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Whole-genome duplication through the formation of diploid gametes is a major route for polyploidization, speciation, and
diversification in plants. The prevalence of polyploids in adverse climates led us to hypothesize that abiotic stress conditions can
induce or stimulate diploid gamete production. In this study, we show that short periods of cold stress induce the production of
diploid and polyploid pollen in Arabidopsis (Arabidopsis thaliana). Using a combination of cytological and genetic analyses, we
demonstrate that cold stress alters the formation of radial microtubule arrays at telophase II and consequently leads to defects in
postmeiotic cytokinesis and cell wall formation. As a result, cold-stressed male meiosis generates triads, dyads, and monads that
contain binuclear and polynuclear microspores. Fusion of nuclei in binuclear and polynuclear microspores occurs spontaneously
before pollen mitosis I and eventually leads to the formation of diploid and polyploid pollen grains. Using segregation analyses,
we also found that the majority of cold-induced dyads and triads are genetically equivalent to a second division restitution and
produce diploid gametes that are highly homozygous. In a broader perspective, these findings offer insights into the
fundamental mechanisms that regulate male gametogenesis in plants and demonstrate that their sensitivity to environmental
stress has evolutionary significance and agronomic relevance in terms of polyploidization.

The spontaneous formation of polyploid species
through whole-genome duplication is a major force
driving diversification and speciation in plant evolution
(Wang et al., 2004). The redundant genomic material
produced by polyploidization provides genotypic
plasticity that facilitates adaptation and confers en-
hanced competitiveness compared with diploid pro-
genitors (Adams and Wendel, 2005a, 2005b; Leitch and
Leitch, 2008). Molecular analyses suggest that the ge-
nomes of most angiosperms (more than 90%) retain
evidence of one or more ancient genome-wide dupli-
cation events (Cui et al., 2006). Moreover, recently,
Wood et al. (2009) established that up to 15% of an-
giosperm and 31% of gymnosperm speciation events

were accompanied by polyploidization. Polyploidiza-
tion in plants is also commercially beneficial. Many
important crop species including wheat (Triticum aes-
tivum), potato (Solanum tuberosum), tobacco (Nicotiana
tabacum), coffee (Coffea arabica), and numerous fruit
varieties are polyploid (Bretagnolle and Thompson,
1995). Although several mechanisms can yield poly-
ploids, it is thought that most polyploid plants are
formed by the spontaneous production and fusion of
diploid (2n) gametes (Bretagnolle and Thompson,
1995; Ramsey and Schemske, 1998). However, despite
the evolutionary and agricultural significance of sexual
polyploidization in plants (Ramanna and Jacobsen,
2003), the molecular mechanism underlying 2n gamete
formation in natural populations is poorly understood.

Several cytological defects lead to diploid gamete for-
mation in both male and female reproductive lineages. In
some species, premeiotic and postmeiotic genome dou-
bling events are reported, but diploid gametes typically
result from a defect in one of the two meiotic divisions, a
phenomenon referred to as “restitution” (Bretagnolle and
Thompson, 1995; Ramsey and Schemske, 1998). Meiotic
restitution mechanisms are categorized into three classes:
(1) omission of one of the meiotic cell divisions; (2) alter-
ations in meiosis I (MI) or meiosis II (MII) spindle mor-
phology; or (3) defects in meiotic cytokinesis (Ramanna
and Jacobsen, 2003). Additionally, depending on the ge-
netic makeup of the resulting 2n gametes, meiotic resti-
tution mechanisms can be further subdivided into two
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classes: first division restitution (FDR) and second divi-
sion restitution (SDR). In FDR, the sister chromatids dis-
join and segregate to opposite poles, yielding 2n gametes
that largely retain the heterozygosity of the parental
plant. In SDR, sister chromatids do not disjoin in MII and
segregate to the same pole, generating highly homozy-
gous 2n gametes (Köhler et al., 2010).
Several genes governing 2n gamete formation have

been identified and characterized in potato, maize (Zea
mays), and Arabidopsis (Arabidopsis thaliana; Consiglio
et al., 2004; Brownfield and Köhler, 2011). Mutations
in Arabidopsis DYAD/SWITCH1 and maize ARGO-
NAUTE104 (AGO104) and AM1 induce a complete loss
of MI and, consequently, convert the meiotic cell cycle
into a mitotic one (Ravi et al., 2008; Pawlowski et al.,
2009; Singh et al., 2011). Lesions in Arabidopsis OSD1/
GIG1 and TAM/CYCA2;1, two proteins involved in
progression of the meiotic cell cycle, cause a complete
loss of MII, generating highly homozygous 2n gametes
in both male and female meiosis (d’Erfurth et al., 2009,
2010). Spindle-based meiotic restitution mechanisms
have been reported in both Arabidopsis jason and atps1
mutants and in the potato ps mutant, in which parallel,
fused, and tripolar spindles in male MII lead to the
formation of FDR 2n spores (Mok and Peloquin, 1975;
d’Erfurth et al., 2008; De Storme and Geelen, 2011).
Disruption of postmeiotic male cytokinesis, which is re-
gulated by a mitogen-activated protein kinase (MAPK)
kinase signaling pathway, also results in polyploid gam-
etes. Mutations in TES/STUD/AtNACK2, MKK6/ANQ1,
and MPK4, three main components of the cytokinetic
MAPK signaling cascade, induce a complete loss of
cytokinesis following male meiosis, generating fully res-
tituted tetraploid pollen grains (Hulskamp et al., 1997;
Spielman et al., 1997; Soyano et al., 2003; Zeng et al., 2011).
Despite progress on understanding cytological

mechanisms and genetic factors governing the for-
mation of 2n gametes in natural populations, less is
known about the environmental factors involved.
There is evidence that 2n gamete production can be
stimulated by both biotic and abiotic stresses, such as
nutritional deprivation, wounding, disease, herbivory,
and temperature stress (Ramsey and Schemske, 1998).
In Lotus tenuis, temperature stresses, and in particular
high temperatures, increase the level of parallel spindle-
driven 2n gamete production (Negri and Lemmi, 1998).
Similarly, in rose (Rosa spp.), short periods of high
temperature (48 h at 30°C–36°C) can induce cytomixis
and parallel and tripolar spindles at male metaphase II,
generating dyads and triads at the end of male sporo-
genesis (Pécrix et al., 2011). Low-temperature environ-
ments can also stimulate 2n gamete formation. For
example, Solanum phureja grown in cool field environ-
ments produces more restituted spores compared with
lines grown under normal conditions (McHale, 1983).
Similarly, in Datura spp. and Achillea borealis, unreduced
pollen formation is higher at low temperatures (Ramsey
and Schemske, 1998; Ramsey, 2007). Recently, Mason
et al. (2011) demonstrated that cold stress significantly
stimulates 2n pollen production in some interspecific

Brassica spp. hybrids. Temperature-induced diploid
gamete formation is not restricted to plants. Low
temperatures have also been shown to stimulate the
formation of 2n spores in some animal species, par-
ticularly among fish and amphibians (Bogart et al.,
1989; Mable et al., 2011). Moreover, ecological pop-
ulation studies have demonstrated that polyploid
plant and animal species occur more frequently at
higher altitudes and at latitudes closer to the poles
(Beaton and Hebert, 1988; Barata et al., 1996;
Dufresne and Hebert, 1998), leading to the suggestion
that cold climates stimulate the production of poly-
ploid gametes.

In this study, we demonstrate that short periods of
cold stress induce a development-specific production of
meiotically restituted spores in Arabidopsis, which
thereby constitutes an ideal model system to identify
potential cytological and molecular factors involved in
stress-induced sexual polyploidization. Using a combi-
nation of cytological and genetic approaches, we reveal
the cytological basis for cold-induced meiotic restitution
and additionally demonstrate that restituted binuclear
and polynuclear spores spontaneously develop into
diploid and polyploid pollen grains. We also use pollen
tetrad-based segregation analysis to monitor the genetic
makeup of cold-induced 2n gametes and Arabidopsis
mutants to examine the potential role of some candidate
regulators (e.g. TAM/CYCA1;2 and MKK2) in the sen-
sitivity of male meiosis to low-temperature stress.

RESULTS

Cold Stress Induces Diploid and Polyploid Pollen Grains
in Arabidopsis

To determine whether the ploidy of Arabidopsis male
gametes is sensitive to low-temperature stress, flowering
plants were put in a climate chamber at 4°C to 5°C for 20
or 40 h to mimic approximately 1 and 2 d of cold stress,
respectively. After transfer back to normal growing con-
ditions, the frequency of higher ploidy gamete formation
was quantified by assessing pollen diameter (De Storme
and Geelen, 2011). Although no large pollen were ob-
served during the first 5 d following cold stress, enlarged
pollen were detected at 6, 7, and 8 d after treatment
(Fig. 1A). In both temperature regimes, the production of
larger pollen grains showed a maximum at 7 d post
treatment (dpt) and displayed lower frequencies the day
before and after. The frequency of flowers producing
larger pollen upon 20 or 40 h of cold shock was 6.3%,
34.8%, and 13.5% or 11.5%, 28.4%, and 0.0% at 6, 7, and
8 dpt, respectively (Supplemental Table S1). Although
Arabidopsis inflorescences typically have two to four
open flowers per day, no more than one appeared
to produce larger pollen, indicating that the cold
treatment acts at a specific time point in the plant’s
reproductive development. Moreover, at 7 dpt, all in-
florescences had at least one flower that contained
larger pollen, a consistency that is reflected by the
similar frequency of flowers producing enlarged spores
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in both treatments (34.8% and 28.4% in 20- and 40-h
treatments, respectively). Furthermore, since the 40-h
treatment produced more enlarged pollen at 7 dpt (26.4%
on a per flower basis, 9.3% on a population basis) com-
pared with the 20-h cold treatment (10.7% and 3.7%, re-
spectively), the duration of cold treatment appeared
positively correlated with the frequency of large pollen
production (Supplemental Table S1). These data sug-
gest that the cold-induced mechanism of enlarged
pollen production operates at a specific developmental
stage in male gametogenesis occurring 7 to 8 d before
the mature pollen stage.

