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Abstract
Meiosis is an essential step for sexual reproduction in eukaryote organisms. The
understanding of different meiotic mutants provides the insights of different
molecular regulation mechanisms in the meiotic cell. In this report, we concentrate on
an EMS Arabidopsis meiotic mutant ms86 which is semi-sterile and could generate 2n
gametes. Male meiotic cells from ms86 show that this mutant has a similar but weaker
phenotype of swi1.2 which is an allele of dyad/swi mutant. The male meiosis in ms86
has regular chromosome pairing at pachytene, reduced crossing over at diakinesis and
premature sister chromatids segregation at metaphase I. However, the comparison of
dyad/swi sequence and female meiocyte phenotype between ms86 and dyad/swi
mutant suggest that the mutation of ms86 is not on dyad/swi gene. Compare the
phenotype of ms86 with other known meiotic mutants, we propose the mutation
probably functions on sister chromatid cohesion and affects the crossing over
formation. Furthermore we propose a new candidate gene scc3 which has similar
phenotype as ms86 with premature releasing of sister chromatid cohesion. Except that,
we found there were few meiotic cells in ms86 have connection between nonhomologous chromosomes which are reassemble a weak phenotype of formation of
tangled chromosome structure in scc3 mutant. In this report, we propose experiments
for further investigation of ms86 including shore mapping to find the mutation locus,
and double mutant construct and protein immunolocalization to study the function of
ms86.
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Chapter 1: Introduction
In eukaryote organisms, meiosis is a crucial process for sexual reproduction. During
meiosis, there is one round DNA replication followed by two rounds of chromosome
segregation. This leads to the production of four haploid gametes which ensure the
stability of chromosome number in a species: fusion of gametes upon fertilization
restores the somatic chromosome number. During the first meiotic division, known as
meiosis I, homologous chromosomes form axial elements (AE), start pairing, form a
synaptonemal complex (SC) and exchange chromosome segments through crossing
over. After that, homologous chromosomes segregate to opposite poles at anaphase I,
which leads to “reductional division”. During meiosis II, sister chromatids segregate
which is commonly referred to as the “equational division”.

Through studying meiotic mutants we are able to detect the function of different
meiotic genes and to understand the regulation mechanism. In meiotice cells, lots of
events occur coordinatedly with many molecular mechanisms regulating meiosis.
Many genes start to regulate the meiosis much earlier than the visible events occur.
For example the recombination is visible in the late prophase, but it already initiated
at early prophase when DSB(double strand breaks) are formed by SPO11. SPO11 is
the catalytic subunit of archaebacterial topoisomerase that has DNA cleavage activity,
forming double strand breaks (DSBs). spo11 mutant studies indicate that SPO11 not
only affects crossing over formation but also affects SC formation in yeast, rice and
mouse (Romanienko et al. 2000, Yu et al. 2010), but there are exceptions: Drosophila
melanogaster and Caenorhabditis elegans have regular SCs formation in the spo11
mutant.(Bhuiyan et al. 2004).
7

After the DNA double helix is cleaved by SPO11 enzyme, the DNA 5’ends are
resected, leaving a single strand 3’ end. These 3’ ends are then coated with DMC1
and RAD51 proteins which are known as recombinases that promote homologous
recombination. This protein and DNA complex invades a non-sister chromatid and
displaces the present strand of DNA. At most invasion sites the strands disassociate
and the original chromatid is repaired, forming a non-crossover or gene-conversion.
Only few sites are designated to form a crossover which lead to the exchange of
chromosome segments. In yeast, Dmc1 and Rad51 (which are homologs of the E.coil
RecA protein) act together during recombination (Bishop et al. 1994). dmc1 mutants
in yeast not only fail crossover formation but also affect the SC formation (Bishop et
al. 1992). In yeast Rad 51 mutant, the meiotic cells don’t form regular numbers of
crossing over. (Shinohara et al. 1992). In the Arabidopsis dmc1 mutant, univalents
instead of bivalents are observed in both male and female meiotic cells.
The protein ASY1 which associates with the axial element, also affects cross-over
formation when mutated its functions in stabilizing the loading of DMC1 onto
resected DNA strands (Sanchez-Moran et al, 2008).

In the early prophase, except double strand break formation, the axial element which
is a structure aligning sister chromatid loops, is also established. This is followed by
the formation of the synaptonemal complex (SC). The SC is a tripartite structure
formed by two parallel AE and transverse filaments (TF) (Heyting et al. 2005).
Although we observe SC formation first in meiotic cells, recombination is initiate
earlier. In addition, there is no necessarily causally relation between these two events.
In Arabidopsis, when disrupt the function of ZYP1 which is a TF protein leads to
reduced levels of the SC formation, but normal crossing over and even the extra
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recombination between non-homologous chromosome is found in this mutant
(Higgins et al. 2005).

The cohesin complex is another important protein complex which holds sister
chromatids together to ensure the reductionional division at meiosis I. Stepwise
release of sister chromatid cohesin complex together with other protein regulates
proper progress through meiosis. Sister chromatid cohesion is probably established at
the replication forks during pre-meiotic S-phase when sister chromatids are in close
proximity. During meiosis, Sister chromatid cohesion is released in two steps: Firstly,
cohesion at chromosome arms (distal ends) is released to facilitate resolution of the
chiasmata during anaphase I, while the sister chromatid cohesion at the centromere
region is protected until anaphase II by SHUGOSHIN (SGO). SGO is a protein family
that function only in meiosis and is conserved across different species. During meiosis
I, SGO protects centromeric cohesin from being cleaved by separase while the
cohesin complex along on the chromosome arm is cleaved. This allows the
segregation of homologous chromosomes but not of sister chromatids. In the second
step, the SGO is degraded and released sister chromatid cohesion at the centromere
region at anaphase II which leads to sister chromatid segregation. Cohesin contains
four subunits: two structural maintenance of chromosomes (SMC) proteins SMC1 and
SMC3, a SCC3 and a meiotic specific subunit Rec8 (which is replaced by SCC1) in
mitosis (book cell cycle). Various studied organisms clearly show that Rec8 plays an
important role in the establishment of sister chromatid cohesion. In fission yeast, the
rec8 deletion mutant shows segregation of sister chromatids at meiosis I (Watanabe &
Nurse, 1999). In Arabidopsis, mutations in the rec8/scc1 ortholog gene syn1/dif1,
leads to premature sister chromatid segregation as well as chromosome fragmentation
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at metaphase I (Bai et al. 1999; Chelysheva et al. 2005). Moreover, it was shown that
REC8 not only facilitates the establishment of sister chromatid cohesion, but it also
regulates other events in meiosis. For example, in yeast, it was shown that the
distribution of SPO11 on chromosome centromere region depends on REC8 (Kugou
et al. 2009). In budding yeast, when rec8 gene is interrupted, the formation of axial
elements is not observed (Klein et al. 1999).

