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1 
At all stages of male gametogenesis, generative and vegetative pollen nuclei of Nicotiana sylvestris can be distinguished 

without ambiguity after Feulgen or ethidium bromide staining. They differ by their morphology and their apparent DNA con- 
tent, always lower in vegetative nuclei. These differences provide a basis for their separation by sedimentation and fluorome- 
try. After elimination of the anther somatic cellg and after crushing the pollen, vegetative and generative nuclei are separated 
by two successive Perco11 gradients (purity 80-90°/o). Analysis of the gradient fractions and final purification can be done with 
a cell sorter. DNAs of both types are isolated by a cetyltrimethylammonium method, followed by a RNase treatment. Yields 
are lower for vegetative than for generative nuclei, and decrease with the age of pollen. Molecular weights and digestibility by 
restriction enzymes are compatible with molecular analyses. 
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Introduction 
1 

In higher plants, the mature male gameto- 
phyte consists of one generative cell (G) or two 
sperm cells, according to the species [l], and a 
single vegetative cell (VI that assumes most of 
the pollen metabolism and does not participate 
in the reproductive pathway in vivo [2]. How- 
ever, in vitro pollen culture gives the opportun- 
ity to obtain plants from the V nucleus. Indeed, 
in species where androgenesis is carried out 
with binucleated pollen, regenerated plants 
generally derive from the V cell, the G nucleus 
dividing only once [3]. This is the case in the 
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h diploid species N. sylvestris, where binucleated 
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pollen, taken 1 or 2 days after the first pollen 
mitosis, develop into plantlets by direct embry- 
ogenesis without callus formation [4]. Regener- 
ated diploid plants (Doubled-Haploids, DHs) 
were all different from their parent pure line 
for the same type of characteristics - slow 
growth, reduced dimensions, morphological 
abnormalities ("crumpling") [5,6] - that were 
inherited in a nuclear mode. Moreover, nuclear 
genome organization of the DH was found to be 
changed, possibly by amplification of some 
classes of repeated sequences [7]. Similar phe- 
nomena have been described in the related spe- 
cies N. tabucum [SI. The question is: do these 
DNA changes occur during pollen culture, or do 
they preexist in the nucleus from which the 
androgenetic plants originate, i.e. the V nucleus 
of immature pollen? To try to  answer this ques- 
tion, we developed a method to separate G and 
V nuclei a t  all stages of male gametogenesis, 
and to obtain sufficient amounts of DNA from 
each of them to compare their nuclear 
organization. To our knowledge, such protocols 
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have not yet been designed for immature 
gametophytes. Previous reports concern isola- 
tion of either nuclei from pollen tubes in Tran- 
descantia [9], or sperm cells of mature pollen in 
Plumbago xeylanica [lo], maize [ l l ]  and Vicia 
faba [12]. N. sylvestris pollen has been stained 
with the fluorochrome ethidium bromide 
(EtBr); this DNA intercalary dye [13] is compat- 
ible with further DNA isolation and analysis 
and inhibits DNAse activity [14]. As observed 
in other plant species [15], EtBr fluorescence is 
very different in N. sylvestris V and G nuclei. 
Fractions enriched in the two different types of 
nuclei were obtained by two centrifugation 
steps on Percoll gradients. Analysis of the gra- 
dient fractions and complete separation were 
performed by flow cytometry (‘‘cell sorting”). 

Material and Methods 

Plant material and culture 
The N. sylvestris line used was a botanical 

pure line provided by the SEITA (Bergerac, 
France) and maintained in Gif-sur-Yvette 
Phytotron greenhouses by self-pollination. The 
flowering plants, source of anthers, were 
grown under natural light supplemented with 
16 h fluorescent lighting (inductive conditions). 
Temperature was 25OC day and 17OC night. 
They were fed with Nitsch nutrient solution 
[161. 

