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Abstract

In this work we conducted a quantitative
analysis of the nuclear DNA-content of devel-
oping sperm cells of the plant Brassica
campestris L. The sperm cells were in young
pollen grain, mature pollen grain and pollen
tubes. When generative cells, at the pre-anthe-
sis stage, split into two sperm cells, we have
established that the newly-formed sperm cells
begin to synthesize nuclear DNA in developing
pollen grain of B. campestris. We measured
this DNA-content during the development of
sperm cells. The results indicate that during
development, sperm cells of B. campestris have
passed the G, phase of the cell cycle and
entered the S phase, presumably then fusing
with egg cells at a level of 2C, as is character-
istic of G, type fertilization in angiosperms.

Introduction

In sexual reproduction, the life cycle of
higher plants is characterized by an alterna-
tion of generations, between a haploid gameto-
phyte phase and a diploid sporophyte phase.
The diploid sporophyte forms haploid spores
through meiosis. The resulting gametophytes
form haploid male gametes and female
gametes, which fuse to form diploid sporo-
phytes via fertilization. Therefore, alternation
of generations in higher plants includes an
alternation in the nuclear phase in their life
cycle. Some researchers explored this alterna-
tion phenomenon by measuring the nuclear
DNA-content of male and female gametes of
higher plants. They used a method based on
the Feulgen reaction in combination with
microspectrofluorometry. The nuclear DNA-
content of gametes that were found in the
experiments was reported in terms of Relative
Fluorescence Units (RFUs). These were then
converted to C value units, where diploid cells
have, by definition, a nuclear DNA-content of
2C.! We note that the Feulgen reaction for
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nuclear DNA is influenced by the gametic ori-
gin of the nuclei and the experimental condi-
tions.2? In addition, in some plants, the egg
cells at anthesis cannot be reliably stained;
this is thought to be associated with specific
patterns of DNA condensation.> As a conse-
quence, the nuclear DNA-content of sperm
cells that were estimated, by different authors,
was not in agreement. For example, in
Hordeum vulgare, Hesemann® reported 1-2C,
while D’Amato and colleagues’ reported 2C.
The unreliable experimental situation and
consequent unclear results lead to a decline in
research associated with the nuclear DNA-con-
tent of gametes from the mid 1970’s to the
1990’s. However, new DNA fluorescence dyes
were subsequently developed. These offered
greater sensitivity in measuring the nuclear
DNA-content of isolated gamete cells from the
higher plants. Mogensen and Holm and
Mogensen and colleagues®® demonstrated that
the isolated male and female gametes of barley
and maize both fused at the 1C level.
Carmichael and Friedman!’ measured the
nuclear DNA-content of male gametes of
Gnetum gnemon (a gymnosperm). The data
obtained from experiments confirmed that
sperm cells and egg cells fuse at the 2C level.
Friedman? later examined the nuclear DNA-
content of sperm cells in Arabidopsis thaliana
and determined that two newly formed sperm
cells synthesized nuclear DNA-content within
pollen grain prior to anthesis and pollen tube
germination. Another pattern was reported in
fobacco by Tian and colleagues,!! where the
nuclear DNA of male and female gametes ini-
tiated nuclear DNA synthesis when the pollen
tube entered the embryo sac. All these reports
suggest that novel and unconventional
processes occur during gamete development.

The current work is associated with develop-
mental processes of plant sperm cells. This
involves the cell cycle, which plays a key role in
the division forms that occur in reproduction.
In the case of plant gametes, developmental
processes, corresponding to the G;, S and G,
phases of the cell cycle occur.*

The work of Carmichael and Friedman!” has
summarized the relationship between fertil-
ization and the timing of events in the cell
cycle in gametes of the plants Gnetum gnemon
and Ephedra. According to their research,
nuclear fusion of gametes, during fertilization,
can be classified into three fundamentally dis-
tinct types: i) G, phase nuclear fusion. In this
case the resulting zygote has twice the nDNA
content of a gamete, ie., the zygotes have an
nDNA level of 2C; ii) S phase nuclear fusion. In
this case, the resulting zygote has four times
the original nDNA content of a gamete, i.e., the
zygotes have an nDNA level of 4C; iii) G, phase
nuclear fusion. In this case both sperm cells
and egg cells initially have haploid phenotypes
with an nDNA content of 1C but after develop-
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ment they separately double their nDNA con-
tent and then undergo fusion.

Sexual reproduction, in all three of these
distinct types of gamete fusion, is character-
ized by the difference of the nDNA content of
gametes relative to that of somatic cells.

