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ABSTRACT

' Trcat.ment 0[: Nuphar, Betula, Epilobium, Zauschnerta, and Malva pollen with (1) KOH, (2)
ducing solutions, (3) the acetolysis mixture of Erdtman, or (4)
of substances that stain positively : )

chlorine pro-
hot water, resulted in migration or extraction
‘ ik ' for protein and acidic polysaccharide and are darkened by osmium tetroxide,
suggestive of hpo{rlal substances. These extractable substances are apparently located within the interstices
ol the c,\'ln(:'matr'lx. When treatments 1-3 were applied successively, in any order, or pollen was exposed to
20%, chromic acid, exine matrix was removed selectively from exines. The exine remnants then appeared
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variously filamentous, fibrillar, or lamellar. As exine matrix is reduced in volume and filamentous structure

is revealed stainability and production of a reddish colouration in sulfuric acid becomes extraordinary. On

further destruction of exine matrix all stainability, including reactivity to sulfuric acid, is extinguished. The

exine remnants are still filamentous in appearance and they embody most of the features of specific exine form.

Since these unstainable remnants continue to be autofluorescent under ultraviolet excitation, they are assumed

to consist of sporopollenin.  We consider that as exine matrix (sporopollenin) is degraded stain reactive mac-

romolecules encapsulated within sporopollenin are progressively exposed, accounting for the extreme stain-
ability of our treated exines and some fossil exines. Although staining for protein and darkening by osmium is
clevated, emphasis is given to staining for acidic groups at low pH since acidic polyanions are not considered
as part ol hypothetical structures for the sporopollenin matrix. After stainability is extinguished,
further treatiment, even with water, may cause exine remnants to swell and then disintegrate, after which auto-
fluorescent filaments arc observable in the sediment following centrifugation suggesting that sporopollenin re-
mains alter exines have disintegrated. Swelling and disintegration could be prevented by methods commensurate
with stabilization of polysaccharides, suggesting application of our data in methods for extraction of exines
[rom sediments.  Our interpretation is that after the volume af sporopollenin in exines is reduced below a
critical level, reactive macromolecules within the exine are no longer protected by envelopment in sporopollenin
and are subject to destruction or extraction. We consider that the most important aspect of our study con-
cerns the probability that the macromolecules embedded within sporopollenin of exines of pollen grains and
spores will have, as a result of their apparent origin as plasma membrane glycocalyx components, a specific
chemical composition. The utility of unique macromolecules protected by encapsulation in sporopollenin
so as to withstand unbelievably severe conditions, e.g. fossilization, has implications of unheard proportions.

INTRODUCTION

Our experiments were stimulated by discussions with RoBerT H. TscHupy and GuNNAR
ErprvaN who had observed a pronounced swelling of exines of some pollen grains and
spores following successive treatment by acetolysis—chlorination—KOH. We consi-
dered that rhe swollen exine might be employed for analysis of exine fine structure analogous
to the studies of BAILEY axDp Kerr (1933) with swollen primary and secondary cell walls.

In preliminary experiments we found that relatively brief treatment by the battery
of reactions produced a dramatic increase in basophilia and osmophilia, often accompanied
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- exireme stickiness of exines, whercas exine stainability  te nded to be extinguished by
thie longer periods of treatment which produce . exine swelling.  We decided to study
the former phenomenon because, not only were swollen exines diflicult t«\» vnb',utxln/‘.(: (,xulf"
with phase contrast and under ultraviolet, but the intermediate stages ol exine diagencsis
were more intriguing.  The elevated stain: llnllty was similar to MurLi’s (1959) descrip-
tions for some fossil pollen and scemed in support of Frrvscrs’s (1834, 1837) conc lusion
that exines are not composed of just one compound  but several unre I ved substances.
I'rrrscue specified that one of these was 4 wax or lipoidal substance.  STRASBURGER (1889)
and I''scuer (1890) came to somewhat the same conclusion when they concluded that
sugars were responsible for the the reddish coloration obscrved when exines were exposed
to concentrated sulfuric acid.  1scuer, who, like I'ritscni was a chemist, considered
that his observations with iodine and aniline dyes indicated the presence of protein in
exines,

Thereafter, Jonn’s (1814) view that exines were composed entircly of pollenin (sporo-
pollenin) has become widely accepted, in part because of the conclusions of Zerzscre and
his collaborators (c.g. ZETZscHE, 1932), although largely, no doubt, because cxincs of
spores and pollen grains from sediments of great age where it is unrcasonable to cxpect the
prescrvation of sugars or protein were still in some cases stainable with basic dycs and be-
came reddish when exposed to sulfuric acid. Hypotheses concerning the nature of sporo-
pollenin have, however, been varied, e.g. that it is a polymer composed of units having
the same carbon/hydrogen ratio as that of a terpenc (ZerzscHE, 1932), a highly cross-
linked lipid (Frey-WysstiNe, 1953), a high molecular weight polysaccharide (TRAVERSE.
1968), or an oxidative co-polymer of carotenoids and carotenoid esters bound together
into a matrix (Brooxs & Suaw, 1968). ,

Results of extractions which apparently do not alter sporopollenin indicate that there
are lipoidal substances cither in the interstices of the sporopollenin matrix (TRAVERSE,
1968) or at or near the exine surface (SournwortH & BrANTON, 1971). Cytochemical
testing of intact pollen or exine sections suggest the presence of extractable lipids, protein,
and polysaccharide within the substance of the exine. For example, in summary of an
extensive study of the cytochemical reactivity of pollen walls, SoutaworTa (1973) states
that there is lipid, protein (ectexine only), and a trace of polysaccharide in association
with sporopollenin.

A method for the extraction of nonsporopollenous substances within the exine was
made available by BarLey’s (1960) observation that some exines are soluble in organic
bases. Because organic bases are favourable solvents for the extraction of polysaccharides
intact (Bouveneg, 1963), our primary effort was given to the possible extraction of poly-
saccharides from exines. Polysaccharides, expecially acidic polysaccharides, would pro-
duce the strong basophilia described for exines or exinous zones of some fossil pollen (c.g
MUuULLER, 1959; WiLsoN, 1964; StaNLEY, 1966; LEFFINGWELL, LARsON & VALENcIA, 1970)
and the strong and stable metachromasia in toluidine blue we observed in some treated

exines.

The data reviewed by Decans (1967) accents a primary problem in attributing any
portion of exine staining in fossil or experimentally treated pollen to polysaccharides. His
review emphasizes that carbohydrates are less stable than other components of organic
matter in sediments and are eliminated in the early stages of diagenesis.

An additional interpretive difficulty concerns the stainability of the sporopollenin
D \1\ mer itsclf.  ZerzscHE (1932) found that sporopollenin reacts with acetic anhydride
- acetylsporopollenin which apparently is brownish-yellow in colour. Sporopollenin
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ts considered to be strongly osmophilic, indicating the presence of aliphatic double bonds
el Soutimworrn, 1973, p. 79 for discussion and references).  In the hypothetical structure
of sporopollenin worked out by Liert (1974) drawing [rom the studics of Brooks (1970)
and Horteviueap (1974) on carotenoids and sporopollenin, anionic groups not bound
directly into the sporopollenin polymer offer an explanation for exine basophilia. The
strong basophilia of the exine during both the early microspore period and diagenesis of
the exine is explained in LiBERT'S (1974: Ch. 7) model by increased frequency of charged
groups and linkages during assembly of the sporopollenin matrix and again during dia-
genests.

For reasons outlined above our data can be interpreted only morphologically unless
the existence within the exine of nonsporopollenous substances, not extractable until Sporo-
pollenin is destroyed, is first demonstrated. It would also be desirable to show that these
nonsporopollenous substances when embedded within the exine can withstand treatment
severe enough to partly destroy sporopollenin.  Results of experiments which contribute
to the first of these requirements will be outlined below because they arc cssential to pre-
sentation of our results in the present report and, except for abstracts (RowLey, 1973, 19754,
1976), these results are not as yet printed (RowLEy, in press).

Since fractions from exines dissolved in 2-aminocthanol were examined under ultra-
violet and some interpretations are associated with the presence or absence of autofluor-
escence, it is desirable to comment upon exine autofluorescence under ultraviolet. The
reasons for exine fluorescence phenomena are not understood (van Grjzer, 1971). Van
G1jzer, who has developed microphotometrical methods for the study of exine fluorescence
(e.g. van Grjzer, 1961, 1967), relates these fluorescence phenomena only cautiously with
sporopollenin.  He tends to attribute the large spread in fluorescence colour distribution
‘and changes following treatment and increasing geological time to several fluorescent
compounds in the exine and their gradual decomposition. Since sporopollenin is consi-
dered to be the most resistant substance in the walls of pollen grains and spores, VAN
Grzer (1971, p. 668) concludes that all these fluorescence phenomena are probably closely
related to changes in sporopollenin composition and/or content.

The degradation products of exines dissolved in 2-amino-cthanol (previously acetolysed
at 100°C for 10 min and washed in running water for 24 hr to remove nonexinous materials)
are soluble in water and can be separated into two fractions by dialysis in cellophane tubing.
The dialyzable fraction autofluoresces under ultraviolet, suggesting within the weighted
conclusion of van Grjzer (1971) that it includes break-down products of sporopollenin.
The non-dialyzable fraction includes filaments or lamellations, and if the exines are di-
ssolved in 2-aminoethanol at high temperatures (130—140°C) for 18 hr this fraction is
not autofluorescent in ultraviolet. If 2-aminoethanol treatment is moderate (30 sec to 3
min at 90°C) then the nondialyzable fraction, containing filaments, does fluoresce.

Whest this fraction is extracted in phenol—water, autofluorescent material is vestricted to
the interface between phenolic and aqueous phases and in the sediment at the bottom of the
tube (both are zones where insoluble residues are expected: WestoruaL & Janx, 1965).
The filaments extracted from the exine occur mainly in the aqueous phase and are not
autofluorescent.  Recovery of the filaments in the aqueous phase following extraction in
phenol—water indicate that their composition is polysaccharide, mucopolysaccharide, and
jor lipopolysaccharide (WestpHAL & JANN, 1965). Both before and after phenol—water
cxeraction, filaments isolated from dissolved exines give a positive cytochemical test for
protein, are osmophilic, and are strongly positive for acidic polysaccharides. (They arc
stamned by phosphostungstic acid in chromic acid, bind ferric iron at low pH, and give a
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MATERIAL

in Cu];i(ijtigzllztctnt}(l)cf g/fzilo.b’zum angustifolium L. and Malva alcea L. were obtained from plants
bergsjon, Stockholm Llig;ldn Garden, Stocliiholmi and of Nuphar luteum (L.) SM. from Karl-
specimens (Cult Ra.n }0 (]:311 o Zausclmg,;m californica Presl. was taken from herbarium
Cialifornia 1948. p ;;)11(; ~ot. Garden 1952, Balls 8910, S; 2. californica var. villosa Jeps-;
with heated "’] Ty ?ld s. ., S). Betula verrucosa pollen was collected and dried

2 air by AB Cernelle (now Pharmacia Uppsala, Sweden) during the 1964

SCASOIl.