Feulgen cytophotometry 
Anthers were fixed with ethanol/acetic acid 

solution (3:l) and their pollen (approx. 350 O00 
grains per flower) stained with Schiff reagent. 
Nuclear DNA content was estimated by the 
absorbance method using a Leitz MPV micro- 
photometer (560 nm) as described previously 
for leaf cells [7]. Aproximately 40-50 pollen 
grains were analysed per stage. The reference 
1C value was given by the telophasic nucleus of 
first pollen mitosis. 

Fluorometry 
Pollen were stained by the addition of 0.1 

mglm1 of EtBr to the isolation solution. After 
crushing of the pollen and during the isolation 
procedure, free nuclei were examined either by 

light microscopy after acetocarmine coloration, 
or under violet lighting (400 nm) with a Reich- 
ert microscope, enabling simultaneous use of 
interference contrast qptics and epifluoresc- 
ence (IV2 filter). Nuclear DNA content was esti- 
mated on a Leitz MPV microfluorometer from 
more than 50 free nuclei, either immediately 
after pollen crushing, or after they had been 
stored on ice for 3- 5 h, with or without RNAse 
A treatment (50 pglml). The reference 1C value 
was estimated from young tetrad nuclei. u 

Separation of pollen nuclei 

development stage were collected (they can be 
stored a t  - 2OoC but subsequent DNA yields 
may thus decrease) and opened in a Potter tube 
containing 10 ml of Honda buffer [17], all the 
operations being performed close to OOC. The 
solution was filtered under low vacuum 
through a 100 pm nylon net to eliminate anther 
somatic cells. Pollen was centrifuged a t  3000 x 
g for 5 min in a fixed angle rotor to obtain a 
compact pellet. After eliminating as much isola- 
tion buffer as possible, pollen was crushed with 
a mortar and pestle. As checked by light 
microscopy (acetocarmine coloration), approxi- 
mately 80-90% of the grains must be broken. 
They were resuspended in 10 ml Honda buffer, 
centrifuged at  400 x g for 5 min and mixed 
with 15 ml of a 78% Percoll solution (0.4 M suc- 
rose, 0.02 M CaCl,, 0.1 mglml EtBr, Tris-HCI 
25 mM pH 7.51, and centrifuged a t  4500 x g 
for 30 min in a fixed angle rotor. The gradient 
was recovered as 2-ml fractions with a peristal- 
tic pump via a needle reaching the bottom of 
the tube but carefully avoiding the pollen pellet 
stuck to the side. Each fraction was diluted 5- 
fold with the isolation buffer and centrifuged at  
3000 x g for 20 min. The pellets of the lower 
fractions were stored for DNA extraction. The 
pellets of the upper fractions were resuspended 
in 2 ml EtBr isolation buffer, loaded on a pre- 
formed 50% Percoll gradient (run at  30 O00 x g 
in a 65 Ti rotor or equivalent for 50 min, with- 
out brake) and run a t  800 x g for 20 min. The 
gradient fractions were recovered and their 
contents pelleted as previously described for 
the 78% gradient. 

Anthers of 200-300 flowers of the same I 

* 
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Isolation of pollen DNA 
Pollen DNA was extracted by a CTAB treat- 

ment, modified from Murray and Thompson 
[18], all operations being performed in Eppen- 
dorf tubes. Freshly crushed pollen, or pellets 
from the 78% and 50% gradients, were 
suspended in 0.7 ml of 1 %  CTAB, 0.7 M NaCl, 
60 min at  6OoC., and deproteinised by adding 
one volume of a chloroformloctanol (10 : 1) 
mixture. The chloroform' treatments were 
repeated until the interface was clear. The 
CTAB-DNA complex was precipitated by ad- 
ding 1/5 volume of 5% CTAB, 0.7 M NaCl (15 
min a t  6OoC), followed by one volume of 1% 
CTAB, without NaCl, and centrifuged at 5000 
X g for 20 min. The pellet was resuspended in 
Tris - HC150 mM (pH 7.5), EDTA 1 mM, NaCl 1 
M, and nucleic acids precipitated with two vol- 
umes of cold alcohol. This step was repeated to 
fully eliminate CTAB, the pellet was then 
resuspended in 50 mM Tris-HC1 (pH 7.5), 1 
mM EDTA, and treated with a mixture of 
RNAse A (0.1 mglml) and Tl(1000 U/ml) (37OC 
30 min), followed by cold ethanol precipitation. 
If the amount of DNA was greater than 10 1.18, it 
was purified by CsCl ultracentrifugation. 