To estimate the ploidy level and number of nuclei in
the cold-induced large pollen, we monitored male ga-
metophytic nuclei using 49,6-diamidino-2-phenylindole
(DAPI) staining of mature pollen grains. Although the
nuclear configuration in all large pollen appeared normal,
with one less-condensed vegetative nucleus and two
highly condensed sperm nuclei (Fig. 1, B–G), both types

of gametophytic nuclei appeared significantly bigger
compared with haploid controls, indicating that the en-
larged pollen were diploid and/or polyploid (Coleman
and Goff, 1985; Li et al., 2009; De Storme and Geelen,
2011). Similar observations were made in cold-treated
plants carrying a pMGH3::H2B-GFP reporter construct.
This transgene specifically labels histone H2B in the nu-
cleosomes of all male gametophytic nuclei, from the early
microspore to the mature pollen stage (Brownfield et al.,
2009), and enables the in vivo estimation of the gameto-
phytic nuclear DNA content. Upon cold stress (7 dpt),
enlarged pMGH3::H2B-GFP pollen grains (n = 54) all
contained two enlarged sperm nuclei with increased
fluorescence intensity, indicative of increased DNA con-
tent (Fig. 1, H–O). In order to determine the exact ploidy
level of the enlarged sperm nuclei, we quantified the
number of chromosomes by using plants harboring a
pWOX2::CENH3-GFP reporter construct. This reporter
labels the centromere-specific histone H3-like protein

Figure 1. Cold stress induces the formation of diploid and polyploid pollen. A, Histogram showing the frequency of larger
pollen grains produced 1 to 10 d following cold treatment of young flowering Arabidopsis plants (20 and 40 h, 4˚C–5˚C). B to
G, DAPI staining of wild-type (B and C) and cold-treated (D–G) pollen 7 dpt (40 h, 4˚C–5˚C). H to O, Mature pollen of the
pMGH3::H2B-GFP marker line under normal conditions (H and I) and 7 d post cold treatment (40 h, 4˚C–5˚C; J–O). P to W,
Mature pollen of the gamete-specific pWOX2::CENH3-GFP centromeric labeling line under control conditions (P and Q) and 7
d post cold treatment (40 h, 4˚C–5˚C; R–W) imaged by confocal Z-stacking. Fluorescent images are Z-axis projections. Three-
dimensional centromere counting in sperm of cold-induced enlarged spores reveals either 10 (S), 15 (U), or 20 (W) chromo-
somes. Bars = 10 mm.
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HTR12 (Talbert et al., 2002) in all stages of microspore
development and thus enables the quantification of ga-
metophytic chromosome numbers from the early mi-
crospore to the mature pollen stage (De Storme and
Geelen, 2011). Under control conditions, sperm nuclei
of pWOX2::CENH3-GFP pollen grains consistently dis-
played five centromeric dots (Fig. 1, P and Q; n = 135),
reflecting the basic set of five chromosomes present in a
haploid nucleus. In contrast, in the cold-induced en-
larged spores (7 dpt), a higher number of centromeres
was observed (Fig. 1, R–W), indicating an increased
gametophytic chromosome number. Moreover, as en-
larged pollen always contained 10, 15, or 20 centromeric
dots in its sperm nuclei (n = 38), we conclude that cold
stress does not generate gametophytic aneuploidy but
instead induces the formation of diploid, triploid, and
tetraploid male spores.

Cold-Induced Diploid and Polyploid Spores Originate
from Aberrations in Meiotic Cell Division

Diploid and polyploid gametes can be formed by
somatic genome doubling or by meiotic restitution
mechanisms (Bretagnolle and Thompson, 1995). To
differentiate between these possibilities, we moni-
tored male meiosis in cold-shocked qrt1-22/2 plants.
Due to the loss of QRT1 activity, a pectin methyl-
esterase involved in postmeiotic spore release, the
four products of qrt1-22/2 male sporogenesis remain
attached and pollen grains are released as tetrads
(Francis et al., 2006). This allows for the nonde-
structive visual analysis of the outcome of male
meiosis (Johnson-Brousseau and McCormick, 2004).
In line with this, we found that untreated qrt1-22/2

control plants always shed pollen tetrads with four
haploid spores (n = 250; Fig. 2A). Cold-treated qrt1-22/2

plants (7 dpt), on the other hand, produced enlarged
pollen grains in meiotically restituted nontetrad con-
figurations, including dyads (balanced and unbal-
anced), triads, and, in some rare cases, monads,
indicating that the cold-induced formation of diploid
and polyploid pollen results from a restitution of the
meiotic cell division (Fig. 2, B–E). Although balanced
dyads and especially triads are typically observed in
restitutional mechanisms conferred by defects in MII
spindle orientation (e.g. Arabidopsis atps1 and jason
mutants; d’Erfurth et al., 2008; De Storme and Geelen,
2011), the additional presence of monads points to-
ward a defect in prophase I or in postmeiotic cell wall
formation (Spielman et al., 1997; d’Erfurth et al.,
2010).
In order to estimate the developmental time frame

at which cold stress induces a restitution of the
meiotic cell cycle, we next assessed the meiotic tetrad
configuration of cold-stressed qrt1-22/2 plants (40 h,
4°C–5°C) at the early uninuclear microspore stage
during the first 3 d following cold treatment. During
and just after (0–8 h post treatment [hpt]) cold
treatment, qrt1-22/2 spores always had a normal

tetrad configuration (Fig. 2F; n . 500). In contrast, at
30 hpt, we observed restituted figures such as triads
(Fig. 2I; 24.3%), balanced and unbalanced dyads (Fig.
2, G and H; 16.0% and 7.1%), and a small subset of
monads (Fig. 2, J and P; 1.0%; n = 775). Strikingly, in the
following days, no restituted figures were observed in the
uninuclear qrt1-22/2 microspore stage. Similar observa-
tions were made in wild-type plants, in which tetrad stages
can only be assessed in a short window following meiotic
cytokinesis before microspore release (Supplemental Fig.
S1A). In cold-treated wild-type plants, meiotically
restituted figures, such as dyads, triads, and monads,
were only observed 1 dpt (20–24 hpt; Supplemental
Fig. S1, B–E). These findings suggest that cold stress-
induced diploid and polyploid spores originate from a
meiotic restitution event that operates at a specific
phase or time frame in the meiotic cell division pro-
gram, specifically occurring 20 to 24 h before tetrad
microspore release.

Binuclear and Polynuclear Microspores Are Formed by
Cold-Induced Defects in Postmeiotic Cell Plate Formation

Because meiotic restitution is usually caused by defects
in chromosome segregation or nuclear positioning, we
assessed the postmeiotic nuclear configuration (number
of nuclei and position inside the meiocyte) at the tetrad
stage using acetocarmine staining. Similar to tetrad
meiocytes under normal conditions (Fig. 2L), cold-
shocked dyads, triads, and monads always contained
four equally sized, tetrahedrally arranged nuclei (Fig. 2,
M–P), suggesting that the progression of the meiotic cell
cycle was not affected. However, in contrast to control
tetrads, in which all four haploid nuclei are physically
isolated from each other through the establishment of
internuclear cell walls (tetrad, n+n+n+n), cold-shocked
meiotic products occasionally lacked one or more of
these internuclear cell walls, and haploid nuclei were
configured in syncytial groups of two (triads, 2n+n+n;
and balanced dyads, 2n+2n), three (unbalanced dyads,
3n+n), or four (monads, 4n; Fig. 2, M–P). Consequently,
upon spore release, binuclear, trinuclear, and tetranu-
clear microspores were formed (Fig. 2, R–U), instead of
the normal uninuclear products (Fig. 2Q). Quantitative
analysis at this stage demonstrated that cold stress
generates a higher frequency of binuclear microspores
(2N, 6.0%) compared with trinuclear and tetranuclear
spores (3N, 0.8%; and 4N, 0.1%, respectively; n = 2,457).
These frequencies closely correspond to the meiotic
tetrad stage observations (in control and qrt1-22/2 back-
grounds), displaying the predominant formation of cold-
induced balanced dyads (2n+2n) and triads (2n+n+n).

To determine the number of chromosomes in indi-
vidual nuclei of low-temperature-induced binuclear
and polynuclear spores, we used the pWOX2::CENH3-
GFP background to perform centromere-based chro-
mosome counts at the early microspore stage. In the
cold-induced binuclear, trinuclear, and tetranuclear
microspores (n = 52), single nuclei were found to
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contain five centromeric dots (Fig. 2, W–Z), similar to
the nuclei of wild-type haploid uninuclear spores (Fig.
2V). As these observations suggest proper meiotic
chromosome segregation, we conclude that cold stress
does not affect the reductional division of chromo-
somes but instead interferes with the formation and/
or maintenance of the internuclear cell plates at the end
of MII.