The Cruciferae plant Brassica campestris L.
has tri-cellular type pollen; this includes the
two sperm cells and the vegetative cell in a
mature pollen grain.!? This plant has been
investigated, using section and microscope
observations, on different aspects of morpho-
logical, cytological, and ultrastructural charac-
teristics.!? Following the investigation of Liu,!®
and to the best of the author’s knowledge,
there is no quantitative research on the rela-
tionship between the nuclear DNA-content of
gametes and changes of the cell cycle of B.
campestris. To close this gap, we have used
DNA fluorescence dyes and microscope obser-
vations to investigate the nuclear DNA-content
of developing sperm cells in B. campestris. We
have found that quantitative changes in DNA-
content are consistent with events that occur
in the cell cycle. This suggests that sperm cells
in the plant B. campestris have passed the G,
phase of the cell cycle, and entered the S
phase, presumably fusing with egg cells at 2C
level, as is characteristic of G, type fertilization

in angiosperms.
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Materials and Methods

Plants of B. campestris were grown in the
Botanical Garden of Xiamen University. The
seeds were sown in October and flowered in
March of the following year. When anthers
were approximately 2.5 mm in length, genera-
tive cells of B. campestris divided to form two
sperm cells. When the anthers reached 3 mm
in length, they were collected and considered
as young (pre-anthesis) sperm cells. Anthers,
when at 5 mm in length, were collected and
classified as mature (anthesis) sperm cells.
Flowers were hand pollinated at anthesis and
in order to measure the nuclear DNA-content
of sperm cells in pollen tubes, the styles were
cut at 5 hours after pollination.

Anthers and styles were chemically fixed in
3:1 ethanol (95%) to acetic acid for approxi-
mately 24 hours and subsequently stored in
70% ethanol at 4°C. Fixed anthers and styles
were serially sectioned at 8 pm using a paraf-
fin technique and mounted on glass slides.
After paraffin removal, slides were drenched in
a solution containing 0.25 pg/mL 4’,6-
Diamidino-2-Phenylindole (DAPI) in 0.05M
Trizma buffer (pH 7.2) for 20 minutes. Slides
were covered with cover slips, examined and
photographed with a microscope (a Leica DMR
florescence microscope). All samples were cap-
tured under the same illumination strength
and parameter settings.

Simple-PCI analysis software (Compix Inc,
Lake Oswego, OR, USA) was used to analyze
the samples. The RFUs of generative nuclei,
immediately prior to nuclear division, were
used as a control for the diploidy of sperm
nuclei of pollen grain in the experiments
(diploidy 2C). However, because sperm cells in
pollen tubes have a very different growth envi-
ronment (compared with sperm cells in pollen
grain), the style cell nuclei (diploidy 2C) were
used as a control for the diploidy of sperm cells
in pollen tubes. In this experiment, we deter-
mined that these style cells were all in the
same stage of development, by testing their
fluorescence value (we chose a window of flu-
orescence levels of width 10 RFUs around the
mean value, as an indicator of the stage of the
development). Sperm cells in different stages
of the developmental phase in pollen grain of
B. Campestris were measured and analyzed.
There were 80 sperm cells measured in young
pollen grain, 80 sperm cells measured in
mature pollen grain and 28 sperm cells meas-
ured in pollen tubes. These measured num-
bers, reported in Tables 1 and 2, provide ade-
quate numbers for a T-test Analysis.

In Table 1 we separately measured the
nuclear DNA-content of three cell types: gener-
ative cells, young sperm cells, and mature
sperm cells. Numbers of these three cell types
that were analyzed were 60, 80 and 80, respec-
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tively. The mean RFU value of generative cells
was defined as the control value, i.e., corre-
sponding to the 2C level; the nuclear DNA-con-
tent (in units of C) of two sperm cells were
then calculated by the formula: {[RFU of
sperm cells- RFU of background (paraffin and
slide)] / RFU of controls — RFU of background
(paraffin and slide)]}x2, where the back-
ground fluorescence is calculated for an area
of paraffin identical to the area of the image of
the sperm cell’s nucleus.

In Table 2 we measured the nuclear DNA-
content of two cell types: style cells and sperm
cells in pollen tubes. The numbers of the two
cell types analyzed were 150 and 28, respec-
tively. The mean RFU of style cells was consid-
ering as the control, i.e., corresponding to the
2C level; the nuclear DNA-content (in units of
C) of sperm cells in pollen tubes were calculat-
ed according to the formula given in the
Caption of Table 1.