Cell sorter analysis 
The consecutive Perco11 gradient fractions 

were analysed by cytometry using either one 
(fluorescence intensity) or two parameters 
(light scatter and fluorescence), on an EPICS V 
machine (Coulter, Florida), with a 0.1 mm noz- 
zle. The light source was a Spectra-Physics 
2025-05 Argon laser a t  488 nm, 400 mW; the 
emission was collected above 590 nm. Using the 
principle of measuring "fluorescence pulse 
area" against "fluorescence pulse height" [19], 
we specifically eliminated aggregated nuclei. 
The objects sorted out from the chosen win- 
dows were identified using the Reichert micro- 
scope, in the same manner as freshly crushed 
pollen. 

Results 

Male gametogenesis and principles of separa- 
tion of Vand G nuclei 

In N. sylvestris, male gametogenesis is 
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highly synchronous in all five anthers of one 
flower, each containing approximately 70 O00 
pollen grains [20], and correlates to well defined 
sizes of other floral parts [4]. This allows the 
collection of gametophytes at a precise 
developmental stage. First pollen mitosis takes 
place 2 days after meiosis and the following day 
practically all pollen are binucleated (Table IA). 
V and G nuclei differentiate immediately after 
their formation. As observed in aceto-carmine 
and Feulgen preparations (Fig. lA), the G 
nuclei are small and ovoid with highly con- 
densed chromatin, while the V nuclei are 
larger, round and more diffuse. V and G differ- 
ences were also clearly observed after pollen 
staining by EtBr, either in situ, or after crush- 
ing in the isolation medium (Fig. lB,C). In both 
cases, V nuclei show little fluorescence as com- 
pared to the G, but the difference in size is not 
yet apparent in free nuclei. Aspects of V and G 
remain essentially the same up to the mature 
stage, although the G become more crescent- 
shaped. 

Relative DNA content per nucleus was esti- 
mated by three methods: Feulgen cytophoto- 
metry of fixed microscopes and immature 
pollen; EtBr fluorescence of free nuclei of 
mature pollen at several intervals after 
crushing; and cell sorter analysis of each Per- 
col1 gradient fraction (see the separation proto- 
col), for all binucleated stages up to anthesis. 
Results obtained by the different methods are 
given in Table IB. Either Feulgen or EtBr 
stained G nuclei reached a maximum close to 
the 2 C value in 2 days after pollen mitosis. Feul- 
gen values decreased slightly in older stages 
(mature pollen were not studied with this 
method), but this effect was not observed by 
EtBr fluorescence. The intensity of staining 
was similar in freshly crushed pollen and after 
the separation procedure; furthermore, it was 
not affected by the RNase treatment (not 
shown). 

At all gametophytic stages, V nuclei 
appeared to be much more heterogeneous than 
G nuclei, and their apparent DNA content dif- 
fered markedly according to  the staining 
method. Indeed, by Feulgen, the highest mean 
of 1.4 C was reached in 2 days, while EtBr mean 
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Table I. Microgametophytic developinent and pollen DNA content. 