METHODS

Pollen were isolated from anthers without the use of liquids and mixed with pollen of
Betula and Zauschneria.  Aliquots were dusted onto the surface of the first celutian: i el
tp?atmcnt listed in Table 1 while the solutions were stirred, then shaken vigorously to mini-
mize lumping. The mixtures were then placed under vacuum to reduce entrapped air in the
pollen grains, then stirred throughout the heating period by bubbling nitrogen through
the solutions. The first six treatments listed in Table 1 were replicated four times

auschneria only once). Except for No. 12 (Table 1) each reaction was terminated by

( >
Y
dumping the 15 ml of the treatment solution into 35 ml of ice cold water, centrifuging, and

decanting. The pollen exines were washed twice in 50 ml of warm water (ca 50°C) before

the next treatment or fixation.
FIXATION AND EMBEDDING FOR TRANSMISSION ErecTroN Microscory (TEM)
The exines of the replicated treatments (1-6 in Table 1) were fixed in four different

ways. The fixations were as follows: |
(1) 19, OsO,in 0.1 M phosphate buffer (pH 7) for 24 hrs;
(2) 3% glutaraldehyde (GA) in 0.1 M phosphate buffer (pH 7.2) for | hr followed by

19, OsO, as in fixation No. 1;

(3) 1% GA in 0.1 M cacodylate-HCI buffer (pH 6.9) for 1 hr;

(4) 1% GA in 0.1 phosphate buffer (pH 7) saturated with barium carbonate.

" The residues of treatments 7-12 (Table 1) were divided into 3 aliquots and these ex-

posed to fixations No. 1-3. Dehydration was in an acetone series and embedding in epon-
+raldite (MOLLENHAUER, 1964, mixture No. I).
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Table 1

I—Summary of Treatments

Treatment :Abbreviations us?d
jent in text and figure
descriptions

e ——

0. Fixation without any pretreatment

I. Acetolysed 1 minute* . .. ' .. (acetol)

2. Acctol-hoiled in 109, KOH 10 min .. . .. (acetol-KOH)

3. Acetol -KOH -“chlorination** 2 min . .. (acctol-KOH-CI)

4. Aceto]l -Cl--KOH . .. .. . \'acct‘ol—cl-KOH)

9. KOH+acetol -Cl N N N .. (KOH-acetol-Cl)

6. KOH +Cl--acetol . . . .. (KOH-Cl-acctol)

7. Cli-acetol LKOH - N - . (Cl-acetol-KOH)

3. Cl4KOH !acetol . . . .. (Cl-KOH-acctol)

9. KOH-|Cl .. . . . .. (KOH-CI)

10, KOH | acetol .. . . . .. (KOH-acetol)

I, KOOI . . . . .. (KOH)

12.  20%, chromic acid for 1 hr at 20°C followed

by washing in water at 90°C. - .. (chromic acid)
15, Acectolysed 10 min . _ . .. (prolonged acetol)
[4. Boiled I min or 10 min in watc: - - .. (water)
*['he freshly prepared acetolysis mixture corsisting of I pt. HLSO, and 9 pts. acetic anhydride (Erdtman,
1960) was placed in a water bath (G0°C). the water bath wis rapidly brought to 100°C, and after boiling 1 min
the renction was terminated by dumping the acctolysis mixture and pollen remnants into ice cold water. The

clapsed time from 60°C was ca O min.

#%Chlorination mixture: 2 ml acctc acid, 3 drops sodium chlorate, 3 drops HCI.

Observations with ultraviolet were made using a mercury vapour lamp (Osram,
HBO-200), BG 38, 4 mm or UG-1. 1.6 mm exciter filters or an EK 2a UV blocking filters,
Reichert quartz glass immersion condenser or darkfield condenser and 40 < 0.65 objective.
The exines were mounted in water-free glycerine between a quartz slide and cover glass.

SECTION STAINING FOR TEN

Sections were examined unstained and after the following section stains: (1) 19
aqueous wanyl acetate (UA) for 15 min at 50°C followed by lead citrate (Pb) for 5 min;
(2) scctions on gold grids were stained with 0.19 phosphotungstic acid (PTA) in 109,
chromic acid (PTA-chrom) as described by RamsoturG, HERNANDEZ AnD LeBronn (1969)
and (3) 59 PTA in 109, acetone (PTA-acetone) after BENEDETTI AND BeErRTOLINI (1963),
Marixozzi (1968), and Mayo axp Cockixg (1969); (4) sections on gold grids were immersed
in 0.39, thiocarbohydrazide (TCH) disolved in 209, acetic acid for 30 min, washed in
3 changes of 1094 acetic acid and then in deionized water (thrce changes over 20 min), and
immersed in 19; silver proteinate (SP) as described by THiery (1967) in deionized watey
for 30 min followed by three washes in deionized water; (5) sections on gold grids \werpe
immersed in SP for 30 min and then washed. Information on the binding of bireac(ive
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gands, such as TCH, with osmium and other metals, is discussed by HANKER, WASSERKRUG
a¥D SELIGMAN (1966) and SEricMaN, WAsSERKRUG AND HANKER (1966). THIERY (1967)
znd. COL’P{I'OY AND Snsar (1974) consider that binding of TCH with SP, aldehydes, and
native cations within tissues, as well as controls, are necessary for interpretation of these

reactions.

RESULTS
The reactions of exine components to the stains listed below are reported without
interpretation since some of the stain reactions may he attributed to groups considered
to be associated with the sporopollenin polymer as well as to macromolecules cml?cd.dt‘d
within the exine and extractable substances in the interstices of the exine. Abbrcvmt.mns
used for staining procedures and interpretations currently placed upon positive reactions
(cf. refercnces cited in MeTHODS) are as follows:

UA-Pb
Uranyl acctate followed by lead citrate with or without prior

to osmium is a nonspecific staining sequence.

exposure of exines

PTA—Chrom

. . . . . . . . ; ] " iC].ViC O] 7 -
Phosphotungstic acid in chromic acid stans acidic polyanions or ac poly

ic i A i - ion at ca pH 1.4
saccharides. Prase  (1968) determined that PTA 1n an acid solution at ca P}_
an cffective stain although less vigorous

intensely stains acidic polysaccharide. It is ; "
is delicate, most of 1ts polysaccharide

between pH 1.7—2.1, and, while the stain
specificity is retained through pH 3.0—3.5.

PTA-Acetone

Phosphotungstic acid in 109
solutions (pH 5.5—8.5) is a general protein stain (Pease, 1968).

acctone, PTA in weakly acid, neutral, and basic

0s-TCH-SP

Osmium followed by thiocarbohydrazide (TCH) followed by silver proteinate (SP),
The ligand TCH readily binds to osmium and then SP so that the procedure can be
expected to amplify sites of bound osmium. Since both TCH and SP may bind to
native ions in the cxine, controls are imperative (cf. Courtoy & SiMAR, 1974). Since
the contrast in sections treated with TCH-SP or SP without prior osmium staining or
with SP after osmium was almost as great as after Os-TCH-SP staining. Itis concluded

that a portion of the contrast is due to the binding of silver proteinate to charged

groups in the exine.

SP
Silver protcinate. It probably is linked to electrostatically charged groups which

are disassociated at neutral or slightly alkaline pH.

Toluidine Blue

Negative charges must be closely spaced in order to induce polymerization
of the dye and produce metachromasia. According to Pearse (1961, p. 150)
where intercharge distance is ca Inm there is no metachromasia and the dye is blue or
purple ; where the intercharge distance is ca 0.5 nm, c.g. pectic acid, there is a weak meta-
chromasia and the dye is light pink; in polysaccharides with intercharge spacing less than
0.4 nm there is a strong and stable metachromasia, the dye is pink or red.

3
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Epilobium

Structure within the exine is stained by PTA-chrom (Fig. 1), PTA-acetone, Os-TCH-

SP and—SP [ollowing treatment which does not alter exine form, i.e. acctol-KOH, KOH-

acetol, KOH-Cl. When stained with UA-Pb, with (Iig- 2) prior osmxﬁm ion, sections
otherwise look like scctions of untreated

of these exines have a fine or lar - ce but
T : ranular appearan untreate
( T o darkens structures (filaments) within

cxines.  Without osmium UA-Pb staining frequently
exines (Fig. 3). i ) _ bination listed

Scctions of grains treated more severely, €.g. acetol-KOH-CI in any com mzvt. ion listec
in Table 1, stain as above but show a definite loss of exine substance from the ﬂ‘?mllc (.Fl.gs'
4-7) which is minimal in appearance, 2lthough still evident, after UA-Pb scction Stﬂ.'lnl.ng
(Fig. 5). That part of the exine which is extracted by these reac.tmns an‘d thus missing
in scctions such as Figs. 5-7 will be called exine matrix and the lamellations, ﬁblels, or filaments
that bhecome apparent following extraction of exine matrix will, for convenience, be carllcd
filaments. The filaments are stained by PTA-chrom (Fig 7) moderately stained 1{3” PlA)'
acctone, and covered by silver granules after reaction with—SP (Fig. 6) or Os-TCH-SP.
Iilaments are also apparent in the sexine, but only at sites where sexinous le_‘m(?nl‘s arc
thin within the section (Figs. 6, 7). Elsewhere within the sexine, at the level of exine des-
truction shown, staining of the sexine is extraordinarily intense and structure that was
apparent in less severely treated exines, e.g. Fig. 1, is masked by the stain.

Lixtraction of exine matrix in recent pollen was consistently less when KOH was first
(I'ig. 4) and greatest when KOH was last (Fig. 7) in the successive treatments with KOH-
acctol-Cl.  In all cases where extraction of exine matrix was evident, extraction was selec-
tive. Iilaments were more resistant than exine matrix between filaments and the sexine
was more resistant than the nexine. (The nexine is as intensely stainable as the sexine when
the level of exine destruction is less than in Iigs. 3-86. These stages ol destruction are
shown inligs. 1, 4, and 9). In addition the nexinc of apertural regions was mcre resistant
to these treatments than the nexine elsewhere (Fig. 8)- The proximal portion of the nexine
was the first portion of the nexine to show extraction of cxine matrix in nonapertural regions
(I'ig. 4) but in apertural regions the distal portion of the nexine is first to be selectively
destroyed (Iigs. 1 and 9). InFig. 9 rbe distal surface of the nexine is etched and the sexine
is entirely gone. Since the sexine was, in rare instances, found to be separated [rom
the nexine following treatment with hot water, it can be assumed that this separction
is a physical phenomenon. Isolated sexines and nexines were obscrved alter all of the
treatments in Table 1.

As the exine matrix was progressively extracted fiom exines of Epilobium, first the nexinc
became increasingly basophilic, followed by a reduction in nexine stainability; then the
sexine became strongly basophilic. With further treatment all staining was negative.
At that level of destruction (alteration of staining properties cf the filaments) many cxine
remnants were greatly expanded and separation of sexine and nexine was common but
they were, with a known species under consideration, rccognizable morphologically. The
diameter of exines does not increase much until destruction is grcat cnough to result in
stain extinction® The exine remnants were unstained by besic dyes and diflicult to see
unless phase or interference contrast microscopy was used. These exine remnants were
autofluorescent in ultraviolet.