DYAD/SWI is another well-known protein that regulates the establishment of sister
chromatid cohesion. Four alleles of dyad/swi mutant have been described in previous
studies. These four alleles (swi1.1, swi1.2, dsy10 and dyad) do not show the same
phenotype. They have in common that all affect female meiosis and lead to female
sterility. swi1.1 mutant shows a phenotype similar to dyad: defective synapsis in early
prophase, followed by univalent formation in diakinesis and release of sister
chromatid cohesion at meiosis I in female meiosis. Male meiosis is unaffected in these
mutants. swi1.2 and dsy10 also affect male meiosis. Both male and female meiotic
cells in swi1.2 mutant fail to form SCs, show reduced crossing over, and also have
premature release of sister chromatid cohesion at different stage between male and
female meiosis. In female meiotic cells, sister chromatid cohesion is lost at metaphase
I which leads to mitotic like equational division (similar as dyad and swi1). In male
meiotic cells, sister chromatid cohesion is lost before metaphase I which leads to
random segregation of chromatids at metaphase 1. In dsy10, only male meiosis has
been described which shows an apparently weaker phenotype than swi1.2: some sister
chromatic cohesion is retained until metaphase II (Agashe et al. 2002; Boateng et al.
2008; Mercier et al. 2001; Ravi et al. 2008). The swi1.1/swi1.2 heterozygote shows a
phenotype intermediate between both homozygous mutants: both univalents and
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bivalents are present at diakinesis, following univalents segregation and part of sister
chromatids segregation at metaphase I. These studies suggest that DYAD/SWI may
has different regulation mechanisms in male and female meiosis

Sister chromatid cohesion alone cannot ensure the co-orientation of two sister
chromatids to the same pole at metaphase I. Li (Li et al. 2009) proposed a model to
explain how the sister kinetochore co-orientation is established. It suggests that the
kinetochore protein MIS12 binds to the NDC80 complex which in turn binds directly
to microtubules. It appears that both the MIS12-NDC80 complex and SHUGOSHIN
play (possibly independent) roles in the co-orientation of sister chromatids at meiosis
1. In studies of maize mutants of MIS12 and SHUGOSHIN it was shown that both
mutations lead to precocious sister chromatid separation at metaphase I. Note that in
both mutants prophase nuclei do not seem to be affected and regular crossovers are
formed (Li et al. 2009; Hamant et al.2005).

Meiosis is a complex process, in which many genes work together to regulate
different events at the appropriate time. A meiotic EMS mutant was found in the lab,
and named ms86. It is both male and female semi-sterile, and triploid plants were
found in the progeny of the cross of ms86 with a wild type plant and in the reciprocal
cross. This suggested meiotic problems comparable with dyad/swi mutant. In this
report, we study the phenotype of ms86 and investigate whether this is a possible new
allele of dyad/swi.
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Chapter 2: Material and Method
I.

Plant Material

We use several Arabidopsis thaliana lines to do experiments which were introduced
below. These lines are wild type Arabidopsis thaliana Cvi, the Arabidopsis thaliana
mutant ms86 in Cvi background which is induced by EMS treatment, and Arabidopsis
thaliana dmc1 RNAi transformant in Col background which silences the dmc 1 gene.
This transformant is known as a achiasmatic mutant.

II.

Pollen size measurement

The anther was picked from a newly opened flower. It was dipped in a drop of
lactophenol acid funchsin on a slide, and the pollen was released and stained in pink
color. The slide was mounted with a 18mm x 18mm cover slip and was checked under
the microscope. The pollen image was captured by Axion camera, and these images
were used for pollen size measurement by the pollen plugin in Image J software. Note
that the pollen plugin is from Sgloesoer de Nooijer.

III.

Cytological analysis

Fixation: The flower buds or inflorescences were fixed in Carnoy’s fixation (absolute
ethanol:glacial acetic acid: 3:1) 24 hours at 4 °C. Before the establishment of next
step, the fixed flower buds were kept in 70% ethanol solution at 4°C.
Cell spreading: Fixed flower buds were washed three times in mili-Q water for 5 min
each. The flower buds were then rinsed with citric buffer for 5 min (PH= 4.5). These
yellow flower buds which have already formed pollen were discarded, and other
younger flower buds which could still have meiotic cells were selected and were
incubated in 1 time dilution of 1% PCC enzyme for around 2 hours at 37°C. The
incubation time can be longer or shorter depends on the activity of enzyme. The
enzyme digestion was stopped by adding cold citric buffer. After the enzyme
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treatment, a flower bud was picked and put on the middle of a clean and dry slide, and
surrounded by 4 drops of 45% acetic acid. Then the bud was gently tapped to release
the pollen mother cells by a fine needle. Before the anther was dried out, these 4 drops
of acetic acid were mixed with cell suspension. The slide was then placed on a 45°C
hot plate for 2 min while the cell suspension was spread in a small circle area by the
needle. Note the needle should not touch the slide. The slide was then washed with
Carnoy solution (ethanol: acetic acid: 3:1) and dried on the hot plate.
DAPI staining: After cell spread, the slide was baked for 30min in 67°C oven. The
slide was then stained by 15 µl DAPI solution and covered with 24mm x 50 mm cover
slip. The slide was checked under fluorescent microscope with DAPI filter.