To define the specific meiotic stage at which cold
stress induces alterations in the cell division process,

we performed shorter cold shock treatments (1, 2, or
4 h at 4°C–5°C) and assayed binuclear or polynu-
clear spore formation 0, 1, and 2 dpt. Strikingly, in
this experiment, we found that even the shortest
treatment of 1 h induced the formation of meiotically
restituted binuclear and/or trinuclear spores at 1 dpt. At
other time points (e.g. immediately after the treatment
or 2 dpt), only uninuclear spores were observed
(Supplemental Fig. S2). Similarly, the 2- and 4-h treat-
ments also resulted in the formation of binuclear and

Figure 2. Cold-induced defects in male mei-
otic cell plate formation lead to binuclear and
polynuclear spores. A to E, Arabidopsis qrt1-
22/2 sheds mature pollen in a tetrad configu-
ration under normal conditions (A) but shows
altered configurations 7 dpt (40 h, 4˚C–5˚C),
including balanced dyads (B), unbalanced
dyads (C), triads (D), and monads (E). Bar = 20
mm. F to J, Cytological analysis of the early
microspore stage in qrt1-22/2 shows normal
tetrads (F) 0 d post treatment (40 h, 4˚C–5˚C)
but reveals the presence of balanced dyads
(G), unbalanced dyads (H), triads (I), and
monads (J) 1 d later (1 dpt). Bar = 10 mm. K,
Graphical representation of the frequency of
cold-induced meiotic restitution configura-
tions in the qrt1-22/2 background 1 d post
cold treatment (40 h, 4˚C–5˚C; n = 500 for
control conditions and n = 775 for cold
treatment). L to P, Acetocarmine staining of
the meiotic outcome of wild-type male spo-
rogenesis under normal conditions (L) and 1 d
post cold shock (40 h, 4˚C–5˚C; M–P). Due to
the tetrahedral positioning, one or two nuclei
always appear out of focus (indicated by ar-
rows). Q to U, Orcein staining of early mi-
crospores of untreated (Q) and cold-stressed
(R–U) wild-type plants 30 h post treatment
(40 h, 4˚C–5˚C). V to Z, Bright-field and fluo-
rescence images of pWOX2::CENH3-GFP-
mediated in vivo centromere labeling of
gametophytic nuclei in untreated (V) and cold-
stressed (W–Z) microspores 30 hpt. Fluorescent
images were obtained by maximum intensity
projections of original Z-stacks. The increased
number (more than five) of centromeric dots
observed in some spores (W and Y) is caused by
the overlay of two single haploid nuclei. Note
the Qrt12-like appearance of binuclear spores
in an ectopic dyad or triad configuration (V and
X). Bars = 10 mm. [See online article for color
version of this figure.]
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polynuclear spores 1 dpt. However, in contrast to the
1-h treatment, which only generated 2.4% of binuclear
spores, the 2- and 4-h treatment yielded 7.0% and 7.6%
binuclear spores, respectively, together with the occa-
sional formation of trinuclear spores (Supplemental
Fig. S2A). Moreover, as the 40-h cold treatment was
found to yield an average frequency of 17% binuclear
and additional trinuclear and tetranuclear spores, the
duration of cold stress was found to be positively
correlated with the severity of the meiotic restitution
phenotype. These observations support the hypothesis
that cold-induced cytological alterations cause male
meiotic restitution at a specific stage in the meiotic cell
division program occurring 22 to 26 h prior to the
resolution of the meiotic tetrad (e.g. telophase II,
postmeiotic cytokinesis).

Polynuclear Microspores Fuse before the First
Gametophytic Division

To monitor how cold stress-induced binuclear and
polynuclear microspores develop into diploid, trip-
loid, and tetraploid pollen grains, we assessed the
nuclear dynamics of both binuclear and polynuclear
gametes during microspore development. In cold-
shocked young microspores (1 dpt), both aceto-
carmine staining and the pMGH3::H2B-GFP reporter
assay showed the presence of two to four equally
sized nuclei in the larger, often bean-shaped mi-
crospores (Fig. 3, B, C, H, and I), instead of the
single nucleus observed in control spores (Fig. 3, A
and G). One day later, however, enlarged micro-
spores generally showed one large nucleus instead
of the two smaller ones, indicating that the coal-
located haploid nuclei fused during microspore
development. As a result, at the binuclear micro-
spore stage following pollen mitosis I, the enlarged
spores (n = 82) did not show a polynuclear pheno-
type but instead contained the normal set of two
heteromorphic nuclei (one vegetative and one gen-
erative), which were substantially larger than the
corresponding haploid nuclei (Fig. 3, D–F and J–L).
These observations indicate that, although cold
stress-induced microspores contain more than one
haploid nucleus, the spontaneous fusion of nuclei at
the late microspore stage enables a normal progression
of the subsequent male gametophytic development
process and leads to the formation of polyploid male
gametes with two sperm nuclei and one vegetative
nucleus.
We also noted that cold-stressed microspores (1–3

dpt) and mature pollen grains (6–8 dpt) often
remained physically attached to each other, typically
displaying a meiotically restituted (e.g. dyad, triad) or
tetrad configuration. Indeed, despite being QRT1+/+,
cold-stressed wild-type, pWOX2::CENH3-GFP (Figs. 1, R
and S, and 2, W and Y), and pMGH3::H2B-GFP (Fig. 3, C
and F) microspores often appeared in a qrt12/2-like dyad,
triad, or tetrad configuration (approximately 20%),

indicating that cold stress not only affects meiotic cell
wall formation but additionally interferes with the
proper release of microspores at the end of male spo-
rogenesis.

Cold-Induced Meiotic Restitution Produces Primarily
SDR-Type 2n Gametes

Since cold-induced binuclear spores lead to the for-
mation of diploid pollen grains, we questioned whether
restituted 2n pollen are genotypically equivalent to FDR
or SDR. Cold-induced diploid gametes were genotyped
using the Fluorescent Tagged Line (FTL) system (Francis
et al., 2007). In this system, transgenic markers expressing
fluorescent proteins under the control of the postmeiotic,
pollen-specific LAT52 promoter are used in a qrt1-22/2

mutant background (Twell et al., 1990; Preuss et al., 1994).
Plants that are hemizygous for an FTL marker (m/2)
shed pollen tetrads that reveal meiotic segregation by
expressing the fluorescent protein in a 2:2 fluorescent:

Figure 3. Nuclei of cold-induced binuclear and polynuclear spores
fuse before the bicellular microspore stage. A to C, Unicellular-stage
microspores containing the pMGH3::H2B-GFP male gametophyte-
specific histone-labeling construct under normal conditions (A) and 30
h post cold treatment (40 h, 4˚C–5˚C; B and C). D to F, Bicellular-stage
pMGH3::H2B-GFP spores under control conditions (D) and 96 h post
cold shock (E and F). G to L, Acetocarmine staining of microspores at
the unicellular (G–I) and bicellular (J–L) stages isolated from untreated
(G and J) and cold-stressed (30 hpt [H and I] and 96 hpt [K and L])
wild-type plants. Bars = 10 mm. [See online article for color version of
this figure.]
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nonfluorescent pattern (m/m/2/2; Berchowitz and
Copenhaver, 2008).

In meiotically restituted dyads and triads, sister
chromatids either disjoin or not, leading to the for-
mation of highly heterozygous (FDR) or homozygous
(SDR) 2n gametes, respectively. Thus, by monitoring
the segregation of a heterozygous FTLmarker in qrt1-22/2

dyads and triads, both FDR- and SDR-type 2n gametes
can be discriminated. It should be noted, however, that
meiotic recombination between the marker and the cen-
tromere can transfer the reporter construct between ho-
mologous chromosomes and consequently interfere with
the segregation analysis. To minimize the effects of re-
combination, two FTL lines with markers close to the
centromere (FTL 3253 and I4a, containing two closely
linked markers, FTL 1323 and FTL 424) and one line with
a more distally located marker (FTL 1273) were used in
this study (Fig. 4G).

For the markers close to the centromere (i.e. FTL 3253
and I4a), cold stress-induced dyads generally showed
one fluorescent and one nonfluorescent spore (mm/–;
67.8% and 81.0%, respectively; Fig. 4B; Table I). In these
dyads, one of the 2n pollen grains contained the two
sister chromatids carrying the reporter construct (mm),
whereas the other one inherited the other two non-
transgenic sister chromatids (–). This segregation pattern
demonstrates that cold-shocked dyads generally contain
highly homozygous 2n spores and thus provides evi-
dence that cold stress induces a cytological meiotic res-
titution mechanism equivalent to SDR. However, the
presence of dyads with two fluorescent pollen grains
(m–/m–; 19.0%, 32.2%, and 51.2% for markers I4a, FTL
3253, and FTL 1273) suggests that cold stress also gen-
erates a fraction of 2n dyads through an FDR-type res-
titution (Fig. 4C; Table I).

