly after tetrad disruption 

with a thin exine.

Stage II:
-  Anthers 13.0 mm in length.
-  Mononuclear microspores with a clearly devel­

oped exine.
Stage III:
-  Mature pollen after anther dehiscence.

Enrichment o f  the sporopollenin fractions

Cucurbita maxima

Androecia were cut into cross sections and pol­
len was washed out by a sharp jet of buffer (see 
Gubatz and Wiermann. 1993).

Tulipa

Anthers of the first and the second investigated 
developmental stage were decapitated and the 
loculus material was squeezed out according to 
Rittscher and Wiermann (1988 a). Mature pollen 
was collected from dehisced anthers by trapping 
with a broad needle.

Sporopollenin was enriched from pollen by suc­
cessive exhaustive extractions with methanol, 
chloroform, acetone, methanol, ethylene glycol 
monomethyl ether, and double-distilled water. The 
remaining solid was washed with 5 % HC1 once 
and with double-distilled water until pH 7 was 
reached. The extracted material was then sub­
sequently treated with phosphoric acid according 
to Rittscher and Wiermann (1988a).

The samples were lyophilized and stored in a 
desiccator until examination.

/?C CP/M AS NMR and FTIR spectroscopy

Spectroscopic analyses were carried out as pre­
viously described (Wilmesmeier et al., 1993).

FTIR spectroscopy was carried out using a 
Nicolet 5 DXC FTIR spectrometer with Omnic 1.2 
software from Nicolet Instrument Coorporation 
(Offenbach. Germany).

Results

Results o f  / ?C NMR and FTIR spectroscopy o f  
mature sporopollenin

As reported (Hemsley et al., 1992: Wilmesmeier 
et al., 1993) the spectra of sporopollenins of dif­
ferent plant taxa exhibit wide similarities, none­
theless some differences are obvious.

This is confirmed by 13C CP/MAS NMR and 
FTIR spectra of mature Cucurbita and Tulipa 
sporopollenin shown in Figs. l a - l b .  III and 
Figs. 2 a -2 b , III. respectively (assignments see 
Table I).

The NMR spectra of mature sporopollenin are 
dominated by aliphatic groups (signal 7 in Fig. 1 a, 
III and Fig. 2a. III). The spectrum of Tulipa sporo­
pollenin (Fig. 2a, III) shows strong signals attrib­
uted to aromatic groups as well (signals 4 and 5). 
These results are confirmed by the FTIR analyses 
(Fig. 1 b. Ill and 2b. III). Signals C. H and I repre­
sent aliphatic groups and signals G and O indicate 
aromatic structures. Moreover. NMR signal 2 and



A. M euter-G erhards et al. ■ Studies on Sporopollenin Structure during Pollen D evelopm ent 489

PPM

Fig. 1 a. I3C CP/M AS NMR spectra of three develop­
m ental stages of Cucurbita sporopollenin.
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W AVENUMBER [cm

Fig. lb . FTIR  spectra of three developm ental stages of 
Cucurbita sporopollenin.

FTIR signals D and E account for a small amount 
of carbonyl- and carboxyl functions respectively.

Comparative analyses o f sporopollenin spectra 
obtained from pollen o f three different 
developmental stages

Cucurbita

13C CP/MAS NMR and FTIR spectra of the 
three developmental stages of Cucurbita sporopol­
lenin are shown in Figs. 1 a and 1 b, respectively.

FTIR spectra of Cucurbita sporopollenin of dif­
ferent developmental stages (Fig. 1 b) only show 
slight variations. Signals L, M, and N attributed to 
ether and partly to ester bonds, increase slightly 
from stage II to III.

Peaks characteristic of carbonyl and carboxyl 
groups (D, E, F) show no significant changes dur­
ing pollen development (see also the NMR signals
6 and 4 in Fig. 1 a).

According to the NMR spectra a decrease in 
aromatic groups (signals 4 and 5) occurs between 
stage I and III. Signal 4 can be detected in stage I 
only, signal 5 -  which is also attributed to alkene 
groups -  exhibits a side peak at 105-110 ppm at 
later stages of development, indicating a qualita­
tive change in molecular structure.

Signal 7 is subdivided into three peaks in all in­
vestigated stages of development. There is neither 
a decrease in their height, nor a proportional 
change detectable. The occurrence of three dis­
tinct aliphatic peaks is an indication of CH3-, 
CH2-, and CH-groups occurring simultaneously.

Tulipa

13C CP/MAS and FTIR NMR spectra of the 
three different developmental stages of Tulipa 
sporopollenin are shown in Figs. 2 a and 2 b.

In contrast to Cucurbita spectra of Tulipa sporo­
pollenin show differences.

Cucurbita
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Table I. Assignments of the 13C CP/M AS N M R and 
FTIR  signals m arked in Figs. 1 and 2. For further infor­
m ation concerning band origins in FTIR spectra and car­
bon type in NM R spectra see W ilmesmeier et al. (1993). 
To facilitate a direct com parison of our results with those 
published by W ilmesmeier et al. (1993) signals 1 and 3 
are listed in Table I although they do not appear in the 
NM R spectra presented here (Figs. 1 a and 2a).