IV.

Embryo Sac development analysis

We modified Imran et al protocol to analyze the embryo sac development. Flowers or
inflorescences were fixed in FAA (5% formalin, 5% acetic acid, 50% ethanol)
overnight at 4°C. Pistils were picked from these fixed inflorescences and then washed
with 50% acetone and dehydrated in an acetone series from 70% to 100% acetone.
The pistils were put in methyl benzoate for 2 hours for clearing tissue. Ovules were
dissected on a slide under a stereo dissecting microscope, mounted with a coverslip,
and observed on a Zeiss Axioskop microscope under Nomarski (DIC) optics using a
40 objective.

V.

Female meiosis analysis

Inflorescences were fixed in Carnoy’s fixation (absolute ethanol:glacial acetic acid:
3:1) for 24 hours at 4℃. The pistil were selected and dehydrated in ethanol series
from 70% to 100% ethanol. The pistil was immersed into methyl benzoate to clear
tissue for 30min, followed by DAPI staining. The pistil was then dissected on a slide
under a stereo dissecting microscope, mounted with a coverslip, observed in
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fluorescent microscope with DIC optics, or observed by using Leica confocal
microscope with a ×100 oil objective.

VI.

FISH (Fluorescent in situ hybridization) protocol

Isolation plasmid
All DNA in this experiment were isolated by using the Plasmid Isolation Kit with
minor modification in the elution step. 30µl Milli-Q water was added to each
collection tube to elute the plasmid.
These isolated plasmids were run on a gel with loading dye in order to check the
plasmid isolation quality. Note that the loading dye was added in each well on 1:1 of
plamid volume. Usually, we could expect 3 bands because of three different plasmid
structure: “linear”, “supercoiled” and “nicked open-circular ”.
DNA concentration can be measured using a NanoDrop TM machine. Based on the
FISH protocol, 50ng -1 µg of DNA is usually needed for hybridization in FISH
experiment.
Nick Translation Reaction
Isolated plasmid was indirectly labeled by digoxigenin/biotin dUTP in a nick
translation reaction. The amount of chemicals and DNA in each reaction were shown
in Table (2.1). Depending on the concentration of the isolated plasmid, Sterile Milli Q
water was used to make up the final volume in each reaction to 20µl. After all the
chemicals were added in each digestion reaction, the mixture was incubated at 15oC
for 1.5 hours. After that, the digestion quality was checked by running the product on
1% Agarose gel (1x TAE, 1µl EB). A smear between 500bp – 200bp was expected on
the gel. As during the Nick translation reaction, plasmid is treated with DNase to
produce single-stranded "nicks." This is followed by replacement in nicked sites by
DNA polymerase I, which elongates the 3' hydroxyl terminus, removing nucleotides
14

by 5'-3' exonuclease activity, replacing them with dNTPs or digoxigenin/biotin-dUTP.
If the reaction was not sufficient, the reaction was continued for longer time. The
reaction was stopped by adding 1µl 0.5M EDTA, pH 8.0 followed by heating at 67oC
for 10 minutes.
Indirect DIG
(FITC)

Indirect Biotin (Tex Red)

50-1000ng DNA + sterile MQ

16µl

16µl

Nick Translation Mix (NTM)

4µl DIG NTM

4µl Bio NTM

Table 2.1 Nick Translation reaction component.
FISH experiment protocol
This protocol is from Dóra Szinay. Slides were selected and heated at 65oC for 30
minutes. Then, these slides were incubated at 37oC for 1 hour with RNase (10mg/ml)
diluted in 2x SSC (1:100) using a 24x50 cover slip to remove RNA on the slide. After
the treatment, these slides were washed with 2x SSC three times, five minutes each
wash. Followed by washing with HCl for 2 min to neutralize alkali material on the
slide. After that washing slides with Pepsin 1:100 in 0.01M HCl to remove the
cytoplasm. The time of this step depends on the cytoplasm on each slides, it can range
from 0-5 min. After that wash with MQ water for 2 min, followed by washing slide
with 2X SSC twice, five minutes for each washes. After that put the slide in freshly
prepaired Formaldehyde buffer (Table 2.2) for 10 min. and washed with 2x SSC
thrice, 5 minutes each wash. Next, slides were dried with ethanol series 70%-90%100% for 3 minutes each. Meanwhile, 10µl of 20% Dextran sulfate was added to the
probes mixture in HB50. The mixture was vortexed well to avoid coagulations of
probes. Hybridization mix was boiled in 100oC water for 10 minutes followed by
instant cooling in an ice bath. To denature the probe’s double strand helix structure,
the 20µl of hybridization mix was pipetted onto the slide and covered with a 24x32
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cover slip. Slides were denatured at 80oC on a hot plate for 2 minutes, followed by
over night incubation for hybridization at 37oC in a humid chamber. Next day, cover
slides were removed with 2X SSC. In the meantime, the 50% formamide solution was
warmed up to 42oC. The slides were immersed in 50% formamide for 5 minutes three
times. This was done in the fume hood with extra care. Next, the slides were washed
with 2X SSC for 5 minutes followed by washing with 4T (4X SSC +0.5% Tween 20)
for 5 minutes.
As we use indirect labeled probes, the following signal amplification steps were
required: 100 µl of detection solution mixing Cy5 in TNB blocking solution in
1:200µl ratio was put on the slide, covered with a 24X50 coverslip and incubated at
37oC for 1 hour. Slides were washed with 4T once and twice in TNT (0.5% Tween 20
in 1X TN), five minutes each wash. The second incubation was with 1:25 µl
biotinylated strept-avidin in TNB blocking solution and 1:200 µl sheep anti-dig-FITC
in TNB for 1 hour at 37oC. Slides were washed with TNT three times, five minutes
each wash. The third incubation was with 1:200 µl Cy5 in TNB and 1:800 µl antisheep-FITC in TNB. After one hour, slides were washed with 2X SSC twice followed
by dehydried with series of ethanol (70%-90%-100%) three minutes for each
immersion. Preparations were counterstained with 1:20 DAPI in Vectashield antifade
mounting medium using 24x32 coverslip and excess counterstain was removed by
squeezing slides between several sheets of filter paper. Each slide was examined using
fluorescence microscopy, capture with Nikon (model) camera and images were
improved using Photoshop CS4 software (Adobe Systems, San Jose, CA).
10 X PBS