Similarly, in cold stress-induced triads, a relatively
high number of homozygous SDR-type 2n gametes (Fig.
4, D [mm/2/2] and E [–/m/m]) was observed for the
centromeric marker FTL 3253 (63.3%) compared with
the relatively low level of heterozygous FDR-type dip-
loid gametes (m–/m/–; 36.7%; Fig. 4F; Table I). As some
of these FDR-type spores can result from restitution of
the second division (through a recombination between
marker and centromere), it is difficult to ascertain the
true number of spores that result from an FDR-like
mechanism. Thus, based on the FTL segregation analy-
sis, we conclude that cold-induced defects in (post)
meiotic cytokinesis primarily lead to the formation of
SDR-type 2n male gametes but may also induce some
FDR-type 2n spores.

To verify that the subpopulation of full fluorescent
dyads (m–/m–) in both the Ia4 and FTL 3253 hetero-
zygous backgrounds really reflects the occurrence of 2n
gametes generated by FDR-type restitution, we ana-
lyzed the cold-stress meiotic response in the atspo11-1-
32/2 mutant background. Due to a complete loss of
double-strand break formation, atspo11-1-32/2 pro-
phase I meiocytes produce univalents instead of
bivalents, which segregate randomly to form unbal-
anced tetrads and polyads (Grelon et al., 2001).

Because FDR meiotic restitution mechanisms (e.g. par-
allel spindles, loss of first meiotic cell plate formation)
typically regroup the unbalanced MI chromosome
sets into euploid numbers at MII, atspo11-1-32/2 can
be used as a bioassay to detect the presence of
FDR meiotic restitution mechanisms (d’Erfurth et al.,
2008; De Storme and Geelen, 2011). SDR restitution
mechanisms (e.g. loss of MII or loss of second cell
plate formation), on the other hand, do not regroup
unbalanced atspo11-1-32/2 chromosome sets in MII

Figure 4. Cold stress primarily produces SDR-type 2n gametes. A to F,
Genotypic characterization of cold-induced 2n gametes using the qrt1-
22/2 FTL marker assay (FTL 424, yellow fluorescent protein [YFP]).
Segregation of a heterozygous FTL construct in qrt1-22/2 pollen tetrads
always shows a 2:2 fluorescent:nonfluorescent ratio (A; m/m/2/2). In
meiotically restituted dyads, the presence of one fluorescent spore
suggests an SDR mechanism (B; mm/–), whereas two fluorescent
spores point toward an FDR-type meiotic restitution (C; m2/m2).
Similarly, triads in which the enlarged diploid spore is fluorescent
whereas the two haploid ones are not (D; mm/2/2), and vice versa (E;
2/m/m), indicate an SDR-type restitution. Triads in which both the
diploid spore and one haploid spore are fluorescent (F; m2/m/2) are
indicative for FDR. Bar = 20 mm. G, Genomic positions of FTL markers
used in this study. H, Histogram showing the frequency of balanced
dyads, unbalanced dyads, and triads in atspo11-1-32/2 Arabidopsis
male meiosis under control conditions and 1 d after cold treatment (40
h, 4˚C–5˚C). Mean frequency numbers are listed in the plot bars.
Frequencies of other meiotic products, such as tetrads, polyads, and
monads, are not represented here (Supplemental Table S2). [See online
article for color version of this figure.]
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and consequently generate unbalanced dyads. Un-
der normal growth conditions, atspo11-1-32/2 male
sporogenesis produces unbalanced tetrads and poly-
ads, a small proportion of dyads (3.2% balanced
and 0.2% unbalanced), and no triads (Fig. 4H;
Supplemental Table S2). One day after cold stress,
however, a strong increase in dyads (25.6%; balanced +
unbalanced) and triads (18.0%) was observed (Fig.
4H; Supplemental Table S2). Moreover, although
cold stress in atspo11-1-32/2 generally induces the
formation of unbalanced dyads (14.1%; P = 0.141),
confirming the prevalent induction of SDR-type
meiotic restitution, a significant increase in balanced
dyad formation was also observed (11.5%; P = 0.007;
Fig. 4H; Supplemental Table S2). This finding sup-
ports the earlier suggestion that the cytological
mechanism underlying cold-induced meiotic restitu-
tion not only generates 2n spores through an SDR-
type restitution but also produces a subset of 2n
spores through an FDR-type restitution. This com-
binatorial formation of a majority of SDR-type and a
subset of FDR-type 2n gametes is in agreement with
the earlier observed cold-induced defects in post-
meiotic cell plate formation and additionally indicates
that defects in cell plate formation predominantly
occur between chromosome sets that disjoined in
MII.

Cold-Stressed Male Meiocytes Display Regular
Reductional Chromosome Segregation

Aberrations in (post)meiotic cell plate formation and
the associated formation of diploid and polyploid male
spores may originate from alterations in the meiotic cell
cycle program. For example, loss of TAM/CYCA1;2, a
cyclin that regulates meiotic cell cycle progression, in-
duces a complete loss of MII and produces meiotic dyads
with SDR 2n spores (d’Erfurth et al., 2010; Wang et al.,
2010). However, in contrast to most tam mutants, which
display a complete loss of MII, the “weak” temperature-
sensitive mutant tam-1 only shows a delay in meiotic cell
cycle progression and typically generates cell plate-
defective dyads (4N2C; four nuclei in two cells) and
triads (4N3C) at the end of MII (Magnard et al., 2001;
Wang et al., 2004).

As similar restituted products are observed in cold-
treated wild-type meiocytes, we hypothesized that
cold-induced defects in male meiosis could be caused
by altered TAM function. We tested this hypothesis
by cold treating loss-of-function tam-2 and by ana-
lyzing the male meiotic outcome 1 dpt. In nonstressed
tam-2 plants, male sporogenesis predominantly gen-
erates balanced dyads (Fig. 5A; 82.9%) together with
a minor subset of triads and tetrads (13.3% and 3.8%,
respectively), but no monads. Upon cold treatment
(40 h at 4°C–5°C, 1 dpt), however, tam-2 not only
produced dyads (95.0%) and triads (0.3%) but also
generated a subset of monads (Fig. 5, B, D, and E;
4.7%). In the monads, the two diploid nuclei gener-
ated by restitution of MII were not separated by a
callosic cell wall but instead remained together to
form a binuclear meiotic product (Fig. 5, D and E,
black arrows). Consistent with this, we observed a
subset of significantly larger pollen grains (presum-
ably 4n) in the tam-2 diploid pollen population at
the end of male spore development at 7 dpt (Fig. 5, C
and F).

This experiment demonstrates that cold stress has an
additive effect (loss of cell plate formation) on the tam-
2 meiotic phenotype, indicating that cold-induced de-
fects in postmeiotic cell plate formation do not depend
on CYCA1;2 and are not directed by OSD1, the other
major protein involved in meiotic cell cycle progres-
sion. Indeed, although double tam/osd1 plants also
generate monads at the end of male meiosis (loss of MI
and MII), these cells only contain one fully restituted
tetraploid nucleus (d’Erfurth et al., 2010), whereas cold
stress-induced tam-2 monads consistently contain two
diploid nuclei (Fig. 5, D and E; n = 16). Additionally,
our data suggest that low-temperature shocks specifi-
cally affect postmeiotic cytokinesis and/or cell wall
formation without interfering with meiotic chromo-
some segregation.

To investigate the effect of cold stress on meiotic
chromosome segregation, we next examined DAPI-
stained chromosome spreads of 4- and 40-h cold-
stressed male meiocytes. Except for the final tetrad
stage, all meiotic stages under cold stress conditions
had similar chromosomal behavior and nuclear con-
figuration compared with control conditions (Fig. 5,
G–U). In both 4- and 40-h cold-treated meiocytes, the

Table I. FTL-based genotypic characterization of cold-induced 2n pollen

Genotyping 2n gametes was performed in cold-induced dyads and triads using heterozygous FTL markers in the qrt1-22/2 mutant background.
mm/–, mm/–/–, and –/m/m fluorescent configurations constitute marker-specific homozygosity (SDR) for the diploid spore, whereas m–/m– and
m–/m/– arrangements point towards heterozygosity for that specific marker.

qrt1-2–/– FTL Marker (m/–) Dyads Triads

Name Label Chromosome Position n m2/m2 mm/– n mm/2/2 m2/m/2 –/m/m

%

FTL 424 (I4a) Y/2 4 Centromeric 21 19.0 81.0 – – – –
FTL 1323 (I4a) R/2 4 Centromeric 21 19.0 81.0 – – – –
FTL 3253 C/2 5 Centromeric 121 32.2 67.8 267 33.0 36.7 30.3
FTL 1273 R/2 5 Midchromosomal 121 51.2 48.8 267 22.1 52.1 25.8
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formation of chiasmata (physical crossover points) and
bivalents in prophase I (Fig. 5, J–L), and the segregation of
homologous chromosomes and sister chromatids in MI
(Fig. 5, M–O) and MII (Fig. 5, P–U), respectively,
appeared normal, indicating that cold stress does not
affect meiotic chromosome segregation (e.g. spindle bio-
genesis and functionality) and thus typically generates
four haploid sets of five chromosomes at the end of MII
(Fig. 5, V–X). In the final step of meiosis, however, cold-
stressed meiocytes occasionally showed structural ab-
errations in the telophase II cellular configuration. In
contrast to nontreated telophase II meiocytes, which
typically show a distinct organelle band between all
four haploid nuclei (Fig. 5, V and Y), cold-stressed
meiocytes often lacked one or more of these inter-
nuclear organelle structures and had two or more
haploid nuclei colocalized (Fig. 5, W, X, Z, and Z9).