Zauschneria
The diameters of microchannels remain relatively constant as filaments become

ap-

l)ﬂl‘C]lt, illdicating thal‘ CXPOSul.e Of ﬁlaments 18 (lue {o extraction 01 exine l'l]atl'ix ]‘ath.(‘l‘ t]lan
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simply the result of expansion of exine (Figs. 14 and 15). In the nexine of . californic,
both microchznnels and irregular channels occur throughout the nexine (Fig. 10) whereyg
in the nexine of mature Epilobium pollen exines, microchanncls are common only in {he
apertural regions (Fig. 8) and the retention of irregular channels is rare. Microchannelg
of Zauschneria are conically enlarged where they conract an irregular channel but elsewhere
in the nexine their diameter is similar to microchannels in the sexine (Fig. 10). Filamengs
were exposed in the nexine and the nexine was substantially expanded (Fig. 13) or missing
Fig. 11) after treatment with scetol-KOH-CI in any order, but filaments were apparent
in the sexine only when KOH was the final reaction (Fig. 14). Even when KOH was the
final reaction, destruction of the nexine was non-uniform. Unlike Epilobium in which there
was consistently less extraction of exine matrix {rom the nexine subtending apertures, in
Zauschneria resistant regions were relatively small as seen in sections, irrcgular in shape
and located throughout the nexine (Figs. 13, 13).

‘I'he reaction to stains was similar to Epilobium. PTA-chrom staining is shown in I'igs.
14-15, Os-TCH-SP in Iig. 12, and SP in Tig. 11. The nexinc is largely disintegrated
hefore sexine staining 1s extinguished. The exine remnant (sexine) is autofluorescent in
ultraviolet after staining is cxtinguished.

Malva

'ollowing treatment a peripheral zone was darkened less by staining for protein than
were the central portions of bacules. nexine, ctc. (Fig. 16).  When the cxines of mildly
treated pollen grains were exposed 1o osmium nhlwriplu-ml zone ol low staining was
commoly observed in spines and the nexine, wherceas spinules, tectum, most bacules, and
the periphery of the nexine, like central regions ol spines and nexine, were darkly stained,

This complex pattern of staining by osmium wa intensificd although not modified
by UA-Pb staining (I'ig. 21).

Seainable substances are extracted from the exines of pollen during treatment by
acctolysis or KOH (Iigs. 16, 21). Exinc matrix is apparently not extracted by thesc
treatments since unstained sections have a uniform density to clectrons, suggesting that
(he mass ol the exine was relatively unaflected.

Exine matrix was extracted by acetol-KOH-CI treatment in any order (Iigs. 17, 18,
90). The fine structure of the sexine and a distal portion of the nexine were charac-
terized by numerous voids which were unstained by PTA-acetone, PTA--chrom (Iig. 18)
and UA-Pb (Figs. 17, 20). Unstained sections of exine showed a rcduced density to
clectrons in the sexine and a distal zone of the nexine (Fig. 19), indicating that the mass
of the exine had been reduced in these regions.  When KOH was the first treatment followed
by acetolysis and chlorination in either order, less exine matrix was extracted (I'ig. 17)
than when KOH was the final treatment (Figs. 18-20), although the pattern of cxtrac-
tion was similar. When KOH was the final reaction, tips of spincs were cxpanded (Lig.
20) and tended to be unstained by basic dyes. Spines were frequently entirely missing
even after treatment in hot water and this phenomenon was attributed to mechanical
abrasion.

Following any series of reactions that removed exine mairix, the nexine—and in some
cases the spines, stained with exceptional intensity in basic dyes and were pink to bright
red in toluidine blue. In sections for TEM it was common to find that the most darkly
stained portion of the exine lay between severely and moderately damaged portions of the
exine (Fig. 18, see also Fig. 1, and the bases of spines in Iig. 29).

Longer treatment periods than those listed in Table 1 extinguished the stainability
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0! sDines kit ; . . N
of spines byt not of the nexine. Both spines (some greatly enlarged)

and nexine were auto-
Huorescent in such cases

Betula

4-17‘ i i GH-SP
Exines of B. verrucosa are lightly stained by PTA-chrom, PTA-acetone, Os-T Ollen,
z — KSp . . / ‘ e . 1 re )
?Tl(jl _] du”ng the late pcrl()d of pollr:n development (Flg. 2'}) and n ll‘la.tllh I; one

(l)”omng acctolysis (Fig. 22), KOH., CL. or hot water (Fig. 26) treatment a perlp.cmd Ll
of ,_.h,: ¢xinc may be darkened by these stains. Untreated mature exines are fairly darkly
stained by UA-Ph with

I8 il O = & 3 . . . AT fter thC abo\/’(:
(Fig. 25) or without prior osmium staining, whereas e
trcatment stainin

h g with Os-UA-Pb is greatly reduced and often similar to the light paet
Z; 'J}l’fi tf:(;"tuml}n J"ig. 26. A Pfirip%lex:al zone may 1?6 stained more inteflsel}", however, (Ig.
) and structure may be seen within all or portions of the exine (Fig. 23). )

All of the threc-step treatments listed in Table 1 and chromic acid removed distal
portions of the tectum and foot layer. The exine remnant in Fig. 27 shows features typical
of these treatments, ic. the distal part of the tectum is etched or entirely destroyed, t:hC
tectum tends to be separated from the nexine resulting in straightening of bacules (which
arc compressed and offset during pollen maturation), and apertural regions are the least
damaged portions of the exine. The delicate and fragile appearing lamellac and associated
filaments of the apertural endexine are the last part of the exine to be destroyed (comparc
Iigs. 25 and 27). The proximal surface of the foot layer was never seen to be etched, per-
haps because of the thin coating of endexine.  After more severe treatment than was given
the exine in Iig. 27, c.g. acctol-Cl-KOH or chromic acid, exine remnants increase in dia-
meter and, except for the endexine of the apertures,
for TEM. 1In toluidine blue the apertural regions of
and the nonapertural regions arc essentially invisible
exines from the pellet used in the preparation of I'ig.

are unstained by basic dyes or stains
such  remnants are pink to bright red
under full cone illumination, whercas
27 were pink in nonapertural regions
and the apertures were bright red in toluidine blue.  All exine remnants were autofluorescent
under ultraviolet,

Nuphar

Results of treatment with chromic acid were similar to successive treatment with acetol-
CI-KOH. The endexine was destroyed, except under spines, spinules tended to be miss-
ing or unstainable, and the tips of spines were either missing or weakly stainable (Fig. 29).
A section from an untreated pollen grain is shown in Fig. 28. In Nuphar the aperfture
margin was destroyed (left portion of Fig. 29) or lost its stainability before nonapertural
parts of the exine, although only the bases of spines were resistant to severe treatment,

In basic dyes it was common to sce treated exines with brightly stained spine bases
separated by unstained exine. Both spine bases and unstainable portions of the exine were
autofluorescent.

DISCUSSION
EXINE STAINABILITY

In exines of fresh or air dried pollen there are three possible explanations for exine
staining:

(1) Substances within the exine extractible without morphological destruction of the

exine, which are assumed to be located within the interstices of the sporopollenin
matrix. It is likely that some of these substances are native to the exine but
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sthers, like exogenous tei 1 i
ners, ke exog us protein and inorganic tracers (Rowrey, 1975b, 1976;
ROWLEY & FLYNN, 1971) may

- /

- 7 155 Q : - » - .

a— diffuse into the exine during periods of natural
-~ XPET1 ental <~ (o P 1 - — . ..

Ldl' -dlauon. The availability of these substances for staining

- dependent upon pretreatment, e.g. fixation. Acidic poly-

anions, possibly acidic polysaccharides, may be stained in exines after fixation

.

":,13_1", '-;‘t‘z;i')i;zzes carbohvdrates but not following exposure to aqueous solutions,
including aldehyde fixatives without added cations (RowrLeEy & NILSSON,
1972 ; RowLey & DaHL, in press).

2, Exine stainability has_in general, been attributed to sporopollenin (cf. bricl review
in InTRODUCTION), except during pollen development or following proccdurces
commensurate with the preservation or specific extraction of substances pre-
sumed either to be in some way associated with sporopollenin or  transitory
within the exine.

(3) Macromolecules (filaments, fibrils, or lamellations) embedded within the exine,
apparently unextractable without a morphological alteration of the exine. We
assume that these macromolecules are not directly stainable in intact exInes
because if they were available to stains, they would also be subject to extraction
or destruction by the relatively strong reactions that have become a hallmark

for sporopollenin and are commonly used in palynological studies.  On the

other hand, since very severely treated cxines, while still autofluorescent under
ultraviolet are no longer reactive to stains, if is tempting to wonder il a portion
of the stain reactivity in the intact exine, e.g. weak staining in basic dyes, may
bhe produced by the anionic groups of macromolecules encapsulated (and pro-
tected) by sporopollenin. Stainable macromolecules embedded within sporo-
pollenin ought to be exposced by scctioning for TEM, and they are (RowLEY,
in press; Fig. 5), although in most sectioned exines their stainability is discon-
certingly poor, especially when comparcd with the stainability of filaments,
partly or wholly isolated from exines (RowLEy, in press; Iigs. 11-13). The
simplest explanation, drawing upon the apparent elastic as well as plastic nature
of the exine (BANERJEE, RowLey & ALLessio, 1965) may be that cxposed sur-
face is largely scaled off either as a result ol the heat and deformation produced
by the cutting process or the elastic recovery of sporopollenin.

It is necessary to assume that these three possible kinds of stain rcactivity within the
exines interact competitively or additively rather than exist in isolation. It is probably
unnecessary to note that simple explanations for exine staining are likely to be fatuous; they
can, however, provide a starting point for dialogue. Thus, in our discussion we will utilize
the interpretations, now current, for positive reaction of the stain used (cf. first portion of

REsuLTS).

RELATIVELY MiLp TREATMENT OF EXINES

Our results for exines treated with hot water, the acetolysis mixture, KOII, or chlorine
producing solutions emphasize what every palynologist who has used TEM as a tool will
know quite well and that is that exine staining is variable. In agreement with all prior
reports, whether by chemists, morphologists, etc., the major variables are between pollen
of different taxa. In order to avoid comparisons between the stainability of exines before
and after treatment and pollen of different taxa we have selected examples of migration
of stainable substances where stain disjunctions occur within the ectexine of individual
exines.