Days from 1 2 3-4 6 10 
meiosis 

(A) Development parameters 
Flower (mm) 8 12 
Anther (mm) 3.2 3.5 
Gametophyte 15 19 

Binucleated O 10 

Days from 1 2 

(pm) 

pollen (Yo) 

- 
M M G V 

(BI Nuclear parameters 
Diameter 6 8.1 1.7 5.1 

DNA content 
(pm) 

Feulgen m 1.9 1.9 1.0 1.0 
{s 16 6 12 28 
(102) 

3-4 

20 

22 
4.0 

98 

G V 

2.5 8.2 

1.8 1.4 
22 28 

6 

50 

22 
4.5 

99 

G V 

4.2 8.7 

1.6 1.4 
24 34 

90 

22 
4.5 

99 
c 

10 

G V i 

5.7 9.0 

1.8 0.5 
2.0 0.4 
0.1 0.1 

M, microspore; G, generative; V, vegetable. m, mean, s, standard error (although the distribution was obviously not gaussian); 
-, not measured. Feulgen: nuclear DNA content of fixed pollen nuclei, relative to  the telophasic nucleus of first pollen mito- 
sis (1 C value); EtBr fluorometry: nuclear DNA content relative to  the tetrad nucleus (1 C value); (a): cell sorter analysis of Per- 
col1 gradient fractions; (b): microfluorometric measurements (Leitz MPV microscope) of free nuclei after pollen crushing. 

~ 

. 
A C 

values never exceeded 0.5 C. As measured 
with the Leitz cytophotometer, approximately 
5Oo/o of mature pollen V nuclei had a EtBr fluo- 
rescence of only 0.25 C, the highest values rang- 
ing between 0.4 C and 0.7 C. As for G nuclei, V 
fluorescence did not significantly decrease 
after RNase treatment and during the separa- 
tion procedure. 

Separation of V and G nuclei 
Observation of the Perco11 gradient fractions. 

The pellets were examined after acetocarmine 

Fig. 1. N. sylvestris microgametophytic nuclei in situ and 
after pollen crushing. (In all figures, Bar = 10 pm). (A) Feul- 
gen coloration of a microspore and a young binucleated pol- 
len immediately after first pollen mitosis: m, microspore 
nucleus; v, vegetative nucleus; G, generative nucleus. (BI staining or by fluorometry with the Reichert 
Differential interference contrast (DICI and epifluorimetry microscope. As for native pollen, v and G nuclei 
of EtBr stained pollen, 2 days after first pollen mitosis. The be distinguished without ambiguity at 
G nucleus (left) is smaller and more fluorescent than the V. 
(C) Free V and G nuclei (DIC) immediately after crushing each step' were Ovoid, stained 
pollen in the isolation medium. Note that the V is now by aceto-carmine, and fluoresced intensively 
smaller than in situ. orange-yellow with EtBr. From immature pol- 
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len, they had often lost their membrane integ- 
rity, being no longer visible by transmission 
microscopy without differential interference 
contrast. Mature pollen G nuclei were routinely 
in better state. They contained no visible 
nucleole. In contrast, V nuclei were round, 
faintly stained by aceto-carmine, and fluoresced 
weakly yellow-green with EtBr. Contrasting 
with the in situ state, isolated V nuclei were 
smaller than G nulcei. They were not obviously 
damaged and contained one or several nucleoli. 

In the 78% Percoll gradient, the lower frac- 
tions consisted mainly of V nuclei, still 
contaminated with wall and cytoplasmic frag- 
ments, and of approximatey 10% of either 
intact or broken G nuclei (Fig. 2A). Upper frac- 
tions contained a mixture of V and G nuclei, and 
unbroken pollen. 

In the 50% Percoll gradient, G nuclei banded 
in the middle (apparent buoyant density = 
1.355 glml) (Fig. 2B). They were often aggre- 
gated, being associated with plasma and wall 
fragments, and represented 80-904Io of the 
nuclei found in the corresponding fractions 
(Fig. 2C). Bottom of the gradient consisted of V 
nuclei, pollen and wall fragments. 

Analysis and purification by cell sorter. Cell 
sorter analyses of 78% and 50% gradient frac- 
tions are shown in Fig. 3. They confirm the 
microscope observations, V and G nuclei having 
fluorescence values similar to those of freshly 
crushed pollen (Table IB). 