Since egg cells of B. Campestris could not be
stained, fluorescence was not detectable in
mature egg cells at anthesis and measure-
ments were not obtained for this. Additionally,
we note that generally, vegetative cells stay at
the differentiation stage,! and the fluores-
cence signal of vegetative cells is weak.»111415
However, in this experiment, there was no reli-
able fluorescence signal from the vegetative
cells (their fluorescence was found to be
strongly abnormal) hence we disregarded the
vegetative cells.

Results

Nuclear DNA-content of sperm
cells in pollen grain

When anthers were approximately 2.5 mm
in length, some generative cells in anthers of
B. campestris divided into sperm cells.
However, in some anthers, generative cells still

maintained their original shape in prophase
(Figure 1a,b). These generative cells had com-
pleted DNA synthesis and were prepared for
division. The nuclear DNA-content of these
generative cells was at the level of 2C. The
mean RFU of the measured generative cells
based on data in Table 1 (involving 60 meas-
urements) was 58.35. This value was taken to
be the control for the RFU of sperm cells in
pollen grain, and hence was taken to corre-
spond to a DNA-content of 2C. When anthers
were approximately 3 mm in length, pollen
grain formed two sperm cells (Figure lc,d),
which exhibited an elongated shape and
remained isolated. A total of 80 sperm cells
were measured and these had a mean RFU of
35.29. Compared with measurements of the
generative nucleus (2C), the nuclear DNA-
content of sperm cells at this stage was 1.22C
(Table 1). On the day prior to anthesis, the
anthers reached approximately 5mm in length
and the size of the pollen grain increased to
the mature shape (Figure le,f). In this devel-
opmental phase, the mean RFU, from 80 sperm
cells, was determined to be 39.46. This value
corresponds to a nuclear DNA-content of
sperm cells of 1.35C. This means that sperm
cells had, on average, increased their nuclear
DNA-content by approximately one-third
(Table 1). From the figures, it is evident that
sperm cells in mature pollen grain exhibit
greater fluorescence than sperm cells in young
pollen grain (Figure 1d,f).

Nuclear DNA-content of sperm
cells in pollen tubes

Following pollen grain germination, pollen
tubes elongated, through the style tissue, until
they approached an ovary and entered into the
embryo sac. In the bright field of the micro-
scope, the unstained style tissue structure was
unclear and it was difficult to discern pollen
tubes from style cells (Figure 1g,i). However,
in the fluorescence-field, the sperm cells in

Table 1. Nuclear DNA-content of generative cells and sperm cells in different stages of

pollen grain.

Generative cells (control) 60 58.35+10.47 2.00C
Young sperm cells 80 35.29+6.39 1.22C
Mature sperm cells 80 39.46+6.82 1.35C
RFU, relative fluorescent unit; SD, standard deviation.

Table 2. Nuclear DNA-content of style cells and sperm cells in pollen tubes.

Style cells (control) 150 114.29+12.03 2.00C
Sperm cells 28 101.98+18.28 1.78C
RFU, relative fluorescent unit; SD, standard deviation.
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pollen tubes were distinguishable from style
cells due to the different morphology and
prominent nuclear fluorescence. In addition,
the sperm cells were generally connected
(Figure 1h,j), which could serve as a sperm cell
identifier. As a consequence, 28 sperm cells
(14 pairs) in pollen tubes were measured.
Additionally, 150 style cell nuclei were meas-
ured, and these were used to establish a
nuclear DNA reference value (2C), and result-
ed in the mean nuclear DNA-content of the 28
sperm cells of 1.78C (Table 2). These results
indicate that the sperm cells continue to syn-
thesize nuclear DNA while travelling through
pollen tube tissue. We compared the nuclear
DNA-content (in C units) of sperm cells in dif-
ferent developmental phases. These were:
sperm cells in young pollen grain, sperm cells
in mature pollen grain and sperm cells in
pollen tubes. We concluded from this that the
main biological phenomenon of sperm cells,
during the developmental process, is nuclear
DNA synthesis (Figure 2).

T-test analysis

Quantitative data (RFUs; available on
request) were all analyzed using a f-test that
compared pairs of datasets namely: i) genera-
tive cells and young sperm cells; ii) generative
cells and mature sperm cells; iii) style cells and
sperm cells in pollen tubes. We assumed that
the two groups in i) had the same mean value
of the RFUs, similarly the two groups in ii) and
the two groups in iii). This was the null
hypothesis. The alternate hypothesis was that
the mean values were not the same (we used a
two sided ¢ test). The data analysis indicated a
statistically significant result at the 5% level
with rejection of the null hypothesis. That is,
we found that RFUs of generative cells com-
pared with young sperm cells were significant-
ly different; generative cells compared with
mature sperm cells were significantly differ-
ent; sperm cells in pollen tubes compared with
style cells were significantly different.