10 Geophytology, 7 (1)



Chl@lfl\li;ctll(::rll(\\atir(nf(n:\llnq 11f(\lt \;L((‘I (ra-r(‘l'y afl l:(‘. r n,ccl'ol}jsis or 'K QH and not obscrved z}l‘tcr
for brot ‘.1~ A e i ark zone n,l.. the p('r.lph(-ry of. the exine in pollen ?f ]?c/u/ﬂ‘stzuncd

protein (Fig. 26) or hy UA-Ph (with or without prior exposure to osmium). The zone
Was not apparent when osmium tetroxide was the only stain. A darkly stainable peri-
pheral zone is a fairly common phenomenon in exines following chemical fixation, especially
by aldehydes, ¢.g. SOUTHWORTH AND BrRANTON, 1971 IMigg. 11-stained with permanganate;
ROWLEY AND Tirpraan, 1967 Fig. 6. Erorvan (1963) suggested Stegine s a torm
for this layer.  Our hypothetical explanation for this stegine effect is that a barrier may
be affected at or near the surface of the exine by treatment, such as chemical fixation and
hot water, which cross links or denatures otherwise cxtractable protein.

Tt was only in pollen of Betula that we observed a definite stegine, and in Malva stain-
ability of the exine margin was low rather than elevated following the above treatments
when sections were stained for protein or by UA-Ph without prior exposure to osTIUI
Staining with osmium resulted in a complex pattern of contrast in which the periphery
of spines and nexine (except the proximal surface) were dark while a sub-peripheral zone was
light. These results arc consistent with an interpretation involving independent migration
of two nonstructural substances, presumedly protein and an unsaturated lipoidal com-
pound. They could also be explained by reactions with aliphatic double bonds (osmium)
and anionic groups (PTA in the pH range 5.5—8.0) included in model structures of sporo-
pollenin (e.g. LiBert, 1974).

Phosphotungstic acid at low pH (1.4, e.g. PTA in 10% chromic acid; to at least
pH 1.7) isa vigorous stain for acidic groups, e.g. carboxyland sulphate groups, which are not
considered to occur in sporopollenin (e.g. Brooks, 1971: p. 380). There would be con-
fidence in assignment of positive staining by PTA in chromic acid to acidic polyanions.
Nevertheless, because of the recovery of PTA-chrom stainable filaments from dissolved
exines in the aqueous fraction of phenol—water extractions and cognizance of saccharides
positive staining will be attributed to acidic polysaccharide or, for simplicity, polysaccharide.
When stained for acidic polysaccharides after ““mild” treatment the exines of Beiula, Epi-
lobium, and Malva (exines of Nuphar and Zauschneria were not consistently recovered) gave
negative results with two exceptions. Following either brief or prolonged acetolysis,
structure within the exine was darkened in Betula (Figs. 22, 23) and Epilobium.
In Epilobium (Fig. 3) the stained structure was similar in the sexine and nexine
and showed a pattern like the exposed nexinous filaments in Fig. 5. In Befula, staining
tended to be limited to the distal margin of the tectum, microchannels, and thin endexine.
The pattern of polysaccharide staining is accordant with the fibrillar remnant of the exine
cxposed by severe treatment (Iig. 27). The importance we attach to these instances of
positive staining for acidic polysaccharides in acetolysed exines is that the resultscan neither
be adequately explained by acidic polysaccharides, which are readily extractable in water
(SZIRM;’\I, 1962), \«.rithin the intertices of the exine nor by the composition of sporopollenin,
» V\ ¢ may c'(,%nmdcr t?lat t]').(’, subsm'ncc ol the exine is unaltered by these mild treatments
{with appr?pm:.m: qualification for differences hetween taxa) since Srrre (1959) found that
the form birefringence of the exine was not diminished by acetolysis or chlovine bleach,
MOoDESTLY SEVERE TREATMENT

[he results of sequential reaction in the acelolysis mixturee (ollowed by KO, KOU-
chlorination, or KOH-acctolysis did not produce cither stepine '

. i _ cllects or the intensely
stammable exines of morc severe treatment,

: ‘ Fixine staining was weak or neeative alter
staining forprotein hut all the othey stains lis i )
g forp m butall the other staims listed in the Muernons produced strong contrasting
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C"J‘mpa.rab:r; with Figs. 1 and 2. The stainability of acidic polysaccharides increased from
sight in untreated Fig. 24) or mildly treated exines (Fig. 22) to heavy following more
severe tre (Fig. 1). Toluidine blue staining was also altered from greenish, which
15 typical of untreated exines (SovtaworTa, 1974; Ducker & Knox, 1976) and indi-
' : of high moleccular weight, to a

=y

D

zime

B

caftive Al v PO I . v .

cative of regularly arranged anionic sites on a compound
A, . i - “ s . 7 Far
light pink colour in these treated exines. The light pink colour and a tendency for the
colour to fade (to greenish or blue) is typical of a weak metachromasia and indicates the

presence of macromolecules with an intercharge distance of ca 0.0 nm between anionic
These observations indicate an 1ncrcase 1n acidic

groups (Pearse, 1961: p. 248-251). :
Since such groups are unlikely

polyanionic groups available for interactions with stains. : :
to be a part of the sporopollenin matrix, we consider that their increase is due to partial
exposure of acidic polysaccharide embedded in sporopollenin. The morphology of l;]‘CSC
trcated exines is compatible with this supposition, i.e. the exines appear to be sclectively

degraded.

SEVERELY TREATED EXINES

Filamentous or fibrillar structure was exposed in exines successively treated by aceto-
lysis, KOH, and chlorination, in any order, or exposed to 209, chromic acid for onc hoL‘u:
Some or all parts of these exines stained with cxtraordinary intensity although t'hc stain-
ability of portions was cither wealk or negative. While some portions of these (‘xulcsl were
missing or swollen, retention of specific form was adequate for recognition and total dlnl(‘l-l-
sions of exines were not greatly changed. These phenomena have been obscrvcd.ln
exines from sediments. WiLson (1964: p. 430 wrote, with regard to the intense stain-
ability of fossil exines from portions of some scdiments, It is not uncommon fo find in a

single palynological preparation of wellcuttings, Pennsylvanian fossils [from the strati-
graphic level at which the sample was cut] that are unstained, mixed with Cretaceous
fossils [derived by ‘cave-in® from levels above] stained bright red, and modern pollen
[from the atmosphere zt the well head] that are pink.” In several reports on the intense
stainability of some fossil exines STANLEY has emphasized the differential reactivity of
exinous layers (colour plates and references in STanLey, 1966). STANLEY suggests that
general age distinctions (within individual cores) are possible, based upon exine stainability
as well as recognition of Pleistocene or younger recycled grains. In the latter; the ectexine
tends to be moderately stained by basic dyes and the endexine only slightly staincd, as
Faecrr AND IVERSEN (1964: p. 18) and Faecrr (1956: p. 643) consider typical for recent
pollen. In exines from sediments of intermediate age (STaNLEY specified Late Mesozoic
or Early Tertiary age for the work reported in 1966) both the ectexine and endexine may
stain with great intensity whereas only the endexine may be stainable, and this very in-
tensely, in sediments of greater age. In sediments of still greater age neither the ectexine
nor endexine may stain.

Filaments, fibrils, and lamellations are reported in studies of fossil exines prepared
for TEM at levels seldom encountered in exines of recent pollen grains. In two of the
sections of pollen from Eocene sediments shown by Enrrica axo Harr (1959: Figs. 1,
3) the exine appears to be filamentous. The sections are dark (stained by osmium) where
filaments are closely spaced and light where filaments are more loosely associated. In
a study of exines of IVedehouseia from Upper Cretaceous sediments LEFFINGWELL, LARSON
AND VALENGIA (1970) compare thin sections stained with lead citrate for TEM with exines
stained with the basic dye aqueous safranin-O. The ectexine in these fossil exines is
distinctly fibrillar or filamentous and is lightly stained by lead and the basic dye. The
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. exine 15 ¢ 1 i
:j—iop’ihc fiii\c: \m appearance and heavily stained by lead citrate and is stronfglﬁ
i - SWELL et al. consider the common occurrence of uniform or negative
stainability of the end ctexine and conclude that, while the conditions favourable
il , 6?0rded_ or the period of their occurrence in the fOSSiliZ‘"”:iOFl procciss
zrc unxnown, the low incidence of differentially stainable residues in the fossil record
€ conditions max ‘ . ;

exine and e
for the reactions thev r

suggest that favourab] exist within rather narrow limits.
DISINTEGRATION OF THE Exine

By increasing treatment periods bevond those listed in Table 1 for chromic ;1c-1(‘. ot
successive exposure to acetolysis, Chlor'u;.ation_. and KOH, especially where KOH 1 t-hc
final treatment, remnants of exines ma-< be abtained which are colourless, are not stain=
able with basic dyes or osmium, and C.Ic often greatly enlarged. The exine remnants m~c.
casily recognizable. They are still autofluorescent 'und.er ultraviolet. Within the pcl_l(,:L
obtained through centrifugation there were masses of small rod-like objects, as seen \Y“h
phasc microscopy, and these autofluoresced in ultraviolet. It seems that some CXINCS
had come apart ’dif:int(:gratcd, and the sporopollenin had not been destroyed.

Srrrr (1959) determined that form birefringence of the exine is extinguished by “C.m_
ment with chromic acid.  Citation of SitTe’s observation under our section concerning
cxines on the verge of disintegration is arbitrary. ed

Exines which survive extended severe treatment without becoming S\\'O”(“{l are C'ﬂ.ub_C.(
to swell and then disintegrate by further treatment, including hot water. Their sensltl\’.ll):
to solvents may be due simply to the ¢ normous surface area of the remnant, ¢.g. the llCXl‘}l("
in I%g. 13, although it is tempting 1o wonder if the macromolecules of the filaments, fibri 5
and lamellations may be important in exine integrity.  Fossil cxines which are no longm
stainable tend to be yellow or brown in colour and are resistant to solvents, ﬁ‘atums.\'\rhlch
are attributed to exine carbonization, ¢.g. Gi TjanK (1966). Some exines from scdiments
are, like our very severely treated exines, damaged by mild treatments. Ior (fxa‘m[?]t‘,
from a peat, R, H. Tscuupy (personal communication) found exines that b'v.gzm Sw("“:ltl;g
immediately and some disintegrated within a few scconds after the addition of 0.5%,

NaOH.

LEximve LXPANSION

Because exine morphology is not altered by treatment which partially removed exine
matrix (c.g. the microchannels in Figs. 12-14) we consider that the exposure of ﬁlamc{n:s
did not result from expansion of exine.  On the other hand when the integrity of the exine
matrix is degeaded beyond a certain level, further t.re.atmen.t results in szcllin,‘g which does
not scem to be a passive separation of the remaining exinous subunits. For example,
when chromic acid is used to destroy exines covered by evaporated carbon in the pre-
paration of single stage carbon-surface replicas, th_c carbor_l.. film was often ruptured. due
to expansion of the exine (Fryxx & RowLEy, 1967: p. .23:)). I%HIDA (1.970) S}“J.O\\'g illus-
trations of exines swollen by reaction with chromic acid, and illustrations of expanded
exines following sodium hypochlorite treatment appear in the report of KARAGYOZOVA AND
Karacyozov (1973). _ o

We associate swelling with hydration of the mac.rom(?lecules embedded within sporo-
pollenin and find that treated grains which enlarge rapidly in \\'ate.r donot doso in acctone,
ethanol, water saturated with barium carbonate, or other solutions which stabilize poly-
sacgharides_ R. H. TscHUDY (personal communication) found that in some pollen grains
successively treated bv chlorination-acetolysis-chlorination exines became as much as 709,
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arger in diameter than the average size for the species. Swelling to that extent was mqg;
| ome dark brown or black followiy,,
S5

1
1!

kely to occur, he observed, in grains which had bec

acetolysis and were chlorinated to reduce the dark coloration.
lating the rcactive macromolccules i

produces an exceptionally dark
lecules would survive our treat.