10ml

5ml

10 X Mgcl2(500mM)

10ml

5ml

37% formaldehyde

3ml

1.5ml

16

MQ

77ml

38.5ml

Total

100ml

50ml

Table 2.2 Formaldehyde buffer component

VII.

Sequence analysis

Based on the dyad/swi gene sequence information from the TAIR website, we
designed 2 primers, primer 1: 5'-TCCCCATAAGCTCTCTGCTGATT-3' and primer
13: 5'-TGGAAGAGACCTTACCAGTTCACA-3' to amplify the gene. To sequence
the gene, we use pJET1.2 forward primer 5’-CGACTCACTATAGGGAGAGCGGC3’ and pJET1.2 reverse primer 5’-AAGAACATCGATTTTCCATGGCAG-3’
combined with other 10 designed primers spread throughout of the gene to make sure
the sequencing result can overlaps the whole gene.
The Proof Reading Taq Polymerase was used to amplify the gene which is about 3kb
large. The DNA fragment was inserted into the pJET blunt cloning vector by bluntend ligation (figure 2.1). Based on the Blunt-end Ligation protocol, the ligation
reaction was prepared (Table 2.3), and was votexed briefly for a few seconds. The
ligation mixture was incubated at room temperature for 30 min. After that the ligation
mixture was directly added to the competent cell, and was incubated on ice for 30 min,
followed by 30 second heat shock at 42 oC. 250 ul LB was added into the mixture, and
was incubated for 1 hour at 37 oC oven with shaking. Spread 50-200ul of bacterial
culture on ampicillin selective plate, and incubate overnight at 37 oC oven. Only the
transformant which successfully have taken up an intact plasmid molecule will be
able to grow. 24 single colonies were selected and transferred into a new ampicillin
selective plate with identical number and do colony PCR with each colony to check
whether the gene insertion still in the plasmid. We use primer 7: 5'AATGCAGTGTTTGGCAACTCCA-3' and primer 13, 5'17

TGGAAGAGACCTTACCAGTTCACA-3', which could be able to amplify a 1500bp
fragment inside of the gene if there is insertion in the plasmid (figure 2.1). From
colony PCR result, we selected four colonies which showed highest concentration of
PCR product to isolate plasmid. The plasmid was then sent to company for
sequencing.
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1

Figure 2.1 DYAD/SWI gene model. 1,7 and 13 arrow represent primers.

Component

Volume

2 X Reaction Buffer

10

PCR product

8

pJET blunt Cloning Vector

1

T4 DNA Ligase

1

Table 2.3 ligation reaction component
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Figure 2.2 PJET 1.2 vector model, from Fermentas catalog.
With the sequence result, an alignment was made by SEQMAN software, the contig
then was used to compare with the wild type sequence in APE software.
As ms86 background is Cvi line which doesn’t have exactly same sequence from
TAIR database which supply the Col Arabidopsis sequence. According to the
POLYMOPH website, there are three polymorph sites between Col and Cvi in this
gene region. Therefore we made modification of Col DYAD/SWI gene sequence on
these 3 SNPs.
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Chapter 3: Results
We investigated the 90 plants from self-cross of the hybrid of ms86 and the wild type
plant. There are 26 plants show ms86 phenotype that the flowering time is delayed
and fewer seeds are generated. Since other 64 plants look like the wild type, the ms86
phenotype is segregated in a 3:1 ratio in the F2 population. This indicates that the
mutation in ms86 is on a single gene and recessive on phenotype.

I.

Pollen grain size comparison

Because of the correlation between pollen size and DNA content (chromosome
number), we can use pollen size to identify 2n gametes, normal gametes and unviable
gametes. This correlation is also suitable for Arabidopsis pollen (Altmann et al. 1994).
We compared pollen grains from wild type, ms86 and a dmc1 RNAi transformant
which shows achasmatic meiosis.
B

C

A

Figure 3.1 Pollen image. A. wild type, pollen stain with red color. B. ms86. C. dmc1 RNAi
transformant.

From the pollen images, we can clearly see that in wild type the pollen are uniform in
shape and size. But in both ms86 and the RNAi transformant show the pollen grains
are varying in shape and size. The smaller size pollen grains are unviable pollen
which shrank in the end, and the larger size pollen grains are putative 2n gametes.
In this report, the pollen size is demonstrated by pollen surface area. Figure3.2 shows
the pollen size distribution of the wild type, ms86 and dmc1 RNAi transformant. The
result indicates that the regular wild type pollen grains surface area varies between
3600-5000 pixels. In the ms86 mutant, the pollen size distribution is in a larger range.
There are three peaks in the pollen size distribution, arrows point at these peaks. Most
20

pollen surface area is smaller than 2000 pixels, which are presumed unviable pollen
grains. The second peak located at around 4000 pixels which represents the regular
pollen surface area. The third peak is for the giant pollen surface area around 7000
pixels. In the dmc1 RNAi tansformant, the pollen grains size distribution is similar as
ms86. Research by Altman shows the area of tetraploid pollen containing 20
chromosomes is 1.5 times diploid pollen which contains 10 chromosomes. In our
pollen size measurements, the average pollen surface area of wild type is 3935 pixels,
so we may assume that pollen size over 6000 pixels constitute 2n gametes. The
proportion of dmc1 RNAi transformant produces 2n gametes at 5% and the proportion
of 2n gamete in ms86 is about 8%.
WT pollen size distribution
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Figure 3.2 pollen size distribution. A. wild type. B. dmc1 RNAi construct. C. ms86
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II.