Thus, although low temperatures do not interfere
with meiotic chromosome segregation processes,
cold stress appears to affect the proper deposition
and/or maintenance of the meiotic organelle band at
the end of MII. As these internuclear organelle struc-
tures predefine the position of the meiotic cell plate,
these observations support the hypothesis that cold
stress specifically affects one or more processes in-
volved in postmeiotic cytokinesis and/or cell wall
formation.

Cold Stress-Induced Defects in Postmeiotic Cytokinesis
Are Due to Alterations in Radial Microtubule
Array Organization

To characterize the cold-induced defects in post-
meiotic cell plate formation, we stained cell plates from
Arabidopsis meiocytes 20 to 24 hpt using aniline blue.
Under normal conditions, the four spores of a male
meiotic tetrad are isolated by a centripetally oriented,
X-shaped callosic cell plate (Fig. 6C). One day after
cold treatment, however, this postmeiotic cell plate
configuration appeared altered and often displayed
major irregularities. In contrast to the quadripolar
infurrowing in normal postmeiotic cytokinesis (Fig.
6A), cold-stressed meiocytes generally exhibited only
two or three sites of active infurrowing (Fig. 6B) and
consequently generated a single bipolar or a T-shaped
tripolar cell plate at the end of MII (Fig. 6, D–H).
Moreover, although most cold-stressed cell plates
displayed a proper connection to the cell periphery,
some appeared deflected and mislocalized and did not
properly connect to the cell wall (Fig. 6F). In addition,
cell plates in both mature and immature cold-stressed
meiocytes appeared thinner and showed less staining
intensity, indicating that the integrity of the newly

Figure 5. Cold-stressed male meiocytes show a regular prophase I and
reductional chromosome division. A to F, Tetrad-stage tam-2 male
meiocytes under control conditions (A; dyads) and 1 d post cold shock
(40 h, 4˚C–5˚C; B, D, and E) and representative images of a mature
diploid tam-2 pollen grain under normal growth conditions (C) and an
enlarged spore at 7 d post cold shock treatment (F). Arrows indicate the
restituted 2n nuclei in tam-2 tetrad-stage meiocytes. G to Z9, DAPI-
stained chromosome spreads of nontreated (G, J, M, P, S, V, and Y) and
4-h (H, K, N, Q, T, W, and Z) and 40-h (I, L, O, R, U, X, and Z9) cold-

stressed Arabidopsis male meiocytes at different stages in the meiotic
cell division: pachytene (G–I), diakinesis (J–L), metaphase I (M–O),
metaphase II (P–R), anaphase II (S–U), telophase II (V–X), and tetrad
stage (Y–Z9). Bars = 10 mm.
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formed cell plate was compromised. From this, we
conclude that cold stress interferes with the proper
biogenesis and/or delivery of callose at the equatorial
division plane.

Because callose and other cell plate components are
deposited at the division planes by a network of mi-
crotubule (MT) arrays, we examined the integrity and
the localization of MT structures at 0 and 4 hpt using
tubulin-a immunocytology. Except for the tetrad stage,
which showed clear alterations in MT organization, all
other meiotic stages exhibited a normal MT distribu-
tion pattern, similar to nonstressed meiocytes (Fig. 6, I–
T). In agreement with the regular meiotic chromosome
segregation observed in earlier experiments (Fig. 5, G–
X), we found that cold-stressed male meiocytes gen-
erate a proper internuclear phragmoplast at the end of
telophase I (Fig. 6, M and N) and a normal single (Fig.
6, J and K) and double (Fig. 6, O–T) bipolar spindle
structure at metaphase I and II, respectively. At telo-
phase II, however, the microtubular cytoskeletal or-
ganization appeared altered.

Under normal growth conditions, telophase II male
meiocytes typically generate a MT network that con-
sists of six tetrahedrally arranged phragmoplast-like
structures, which are localized between the four hap-
loid nuclei (Fig. 6U). These MT structures, generally
termed radial microtubule arrays (RMAs), are essential
for postmeiotic cell plate formation (Peirson et al.,
1997), as they constitute a physical barrier between the
meiotic nuclei and mediate the accumulation of vesi-
cles and cell wall components at the developing cell
plate (Otegui and Staehelin, 2004). Although cold-
stressed tetrads (during cold and 4 hpt) always dis-
played a proper tetrahedral positioning of the four
haploid nuclei, formation of the cytokinetic RMA
network often appeared severely altered and typically
displayed asymmetric MT arrays or a complete omis-
sion of one or more internuclear phragmoplast-like
structures (Fig. 6, W–C9; Supplemental Fig. S3).
These cold-induced RMA alterations appeared ran-
domly distributed and generated meiotic tetrads with
only one, two, or three intact phragmoplast-like
structures. In some cases, male meiocytes also exhib-
ited a decreased number of MT fibers between the four
meiotic nuclei (Fig. 6, B9 and C9), suggesting that cold
stress directly affects MT polymerization and/or
bundling. We also found that cold-stressed tetrads
with defects in RMA structure generally contained two
or three nuclei that were in close proximity to each

Figure 6. Cold stress-induced defects in postmeiotic cell plate for-
mation are due to alterations in RMA formation. A to H, Aniline blue
staining of callose in precytokinetic (A and B) and mature (C–H)
meiocytes under control conditions (A and C) and upon cold
treatment (B [20 hpt] and D–H [24 hpt]). Bar = 20 mm. I to C9,

Tubulin-a immunolocalization of cold-shocked male meiocytes (0
hpt; 40 h at 4˚C–5˚C) at different stages in the meiotic cell cycle:
diakinesis (I), metaphase I (J), anaphase I (K), telophase I (L), MI-MII
interphase (M and N), metaphase II (O–T), and telophase II (U–C9).
For both the metaphase II and the telophase II stages, an untreated
control meiocyte was included as a reference (O and U, respec-
tively). Tubulin-a is shown as green and DAPI is shown as cyan.
Bar = 5 mm.
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other (Fig. 6, W–A9). Since the position of the nuclei
directly coordinates RMA formation in meiotic tetrads,
the cold-induced colocalization of two or more nuclei
at telophase II could be the primary cause of the de-
fects in RMA formation. However, as meiotic spindle
structure and positioning were not affected by cold
and defects in RMA organization were also observed
between distantly located nuclei (Fig. 6, Y and C9),
postmeiotic nuclear colocalization is most likely a di-
rect consequence of defects in RMA formation and not
vice versa. Collectively, these data demonstrate that a
short period of cold stress in Arabidopsis male meiosis
specifically disrupts postmeiotic RMA formation and/
or stability and leads to alterations in internuclear or-
ganelle band formation and callose deposition and the
eventual loss of postmeiotic cell plate formation. More-
over, since telophase II RMA defects were not only ob-
served during cold but also upon transfer to normal
growing temperatures (e.g. 4 h post cold treatment;
Supplemental Fig. S3), we conclude that alterations in
telophase II RMA organization are not recovered under
warm conditions and, by consequence, significantly delay
the progression of the meiocyte’s developmental pro-
gram. This developmental delay explains why defects in
postmeiotic cell plate formation are only observed 22 to
26 h post cold treatment and not during the first hours
upon transfer to normal conditions (under normal con-
ditions, progression from telophase II to the tetrad stage
generally takes 6–12 h).

Cold-Induced Cytokinetic Defects in Meiosis Are Not
Regulated by MKK2

Male-specific meiotic cytokinesis and the formation
of RMAs in Arabidopsis is regulated by a distinct MAPK
signaling pathway, linking TES/STUD/AtNACK2,
AtANP3, AtMKK6/ANQ1, and AtMPK4 together in
a cascade that modulates the downstream activity of
MT-binding proteins (Takahashi et al., 2010). Although
MPK4 phosphorylation and the activation of cytoki-
nesis is regulated by MKK6, it was recently shown that

MPK4 can also be activated by MKK2 (Teige et al.,
2004). As MKK2 is a signaling kinase involved in cold
stress perception, we hypothesized that the cold stress-
induced phosphorylation of MPK4 through MKK2
might initiate the premature, and thus altered, forma-
tion of postmeiotic RMA structures, bypassing the de-
velopmentally regulated activation through TES. To test
this hypothesis, cold-induced binuclear and polynuclear
microspore formation was monitored in two mutant
alleles of MKK2: mkk2-SALK2/2, which retains 29.0%
residual expression (data not shown), and mkk2-
SAIL2/2, which is a null allele (Teige et al., 2004).
Upon cold shock, we found that both mkk22/2 alleles
produced significant numbers of binuclear and poly-
nuclear microspores 1 d after treatment, similar to
the levels observed in a wild-type background (Table
II). Based on this finding, we conclude that MKK2 does
not modulate the cold stress sensitivity of postmeiotic
cell plate formation.

Although mutations in TES/STUD/AtNACK2 were
reported to completely omit cytokinesis in male meiosis,
generating enlarged tetranuclear microspores without
any cell plate (Fig. 7, A, E, and I; Spielman et al., 1997), we
observed that tes-42/2 occasionally forms partial or com-
plete cell plates at the end of male MII (Fig. 7, F–H and
J–L) and generates qrt12/2-like dyad- and triad-shaped
microspores (Fig. 7, B–D). Since these defects are identi-
cal to the alterations observed in cold-stressed wild-type
male meiocytes, we hypothesized that the expression
and/or function of TES or one of the downstream
cytokinesis-specific MAPK signaling factors (e.g. MKK6
or MPK4) is affected under cold stress conditions. To test
this hypothesis, we monitored the expression of major
MAPK signaling components in flower buds before and
after cold treatment using quantitative reverse transcrip-
tion (qRT)-PCR. For all three kinases tested (MPK4,
MKK6, and TES), we found either no change or a non-
significant decrease in expression 0 and 4 h after cold
treatment (Fig. 7M), indicating that cold stress does not
significantly affect transcription of the major MAPK
signaling proteins involved in postmeiotic cytokinesis.