When the amount of sporopollenin encapsu
reduced, they become intensely stainable and acetolysis
coloration. Since it is unlikely that these reactive macromo : B
ments unless protected by (*11Eap3111ation in an inert material, and since reactivity is not
cxtinguished until further treatment we conclude th

these labile molecules are still embedded within sporopollenin.

at stain reactions arc expressed while

LocATION OF NONSPOROPOLLENINOUS MACROMOLEGULES WITHIN THE EXINE
‘The filaments or fibrils apparent after sporopollenin 1s partiall
2 core of reactive macromolecules surrounded by sporopollenin,

ine form, although the remnant

v removed from exines

arc likely to consist of
Morphologically, filaments or fibrils persist, as does specific ex
may be ctched or expanded, after basophilia etc. is extinguished, presumably due to the
destruction of the reactive macromolecules.  The composition of these filaments and fibrils
could then be entirely of sporopollenin.  Thus, while, for convenience, we have referred
to the stainability of filaments our reference ought, we believe, to be to reactive macro-
molecules embedded within sufficient sporopollenin to provide protection but little enough
to account for increased stainability.

Basced upon the results of our treatments and published observations of fossil exines,
destruction of the exine can be sclective in the sense that sporopollenin between filaments
is more readily extracted than sporopollenin adjacent to (encapsulating) the reactive mac-
romolecules.  With qualification for physical factors such as surface area and volume of
exinous parts, destruction is also selective in the sense that some portions of the exines were
less affected than others (cf. part 3 of the following section).

THEORETICAL CONSIDERATIONS

1. Specifically ordered polymerization promoling  surfaces—ATKINSON, GUNNING AND JOHN
(1972) in their study of sporopollenin in the cell wzll of Chlorella and other algae con-
clude, although with acknowledgement of the very limited evidence so far available
; : i C < C < )
that. the. presence of sporopollenin in algae is related to the deveopment of trilaminar
<\\'hlt§ line C.entcred. lamellations) wall components as well as to the capacity to synthesize
sccondary carotenoids  They refer to the lamellations on which condensation of sporo
ks . ~ 3 ) - -
pollenin or protosporopollenin occurs as receptor surfaces
We consider that re : : e 5
z cept . i
o e ponder p (;r suxfz;ces for the ectexine or part of the cctexine are elements
! 1isma membrane—glycocalyx 16F ithi 1 i
Rewtn fie e ICVEC\ - gly ola y}; on microspores within the callosic special cell wall.
; ress) r Vs ex : tine | i 1
oweey (in pre amples of exine formation on glycocalyx components. Portions
ol the cctexine seem to form on white line centered lamellati F L
il mellations, e.g. the footlaver of ¢
(SkvArRLA & Larson, 1966) and of Endymi ] N : ”

5 It : ob - Lndymion-nonscriptus (Ancorp, 1967), which appa-
rently form on or adjacent to the plasma membra - a “D, “997), wich app:
B s g ; : ane (or as Diekinson & IHesr.op-HARRISON,

, state, form on lamellations which arise [rom the plasma mem] Il t
. , : dlasma membrane 1 0
taxa having pronounced endexines portions of the ectexine as well 1 "]‘”‘ At et
. - - 2 cectexme as well as the endexine appear
to form on white line centered lamellations, ¢.o. bacules o B
Labiatae (N 1975 ‘ 5 ¢.g. bacules, footlayer, and endexine in the
ablatae (NABLI, 5) and nontectal hacules

oot layer, and endexi © Artemista
RowLey & DAaHL, | - 2 ayer, and endexine of Artemisi
( & DAHL, in press). It must be noted that parallel lamellations with or without

O)SC[ (d lll our tr al 1 ( M 1( u 1 ( P 1
£ . l \Y 1 (& (7\\ ,,l N ) A( . 1 )' ,1 *( O ]]O

In nexine "hilobiu; ~ Ry
s of Lpilobium and auschneria throughout carly exine formation. We consider if

I 4
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by po ¢s proposed by SExGupTA anp Rowrey (1974; cf. part 4 of this

On morpholog:
Jn morphological

w | o - a
e s e B e st ; and Causchnert
would have g ould seem that the ectexine of Epilobium i

nave forme

d on different receptor surfaces than the endexine. Ior Lpilobuum t}lus
ths spines of Mg ogeny (g Besr, 1906; Rowiex, 19700). 18 v e
rest of the exine: itpis iﬁ a fe;m zrlx\tLv?tllllnfl eonbscrvations of FLYNN AND
”972) for the ontooj-en\,— of thegf:" ‘ " e
geny xine. '

receptor surface concept for sporopollenin accumulation did not originate with
ATKINSON el al. (1972). The idea was expressed by ROWLEY AND SOUTHWORTI (1967)
and Ecuiy axp Gopwix (1969) based upon receptér surfaces that are differcnt lll.n'.lor“
phological appearance, following chemical fixation. Brief reviews and much original
data concerning sites of sporopollenin deposition on microspores and tapetal cells arc pres
sented by Dickmvson (1976a, b). Dickmvsox (1976b, p. 331) refers to sporopollenin re-
ceptor surfaces as ordered polymerisation promoting surfaces, which should seem to favoum.bl_y
express the concept for exines of pollen grains and spores except for onc important Pol.m’
i.c. specificity of the form of these exines. That point could be incorporated by referring
to these macromolecules as specifically ordered polymerization promoting surfaces
(SOPPS).  The importance of the sporopollenin receptor surface concept as CI\’PFGSSCd_by
ArkinsoN el al. (1972) for Chlorella is that in Chlorella there are available genotypes “'llfrll
do or do not produce receptor surfaces for assembly of sporopollenin and genotypes which
do or do not have the capacity to synthesize sccondary carotenoids.

IS1n agreement wj
appecar that
than the
VoLLMER
The

2. Specificily of macromolecules embedded within exines— Accumulation of sporopollenin  upon
plasma membrane glycocalyces offers the possibility theoretically that the composi-
tion of SOPPS macromolecules which become embedded  within sporopollenin are unique
for cach taxa. If this is the case, the potential is extraordinary. In most cells and
tissues uncontaminated fractions of the labile cell surface macromolecules, e.g. acidic
polysaccharide and protein moieties, are diflicult to isolate, whereas macromolecules,
presumably of cell surface coating origin, embedded within sporopollenin in exines
are protected from degradation even during unbelievingly rigorous chemical and pliysi-
cal treatment. Thus sources of contamination can be ecliminated and since sporo-
pollenin is dissolved in the organic base 2-aminoethanol from which intact polysac-
charides can be recovered, isolation of these SOPPS macromolecules is technically
[casible.

There is reason to believe thet the study C?fBOUVENG (1963) on polysaccharides in pollen
offers an example of the kind of results obtainable from macromolecules embedded within
exines. BOUVENG’s aim was to study the polysaccharides in the intine of Pinys mugo. Hot
monoc thanolamine was used in order to make infine polysaccharides more accessible [or
subsequent extraction through removal of the exine, following BaiLey’s (1960)
that mon(.)cthanolamm.e dxs.solv.ed the exine  (Itis likely that the organic base uscd by Banrry
was 2-aminocthanol, since it dissolves many exines within his stated conditions; the |
of organic bases by many chemical supply houses remains indefinite) ‘
ported that the exine of P. mugo appeared to be morphologically intact {
with monoethanolamine although, since a considerable amount of high
polysaccharide was present in the monocthanolamine fraction it v

observation

abeling
. Bouvexg re-
ollowing treatment

molecular weight
as analysed and found
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to contain a unique ’ '
> polysaccharide whi : !
Sy domi]old d.l.\fs 'u(.haudc \\_luch Bouving relerred to as a xyloga]acml‘onan.
e - (1 | escriptions leave little doubt that sporopollenin has actually been y..
. 1-‘ ) P E 5 . . e . i . . ‘. ) . - . " r . i L L
el m at least part of the exine during reaction with hot monocthanolamine. He report.
cd that the pollen wall lost only little

. . ol its original thickness and consisted ol an outep
striated and inner nonstriated laver

alter exposure to monoethanolamine.  Subscquen
trcatmen ‘i; however, with hot water or with cold 7%, NaOH completely re moved the oute,
layer. Since sporopollenin is not dissolved in either hot water or cold hydroxide, it cay
be concluded that the monoethanolamine did alter the exine, and while the source of the
unique polysaccharide is problematical it could have been from within the exine.

If glycocalyx components are embedded within exines and protected by being encap-
sulated, even bound into the sporopollenin matrix, as specifically ordered polymerization
promoting surfaces (SOPPS), then determination of their composition, as w¢ think Bouveng
(1963) made, may be only the tip of the iceberg. Much more could be expected theoreti-

cally by way ol serological specificity.

3. Selective destruction of sporopollenin—Our results indicate that sporopollenin, in certain
parts of the exines we have treated, is more resistant to our reactions than sporopollenin
clsewhere in these exines, for example the nexine near aperturcs in Epilobium, spine
bases in Nuphar, and the sexine of Epilobium and Zauschneria, the endexine of Betula,
and the proximal portion of the nexine in Malva. The outstanding example, however,
of selective destruction of sporopollenin is in the filaments and fibrils observable in many
of our illustrations. The location of filaments or fibrils revealed after any of the
scquential treatments or after chromic acid was consistent within taxa and may be
raken as a reflection of SOPPS induced form. Since the patterning remains unchanged
after stainability is eliminated and the remnant is still autofluorescent it can be assumed
that these filaments or fibrils represent a sporopollenin cast from which SOPPS
macromolecules have been destroyed, in the case of nonstainable exines. It would
seem that sporopollenin adjacent to or on SOPPS macromolecules is more resistant than
sporopollenin located more remote from these molecules. Without knowledge of the
reason for the apparent variation in the resistance to sporopollenin, e.g. cross linking in
the sporopollenin matrix, it can be suggested that resistant portions of exines ave likely to
have more closely spaced receptor macromolecules than the less resistant portions of the

exine.

