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Heat stress reveals a specialized variant of the
pachytene checkpoint in meiosis of Arabidopsis
thaliana
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Abstract

Plant growth and fertility strongly depend on environmental conditions such as temperature. Remarkably, temperature also
influences meiotic recombination and thus, the current climate change will affect the genetic make-up of plants. To better
understand the effects of temperature on meiosis, we followed male meiocytes in Arabidopsis thaliana by live cell imaging un-
der three temperature regimes: at 21°G; at heat shock conditions of 30°C and 34°G after an acclimatization phase of 1 week
at 30°C. This work led to a cytological framework of meiotic progression at elevated temperature. We determined that an in-
crease from 21°C to 30°C speeds up meiosis with specific phases being more amenable to heat than others. An acclimatiza-
tion phase often moderated this effect. A sudden increase to 34°C promoted a faster progression of early prophase compared
to 21°C. However, the phase in which cross-overs mature was prolonged at 34°C. Since mutants involved in the recombina-
tion pathway largely did not show the extension of this phase at 34°C, we conclude that the delay is recombination-
dependent. Further analysis also revealed the involvement of the ATAXIA TELANGIECTASIA MUTATED kinase in this prolon-
gation, indicating the existence of a pachytene checkpoint in plants, yet in a specialized form.

Introduction
drop in yield of up to 22% for maize (Zea mays) can be ob-

Ambient temperature is one of the key environmental served with a 1°C increase in temperature (Kukal and Irmak,

parameters that determines plant growth and fertility and
has been the focal interest of many plant researchers.
Understanding plant responses to temperature is further
boosted by the ongoing climate change (Couteau et al,
1999; Collins, 2014; Anderson et al, 2016), during which
crops are expected to be exposed to very high temperatures
in the near future, threatening to sharply reduce crop yield
(Hatfield and Prueger, 2015; Yue et al,, 2019). For example, a

2018). To counteract these detrimental effects and adjust
breeding programs, it is vital to understand the changes im-
posed by temperature stress on yield-related traits at the
cellular and molecular levels.

Central for sexual reproduction and fertility is meiosis; pre-
vious work has demonstrated its sensitivity to changes in
environmental conditions, especially temperature (Bomblies
et al, 2015; Morgan et al, 2017). Meiosis is a specialized cell
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Background: One of the hidden, yet far-reaching consequences of the current climate change crisis is an alteration
of how particular plant genetic characteristics are transmitted from parents to their offspring. The underlying reason
fueling this genetic effects is that a key mechanism by which the offspring genotype is different from that of their
parents, called meiotic recombination, is highly temperature-sensitive. Meiotic recombination takes place in
specialized cells, called meiocytes, and is very important for sexual reproduction as the meiocytes produce cells that
eventually form the gametes. Meiotic recombination is also central to agriculture, since this is the major route by
which favorable features such as large grain size and efficient water use are combined in crops.

Question: Despite its importance, very little is known about how temperature affects recombination at the molecular
level. Moreover, most studies of meiotic recombination in plants rely on fixed flower material and hence, the dynamic
nature of meiotic recombination either cannot be or is not easily analyzed. To complement and expand on these
studies, we followed meiocytes by live cell imaging in a flowering plant commonly used in molecular plant research,

Arabidopsis.

Findings: Our work led to a detailed understanding of how temperature affects meiocytes and the progression of
meiotic recombination. Importantly, we identified a previously unrecognized control mechanism for how plants react

to temperature-induced failures in meiotic recombination.

Next steps: We would like to understand the nature of these failures during meiotic recombination in response to
high temperatures and how they can be recognized by plants to be corrected, if possible.
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division during which DNA replication is followed by two
rounds of chromosome segregation (meiosis | and meiosis
1), resulting in the reduction of DNA content by half as a
prerequisite for a subsequent fusion between gametes and
restoration of full genome size. Furthermore, meiosis | plays
an important role for the generation of genetic diversity via
cross-over (CO) formation during prophase | and the result-
ing new assortment of chromosome sets. COs are not only
important for the generation of new allelic combinations
but also ensure physical connections between homologous
chromosomes (homologs) that are needed for their bal-
anced segregation. COs become visible as chiasmata, which
connect two homologs in the form of a bivalent at the end
of prophase I.

The control and execution of meiotic recombination are
highly conserved and as in other eukaryotes, meiotic recombi-
nation in plants is initiated by the conserved topoisomerase-
like protein SPORULATION 11-1 (SPO11-1), which together
with associated proteins catalyzes DNA double-stranded
breaks (DSBs) in early meiosis (Keeney et al, 1997; Grelon
et al, 2001; Stacey et al, 2006; Hartung et al, 2007).
Subsequently, DSBs are processed by the MRN protein com-
plex, comprising MEIOTIC RECOMBINATION 11 (MRE11),
RADIATION 50 (RAD50), and NIMEGEN BREAKAGE
SYNDROME 1 (NBS1), and are subsequently recognized by
the recombinases DISRUPTED MEIOTIC cDNA 1 (DMCT;
Bishop et al, 1992; Couteau et al, 1999) and the RecA homo-
log RAD51 (Jachymczyk et al, 1981; Li et al, 2004). These
recombinases mediate the invasion of the processed single-
stranded DNA into the DNA double strand of the homolog.
In the absence of DMC1, DSBs are repaired by inter-sister re-
combination, resulting in the absence of COs and, hence,
causing the formation of unconnected homologs, called uni-
valents. In rad517 mutants, DSBs are not repaired, resulting in
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severely fragmented chromosomes and complete sterility of
the mutant plants.