With one parameter analysis, V and G subpo- 
pulations could be identified on the basis of flu- 
orescence intensity (Fig. 3A,B). G nuclei were 
grouped around the 1.8 C value, while V nuclei 
showed a multimodal distribution: the more vis- 
ible peaks correspond to 1/5 (V1) and 1/3 (V2) of 
the G values (respectively 0.4 C and 0.7 C). V1 
and V2 positions remained constant throughout 
pollen maturation, but the proportion of less 
fluorescent nuclei increased with age. A third 
peak of more fluorescent nuclei (V3), faintly 
visible in middle-aged pollen and more appar- 
ent in young stage pollen (not shown), corre- 
sponded to the 1 C value. This 1 C peak was 
absent in mature pollen. The less fluorescent 
nuclei (0.25 C) observed with the Leitz micro- 

\ scope, were not resolved from the background 

Fig. 2. V and G nuclei after separation. All figures, except 
B are DIC/epifluorescence mix. (In all figures, Bar = 10 pm). 
(A) Vegetative nuclei in bottom fraction of the 78% Percoll 
gradient. Note the nuclei heterogeneity in size and mor- 
phology. Fluorescent stretches are G or wall fragments. (BI 
G nuclei in the middle fraction of the 50% gradient (aceto- 
carmine staining). (C) EtBr fluorescence of G nuclei in the 
middle of the 500/0 gradient. A contaminating vegetative 
nuclei ( + V) is clearly distinguishable. (D,E) Intact and 
damaged G nuclei sorted out of window B of Fig. 3C. Intact 
G represented about 50% of the recovered nuclei, and were 
preferentially found in the bottom of B area. (FI Intact 
vegetative nuclei sorted out of window A of Fig. 3C. Note 
the size heterogeneity and the presence of a more densely 
stained nucleus near the bottom edge, probably belonging 
to the V3 peak. (G)  Higher magnification of a nucleus sorted 
from window A, having the typical V morphology, with 
several nucleoli. 

in cytograms, and therefore the mean DNA 
values of V nuclei from mature pollen were 
higher as estimated by flow cytometry than by 
microscopy (Table iB). 

Two parameter analysis, using forward- 
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angle light scatter and integral fluo- rescence 
intensity on a linear scale, resolved G nuclei 
from all other components. In contrast, the 
population of V nuclei was contiguous with 
other objects in the preparation (Fig. 3C). 

Both types of analyses confirmed the virtual 
absence of G nuclei from the lower fractions of 
the 78% gradient and their concentration in the 
middle fractions of the 50% gradient. The phys- 
ical sorting out of objects gave 50% of gener- 

ally intact V nuclei and 50% debris from 
window A (bottom fraction of the 78% gra- 
dient), and 100% more or less damaged G nuclei 
from window B (middle fraction of the 50% 
gradient) (Fig. 2, D-GI. Intact G nuclei were 
preferentially recovered from the lower part of 
the B area. 

At  all gametophytic stages, numerical yield 
of G nuclei a t  the end of the separation proee- 
dure was lower than that of V nuclei (Table 

Fig. 3. Cell sorter analyses of Perco11 gradient fractions. (A) One parameter histogams (integral fluorescence intensity, arbi- 
trary units AU) of the 78% gradient of mid-aged pollen. From left to right: bottom, middle and top fractions; G (1.8 C): genera- 
tive nuclei; Vl(0.4 Cl, V2 (0.7 Cl, V3 (1 C): sub-populations of V nuclei. The 2 C value was given by microspore nuclei, taken just 
before first pollen mitosis, and checked to possess the 2 C content by comparison with tetrad nuclei (not shown). (B) As A, for 
mature pollen. (C) Two parameters cytograms ( X  forward-angle light scatter; Y: integral fluorescence intensity) of mid-aged 
pollen. Relative frequencies are represented by grey levels. From left to  right: four successive 78% gradient fractions (1 -4) 
and middle 50% gradient fraction (5) (amplifier gains were increased for the 50% gradient). Only the G population is resolved. 
Objects sorted out from windows A (mean fluorescence 0.8 C) and B (mean fluorescence 1.8 C) are shown in Fig. 2 D-G. 
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Table II. Nuclei and DNA yields from Percoll gradient fractions. 