Male meiosis

In order to identify the phenotype of ms86 and the reason for its sterility, we studied
both wild type and ms86 meiosis. The results are shown below.

A. Wild type

Figure 3.3. DAPI images of wild type Arabidopsis male meiosis. (a). zygotene, (b).pachytene, (c). late
diplotene, (d) metaphase I, (e) anaphase I, (f) interkinesis, (g) metaphase II, (h) telephase II
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At zygotene, synapsis of homologous chromosomes is initiated. In figure (3.3 a), we
can observe the synapsed and unsynapsed regions. The arrow points at an unsynapsed
region which is thinner than a synapsed region. At pachytene, crossovers can not be
visually detected; instead we could only clearly see the fully synapsed chromosomes
(Figure 3.3 b). At diplotene, the synaptonemal complex disassembles and homologous
chromosomes separate from each other. At diakinesis, homologous chromosomes are
connected at chiasmata, and chromosomes further condense and form 5 bivalents
(Figure 3.3 c). On average we could find 2 chiasmata on each bivalent. At metaphase
I, 5 bivalents align along an equatorial plane, and homologous chromosomes
segregate to two poles of the cell (Figure 3.3 d). At anaphase I, homologous
chromosomes have segregated to opposite poles of cell, forming two haploid sets,
each chromosome still consists of two sister chromatids (Figure 3.3 e). After the first
meiotic division, two sets of chromosomes are separated by a cytoplasmic organelle
band and chromosomes decondense. This is known as interkinesis (Figure 3.3 f). At
metaphase II, 2 sets of chromosomes align at the metaphase II plane (Figure 3.3 g). At
anaphase II, sister chromatids segregate to opposite poles leading to four groups of 5
chromosomes. At the tetrad stage, four nuclei are present which will develop into
pollen.
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B. ms86

Figure 3.4 male meiosis in ms86. (a) zytotene. (b) pachytene. (c) diplotene. (d)diakinesis.(e, f, g)
metaphase I. (h-l) interkinesis.
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Figure 3.4 male meiosis in ms86. (m-p,r) metaphase II (q) telophase II.

In MS86 meiotic cells, the zygotene and pachytene appear as wild type.
Chromosomes start to condense at zygotene (Figure 3.4 a). At pachytene, we can
detect chromosome paring and figure (3.4 b) shows there are 5 condensed centromere
regions which indicates homologous chromosomes pair. At diakinesis, univalents are
present. Usually one or two chromosomes still have one or two remaining crossovers
(Figure 3.4 c,d). We counted 99 meiotic cells at diakinesis, 25 cells shows 10
univalents and other 74 cells have 1-4 bivalents. At metaphase I, not only homologous
chromosomes segregate, but sister chromatids also segregate in some meiotic cells. In
figure (3.4 e), sister chromatids all segregated at meiosis I. In figure (3.4 f), 6
univalents and 2 bivalents are aligned on the equtional cell plane, and two
homologous pulled to two opposite poles. In figure (3.4 g), 4 pairs of sisters
chromatids are pulled to two opposite poles and other univalents have already
segregated into two poles without sister chromatids segregation. After meiosis I, the
meiocyte differ in their chromosome content depending on segregation at meiosis I.
They consist of combination of chromosomes and chromatids. We could distinguish
chromosomes and chromatids on size of “dot”, and based on the number of “dots” we
could know whether sister chromatid segregated. There are 20 “dots” if all sister
chromatids have segregated, and there are 10 “dots” if only homologous chromosome
have segregated. In figure (3.4 h), there are two nuclei separated by an organelle band,
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each nucleus contains 10 chromatids. In figure (3.4 i), it is also shown two nuclei are
separated by an organelle band, but each nucleus only contains 5 chromosomes,
which indicate that sister chromatids are still together in this meiotic cell. In figure
(3.4 j), we observe two sister chromatids lagging in the organelle band and both of the
two nuclei contain 9 chromatids. In figure (3.4 k), there are 4 lagging chromosomes or
chromatids in the organelle band and these two nuclei contain the mixture of
chromatids and chromosomes as the total number of “dots” is 13. Some meiotic cells
form more than two nuclei after meiosis I. In figure (l), there are three nuclei at
interkinesis, and in these nuclei, sister chromoatids did not separate yet.
During meiosis II, we can also observe a variety of meiotic cells show different
phenotypes. In figure (3.4 m), two sets of chromosomes align at the metaphase II
plane, but with unequal chromosome numbers, one contains 6 chromosomes and one
contains 4 chromosomes. Figure (3.4 n) shows one nucleus with 3 chromatids and one
nucleus with 17 chromatids. The logical explanation would be that at least in one
chromosome the sister chromatids segregated at meiosis I, which could lead to one
nucleus containing 1 chromosome and 1 segregated sister chromatid after meiosis I.
Figure (3.4 o) shows chromosomes and chromatids aligning on the metaphase II plane,
and a set of sister chromatids lagging in the organelle band with pulling forces to two
opposite poles, arrows point at sister chromatids. In figure (3.4 p), we can observe that
there are 3 nuclei are formed after meiosis I and these nuclei are at metaphase II since
two chromosomes are undergoing sister chromatid segregation, arrow points at sister
chromatids. At the tetrad stage, because of the random segregation of homologous
chromosomes, irregularly sister chromatid segregation and lagging chromosomes,
meiotic cells usually end up with more than 4 nuclei and contain unbalanced
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chromosome number. For example figure (3.4 q) shows 7 nuclei, each of them
containing different number of chromosomes.
There is a possibility that chromosomes all segregate to one pole at meiosis I, for
example figure (3.4 r) shows that 20 chromatids are all in one cell, and this will lead
to a mitotic like second meiotic division which may form an 2n gamete. Another
theory could interpret figure (3.4) is that the meiotic cell skip meiosis I and only
undergo meiosis II, forming FDR 2n gamete.