Interpretation of data analysis

The comparison of RFUs of: i) generative
cells and young sperm cells; ii) generative cells
and mature sperm cells; iii) style cells and
sperm cells in pollen tubes, all showed statisti-
cally significant results at the 5% level. We
interpret this as saying that during the devel-
opmental phase, sperm cells undergo synthe-
sis of DNA-content. The last time of measure-
ment of RFUs of sperm cells, in these experi-
ments, is when they went through pollen
tubes. Compared with the results with the
RFUs of style cells, we found significant differ-
ences. Based on this, we assume that from the
last time the DNA-content of sperm cells is
measured in pollen tubes, to the time the
sperm cells are released into the embryo sac
and prepare for fertilization with egg cells, the
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Figure 1. a) A young pollen grain. b) Epifluorescence micrographs of Panel a show a gen-
erative cell in prophase. c) A young pollen grain. d) Epifluorescence micrographs of Panel
c show two sperm cells in a young pollen grain. €) A mature pollen grain. f)
Epifluorescence micrographs of Panel e show two sperm cells in a mature pollen grain.
g) Style tissue, under the bright-field of the microscope. The area of the black dashed-
line indicates the shape of a pollen tube. h) Epifluorescence micro(fraphs of Panel g show

two sperm cells in a pollen tube. The two sperm cells are denoted by white arrowheads.
i) Bright-field image of style tissue including another pair of sperm cells in a pollen tube.
The area of the black dashed-line indicates the shape of a pollen tube. j) Fluorescent
image of sperm cells (denoted by white arrowheads) in Panel i. All images in this Figure
have been enlarged 750 times and the horizontal bars in the panels represent a distance

of 5 pm.
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Young sperm cells
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Mature sperm cells ~ Sperm cells in pollen tubes

Figure 2. Nuclear DNA-content (level/C) of sperm cells in different developmental stages.
This figure shows the increasing trend of the nuclear DNA-content (level/C) of young
sperm cells, mature sperm cells and sperm cells in pollen tubes in B. campestris. The error
bars of each column indicate one standard deviation of the data above and below the

mean value.
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sperm cells continue to synthesize DNA, and
finally arrive at a DNA content of 2C.

Discussion and Conclusions

To begin, let us consider the relationship
between this study and taxonomy, in particu-
lar, in botany. For traditional botanical taxono-
my, researchers focus on solo plants or partic-
ular characters, however, the overall explana-
tion of taxonomy is based on an understanding
of the relationships among extant species and
the Tree of Life.5 We note that one aspect of
the present study was to investigate whether
the Gy, G, and S category of nuclear fertiliza-
tion in plants can act as an indicator of botan-
ical taxonomy. Assuming that plants of the
same family all belong to the same class (e.£.,
G,) can the class be used as a characteristic
trait of such family? Based on the current
study, we can compare two plants A. thaliana
and B. campestris. Both are Cruciferae plants,
with tri-cellular type pollen that are character-
istic of G, plants. Similarly, we can compare
tobacco and L. barbarum.'” Both are
Solanaceae plants with bi-cellular type pollen
that are characteristic of G, plants. These two
groups of plants are not in the same family, but
they are characteristic of G, plants due to the
common trend exhibited by the level of nuclear
DNA that is accumulated over the developmen-
tal phase. They still, however, have one com-
mon point: they all fall under eudicot plants.
This suggests that the category of nuclear fer-
tilization in plants cannot be independently
used as an indicator of botanical taxonomy.
Through the research carried out, this study
allows the question mentioned above, namely
could the class be used as a characteristic trait
of family, to be viewed from a new angle and
leads us to ask whether the cell cycle category
is related to biological evolution. For all plants
measured to date, it is interesting to note that
the monocots exhibit the trend of G, fusion
while dicots are characteristic of G,. Monocots
are a distinct evolutionary lineage arising
early in the history of the flowering plants, dat-

OPEN aACCESS

ing from the early Cretaceous. The basal eudi-
cots and the core eudicots'® comprise the
dicots and form both ancestral (eudicots) and
derived (eudicots) lineages. This suggests
some benefit may be gained from a more
extensive survey of nuclear fusion of both
monocot and dicot plants. The G, and G, char-
acters could represent an evolutionary trait
among angiosperms, and may constitute an
indicator of taxonomy.
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