Pollen and DNA yields (/lo0 flowers) 

Gametophytic Microscope Binucleated pollen Anthesis 
stage 

Young Intermediate 
- 

M V G V G V G 

I In situ 
Ploidy 2c 
Number of nuclei 35 

2 DNA amounts (pg) 300 
(x 109  

After separation 
Number of nuclei - 

Expected DNA (pg) 300 
(x 10-9 

Obtained DNA (pg) 45 

1.4 C 1.8 C 1.6 C 1.8 C 1.40 1.6 0 
35 35 35 35 35 35 

210 270 240 270 210" 240" 

11 4 11 4 11 4 

63 27 72 27 63" 24" 
5 20 5 15 1 5 

Pollen stages: young, 1-2 days, intermediate, 3- 5 days after first pollen mitosis 
In vivo: M, microspores taken just before the first pollen mitosis; V, vegetativenucleus; G ,  generative nucleus. Ploidy: on the 
basis of Feulgen estimations; "probably underestimated (see discussion). Nuclei and DNA amounts: on the basis of 350 O00 
grainslflower [20] a t  4.4 pg for the C value in N. sylvestris [21]. 
After separation: Number of nuclei: estimated from cell sorter cytograms: V, pooled bottom fractions of the two Percoll 
gradients (vegetative nuclear purity: 90%); G, pooled middle fractions of the 50% Percoll gradient (generative nuclear purity: 
90%); Theoretical DNAlfraction: on the basis of 30% of the nuclei initially present recovered in the pooled V fractions, and 
10% in the G fractions; M: nuclear DNA was extracted from crushed microspores, with the same protocol as for the Percoll 

' fractions. 

A B 
L V V ' G  P I 2 3 P V G F L  

IIA). Values pooled from the different fractions 
indicate a final yield of approximately 10% for 
G (most of them in the middle fractions of the 
50% gradient), and approximately 30% for V 
nuclei (half of them in the lower fractions of the 
78% gradient, most of the others staying in the 
bottom fractions of the 50% Percoll gradient). 

Fig. 4. Electrophoresis of pollen DNAs. (A) Native DNAs 
obtained from non-separated pollen (Pl, two different 
extractions of vegetative (V, V') and generative (G, G') frac- 
tions, without RNase treatment (1% agarose gels run at  4 
V/cm for 6 h); L: BRL 1 kb ladder; 1,2,3: calf thymus DNA 
standards of quantitation (respectively 0.25, 0.5 and 1 pg). 
By visual comparison with standards, the DNA amounts 
were estimated respectively: 0.4 (V, V'), 0.7 (Pl, 1.5 and 0.7 
pg (G,  GO. The low molecular weight band was essentially 
RNA, as it was sensitive to RNAse, as shown in B. (BI MboI 
restriction of RNase treated DNAs (0.8% agarose gels run 
at  3 V/cm for 15 h); P, V, G, L: as in A; F: N. sylvestris foliar 
DNA. 
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Pollen D N A  quality and yield 
Pooled pellets of the lower fractions of both 

gradients (called V), and those of the middle 
fractions were significantly lower a t  all stages, 
extracted by a CTAB treatment as described in 
Material and Methods. Agarose gel electropho- 
resis showed that DNAs of high molecular 
weight (30-40 kb) were obtained from both V 
and G fractions, and that they could be effi- 
ciently digested by restriction enzymes (Fig. 4). 
As preparations still contained some RNA, 
especially from V fractions, DNA yields were 
estimated by visual comparison of the native 
forms with h and calf thymus standards. Table 
II shows DNA yields from V and G fractions of 
mature and immature pollen, relative to theo- 
retical amounts in vivo on the basis of 350 O00 
grains per flower [20] and 4.4 pg of DNA per 
haploid genome in N. sylvestris [21]; moreover, 
the amounts of DNA expected from the number 
of nuclei in each fraction are also shown. DNA 
yields from G fractions were close to expected 
amounts for immature pollen, and show a 5-fold 
decrease a t  mature stage. DNA yields from V 
fractions were significantly lower at  all stages, 
and decreased dramatically with pollen age. 