C. FISH

Figure 3.5 FISH image of ms86 with 5s and 45 signal. (a-5s, b-5s) establish 5s signal on chromosome;
(a-45s, b-45s) establish 45s signal on chromosomes; (a-merged, b-merged) combine both 5s and 45s
signal on chromosomes.

We also established 45s rDNA (red signal) and 5s rDNA (green signal) on ms86
meiotic cell. In Wild type Arabidopsis Cvi, 45s rDNA signals are on the chromosome
2 and 4, 5s rDNA signals are on the chromosome 3, 4 and 5. Figure (a-5s, a-45s and
a-merged) show a meiotic cell at diakensis with 3 crossovers left, and these crossovers
all exist between homologous chromosomes. However, we also find in few cells, there
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are connections link two non-homologous chromosomes. In figure (b-5s, b-45s, bmerged), there are 9 univalent in this meiotic cell, arrows point at a connection
between chromosome 2 and chromosome 3 or 5.
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III.

Stages of ovule development in wild type and ms86

To investigate the ms86’s phenotype on the female side, we carried out an experiment
to analyse the female meiosis and ovule development in ms86 and wild type.

A. Wild type

Figure 3.6 Ovule development in wild type. Stages described by Schneitz et al. (a) megasporogenesis
stage. Arrow points at nucleus. (b, c) 3-I stage. Arrow points at degenerated cell. (d) 3-II stage, two
nuclei embryo sac. Arrow points at two nuclei. (e) 3-III. Two nuclei are separated by vacuole. Arrow
points at vacuole. (f) 3-IV. Four-nuclei embryo sac. In the zoom in embryo sac, arrow point at
endothelium. (g) 3-VI. Mature embryo sac. (h) Zoom in the embryo sac from (g).
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During megasporogenesis, the MMC goes through meiosis. We can observe there is a
large nucleus in the ovule (Figure 3.6 a). At the end of meiosis, linear tetrad is formed
(figure 3.6. b). Schneitz et al. divided megametogenesis into 6 stages, which include 3
mitotic divisions. In stage 3-I, three cells from meiotic division are degenerated before
the first mitotic cell division, only one cell is left for further division (Figure 3.6. c).
In stage 3-II, the first cell division takes place, which leads to a binucleate embryo sac
(Figure 3.6. d). In stage 3-III, the formation of a vacuole separates the two nuclei
(Figure 3.6 e). In stage 3-IV, a tetranucleate embryo sac is formed after the second
cell division (Figure 3.6. f). In stage 3-V, an embryo sac containing eight nuclei
formed after third cell division. Two synergid cells and one egg cell are positioned in
a triangular manner at the micropylar end. At the chalazal end, three antipodal cells
are also positioned in a triangular manner. In stage 3-VI, two polar nuclei fuse form a
single 2n nucleus (Schneitz et al). Because these three antipodal cells quickly
degenerate in the end, we can not detect these antipodal cells in mature embryo sac. In
figure (3.6 g), two synergids and the egg cell at the micropylar end are visible, the
central cell contains two nuclei but these three antipodal cells already degenerated.
The development of the embryo sac and integuments proceeds consistent. In stage 3-I,
the outer and inner integument surround the nucleus but the inner integument does not
completely cover the nucleus yet (Figure 3.6 a). In stage 3-IV, the inner integument
completely covers the embryo sac, the endothelium arose from the inner integument is
distinguishable (Figure 3.6. f). It is directly in contact with most of the embryo sac.

B. ms86
Based on the wild type embryo sac and integument development, we can organize the
different embryo development at stages in the mutant.
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Figure 3.7 Ovule development in ms86. (a) megasporogenesis stage. (b) stage 3-I, arrow point at
nucleus. (c,d) one nucleus arrested after 3-I stage. (e) A dyad like ovule, two nuclei arrested. Arrow
points at a cell wall divide two nuclei. (f) Embryo sac contains multiple nuclei. (g) Embryo sac
degenerated. (h) Wild type like embryo sac.
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During megasporogenesis of ms86, we can observe one nucleus in the ovule like the
wild type (Figure 3.7 a). At stage 3-I, most embryos form a mononuclear sac (Figure
3.7 b). From stage 3-II onwards, most embryo sacs contain one undivided Mmc
(Figure 3.7 c,d). These Mmcs don’t undergo three mitotic divisions like the wild type
but arrest at this point. Some ovules, arrest with two nuclei. The difference between
the ovule arrest with two nuclei and normal ovule at stage II which also contains two
nuclei is that these two nuclei are divided by the cell wall in the dyad like ovule. An
arrow points at the cell wall (Figure 3.7 e). Some cells form the embryo sac contain
multiple nuclei. (Figure 3.7 f) At the end of embryo sac development, we observe that
in some ovules the Mmcs degenerated (Figure 3.7 g). But there also are ovules that
contain a wild type like embryo sac with 8 nuclei (Figure 3.7 h)
Table 3.1 Megaspore mother cell (Mmc) division product in ms86

3-I—3-II
3-III—3-VI
Total

0 cell

1 cell

2 cell

>2 cells

Regular number
of cells

Number of
ovule

24
24

4
49
53

9
9

8
8

13
13

107

Based on different stage, 107 ovules are scored. In table 3.1, by stage 3-I and3-II, all
Mmc have undergone meiosis. By stage 3-III to 3-VI, it shows half of Mmcs are
arrested after meiosis showing one nucleus, 20% of Mmcs are degenerated, 9% Mmcs
are arrested at a binucleate stage, 8% Mmc cell form multiple nuclei and there are
13% of Mmcs that still undergo wild type cell division to form mature embryo sac.
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IV.