4. Extraction of microfossils from sediments—Methods for extraction of microfossils
from sediments have become sophisticated and relatively eflicient. Contemporancous
with HarstEN’s (1959) observation that loss of pollev exines during chemical weat-
ment could be both precipitous and seclective there has been some emphasis upon
mechanical rather than chemical methods, at least as a means of monitoring
selected parts of geologic  scctions, Owr results suggest that, except  for the «‘qui\;xj—
lent of untreated exines or highly carbonized material, further progress could  tollow
adaptation of methods comparable with  cytochemical management of polysacchavide,
protein, or lipids in tissucs.  As an example, SeNcurta anp Rowrey (1971) suggested
that the white line phenomenon in white line centred lamellations, so common in exines
of pollen and spores, might he an agglutination clleet produced by basic polyelectrolytes
bridging the space between adjacent filiments, Regardless of the validity 0'1‘ that 1“‘-},0_
thesis, we find that filaments isolated from dissolved exines are bound in 1;;111"3 and lal‘rgm‘
associations by the addition of polybasic molecules. “I'here is the possibility that strongly
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degraded exines, which tend to expand and then disintegrate in aqucous solutions, could
be “welded™ into physically and chemically strong units by the addition of polybascs
during the rock grinding process.  Bond strengths can be exceedingly great and an absorbe.d
polybase layer is often virtually impossible to remove (KatcuaLsky, 1964). The appli-
cation of histochemical methods to extractions pertaining to microfossils in rocks may be
read as ridiculous although implementation may involve nothing morce bizarre than the
addition of; for example, high levels of barium carbonate or phosostungstic acid to the
acids used during extraction and adjusting the concentration of the acids for the lowest
pH consistent with stability of the added ions,

5. Exine swface coatings—It would be useful to have a source of sporopollenin in
exines from which embedded nonsporopollenin molecules could be extracted by gentle
methods. It secems  quite possible that exine surface coatings may have a sporo-
pollenin component and in the case of these coatings the protein and polysaccharide
portion of the coating is casily removed, in fact special methods are required
in order to prevent extraction (PETTITT & JERMY, 1974; ROwLEY, Frynn, DUNBAR
& Niusson, 1970; Rowrey, 1971). The reasons for thinking that exine surface
coatings include sporopollenin arc as follows. LEFFINGWELL ef al. (1970: p. 242, Pl. 5,
Fig. 4) found filamentous strands coating the exine of Wodehouseia which, . . .
arc obviously resistant to chemical treatment and appear to be of the same com-
position as the cktexine, only less densely packed”. Kepves, STANLEY AND Rojix (1974)
have demonstrated granules, some with unstaincd centres, at the surface of exines of
Restiontidites and Thomsonipollis recovered from Lower Focene sediments. It was their
tentative conclusion that the exine had been more-or-less degraded during the sedimenta-
tion process and that it is the degraded sporopollenin macromolecules which are visualizable
as darkly stained structures at the exine surface. RowLEY AND DAHL (in press) find that
fibrils (which may be SOPPS macromolecules) within the exine of Artemisia pollen appear
to be continuous with the exine surface coating. In one of the micrographs of KEDVEs,
et al. radially orientated structures within the exine appear to extend out intc the region
of the exine surface coating of darkly stained granules (KEpves et al., 1974: Pl. 4, above
portion of section labelled “B”’). The special methods which have resulted in stabilization
of protein and polysaccharides of exine surface coatings are similar to conditions common
in ponds and bogs, e.g. relatively high levels of cations such as calcium or ferric iron.
Lxperimentally surface coatings readily bind cations and when heavy metals are involved
the coatings are effectively stained for TEM. Exine surface coatings stained with copper
and ruthenium compounds and which morphologically appear as short tubules, much
like those illustrated by KEpvEs ef al. (1974: Pl. 2; PL. 5, Fig. 2), arec shown by RowrLey
(1971, Figs. 4-5).

Unless the reactive molecules within exine surface coatings are stabilized by metals
which are visualizable with the TEM, stains for protein or acidic polysaccharides may be
requircd before the coatings are apparent (cf. RowrLey & Skvarra, 1976). Thus, if
sporopollenin is as unreactive to stains as our observations indicate, then fine filaments of
sporopollenin from which protein and polysaccharide had been lost could escape detection
at the exine surface unless special methods such as negative staining were used.

6. The ineriness of sporopollenin-=I'ollowing our serics of treatments exine remmuants are
colourless. nonreactive to basic dyes and osminm tetroxide, and do not become veddish
, : 4 . ~ \- .
In so far as (hese remmants, which vetain much of then
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‘ficity and continue to be autofluorescent in ul traviolet, are TePresey
ific1ty -~

ical spec et : in is
morphological sp the above observations indicate that sporopollenin is more
- a 4 v

ative of sporopollenin,
than we have believed.

My

ACKNOWLEDGEMENTS
The success of our studies is attributable to t
a period of more than ten years.

he assistance of Elisabeth Grafstrom over

REFERENCES

Axcorp, R. E. (1967). The ontogeny and fine structure of the pollen of
Palynol. 3: 205-212.

Atkinson. A. W., Jr., Gunning, B. E. S. & Jonn, P. C. L. (1972). .
and other algae: ultrastructure, chemistry, and incorporation of HC-
cultures. Planta (Berl.) 107: 1-32. .

Bariey, I. W. (1960). Some uscful techniques in the study and interpretation of pollen morphology. Jour.
Arnold Arb.  41: 141-148. o . ‘

BarLey, I. W. & Kerr, T. (1935). The visible structure of the secondary wall and its significance in physical
and chemical investigations of tracheary cells and fibres. Four. Arnold Arb. 16: 273-300.

Banerjez, U. C., RowLey, J. R. & Avgssio, M. L. (1965). Exine plasticity during pollen wall maturation,
. Palynol. 1: 70-89.

Beer, R. (1906). On the development of the pollen grain and anther of some Onagraceae. Bot. Centralblatt.
19: 286-313.

Beneprrti, E. L. & Bertovint B. (1963). The use of phosphotungstic acid as a stain for the plasma
membrane. 7. Roy. Microsc. Soc. 81: 219-222.

Bouvene, H. O. (1963). Polysaccharides in pollen. I. Investigation of mountain pine (Pinus mugo Turra)
pollen.  Phytochem. 2: 341-352.

Brooxs, J. (1970). Ph.D. Thesis, University of Bradford, U. K.

Brooxs, J. (1971). Some chemical and geochemical studies on sporopollenin. in J. Brooks, P. R. Grant, M.
Muir, P. van Gijzel, & G. Shaw (Eds.). Sporopollenin. Academic Press, London.

Brooxs, J. & Suaw, G. (1968). Chemical structure of the exine of pollen walls and a new function for caro-
tenoids in nature. Nature (Lond.). 219: 523-524.

CourToy, R. & SmvaR, L. J. (1974). Importance of controls for the demonstration of carbohydrates in electron
microscopy with the silver methenamine or the thiocarbohydrazide-silver proteinate methods. 7.
Microsc. 100: 199-211.

Drcans, E. T. (1967). in G. Larsen & G. V. Chilingar (Eds.). Diagenesis in sediments. Elsevier,
Amsterdam.

Dickmson, H. G. (1976a). Common factors in exine deposition. in I. K. Ferguson & J. Muller (Eds.).
The evolutionary significance of the exine. Linn. Soc. Symp. Ser. No. 1. Academic Press, London.

Dickmnson, H. G. (1976b). The deposition of acetolysis-resistant polymers during the formation of pollen.
Pollen Spores. 18: 321-334.

Drckinson, H. G. & Hesrop-Harrison, J. (1968). Common mode of deposition for the sporopollenin of sexine
and nexine. Nature (Lond.). 220: 926-927.

Ducker, S. C. & Knox, R. B. (1976). Submarine pollination in seagrasses. Nafure (Lond.}. 263: 705-706.

Ecnuin, P. & Gopwin, H. (1968). The ultrastructure and ontogeny of pollen in Helleborus foetidus. 111.
The formation of the pollen grain wall. 7. Cell Sci. 5: 459-477.

Enrvich, H. G. & Havr, J. W. (1959). The ultrastructure of Eocene pollen. Grana palynol. 2: 32-35.

ErptMaN, G. (1960). The acetolysis method. A revised description. Sv. bot. Tidskr. 54: 561-564.

Erprman, G. (1963). Palynology. in R. D. Preston. Advances in botanical research. 1. Academic Press,
New York.

Faecri, K. (1956). Recent trends in palynology. Botan. Rev. 22: 639-G64.

FaeGRy, K. & IVERSEN, J. (1964).  Text book of pollen analysis. 2nd Ed. Haler Publ. Co., New York.

Frscuer, H. (1890). Beitrige zur vergleichenden Morphologie der Pollenksrner. Berlin.

FLynw, J. J. & Rowrey, J. R. (1967).  Methods for direct observation and single-stage surface replication of
pollen exines. Rev. Palaeobot. Palynol. 3: 997-236. )

Endymion non-scriplus.  Rev. Paleohy,

Sporopollenin in the cell wall of Ghlorell,
acetate, studied in synchronous

3
le Geophytology, 7 (1)



Fryxw, J. J. & VoLLMER, S. (1972). Early pollen wall of the vellow pond lily. 7. Cell Biol. 55 (2]2): 77a.
s . 1 3.,. Submicroscopic morphology of protoplasm. Elsevier, Amsterdam.
eber den Pollen der Planzen und das Pollenin. Poggendort’s Ann. Physik. u. Chemie.

™
Q

FrITZSCHE,

: ) Ueber den Pollen. Mem. Sao. Etrang. Acad. St. Petersburg. 3: 649-672.
Gijzer, P. vax. (1961).

o L e . - ;
utotluorescence and age of some fossil pollen and spores. Proc. Kon. Ned. Akad.

»
>

GijzeL, P. vax. (1967). Autofluorescence of fossil pollen z2nd spores with special reference to age determination
and cozlification. Leidse Geol. Meded. 40: 264-317.

Grjzer, P. vax. (1971). Review of the UV -fluorescence microphotometry of fresh and fossil exines and exo-
sporia. in J. Brooks, P. R. Grant, M. Muir, P. van Gijzel, & G. Shaw (Eds.). Sporopollenin. Aca-
demic Press, London.

Gutyanr, C. C. M. (1966). Carbonization measurements of pollen-grains and spores and their application.
Leidse Geol. Meded. 39: 1-30.

Hapsten, U. (1959). Bleaching - HF 4 acetolysis a hazardous preparation process. Pollen Spores. 1: 77-79.
Hankgr, J. S., Des, C., WasserkrUG, H. L. & Serreman, A. M. (1966). Staining tissue for light and electron
microscopy by bridging metals with multidentate ligands. Science. 152: 1631-1634.

Hovinyuean, R. (1974). Ph. D. Thesis, University of Bradford, U. K.

Isutoa, H. (1970). Microchemical studies on the membrane of pollen and spore. I. Dissolution of exine and
observation of the second layer.  Fapanese 7. palynol. 6: 9-14.

Jonn, J.F. (1814). Ueberden Befruchtungsstaub, nebst einer Analyse des Tulpenpollens.  7.f. Chemie u. Physik
(Nurnberg). 12: 244-252.

Karnrcyozova, M. . & Karacvozov, L. K. (1975). A method for specific destruction of pollen grain exine.
C. r. Acad. bulgare Sci. 28: 117-120.

Karcnuarsky, A. (1964).  Polyelectrolytes and biological interactions. Biophys. J. 4 (Suppl.): 9-42,

Krpves M., STAnLEY, E. A. & Rojik, 1. (1974). Observations nouvelles sur I'ectexine des pollens fossiles

des angiospermes de 'cocenc inferieur.  Pollen Spores. 163 425-437.