Table II. Cold-induced binuclear and polynuclear microspore formation in Arabidopsis mkk2 mutants

Frequency of binuclear and polynuclear microspore formation is shown in the wild type (Columbia-0
and Wassilewskija) and twoMKK2 T-DNA insertional mutants 30 h post cold treatment (40 h at 4˚C–5˚C).
Statistical comparison was performed using one-way ANOVA (a = 0.05, Tukey’s post hoc test).

Sample n Value
Microspore Frequency

Uninuclear Binuclear Trinuclear Tetranuclear

%

Control, Columbia-0 2,857 Mean 93.1 6.0 0.8 0.1
SD 7.0 5.7 1.7 0.2

mkk2-SALK 3,127 Mean 93.2 6.1 0.5 0.1
SD 6.5 5.5 1.1 0.3

Control, Wassilewskija 1,884 Mean 90.8 8.8 0.3 0.1
SD 11.2 10.8 0.4 0.1

mkk2-SAIL 1,391 Mean 93.4 6.1 0.5 0.0
SD 4.9 4.0 0.9 0.0
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However, as meiocyte-specific changes in transcription
can be masked or attenuated by the expression in
surrounding tissues, no clear conclusions can be made
about the effect of cold stress on the expression of TES
and other MAPK signaling components involved in
postmeiotic cytokinesis.

DISCUSSION

Cold Stress Generates Diploid and Polyploid Gametes by
RMA-Based Defects in Postmeiotic Cell Plate Formation

In this study, we show that short periods of cold
stress (1–40 h at 4°C–5°C) in flowering Arabidopsis
plants induce restitution of the male meiotic cell di-
vision, leading to the formation of diploid, triploid,

and tetraploid spores. Based on cytological observa-
tions, we found that short periods of low tempera-
ture specifically disrupt the organization and/or
maintenance of the telophase II-specific internuclear
RMAs, without affecting the segregation of meiotic
chromosomes, and induce defects in internuclear
organelle localization and callose deposition at the
end of MII, typically leading to (partial) defects in
postmeiotic cell plate formation and delaying the
developmental progression of the meiocyte upon
transfer to normal conditions (Fig. 8). As nuclei of the
resulting binuclear and polynuclear spores sponta-
neously fuse before the first mitotic pollen division,
cold-induced defects in postmeiotic cell plate for-
mation were found to yield viable diploid and poly-
ploid pollen grains 6 to 8 d post cold treatment.
Moreover, since cold-induced dyads and triads pre-
dominantly contain SDR-type 2n gametes, the defect in
meiotic cell plate formation typically generates diploid
spores with a high level of homozygosity, particularly
at the genomic regions close to the centromere. As
such, these findings are particularly relevant for en-
hancing our understanding of how polyploidization
may occur in natural populations and how it may be
influenced by environmental factors such as tempera-
ture stress. Moreover, the characterization of cold stress-
induced 2n gamete formation may suggest simple
strategies for plant breeding programs that include
polyploidization or reverse breeding (Dirks et al., 2009;
Wijnker et al., 2012).

In this study, we demonstrate that cold stress-
induced defects in Arabidopsis postmeiotic cell plate
formation are caused by alterations in the biogenesis
and/or stability of the telophase II RMAs, internu-
clear phragmoplast-like MT arrays that are essential
for postmeiotic cell wall formation. In general, MTs
are known to be extremely temperature sensitive,
displaying a quick depolymerization under the influ-
ence of adverse temperatures (Brinkley and Cartwright,
1975; Okamura et al., 1993). In line with this, several
studies have reported the detrimental influence of
heat and cold stress on the biogenesis and stability of
the cortical MT array and cytoskeletal figures in so-
matic cells (Carter and Wick, 1984; Smertenko et al.,
1997; Orvar et al., 2000; Gupta et al., 2001; Magnard
et al., 2001; Abdrakhamanova et al., 2003). Several
studies (mostly in animal species) have additionally
demonstrated that, among cytological figures, the
metaphase-specific spindle structure, both in mitotic
and meiotic cell division, is particularly sensitive to
reduced temperature environments (Magistrini and
Szöllösi, 1980; Wang et al., 2001). Although under
certain conditions this cold-induced loss of spindle
formation can be recovered upon rewarming, defec-
tive spindle figures generally lead to a block in cell
division or aberrations in chromosome segregation,
inducing cell cycle arrest and/or aneuploidy, re-
spectively (Aman and Parks, 1994; Wang et al., 2001;
Liu et al., 2003; Suzuki et al., 2007). In contrast to these
findings, we here demonstrate that Arabidopsis male

Figure 7. Arabidopsis tes-4 microsporogenesis phenocopies cold-
induced defects in male meiotic cell plate formation. A to D, Pollen
isolated from the Arabidopsis tes-42/2 mutants are normally fully
restituted (A) but sometimes show Qrt12-like dyad configurations,
indicating partial cytokinesis (B–D). E to H, Orcein staining of the
tes-42/2 tetrad stage generally shows a complete loss of cell wall
establishment with the formation of monads (E), but occasionally
dyads and triads are observed (F–H). I to L, Aniline blue staining of
tes-42/2 meiocytes. Although generally no callosic cell plates are
observed (I), tes-42 /2 meiocytes sometimes show partial and/or
complete cell walls (J–L). Bars = 10 mm. M, Relative expression of TES/
STUD, ANQ1/MKK6, and MPK4 in meiotic flower buds (stages 8–10)
0 and 4 h after cold shock treatment (40 h, 4˚C–5˚C). [See online ar-
ticle for color version of this figure.]
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meiocytes, under low-temperature stress (e.g. 4°C–5°C),
do not exhibit MT depolymerization and show
normal cytoskeletal MT arrangements (including
normal spindles in metaphase I and II) from prophase
I to metaphase II, indicating that cold does not
significantly affect the biogenesis and/or stability of
MTs in the process of meiotic chromosome segrega-
tion. Moreover, as we never observed any defect in
meiotic chromosome segregation (e.g. lagging chro-
mosomes or aneuploidy) and cold-stressed meiosis
always resulted in four distinct nuclei each contain-
ing the haploid number of five chromosomes, we
conclude that short periods of chilling do not sig-
nificantly affect spindle biogenesis and/or functional-
ity in Arabidopsis male meiosis. The cold-induced
formation of meiotically restituted diploid and poly-
ploid gametes, therefore, is not caused by altera-
tions in spindle morphogenesis. In the final stage of
the meiotic cell cycle, at telophase II, however, clear
defects in internuclear MT array organization (RMA)
were detected upon exposure to low-temperature
stress. As the frequency and structure of these RMA
defects (telophase II) strongly correlate with the
defects in postmeiotic cell plate formation (tetrad
stage), and as similar postmeiotic cytokinetic defects
in the RMA-deficient Arabidopsis tes and mpk4 mu-
tants were shown to generate multinuclear spores,
we conclude that cold-induced binuclear and poly-
nuclear spore formation is directly caused by altera-
tions after meiotic RMA formation. Moreover, since
observations in meiotic spindle-defective mutants
(e.g. mps1 and double heterozygous AtKIN14a/atkin14a
AtKIN14b/atkin14b) have demonstrated that defects in
MI or MII spindle structure do not affect postmeiotic
cell plate formation (Quan et al., 2008; Jiang et al.,
2009), we can exclude the possibility that cold-induced

defects in postmeiotic RMA formation originate from
slight (or maybe undetected) aberrations in MII
spindle morphology. On the other hand, we cannot
exclude the possibility that some cold-induced mei-
otic restitution events on rare occasions may directly
originate from aberrations in spindle positioning, as
already observed in heat-stressed rose meiocytes
(e.g. through parallel spindle formation; Pécrix
et al., 2011).

In general, little is known about the effect of low-
temperature stress on the microtubular organization and
dynamics of the cytoskeletal figures (e.g. spindles, per-
inuclear arrays, and RMAs) in the meiotic cell division.
In line with our observations, Danilchik et al. (1998)
found that in Xenopus laevis female meiosis, short pe-
riods of cold depolymerize cytokinetic MT and prevent
the addition of new plasma membrane to the cleavage
plane, causing furrows to recede. Tang et al. (2011) re-
cently reported that cold-induced male sterility in a
wheat thermosensitive genic male-sterile line is caused
by defects in MT phragmoplast formation and cell plate
assembly at MI, which leads to a premature abortion of
the developing pollen mother cells. These findings, to-
gether with our observations, suggest that the cold
sensitivity of MT cytoskeletal figures in meiosis signif-
icantly varies from MT structures in mitosis, with the
internuclear precytokinetic phragmoplast-like RMA
structure being the most sensitive MT structure in
meiosis compared with the spindle in mitosis. In line
with this, tissue-specific differences in the microtu-
bular response to cold have already been found in
different cell types in the maize root apex (Baluska
et al., 1993).