Discussion 

As deduced from Feulgen measurements, 
vegetable and generative pollen nuclei of N. 
sylvestris seem to undertake a single round of 
DNA synthesis. Similar results have already 
been obtained for a few other plant species 
[22 - 251, namely the related species N. tabacum 
[22]. However, Aruga et al. [26] were unable to 
detect any rH]thymidine uptake in N. tabacum 
V nuclei, so the situation is not a t  all clear for 
these nuclei. From our measurements, DNA 
synthesis in G nuclei takes place soon after first 
pollen mitosis and seems to be completed 
within 2 days. G Feulgen absorption then 
decreases with pollen age, probably by interfer- 
ence with the starch that accumulates during 
gametophytic maturation. A similar decrease 
has been observed in Datura pollen [25]. 
Whether the 2 C level is truly reached in V 
nuclei remains unclear, their maximum 

absorption value being 1.4 C. Differences 
between V and G apparent DNA levels were 
even more obvious by Ethidium Bromide fluo- 
rometry. Indeed, 2 days after their formation, 
G show EtBr fluorescence values close to  the 2 
C level, that  remain unchanged up to  anthesis. 
In contrast, V values are heterogeneous, being 
always lower than 1 C. Thus EtBr fluorometry 
seems valid for DNA assessment in G nuclei up 
to mature pollen stage, but probably gives 
wrong estimations of DNA content for the V 
nuclei. The reliability of fluorochromes for esti- 
mating DNA values in microspores and mitotic 
pollen cells has been studied by Coleman and 
Goff [27], but these authors did not analyse dif- 
ferentiated G and V nuclei. The low V values 
we obtained by EtBr fluorescence must be due 
mainly to a differential reactivity of V chroma- 
tin with this intercalating dye [28]. Whatever 
the basis of the phenomenon. EtBr stained V 
and G nuclei differ a t  all stages of male gameto- 
genesis, allowing their identification by 
fluorometry and their separation with a flow 
cytometer. 

We found that the best way of disrupting 
immature pollen walls was to crush with mor- 
tar and pestle, after elimination of as much iso- 
lation buffer as possible. In our hands, 
alternative methods, such as bursting in hypo- 
tonic buffer [9- 121, sonication, enzymatic 
digestion, dissolution by 4-methyl N-oxide mor- 
pholine monohydrate [29], were either ineffec- 
tive or gave damaged nuclei. After pollen 
crushing, nuclei were stained with EtBr and 
fractions respectively enriched in G and V 
nuclei were recovered by two successive Per- 
col1 gradients (purity 80 -90%). Dense frac- 
tions of the first gradient (78% Percoll) 
contained essentially free V nuclei and pollen 
fragments. G nuclei, often aggregated with 
attached membrane fragments, were found in 
the middle of the second gradient (50% Percoll) 
at  a specific density of 1.355. V nuclei mostly 
remained intact through the separation 
procedure, while G nuclei, especially from 
immature pollen, were fragile. 

Complete separation of the two types of 
nuclei can be achieved with a flow cytometer. 
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This technique has recently been used in plant 
cell biology (see Refs. 19 and 30 for reviews), 
including to quantify DNA content in pollen 
tetrads [31]. Here, in addition to their 
preparative function, cell sorter analyses give 
interesting information on nuclear cycling in 
binucleated pollen and on protocol efficiency. 
They confirm the virtual absence of G nuclei 
from the lower fractions of the 78% gradient 
and their accumulation in the middle fractions 
of the 50% gradient. In all fractions, EtBr fluo- 
rescence of unbroken V and G nuclei is close to 
that of the corresponding nuclei of freshly 
crushed pollen preparations, showing that no 
substantial loss of DNA has occurred during 
the separation procedure. G nuclei are grouped 
around the 1.8 C values. Heterogeneity of the V 
nuclei is clearly evident, major peaks occurring 
at the 0.4 C and 0.7 C levels. As several peak 
values were also observed by fluorescence 
microscopy, they are not likely to be due to an 
orientation artefact and more probably repre- 
sent distinct subpopulations. A similar hetero- 
geneity has been found in tetrad nuclei of 
several plant species [31]. The increase in pro- 
portion of less fluorescent V nuclei with ageing 
indicates either chromatin structural changes 
or DNA loss in situ, due to nuclease activity. 
High levels of nucleases are indeed known to 
exist in mature pollen of tobacco [32,33]. As 
decrease of EtBr fluorescence with age is not 
apparent in G nuclei, it must be assumed that 
either nucleases are not .present in the genera- 
tive cell, or that G nuclei are protected by their 
condensed chromatin structure. 