Lerrinewrrr H. A., Larson, D. A. & VALEncIA. M. J. (1970). A study of the fossil pollen Wodehouseia
spinata. 1. Ultrastructure and comparisons to selected modern taxa. II. Optical microscopic
recognition of foot layers in differentially stained fossil pollen and their significance. Bull. Can.
Petrol. Geol. 18: 238-262.

Liperr, P. (1974).  Sur quelques properties physico-chemiques du Kerogene et la contribution possible de la
sporopollenine a sa genese. These. L' Universite de Bordeaus 1.

Marinozzr, V. (1968). Phosphotungstic acid (PTA) as a stain for polysaccharides and glycoproteins in elec-
tron microscopy. LProc. 4th European Regional Conf. Electron Microscopy, Rome. :  55-56.

Mavo, M. A. & Cocking, E. C. (1969). Pinocytotic uptake of polystyrene latex particles by isolated tomato
fruit protoplasts. Protoplasma. 68: 223-230.

Movrrennaver, H. H. (1964). Plastic embedding mixtures for use in electron miroscopy. Stain Technol.
39: 111-115.

MiLLer, J. (1959). Palynology of Recent Orinoco delta and shelf sediments. Micropaleontology. 5: 1-32.

Nasrr, M. A. (1975). Mise en evidence de deux lamelles primordiales, extexinique et endexinique, dans I’exine
de quelques Labiatae. C. R. Acad. Sc. Paris. 281: 251-254.

Pearse, A. E. G. (1961). Histochemistry. Little, Brown & Co., Boston.

Peasg, D. C. (1968). Phosphotungstic acid as an electron stain. 26th Ann. Proc. Electron Micro. Soc. Amer.
:36-37. Claitor’s, Baton Rouge.

PermiTT, J. M. & JErMY, A. C. (1974). The surface coats on spores. Biol. J. Linn. Soc. 6: 245-257.

R AMBOURG, A., HERNANDEZ, W. & Lesroxp, C. P. (1969). Detection of complex carboyhdrates in the Golgi
apparatus of rat cells. 7. Cell Biol. 40: 395-414. .

Rowtey, J. R. (1971). Implications on the nature of sporopollenin based upon po]lcr.l de\'clopn}cnt. in
.T. Brooks, P. R. Grant, M. Muir, P. van Gijzel, & G. Shaw (Eds.). Sporopollenin. Academic Press,

London. ) _
Rowrey, J. R. (1973). Translocation through the pollen wall. 7. Ultrasiruct. Res. 44: 449-450.
Rowerey, J. R. (1975a). Lipopolysaccharide embedded within the exine of pollen grains. 33rd Ann. Proc.

D Electron Micro. Soc. Amer. G. W. Bailey (Ed.). Claitor’s, Baton Rouge. . )

RowrEy, J. R. (1975b). The permeability of the pollen grain wall to exogenous protein tracers. j. Ultrastruct.
N 5 Jo Bes (L2 .

Res. 50: 394.

19

Geaphytology, 7 (1)



Rowirey, J. R. (1975¢). Germinal apertural formation in pollen. Taxon. 24: 17-25.
Rowrey, J. R. (1976). Dynamic chan ges in pollen wall morphology. i I. K. Ferguson & J. Muller (Eds.).
The exolutionary significance of the exine. Linn. Soc. Symp. Ser. 1. Academic Press, London.
Rowrey, J. R. (in press). The origin, ontogeny, and evolution of the eixne. Proc. IV Internat. Palynol. Conf,

Lucknow. (1976-77).
Rowrey, J. R. & Erotvav, G. (1967). Sporoderm in Populus and Salix. Grana palynol. 7: 517.-567.

Rowrey, J. R. & Fryxw, J. J. (1971). Migration of lanthanum through the pollen wall.  Cytobiologie. 3
]-12.

Rowrey, J.-R., FLyxx, J. J., Dusear, A. & Nissow, S. 1970). Influence of pinocytosis and membrane spe-
cializations on pollen wall form. Granga. 10: 3-12.

Rowrry,]. R. & Nissox, S. 1972). Structural stabilization for electron microscopy of pollen from herbarium
specimens. Grana. 12: 23-30. . ‘

Rowrey, J.R. & Skvarra,].]. (1976 . Surface coating of germinal apertures of pollen and evolution of aper-
tures. 34th Amn. Proc. Electron Micro. Soc. Amer.. G. W. Bailey (Ed.) Claitor’s, Baton Rouge.

Rowrey, J. R. & SoutsworTs, D. (1967). Deposition of sporopollenin on lamellae of unit membrane dimen-
sions.  Nature (Lond.). 213: 703-704.

Rowiey, J. R. & DapL, A. O. (in press). Pollen development in Ariemisia vulgaris with spectal reference to
glycocalyx material. Pollen Spores.

SELIGMAN, A. M., Wasserkruc, H. 1. & Hasker, J. S. (1966). A new staining method (OTO) for enhanc-
ing contrast of lipid-containing membranes and droplets in tetroxide-fixed tissue with osmiophilic
thiocarbohydrazide (TCH). 7. Cell Biol. 30: 424-436.

SENGUPTA, S, & Rowrey, ]J. R. (1974). Re-exposure of tapes at high temperature and pressure in the Lyco-
podium clavatum spore exine. Grana. 14: 145-151.

Srrre, P (1959). Polarisationsmikroskopische  Untersuchungen an  Sporodermen. 7. Naturforsch. 14b
:575-582,

SKvArLA, J. J. & Larson, D. A. (1966). TFine structural studies of Zea mays pollen. 1. Cell membranes and
exine ontogeny. Amer. 7. Bot. 52: 1112-1127,

n?'OU'l'HWUR'I‘”, D. (1973). Cytochemical reactivity of pollen walls. 7. Histochem. Cytochem. 21: 73-80.

Sovrnworrn, D, (1974). Solubility of pollen cxines.  Amer. 7. Bot. 61: 36-44.

Sournworti, D. & Branton, D. (1971). Freeze-ctched pollen walls of Artemsia  pycnocephala  and  Lilium
humboldtii. 7. Cell Sci. 9: 193-207.

STANLEY, 5. A. (1966). The problem of reworked pollen and spores in marine sediments. Marine Geol. 4:
397-408.

SRTASBURGER, E. (1889). Ueber das Wachsthum vegetabilischer Zellhaute. Histol. Beitrage. 23 36-93.

SzirMmal, J. A. (1962). Quantitative approaches in the histochemistry of mucopolysaccharides. 7. Histochem.
Cytochem. 11: 24-34.

Tumry, J. P. (1967). Mise en evidence des polysaccharides sur coupes fines en microscopie electronique. 7.
Microscope.  6: 987-1018.

Traverse, A. (1968). What is sporopollenin? Amer. 7. Bot. 55: 729.

Westenar, O & Jann, K. (1965). Extraction with phen l—water and further applications of the procedure.
in R. L. Whistler (Ed) Methods in carbohydrate chemistry. 5. Academic Press, New York.

Wicson, L. R. (1964). Recycling, stratigraphic leakage, and faulty techniques in palynology. 5: 425-436.

Zerzscns, F. (1932). Kork und Cuticularsubstanzen. in G. Klein (Ed.). Handbuch der Pflanzenanalyse.
3. Springer-Verlag, Berlin.

EXPLANATION OF PLATES

PAATE 1

1.3. Sections from the same treatment series. Stained with PTA-chrom (Fig. 1 Bhassawiony s
ture within the sexine (S) and distal portion of the nexiine (arrow) is prominent and the exine
matrix appears to be etched (arrow). Stained with osmium-UA-Pb (Fig. 2) the exine appears o
be more granular than in untreated exines but the s.truc'ture \'vithin the exine, apparent in Figs. |
& 3. is obscured. Apparently it is osmium in combination with U{\..pb wiiich ohssnres st
within the exine since filaments are differentiated by UA-I.)b staining without osmium (Tig. 3)-
Treatment: KOH-acetol; Fixation: Figs. 1 & 2 GA-OsOy, Iig. 3 GA; Stain: Fig. 1 PTA-chrom,
Tigs. 2 & 3 UA-Pb. Magnification scale line (Mag. scale): ca. 0.5 F'm.
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PLATL 2

4.

PLATE
7.

Exine matrix is lost from the proximal portion (between arrowlheads) of the nonapertural nexine of
E. angustifolium earlier than elsewhere in the exine. Treatment: KOH-Cl-acetol; Fixation: GA-
0s0Q,; Stain: UA-Pb. Mag. scale: 1 fm.

Exine matrix is extensively removed from the nexine in these sections from the same exine <.3t‘ E.
angustifolium. More of the residual exine is stained by osmium-UA-Pb (Fgfg. 5) than by osmium-
SP (Fig. 6). There are filaments in both which are essentially unstained (arrows). Where
the sections are thin, structure is evident within the sexine (S. arrow heads). Treatment: acetol-
KOH-CI; Fixation: GA-OsOy; Stain: Fig. £ UA-Pb, Fig. 5 SP. Mag. scale: 0.5 Pm.

2
J
When KOH was the final treatmentin successive reactions with acetol-Cl-KOH, filaments were exposed

in the sexine {8) as well zs in the nexine (N .  Because of the slenderness of the filaments in the nexine,
extreme basiphilia of the exine (especially the sexine), and stickiness of the exine we consider that the
exine matrix, which previously enveloped the filaments’ is destroyed to the extent of exposing the
reactive macromolecules within filaments. Treatment: acetol-Cl-KOH; Fixation: GA 4 barium
carbonate; Stain: PTA-chrom. Mag. scale: ca. 0.5 {m.

PILATE 4

.

PLATIL
10.

PLATE 6

13,

PLATE 7
14.

This section through an apertural region of E. augustifolium pollen grain is from the same grid as
Jig. 5. The numbers to the right of the exine indicate the relative positions of Figs. 1-7 with res-
pect to apertures.  The exine near apertures, especially the nexine in the region between the arrows
was more resistant to treatment than the nonapertural exine. Treatment, fixation, and staining
same as for Fig. 5. Mag. scale: ca. 5 Pm.
The sexine was occasionally cntirely separated from the nexine (N) during treatment even with hot
water. When nexines were detached from the sexine. the distal surfaces of isolated nexines were
etched by successive treatment in acctol-KOH-CJ, in any order. Treatment and fixation same as
for Fig. 5; Stain: PTA-chrom. Mag. scale: ca. 5 Km
5
In Zauschneria californica pollen exine microchannels (arrows) become permanent in the nexine (IN)
as well as in the sexine (S) and except where they bisect irregular nexinous channels they are the same
diameter (cf. Figs. 13-15). Treatment: acetol; Fixation: GA-OsOy; Stain: UA-Pb. Mag. scale: ca.
I (L.
The fibrils in the nexine of Jauschneria are exposed by successive treatment with acetol-KOH-CI,
in any order, although in the sexine only when KOH is the final reaction (cf. Fig. 14). In this figure
the nexine (N) is largely destroyed and the remnant is expanded and only weakly stainable. The
sexine is fairly normal in appearance although some bacular elements are thin (arrow), probably due
to stretching. Treatment: Cl-KOH-acetol; Fixation: GA-OsO,; Stain: SP. Mag. scale: ca. 1 gm.
After acetol or KOH or both treatments, osmium followed by TCH-SP, to amplify sites of bound
osmium, produces the pattern of silver granules seen in this figure. Parts of the exine not at the
section surface and thus unavailable to TCH and SP show osmium staining without amplification
(arrows). Treatment: KOH-acetol; Fixation: OsO,; Stain: TCH-SP. Mag. scale: ca. 1 4m.