In the wheat thermosensitive genic male-sterile
line, cold-induced defects in MT phragmoplast and
MI cell plate formation are caused by an aberrant

Figure 8. Schematic representation of the stage-specific sensitivity of Arabidopsis male meiosis to short periods of low tem-
perature (RMA formation and/or stability) and the associated formation of SDR-type 2n spores.
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localization and biogenesis of F-actin filaments (Xu
et al., 2012). Since actin microfilaments mediate
trafficking of vesicles and organelles and thereby
regulate endomembrane dynamics during de novo
cell plate formation, these proteins are considered
essential for MT phragmoplast establishment and
associated cell plate formation (Valster et al., 1997;
Endlé et al., 1998; Collings et al., 2003; Higaki et al.,
2008). Hence, cold-induced defects in postmeiotic
RMA formation in Arabidopsis may be caused by
alterations in meiotic actin scaffolding and/or mi-
crofilament stability. In support of this hypothesis,
similar defects in meiotic cell plate formation were
observed in mutant forms of Arabidopsis FORMIN14
(AFH14), a type II formin that links MT and micro-
filament (Li et al., 2010). Since loss of AFH14 function
induces the formation of dyads and triads through
defects in RMA assembly, actin filaments are con-
sidered essential for postmeiotic RMA organization/
stability and, therefore, may be implicated in cold-
induced meiotic restitution. However, due to the
complex interplay between actin and microtubuli
during the process of cell plate formation (Jürgens,
2005; Sano et al., 2005; Petrásek and Schwarzerová,
2009), it is difficult to pinpoint the exact cytological
basis for cold-induced defects in meiotic cytokinesis
in the wheat thermosensitive genic male-sterile and
Arabidopsis male meiocytes.
Besides defects in actomyosin scaffolding, cold-

induced defects in Arabidopsis postmeiotic cell plate
formation could also originate from altered positioning
of haploid nuclei at the end of MII. Although haploid
nuclei appeared properly positioned in a wild-type-like
tetrahedral conformation, cold-stressed Arabidopsis
meiocytes often displayed two or three nuclei in closer
proximity, potentially hindering the proper formation of
internuclear RMA structures. Disruption of internuclear
RMAs through altered positioning of telophase II nuclei
has already been observed in the conditional Arabi-
dopsis mutant radially swollen4 (rsw4; Yang et al., 2009).
RWS4 encodes the caspase-like separase AtESP (Wu
et al., 2010), a protease that cleaves sister chromatid-
specific cohesin complexes at the onset of anaphase
(Liu and Makaroff, 2006). Loss of AtESP function causes
chromatid nondisjunction and leads to a partial loss of
internuclear RMA formation at the end of MII (Yang
et al., 2011), suggesting that alterations in chromosome
segregation and postmeiotic nuclear positioning can
lead to aberrations in RMA formation. Similarly, in an-
imal meiocytes (e.g. human oocytes), exposure to low
temperatures has been found to induce depolymeriza-
tion of the spindle microtubuli (Wang et al., 2001),
leading to a nondisjunction of chromatids at MII and the
formation of polyploid and aneuploid embryos in the
next generation (Van der Elst et al., 1988; Pickering et al.,
1990; Almeida and Bolton, 1995). However, as no defects
in meiotic chromosome segregation and spindle forma-
tion were observed in cold-stressed Arabidopsis male
meiocytes, and as altered RMAs were also found be-
tween distantly located telophase II nuclei, we conclude

that cold-induced defects in postmeiotic cell wall es-
tablishment were not caused by alterations in meiotic
chromosome segregation or telophase II nuclear posi-
tioning but rather by an alteration of the internuclear
RMA structure.

Evolutionary Implications of Cold-Induced 2n
Gamete Formation

In Arabidopsis, cold-induced defects in meiotic cell
plate formation predominantly lead to the formation
of 2n gametes. Based on FTL dyad/triad genotyping
and atspo11-1-32/2 tetrad-stage analysis, we found that
the majority of these meiotically restituted 2n spores
are genetically equivalent to SDR and thus have the
potential to produce highly homozygous progeny
plants. In addition to the SDR-type 2n gametes, cold
stress also generates a subset of dyads and triads that
contain FDR-type 2n spores. FTL marker analysis
revealed that up to one-fifth of the dyads contain
heterozygous FDR-like 2n spores. Although some
FDR-type spores may arise from a meiotic SDR-type
restitution accompanied by recombination, tetrad-
stage analysis in the atspo11-1-32/2 background dem-
onstrates that at least some 2n spores are generated
through an FDR-type restitution.

In plant evolution, new polyploid species are often
thought to arise from diploid progenitors that spon-
taneously produce 2n gametes (Bretagnolle and
Thompson, 1995). However, despite its evolutionary
relevance, little is known about the genetic constitution
of 2n gametes, and it is unclear whether FDR or SDR
types have contributed to the formation of established
polyploids. In theory, FDR 2n gametes have an adap-
tive advantage over SDR 2n gametes because they
confer a high level of heterozygosity to their progeny
(Peloquin, 1983; Hermsen, 1984; Carputo et al., 2003;
Peloquin et al., 2008). The increased genotypic diver-
sity and augmented proportion of triallelic and tet-
raallelic genotypes in FDR-generated polyploids
typically lead to a lower coefficient of inbreeding in the
progeny compared with SDR-directed polyploidiza-
tion (Watanabe et al., 1991).

From that point of view, the predominant formation
of SDR-type 2n gametes upon cold stress would be
evolutionarily less beneficial. However, since we ad-
ditionally found that recombination still occurs under
low-temperature conditions, cold-induced SDR-type
2n gametes have significant levels of genomic hetero-
zygosity toward the telomeres. As a result, cold-induced
SDR 2n gametes can provide some heterozygosity and
associated allelic diversity to its polyploid progeny.
Moreover, as most natural polyploid lineages are
thought to originate from a unilateral polyploidiza-
tion event, in which the fusion of reduced and unre-
duced gametes results in the formation of unstable
triploid intermediates (triploid bridge hypothesis;
Yamauchi et al., 2004; Considine et al., 2012), the
genetic influence of both types of 2n gametes on the
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evolutionary success of the resulting polyploid is less
relevant and depends more on the fitness of the trip-
loid intermediate.

In plant evolution, the induction of 2n gamete for-
mation and associated plant polyploidization is either
mediated by de novo mutations or is imposed by en-
vironmental (stress) conditions. Our results, together
with the relatively high number of polyploid plant
species in areas with extreme environments (Flovik,
1940; Stebbins, 1984; Guggisberg et al., 2006) and the
notion that ancient polyploidization events often co-
incided with adverse climatic events (e.g. glaciation
periods; Brochmann et al., 2004; Van de Peer et al.,
2009), support the hypothesis that stress-induced for-
mation of diploid gametes may have substantially
contributed to plant polyploidization and associated
speciation (Wood et al., 2009).

Molecular Regulation of Cold-Induced
Meiotic Restitution?

Temperature stress in plants, as in other orga-
nisms, has been shown to alter the expression of cell
cycle regulators. In maize leaves, for example, long-
term exposure to low night temperatures was found
to change the expression of several cell cycle-related
genes (e.g. CYCA3;1), leading to a significant pro-
longation of mitotic cell cycle duration (Rymen et al.,
2007). In addition, Bita et al. (2011) recently demon-
strated that short periods of moderate heat stress
cause a general down-regulation of gene expression
in the anthers of a heat-sensitive tomato (Solanum
lycopersicum) line, providing evidence that meiosis-
specific transcription also responds to temperature
stress.

Although it is unclear whether short periods of
chilling can modulate the expression of meiotic genes,
our data suggest that the cold stress-induced restitu-
tion of male meiosis and the associated formation of
diploid and polyploid spores is not caused by an al-
teration of meiotic cell cycle regulation (e.g. OSD1 or
TAM/CYC1;2) but instead putatively results from an
altered regulation of genes/transcripts/proteins in-
volved in postmeiotic cell plate formation. In support
of this hypothesis, similar defects in postmeiotic cell
plate formation have already been documented in
some Arabidopsis mutants grown under normal con-
ditions (Spielman et al., 1997; Soyano et al., 2003; Li
et al., 2010; Zeng et al., 2011).

For example, Arabidopsis afh142/2 mutants were
found to display similar aberrations in meiotic RMA
formation and, by consequence, also form restituted
dyads and triads that contain binuclear spores (Li
et al., 2010). In contrast to cold-induced meiotic res-
titution, however, afh14-12/2 produces parallel spin-
dles at metaphase II (more than 50%) rather than the
perpendicularly oriented ones observed in wild-type
meiosis. As this cytological mechanism of meiotic
restitution typically generates dyads and triads that

contain FDR-type 2n gametes (d’Erfurth et al., 2008;
De Storme and Geelen, 2011) and not the SDR-type
gametes observed in cold-stressed microsporogene-
sis, we conclude that cold-induced meiotic restitution
in plants is not regulated by AFH14.