The proportion of nuclei present in each frac- 
tion can be estimated from the cytograms. 
Approximately 30% of the initial V nuclei were 
recovered, half of them in the lower fractions of 
the 78% gradient. On the other hand, only 10% 
of the initial G nuclei were recovered in the 
middle of the 50% gradient. These differences 
between V and G yields are consistent with the 
microscopic observations, showing that imma- 
ture G nuclei are more fragile than the V. This 
could be the consequence of the plasticity of G 
in situ, that elongate during pollen maturation 
and tube growth, presenting in some cases fila- 

' 

ment-like extensions towards the V nuclei [34]. 
Another cause of nuclear breakage may be 
that, as observed in all species analysed so far, 
the wall of the young N. sylvestris G cell is 
attached to the pollen intine [35]. This physical 
link may be an obstacle to the recovering of 
intact nuclei. During maturation, the Nicotiana 
G cell becomes free and completely embedded 
in the V cell [36,37], that could explain why 
mature G nuclei are more resistant. However, 
their recovery did not increase. 

Yields of high molecular weight DNA, as 
estimated by agarose gel electrophoresis, are 
always lower for V fractions than for the Gy and 
decrease dramatically with age: from mature 
pollen, DNA yields were only 20% of those 
expected for G nuclei, and 3% for V nuclei (on 
the basis of 4.4 pg per haploid genome in N. syl- 
vestris [21], 1.8 C value for G and 1.4 C value for 
V, Feulgen estimations). Pollen nucleases could 
be activated after nuclear disruption in the 
EDTA containing medium. EDTA-dependent 
nucleases 'have been found in wheat seedlings 
[38]. Large amounts of low weight DNA were 
not specifically detected on the electrophoretic 
patterns of mature pollen, but the degraded 
DNA could have been lost, either by poor pre- 
cipitation with CTAB, or by polysaccharide 
trapping. Such an effect has been suggested by 
Rogers and Bendich [39] to explain the wide dif- 
ferences they observed in recovering DNA 
from various tissue types, namely pollen. The 
accumulation of starch during pollen matura- 
tion is consistent with this latter hypothesis, 
and could be an additional cause of poor DNA 
yields from mature pollen. 

In conclusion, V and G enriched fractions can 
be obtained from Perco11 gradients at all stages 
of pollen development, namely those stages 
induceable for androgenesis, i.e. 1-22 days 
after first pollen mitosis. As indicated by Feul- 
gen cytophotometry, both types of nuclei have 
undertaken a phase of DNA synthesis at this 
stage. However, EtBr fluorescence indicates 
that V and G are in a very different state of 
chromatin structure. V and G DNA molecular 
weights and digestibilities by restriction 
enzymes are compatible with molecular ana- 

, 
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lyses. However, as DNA yields from V nuclei 
are much lower than those from G nuclei, low 
contamination of V fractions by G nuclei - 
even as little as 5-10% - may introduce 
strong bias in the comparisons. The possibility 
to completely separate V and G nuclei by flow 
cytometry is an attractive alternative. In addi- 
tion, cell sorter analyses could help to under- 
stand cell cycle events in pollen nuclei, using 
several dyes (e.g. EtBr, mithramycin, DAPI: 
see Refs. 15 and 27) to distinguish changes in 
DNA content and DNA structure. 
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