The exine matrix in the nexine (N) was extensively although nonuniformly removed by the treat-
ment, as was typical of . californica pollen. Microchannels are not enlarged (arrows) by trcatment
which has destroyed exine matrix. The nexine in the region around the “N” was expanded and
in other grains in the section portions of the nexine were missing. The integrity of the sexine (5)
is similar in appearance to untreated or acetolysed pollen (cf. Fig. 10). Treatment: KOH-Cl-acetol;
Fixation: GA; Stain: UA-Pb. Mag. scale: ca. 1 pm.

The figure includes only a distal portion of the sexine of a auschneria pollen grain. Destruction of
{he exine matrix from the sexine exposes a network of fibrils or fine filaments similar to those in the

nexine. Treatment: acetol-Cl-KOH; Fixation: GA--barium carbonate; Stain: PTA-chrom. Mag.

scale: ca. 0.5 Am.
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13.

PLATE 8

16.

17.

f Zau.vchneria. Destruction of the exine mayyjy appe
4 < iR .
than in the region of the “M”.  Microchanp), (1:\1/;-3
tion of the knife track (dark stripe bety )
Ce

portion of the nexine 0

s 13 9
the region of the N
ession, transverse

The figure shows 2 distal

to have been greater i 10 the direc

n along the knife track is useful since thag ) n
a

i R |

are elliptic due to section ¢ .
“N? Pd «M”). The extra thickness of the sectio i vt :
¢ i eection effectively printed darker than elsewhere, reveatt g : hgr wlation, s
o and o ation is similar in the bacular arcade (arrow) and in the microchannel (M), vher,

background granul
no exine matrix would be expe
little exine m

cted, and in the nexine (N) where exine matrix would be expecteq
Tt Jude that atrix remains between nexinous filaments. Treatment, ﬁxation

1us, we conclu ; ’
staining, and mag. scale same as Fig. 1+

e exine of Malva alcea pollen is reduced by acctolysis. ",
depth of this zonc is marked by the penetration of the heads ofarrow.s into the spine (S), tectum ),
a bacule (B), and the nexine (N). Since the section 1s stained with PTA-acetone the pattern of

ests denaturation or extraction of proteins from the surface zone of the exine. Darkly
(arrow heads) within the nexine. Treatment: acetol; Fixation:

Stainability of a peripheral zone of th

staining sugg
stained material occurs as globules

GA; Stain: PTA-acetone. Mag. scale: ca. 1 pm. | |
The exine matrix in pollen of Malva is partly removed from the tectum (T) and its spinules (arrow

head), bacules (B), spines (S). and the distal portion of the nexine (N). Filaments can be secn
where connections between exinous processes are thin (arrows). Treatment: KOH-Cl-acctol;

Fixation: GA-OsO,; Stain: UA-Pb. Mag. scale: ca. 1 [{m.

PLATE 9

18.

The exines of untreated mature pollen grains of M. alcea are essentially unstained by PTA-chrom so

that the dark stain in this section can be taken to indicate that acidic polyanions are exposed by re-
moval of exine matrix from spines (S), tectum (T), bacules (B), and a distal portion of the nexine
(between “N” and the arrow). Staining is heaviest where destruction of exine matrix is moderate
(region of the arrow) and lightest where destruction is greatest (Sand T). Treatment: acetol-Cl-
KOH; Fixation: GA; Stain: PTA-chrom. Mag. scale: ca. I Pm.

PLATE 10

19.

Section of Malva from the same exine as Fig. 18 although without any stain. The density of the sexine
(S) and a distal zone of the nexine (N) to electrons is less than for the middle and basal portion of the
nexine indicating that high molecular weight substance, presumably sporopollenin, has been lost
from the former. The fine radial striations are knife tracts. Treatment: acctol-Cl-KOH; TFixation:
GA; Stain: none; TEM: micrograph taken using a 25 /m objective aperture for increased contrast
(otherwise a 50 [m aperture was used) and overexposed to increase contrast; Printing: overex-
posed on hard paper to increase contrast; Controls: The density to electrons is the same throughout
untreated and acetolysed exines. Mag. scale: 0.5 Am.

PLATE 11

20.

Section from a Malva pollen grain treated with the grain in Figs. 18 and 19 through GA fixation
after which this exine was exposed to OsO, and section stained with UA-Pb. At the tip of the
medially cut spine the exine matrix has been destroyed to the extent that filaments have become
dispersed ; elsewhere the exine appears more compact than in Fig. 18, possibly due to staining with
osmiOugl-UA-Pb, Treatment: acetol-CI-KOH; Fixation: GA-OsO,; Stain: UA-Pb. Mag. kscnlc:
ca. 0.0 Fm. )

21. Section of an aperture in an exine of Malva pollen treated with KOH. The zone of reduced contrast
at the periphery of the exine is considered to be the result of extraction of nonstructural substance
from the exine. Treatment: KOH; Iixation: GA-OsO,; Stain: UA-Pb. Mae. Scale: ca. 1 @m
: ‘ ag. Scale: ca. 1 @,
PLATE 12
22. Following acctolysis the exine of Betula is in genceral lightly stained although a peripheral zone (arrow

N

geads), the microchannels (short arrows), and the thin endexine (12) ave stained more darkly. The
ark s Tt s A e . m : R . ‘
rkened peripheral zone may extend through the tectum (1) and into the nexine (long arrows).

T . a « Ty 1 . ar N
reatment: acetol; Fixation: GA+barium carbonate; Stain: PTA-chrom., Mag. scale: ca. 1 .

Geophytology, 7 (1)



Rowley & Prijanto—Plate ]

Geophytology, T (1)



Rowley & Prijanto—Plate 2



Geophytology, 7 (1) Rowley & Prijanto—Plate 3



= =
L
s < g
‘n -
faj . 7 o WiN I N e
; v - B N —
- = - l)
la."’ L . 58
- & Yo,
,-:?.f’ 5 r {‘f’-
X
= 4&” N
. A 4 ""“*?
B ¢ A
o j’:' . . < ./ .; =
- . " L)
‘/f"l 7 e

~e

- L !
FR
ge

-3

o

e

w
¥
-

(Yo
off o

$9

ARG
oy
}

a0
5

.

.‘A’

. &

s

;:ﬂ

i, )
4%

Rowley & Prijanto—Plate 4

v A

¢ g l!

<

i

.‘ "
=< b 4
o :

Geophytologys T )



Rowley & Prijanto—Plate 5

Goophytology, 7 (1)






Rowley & Prijanto—-Plate 7




Rowley & Prijanto—Plate 8

Geophytolog)'s



B IV
.'3»
L A
A
i

~
.

B

fﬁf ‘ 7

D

1] ’s’
i

-







Rowley & Prijanto—Plate 11

Geophytology, 7 (1)






Geophylology, 7 (1) Rowley & Prijanto—Plate 13



Geophytology, 7 (1)

Rowley & Prijanto—Plate 14



Rowley & Prijanto—Plate 15

Geaphytology, 7 (1)




23.

Part of the stain

. . -ows in Fig. 22.
An enlargement of the portion of exine located between the long arro soalet. o

o : Mag.
i ads hin the exine. 1V

appears to be localized on numerous filaments (arrow heads) with

0.5 pm,

PLATE 13

24.

~

M
o

iy TA-chrom
Section of an aperture in pollen of B. verrucosa [rom an undchisced m‘nhcr- SLJII](;(lSI)(%]; are dark-
the microchannels across the tectum (1), the exine surlace coating '(G)’ "”'ld the Oclll.‘u',-,c occur in the
ened. The exine is only weakly stained. The apertural lamellations of the ¢n Uf‘l rity and then
region marked “E* and within the oncus (arrow). The oncus recedes ‘lt ])o!lcn m:l ! ‘}},l L-um car-
endexinous Jamellations appear as in Iigs. 25-27. ‘Treatment: none; Iixation: GA--bari ‘
bonate; Stain: PTA-chrom. Mag. scale: ca. 0.5 [tm. ' -
In fresh mature pollen of Betula {from dehisced anthers the exine is darkly stained by .Osmlllm-UA'I b.
treatment in KOH, the acetolysis mixture, or hot water staining by osmium-UA-Pb was

greatly reduced and similar to the light portions of exines in Figs. 22 and 26. Treatment: none;
Fixation: GA-OsO,; Stain: UA-Pb. Mag. scale: ca. 0.5 pm.

l"nllo\x'ing

PLATE 14

26.

217.

Staining was elevated In a marginal zone of the exine of fresh pollen of Betula following exposure to

water. The differential stainability of the exine margin indicates either migration of exogenous
substances, in this figure protein, into the exine or partial extraction of substances from the exine
and their stabilization, perhaps as a result of chemical fixation, at the periphery of the exine. Treat-
ment: hot water; Fixation: GA +barium carbonate; Stain: PTA-acetone. Mag. scale: ca. 1 {m.
The exine of Betula pollen grains was etched by successive treatment with acetol-KOH-Cl in any
order. Destruction was greatest in the distal surface of the tectum (T) and nexine (N) in nonapertural
regions of the exine. The filaments and white line centered lamellations (arrows) of the endexine
in the apertural region are not destroyed. They may have been protected from concentrated re-
agents by the relatively small size of the aperture although extensive alteration of bacules (B) near
by causes that explanation to be questionable. The disjunct nature of the endexine (D) is normal
since lamellations of the endexine are like a fingered diaphragm in and under the oncus. In the en-
larged inscrt of the etched tectum arrowheads indicate fine filaments exposed by destruction of exine

matrix; weakly stained filaments cross the etched zones. Treatment: acetol-KOH-Cl; Fixation:
GA; Stain: PTA-chrom. Mag. scale: ca. 1 Pem.

PLATE 15

28.

Geophytology, 7 (1)

The exine of untreated pollen of Nuphar luteum has prominent spines (S), numerous spinules (M), a
thick although incised tectum (T), short irregular bacules (B), and a nexine consisting of a foot layer

(N) and endexine (E). Treatment: none; Fixation: GA-OsOy; Stain: TCH-SP. Mag. scale: 1 um.
Morphologically, selective destruction of the exine was similar after successive treatment in KOH-

acetol-Cl, in any order, or in chromic acid. Except under spines the endexine was missing
denote remnants of the endexine). Spinules were not app

was in many cases missing (S). The exine matrix w
bacules, and foot layer (N). The exine below the
chromic acid; Fixation: GA-OsO

(arrows
arent and the distal portion of spines
as extensively removed from the tectum (T,

“A” is near the aperture margin. Treatment:
a5 Stain: UA-Pb. Mag. scale: 1 pm.
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