Functional loss of the cytokinetic MAPK signaling
components (TES/STUD, ANQ/MKK6, and MPK4)
induce a complete failure of cytokinesis in Arabi-
dopsis male meiosis (Spielman et al., 1997; Soyano
et al., 2003; Zeng et al., 2011). However, as partial
postmeiotic cell plates and qrt12/2-like tetrad- and
dyad-shaped pollen, two phenotypes typical for
cold-induced meiotic restitution, were observed in
tes-42/2 (this study) and anq12/2 male sporogenesis
(Soyano et al., 2003), we hypothesize that TES/STUD
kinesin or the downstream MAPK signaling compo-
nents may play a role in the cold stress-induced
formation of diploid and polyploid pollen. By ana-
lyzing Arabidopsis mutants, we demonstrated that
cold-induced defects in meiotic cell plate formation
are not mediated by MKK2, a MAPK signaling pro-
tein that potentially links cold stress to MPK4-
mediated cytokinesis (Teige et al., 2004). Moreover,
in contrast to wheat thermosensitive genic male-
sterile male meiocytes, which show a transcrip-
tional change of cytoskeletal signaling components
upon cold stress (Tang et al., 2011), no significant
changes in the expression of major cytokinesis-
specific MAPK signaling components were ob-
served in our study. However, as meiosis-specific
transcriptional changes can be masked by expression
in surrounding tissue, and as (post)translational
modifications were not assessed, we cannot exclude
the possibility that low temperatures affect the reg-
ulation of the postmeiotic cytoskeletal MAPK sig-
naling pathway and consequently induce defects in
meiotic cell plate formation. In order to test this,
more detailed tissue-specific analyses have to be
performed.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Columbia-0 and Wassilewskija
wild-type accessions were obtained from the Nottingham Arabidopsis
Stock Centre. The FTL reporter lines in the qrt1-22 /2 background (FTL
3253, FTL 1273, and I4a), used for genotyping 2n gametes, were described
earlier (Berchowitz and Copenhaver, 2008). The mkk2-SAIL T-DNA in-
sertion line (Garlic_511_H01.b.1a.Lb3Fa) was donated by M. Teige, and
the meiotic mutants atspo11-1-3 (SALK_146172) and tam-2 (SAIL_505-
C06) were kindly provided by R. Mercier. The other mutants used in
this study, namely mkk2-SALK (FLAG_629G03) and tes-4 (N9353; Was-
silewskija background; Spielman et al., 1997), were obtained from the
European Arabidopsis Stock Centre. For the in vivo gametophytic ploidy
analysis, Arabidopsis plants harboring pMGH3::H2B-GFP (provided by
D. Twell) and pWOX2::CENH3-GFP (De Storme and Geelen, 2011) were
used.

Following in vitro seed germination (6–8 d; K1 medium), seedlings were
transferred to soil and cultivated in growth chambers at 12 h day/12 h night,
20°C, and less than 70% humidity. Upon flowering, the photoperiod was
changed to a 16-h-day/8-h-night regime. For cold shock, flowering plants
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were transferred to a cold climate chamber (4°C–5°C) for different time pe-
riods (1, 2, 4, 20, or 40 h). After cold treatment, plants were returned to normal
growth conditions.

Cytology

Pollen DNA staining was performed as described earlier with minor
modifications (Durbarry et al., 2005). After pollen extraction in 0.5 M EDTA,
the resulting pollen pellet was fixed in 3:1 ethanol:acetic acid for 30 min,
washed with distilled water, and resuspended in DAPI solution (1 mg mL21;
Sigma) for 30 min. Subsequent centrifugation and additional washing steps
resulted in a clear, DAPI-stained pollen sample.

Analysis of the male meiotic outcome (tetrad-stage analysis) was per-
formed by selecting meiotic buds based on size and shape (floral bud stage 9;
0.3–0.4 mm; Armstrong and Jones, 2003) and squashing them on a slide in a
drop of 4.5% (w/v) lactopropionic orcein solution. Similarly, callose cell
wall staining of male meiotic products was performed by squashing stage 9
flower buds in a drop of aniline blue solution (0.1% [m/v] in 0.033% K3PO4
[m/v]). Buds producing significant numbers of fully developed meiotic
products were used for counting and monitoring assays. Analysis of nu-
clear configurations in tetrad-stage meiocytes and developing microspores
was performed by releasing spores in a drop of acetocarmine solution
(0.45% [m/v] in distilled water). Visualization of microspore- and pollen-
specific GFP-labeled reporter constructs was optimized by squashing buds
in a 0.05 M NaPO4 (pH 7.0) and 0.5% Triton X-100 (v/v) solution. Male
meiotic chromosome spreads were prepared according to the protocol
described (De Storme and Geelen, 2011). To avoid changes in meiotic
chromosome behavior in cold-stressed meiocytes, the isolation and fixation
of Arabidopsis flower buds was directly performed in the cooling chamber
using a cold fixation buffer (4°C–5°C).

Tetrad-Based 2n Gamete Genotyping

The genotypic characterization of 2n male gametes was performed using
heterozygous FTL markers in the qrt1-22/2 background. To obtain qrt1-22/2

plants heterozygous for the FTL marker, two differently labeled homozygous
FTL lines in the qrt1-22/2 background were intercrossed. Resulting progeny
were used for genotypic characterization of cold stress-induced meiotically
restituted 2n gametes. Upon cold shock, mature qrt1-22/2 FTL+/2

flowers were
isolated 6 to 8 dpt and tapped in a droplet of distilled water. Segregation of the
fluorescent signal in dyads and triads was monitored using an Olympus IX81
fluorescence microscope.

In restituted dyads, sister chromatids with the FTL marker either disjoin,
generating full fluorescent dyads (m2/m2; FDR type), or cosegregate to
yield dyads with one fluorescent spore (mm/–; SDR type). Similarly, seg-
regation of the heterozygous FTL marker can be used to genotype triad-
specific 2n spores. If the fluorescent signal is confined to, or absent in, the
larger 2n spore, sister chromatids have cosegregated (mm/2/2 or –/m/
m; SDR type). If the marker is present in both the haploid and the diploid
gamete, FTL-containing sister chromatids have disjoined (m2/m/2; FDR
type).

Tubulin Immunolocalization

To analyze microtubular structures and postmeiotic RMA organization
in male sporogenesis, an a-tubulin immunolocalization assay was per-
formed using the method of Mercier et al. (2001) with minor modifications.
After m-maleimidobenzoyl N-hydrosuccinimide ester treatment (100 mM in
50 mM potassium phosphate buffer and 0.05% [v/v] Triton X-100, pH 8; 30
min under vacuum) and fixation in 4% (w/v) paraformaldehyde, inflo-
rescences were washed in 50 mM potassium phosphate buffer (pH 8) and
digested in an enzyme mixture consisting of 0.3% (w/v) pectolyase
(Sigma), 0.3% (w/v) cytohelicase (Sigma), and 0.3% (w/v) cellulase
(Sigma) in a humid chamber at 37°C. Enzyme-digested anthers were dis-
sected, squashed, and fixed on a slide by freezing in liquid nitrogen. Re-
leased cells were then immobilized with a thin layer of 1% (w/v) gelatin,
1% (w/v) agarose, and 2.5% (w/v) Glc and digested for 30 min at 37°C
with the same enzyme mix. After rinsing with potassium phosphate buffer,
immobilized cells were incubated overnight at room temperature with rat
a-tubulin primary antibody (0.3% [v/v]; clone B-5-1-2; Sigma-Aldrich) in
phosphate-buffered saline, 0.1% (v/v) Triton X-100, and 4.5 g L21 bovine

serum albumin. Cells were rinsed three times with phosphate-buffered
saline and treated for 5 h with 0.5% (v/v) secondary antibody (labeled
goat anti-rat) at 37°C in the dark. After five phosphate-buffered saline
rinses, a small droplet of DAPI (2 mg mL21) in Vectashield mounting
medium (Vector Laboratories) was added. To avoid potential recovery of
cold-stressed meiotic cytoskeletal figures upon transfer to normal tem-
perature conditions, the first steps of the tubulin immunolocalization
protocol (e.g. m-maleimidobenzoyl N-hydrosuccinimide ester treatment
and fixation) were performed in the cooling chamber using cooled buffers
(4°C–5°C).

Microscopy

Both bright-field and fluorescence microscopy were performed using an
Olympus IX81 inverted fluorescence microscope equipped with an X-Cite
Series 120Q UV lamp. Images were captured using an Olympus XM10 cam-
era. Bifluorescent images and Z-stacks were processed using ImageJ. Confocal
three-dimensional imaging of centromeric CENH3-GFP in developing mi-
crospores and pollen was performed using a Nikon A1r laser scanning mi-
croscope equipped with Axiovision software (LiMiD). Brightness settings were
adjusted globally on some images using ImageJ.

Expression Analysis

Early flower bud and mature leaf RNA was prepared using the RNeasy
Plant Mini Kit with additional on-column DNaseI treatment (Qiagen). First-
strand cDNA was synthesized using the RevertAid H Minus cDNA Synthe-
sis Kit (Fermentas) according to the manufacturer’s guidelines. Quantitative
gene expression analysis was performed by qRT-PCR on a Stratagene MX3000
real-time PCR system using the MAXIMA SYBR Green/ROX qPCR kit Master
Mix (Fermentas). Sequences of primers used for specific amplification of
MKK2, TES/STUD, ANQ1/MKK6, and MPK4, and housekeeping gene
transcripts together with the corresponding qRT-PCR settings, are listed in
Supplemental Table S3.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Cold shock induces restitution of male meiosis.

Supplemental Figure S2. Short cold shock induces restitution of male meiosis.

Supplemental Figure S3. Sustained RMA defects upon cold shock.

Supplemental Table S1. Frequency of large pollen upon cold shock.

Supplemental Table S2. Meiotic products in atspo11-1-3+/–.

Supplemental Table S3. Quantitative PCR primers.
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