No. in 
NMR  
spectra

Chemical
shift
[ppm]

Classifi­
cation

Letter in 
FTIR
spectra

Wave 
number 
[cm ']

1 200-210 Carbonyl- D 3000-2500
2 170-180 Carboxyl- E 1700-1800

160-170 groups F 1640
2 170-180 Ester K 1200

160-170 L 1165
3 145 B 3050-3030
4 130 Aromatics G 1610: 1580:

1517
5 105 O 830

L 1165
6 60 -7 5 Ether M 1110

N 1010
C 2930-2860

7 30 Aliphatics H 1440
15 J 1380

P 720

200~ 150 T 5 o  50 0
PPM

Fig. 2a. I3C CP/M AS NM R spectra of three develop­
m ental stages of Tulipa sporopollenin.

WAVENUMBER [c n v 'l

Fig. 2b. FT IR  spectra of three developm ental stages of 
Tulipa sporopollenin.

At stage I CH3- and CFF-groups present in the 
sporopollenin molecule are represented by a 
double peak in the NMR spectrum (Fig. 2 a signal 
7). In the spectra of the mature polymer these ali­
phatic peaks overlap, resulting in one prominent 
peak.

Furthermore an increase in the intensity of the 
aliphatic peaks is observed. This finding is con­
firmed by the results of the FTIR spectra (signals 
C, H and I in Fig. 2b).

Signals which represent aromatic groups (G. O) 
also show a continuous increase in intensity from 
stage I to III. This result is supported by NMR- 
spectroscopy (signal 4).

Concerning the signals indicating either ether or 
carbonyl and carboxyl functions, no differences 
between the three stages of development were 
found, revealing a constant contribution of these 
groups to the molecular structure of sporo­
pollenin.



A. M euter-G erhards et al. ■ Studies on Sporopollenin Structure during Pollen D evelopm ent 491

Discussion

Analysis of the 13C-NMR-and FTIR-spectra of 
mature sporopollenin derived from mature Tulipa 
and Cucurbita pollen shows that the molecule pre­
dominantly consists of aliphatic structures. Varying 
amounts of aromatics were detected, depending 
on different origin. These results are in good 
accordance with those published earlier (Guilford 
et al., 1988; Espelie et al., 1989; Hemsley et al., 
1992; 1993; Wilmesmeier et al., 1993).

NMR spectra of sporopollenin revealing CH3-, 
CH2-, and CH-groups as distinct peaks have been 
previously published (Hemsley et al., 1992; 1993). 
Actually aliphatic signals are frequently found to 
dominate the NMR spectra of sporopollenin, but 
they often overlap, exhibiting only one broad 
signal (Guilford et al., 1988; Espelie et al., 1989). 
Hemsley et al. (1993) supposed that broad bases of 
signals result from small variations in the chemical 
environment, indicating variations in adjacent 
parts of the surrounding chemical structure.

After histochemical investigations an aliphatic 
component in the structure of sporopollenin has 
been postulated by Southworth (1973). The good 
stainability with 0 s0 4 and the decrease in absorp­
tion at 280 nm during exine formation support 
these findings and suggest that parts of the ali­
phatic chains are unsaturated. On the basis of the 
spectra presented here a definite confirmation of 
these results is not possible.

On the basis of histochemical results South- 
worth (1973) proposed that carbonyl and car- 
boxylic groups are present in sporopollenin. Their 
occurrence has later been proved by Guilford 
et al. (1988). Our results correspond well with 
these findings.

The presence of ether bonds postulated by Shaw 
and Yeadon (1966) has already been corroborated 
by the NMR spectra of several sporopollenin sam­
ples (Guilford et al., 1988; Wilmesmeier et al.,
1993).

Mature sporopollenin of Tulipa and Cucurbita 
show far-reaching similarities, however, the results 
of the spectroscopic analyses indicate that the 
course of sporopollenin maturation is different in 
both species.

The spectra of Cucurbita sporopollenin reveal 
only small changes in the characteristic signals. 
Only an increase of ether bonds and a qualitative

change in the molecular structure of aromatic and/ 
or alkene groups are detectable.

The macromolecule might probably undergo 
only a few structural changes during pollen devel­
opment. The characteristic exine structures of 
Cucurbita pollen, the macrospines, are already vis­
ible at stage I, indicating a far-reaching differentia­
tion at this very early developmental stage.

In Cucurbita sporopollenin appears very early 
in its final structure. In this context the extreme 
different duration of anther development in both 
investigated species has to be emphasized. It takes 
up to six weeks in Cucurbita and about six months 
in Tulipa.

According to their different staining properties 
and acetolysis resistance Dickinson (1976) distin­
guishes two polymers occurring during pollen de­
velopment: protosporopollenin, which he proposes 
to be derived from the microspore itself and the 
tapetum-derived sporopollenin in the common 
sense.

In contrast to Cucurbita for Tulipa an increase 
of aromatic signals accompanied by overlapping of 
aliphatic signals during the sporopollenin matura­
tion could be demonstrated. A possible increase 
of aromatic compounds in the sporopollenin mole­
cule has been postulated by Southworth (1973, 
1974) for pollen development in Lilium.

Studies on sporopollenin biosynthesis using a 
tracer technique proved that [U-14C]phenylala- 
nine is entirely incorporated into the sporopol­
lenin molecule (Gubatz and Wiermann, 1993). 
Moreover, results of degradation experiments, 
exhibited /?-hydroxybenzoic acid to be the major 
labeled degradation product (Rittscher and Wier­
mann, 1988b; Gubatz and Wiermann, 1992). These 
results correlate well with our findings that aro­
matics are involved in the exine formation of 
Tulipa pollen.
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