Female meiosis

We examined the female meiosis to investigate whether it shows similar defective
meiosis on male side. As one ovule only contains one Mmc, covered by several layers
of integuments, it is much harder to observe female meiosis. We only found meiosis I
for both wild type and mutant.

Figure 3.8. Female meiosis in wild type and ms86. (a) Pachytene in wild type. (b) Metaphase I in wild
type. (c) Pachytene in ms86. (d) Diakinesis in ms86. (e) Metaphase I in ms86

In wild type, female meiotic cell resembles the wild type male meiocytes. Figure 3.8a
shows chromosomes are paring at pachytene. Figure 3.8b shows 5 bivalents aligning
at the equatorial plane. In ms86, at pachytene stage, chromosomes paring as well as
the wild type (figure 3.8 c). In figure 3.8 d, it is shown that there are 8 chromosomes
scattered in the cell at diakinesis, indicating the presence of univalents. We can also
conclude the presence of univalent by the size of the blue “dots” which represent
chromosomes in ms86 are smaller than in the wild type. At metaphase I, univalents
and bivalents align on the equational plane. For now, it seems sister chromatid are not
segregated yet (figure 3.8 e).
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V.

Sequence analysis

Figure 3.9 Mutation on dyad/swi gene in ms86. The arrow points at the mutation position in ms86.
Detail sequence information is shown in Appendix I.

Based on the phenotype of ms86, we found there are a lot of similarities between
ms86 and the dyad/swi mutant, especially in male meiosis. We therefore sequenced
the dyad/swi gene of ms86 and compared it with wild type to examine whether
ms86’s phenotype is caused by a mutation of dyad/swi gene. dyad/swi gene has 8
exons and 7 introns. Three transcripts have been identified for this gene that can
encode proteins of 639, 635, and 578 amino acids. For dyad/swi gene there are three
polymorphic sites between Col accession(TAIR website only supply Col sequence)
and Cvi accessions(ms86 genomic background). So we modified these three
polymorphic sites in Col sequence as wild type Cvi sequence. The sequence
comparison shows that there are three SNPs in the first intron, and 2 base pairs
insertion in the last intron (figure 3.9 & Appendix I). Comparing the amino acid
sequence by simply translating the coding sequence into its corresponding amino acid
sequence, we found that the amino acid sequence is perfectly match. It is possible that
mutations in intron might leads to splicing site change. There are three critical
sequence elements in an intron that are essential for proper splicing. These are
sequences at 5’splice site, sequences at the 3’ splicing site and sequences within
intron at the branch point (book cell biology). During splicing, the spliceosome
recognizes these conserved sequences, and the mRNA is cleaved at the 5’slice site
first, and the 5’end of the intron is joined to an adenine nucleotide (A) which is called
as the branch point to form a loop structure. Then the splicing proceeds with cleavage
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at the 3’splice site and ligation of two exons at the same time. As for now, we don’t
know the sequence information about these three conserved sequence elements, so it’s
hard to predict whether the mutation in intron region will lead to the different mRNA
product.
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Chapter 4: Discussion
Through analysis of the ms86 phenotype, which included pollen size measurement, an
evaluation of both male and female meiosis and a comparison of ovule development,
we have a basic understanding of this mutant. ms86 is a desynaptic mutant: it shows
chromosome paring during pachytene but univalents at late stages. Besides that the
ms86 mutant also shows premature sister chromatid segregation during meiosis I.
After comparing the phenotype of ms86 with other meiotic mutants, including
sequence analysis we can now answer few questions about this mutant. Is this a new
meiotic mutant? What is the possible function for this meiotic gene, and what to do in
the future?
Mutant

Sister
chromatid
cohesion

Bivalents

premature
sister chromatid
segregation

ms86

Yes

Few

Yes

Dyad/swi

No/yes

Yes/few/No

No/yes

rec8

No

No

Yes

Few

Yes

Yes
Yes

Yes
Yes

scc3
sgo1
mis12

Asynaptic

Synapsis

No full
synapsis
Yes
Yes

zyp1

no

Yes

No

dmc1

No

No

No

msh4

Yes

No

No

mer3

Yes

No

No

specific phenotype
Association between
non-homologous
chromosomes in
some cells at
diakinesis
4 alleles with different
phenotypes
chromosome
fragmentation
Form tangled
structure at Diakinesis

crossing over
between
non-homologous
chromosomes

Desynaptic

Table 4.1. Phenotype comparison of ms86 with other meiotic mutants.

Is ms86 a new allele of dyad/swi?
Male meiosis in ms86 resembles the phenotype of swi1.2 one of the dyad/swi mutants
(detail in table 4.1). And In previous dyad/swi mutant studies, despite of these 4
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mutant alleles having different phenotypes in male meiosis; they share a similar
phenotype in ovule development (Siddiqi, et al. 1999). So we could expect a dyad like
phenotype of ovule development if the mutation is in the dyad/swi region. The
dyad/swi gene sequence of ms86 indicates that few mutations that probably won’t
affect the final protein. There is a small change that the mutation on the intron
happened in the branching point which determines the mRNA splicing site.
Furthermore, a comparison of ovule development between ms86, the dyad/swi mutant
and the wild type plant clearly suggests that most of megaspore mother cells (Mmc) in
ms86 arrest with one cell or degenerate. ms86 looks neither like wild type MMCs
which undergo three mitotic divisions, nor like MMCs of dyad/swi mutants which all
arrest with two cells after meiosis I. Since we didn’t find obvious sequence anomalies,
and the female meiotic phenotype of ms86 does not resemble dyad/swi, it is almost
certain that the mutation in ms86 is not in dyad/swi region.

What is the possible gene function of ms86
Having established that male and female meiosis are probably equally affected, it is
possible to present a hypothesis on the function of ms86. Firstly, ms86 mutant has a
desynaptic phenotype. Since previous studies shown in the table 4.1 indicate that
many desynapstic mutants like msh4 and mer3 work in the later recombination events
which required for the crossing over formation but not for synapsis formation
(Higgins et al. 2004; Wang et al. 2009). The mutation in ms86 probably regulates
crossing over formation in late recombination events.
Secondly, because of premature sister chromatid segregation in meiosis I, mutation in
ms86 probably has a function in sister chromatids cohesion. There are some meiotic
genes that regulating sister chromatid cohesion been described before. dyad/swi is one
that probably regulate establishment of sister chromatid cohesion on the upstream of
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meiosis process. We already prove mutation in ms86 is not on the dyad/swi gene
region. sgo1 and sgo2 also work for sister chromatid cohesion and its protein
SHUGOSHIN protects the sister chromatid cohesion on centromere region during
meiosis I. Since the sgo mutants from different species show regular prophase
including crossing over but with premature releasing sister chromatids cohesion, we
can conclude that the mutation in ms86 does not function as sgo1 and sgo2. Similarly,
because meiotic cells in the mis12 mutant only show defective sister chromatid
segregation in meiosis I, ms86 does not functions as mis12 which is important for the
sister chromatid co-orientation in meiosis I. Except that, ms86 does not work as a
component of cohesin complex REC8 which is not only affect the sister chromatid
cohesion but also regulate other events. In yeast, rec8 mutant leads to failure
formation of AE (Klein et al. 1999). In Arabidopsis, SYN/DIF orthologous of Rec8
affect AE formation and homologous chromosome paring (Cai et al. 2003). In
addition the mutation of Atrec8 leads to chromosome fragmentation (Chelysheva, et
al. 2005). To some extent, ms86 has phenotype most close to the scc3 mutant which is
also a component of the cohesin complex. The scc3 mutant shows plant development
is strongly affected, generate small plant and defects meiosis form the fluffy
chromosomes in pachytene, tangled chromosome structure at diakinesis and
premature release of sister chromatid cohesion in meiosis I. ms86 seems has a weak
phenotype with delayed flowing time, premature sister chromatids segregation and
association between non-homologus chromosomes in meiotic cells. However, the scc3
mutant phenotype description suggests that crossing over is resolved after diakinesis
while in ms86 univalents already present in diplotene. What’s more the other two
subunits of cohesin complex SMC1 and SMC3 cause lethal phenotype in the mutant
which is different from ms86. As we cannot exclude scc3 as a candidate gene for
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mutation in ms86, therefore, based on the known phenotype in ms86 we could only
conclude ms86 regulate sister chromatid cohesion and crossing over formation.
From comparison of the pollen size between ms86, dmc1 RNAi transformant and wild
type it can be concluded that ms86 has a similar pollen size distribution as the dmc1
RNAi transformant. In dmc1 RNAi transformant it also forms a higher proportion of
2n gamete than in theory. Until now there is no study explain why asynaptic or
desynaptic mutants generate higher proportions of 2n gametes than we expect. It is for
sure that ms86 is not a specific mutant that leads to apomeiosis although it generates a
higher proportion of 2n gametes as expected based on achiasmatic meiosis.

Future perspectives
The phenotype of this mutant strongly suggests that the mutation is in an unknown
locus. In order to find the mutation, we could do several experiments present below.
The first goal is to find out the mutation locus to understand which gene responsible
for ms86 phenotype. We could simply do the complementation test to test whether the
mutation is on the candidate gene—scc3. After cross ms86 with scc3 mutant, if the
hybrids recover the wild type phenotype, we could conclude that ms86 mutation is on
other locus. Then we can directly use SHORE mapping to map the mutation. In this
method, first of all, one creates a F2 population from the hybrid of ms86 and another
Arabidopsis line. From this F2 population one selects the plants with the ms86 semisterile phenotype for bulk sequencing. Since ms86 is a recessive allele, in these plants
with ms86 phenotype is homozygous for the mutated locus. So one could simply finds
the mutation region by comparing the allele frequencies in the selected F2. In all
regions one expects a 50% ratio of both parental sequences because of meiotic
recombination, but the mutated region is expected to a 100% ratio of ms86 (cvi)
sequence (Schneeberger et al. 2009).
40

Furthermore, we can detect the gene function and regulation mechanisms through
studying double mutants. For example, in double mutant of ms86 and rec8, if we
would recover the rec8 phenotype with no synapsis in pachytene, premature sister
chromatid segregation and chromosome fragmentation, we could conclude that the
mutation in ms86 functions in a later stage than rec8 does. Conversely, if ms86/rec8
shows an ms86 phenotype with synapsis at pachytene, premature sister chromatid
segregation and no chromosome fragmentation, we could conclude that mutation in
ms86 functions earlier than rec8 does. But these explanations are uncertain depend on
different phenotype with different double mutant construct. I propose to make double
mutant construct between ms86 and rec8, ms86 and scc3, ms86 and spo11, ms86 and
msh4. Based on the phenotype of these double mutants, we would have further
understanding about the function of ms86.
Another experiment we can do is immunolocalizaiton of the ms86 protein to know
where does this protein locate and when does this protein start to work. I also propose
to do immunolocalizaiton studies with ZYP1 and Rad51 in ms86. We will know when
does the synapsis fall apart? Whether the crossing over is established at first and
resolved in later stage or the crossing over is not initiated at all?
In conclusion, we could use the shore map method to map the mutation position and
through double mutant and protein immunolocalization to investigate the function and
the regulation mechanism of this “new gene”.
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Appendix I: Sequence comparison on dyad/swi gene
region
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Figure 1. ms86 and the Cvi sequence comparison on dyad/swi gene region. Top line
is the wild type cvi dyad/swi sequence and the bottom line is the ms86 dyad/swi
sequence. Capital letters in the wild type sequence represent exons and small letters in
the wild type represent introns. The letter N in ms86 sequence represents four
different nucleotides. Note the mismatch regions are colored by red.
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Appendix II: Polymorphic site between Arabidopsis
Cvi and Arabidopsis Col accessions on dyad/swi gene
region

Figure 2. From POLYMOPH website.
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