Toward the end of prophase |, all DSBs are repaired, lead-
ing to either non-COs or COs. COs fall in one of the two
classes: type | COs rely on the ZMM proteins (acronym
from the budding yeast [Saccharomyces cerevisiae] Zip, Mer,
and Msh proteins), including MUTS HOMOLOG 4 (MSH4),
and are formed at a distance from each other due to CO in-
terference (Su and Modrich, 1986; Higgins et al, 2004). Type
Il COs are catalyzed by a different set of proteins, including
METHYL METHANESULFONATE SENSITIVITY AND UV
SENSITIVE 81, and are not subjected to interference
(Interthal and Heyer, 2000; Berchowitz et al., 2007).

Homologs remain connected to each other until cohesin, a
proteinaceous ring that embraces the sister chromatids from
each homolog, is opened by cleavage of its alpha kleisin sub-
unit, RECOMBINANT PROTEIN 8 (REC8), along the chromo-
some arms in anaphase |, paving the road for the separation
of the homologs, each to opposite cell poles and, hence,
completing meiosis | (Cai et al,, 2003; Brar et al., 2006).

The successful execution of meiotic recombination as
means to equally segregate homologs and ensure genetic di-
versity is controlled by the pachytene checkpoint, or meiotic
recombination checkpoint, in animals and yeast (Roeder
and Bailis, 2000). This checkpoint delays meiotic progression
until recombination defects are resolved. Consequently, sev-
eral mutants, especially in the recombination pathway, for
example, dmc1 mutants, trigger this checkpoint, resulting in
a prolonged arrest that can even lead to apoptosis in several
species, including mouse (Mus musculus) (Bishop et al,
1992; Rockmill et al, 1995; Barchi et al, 2005; Lange et al,
2011).

A master regulator of the pachytene checkpoint is
ATAXIA TELANGIECTASIA MUTATED (ATM), a kinase
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activated by DNA damage, which triggers checkpoint sig-
naling, promotes DSB repair, and also controls the num-
ber of DSBs by regulating SPO11-1 activity via a negative
feedback loop (Lange et al, 2011). While ATM is present
in plants and fulfills several important functions during
meiosis, it was thought so far that a pachytene check-
point did not exist in plants since mutants like dmc1 do
not arrest at pachytene and instead complete meiosis,
leading to aneuploid gametes (Couteau et al, 1999;
Grelon et al, 2001; Caryl et al,, 2003; Higgins et al., 2004;
Li et al., 2004, 2009b; Jones and Franklin, 2008).

Meiosis and in particular meiotic recombination are highly
sensitive to environmental conditions, leading to meiotic
failure in many different organisms, such as the nematode
Caenorhabditis elegans (Bilgir et al,, 2013), mice (Nebel and
Hackett, 1961), wheat (Triticum aestivum; Pao and Li, 1948),
and rose (Rosa hybrida; Pecrix et al,, 2011). Elevated temper-
atures also affect the meiotic microtubule (MT) cytoskele-
ton, resulting in irregular spindle orientation, aberrant
cytokinesis, and the production of unreduced gametes, poly-
ads, and micronuclei in poplar (Populus pseudo-simonii),
rose, and Arabidopsis (Arabidopsis thaliana; Pecrix et al,
2011; Wang et al, 2017, De Storme and Geelen, 2020;
Hedhly et al, 2020).

Furthermore, while DSB numbers are reported to be unaf-
fected at elevated temperatures in several organisms, for ex-
ample, yeast and Arabidopsis (Modliszewski et al, 2018;
Brown et al, 2020), other aspects of the recombination
pathway were found to be altered by temperature, leading
to diverse effects that differ depending on the environmen-
tal conditions and species. Chiasma frequency was shown to
be highly sensitive to environmental conditions. At high
temperatures, chiasma frequency decreases in some species,
such as in spiderwort (Tradescantia bracteate), perfoliate
bellwort (Uvularia perfoliate), wild garlic (Allium ursinum),
and during female meiosis in barley (Hordeum vulgare;
Dowrick, 1957; Loidl, 1989; Phillips et al, 2015; Lloyd et al,
2018; Modliszewski et al, 2018), while it increases in other
species, for instance in barley (male meiosis), Arabidopsis,
and the fungus Sordaria fimicola (Lamb, 1969; Phillips et al,,
2015; Lloyd et al, 2018 Modliszewski et al, 2018). In
Arabidopsis, the increase in CO frequency at high tempera-
tures was shown to be due to elevated numbers of type |
COs (Lloyd et al, 2018; Modliszewski et al, 2018). In addi-
tion, CO distribution is also altered by heat stress (Dowrick,
1957; Higgins et al, 2012). In barley (male meiosis), high
temperatures (30°C) cause an increase in chiasmata at the
interstitial/proximal region of chromosomes but an overall
decrease in chiasmata per cell (Higgins et al, 2012). At very
high temperatures (35°C and above), in many species, such
as wheat, barley, and wild garlic, synapsis of the homologs
fails, resulting in the formation of univalents (Pao and Li,
1948; Loidl, 1989; Higgins et al, 2012).

To obtain further insights into the effects of temperature
on meiosis, we followed Arabidopsis male meiocytes under
three different temperature regimes via live cell imaging
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using a recently established setup (Prusicki et al, 2019). We
obtained here a detailed picture of meiotic progression un-
der heat stress. While meiocytes progressed through meiosis
much faster at higher temperatures than at 21°C in general,
a key discovery was that the length of pachytene/diakinesis
is prolonged at 34°C. We did not observe an extension of
pachytene/diakinesis when recombination was abolished.
Since this extension was also eradicated in atm mutants, we
conclude that Arabidopsis and likely other plants have a
specialized form of the pachytene checkpoint that is only
triggered by recombination intermediates, but not by the
complete absence of recombination as is the case in other
species.

Results

A cytological sensor of heat stress in meiocytes

To analyze the effects of increased temperatures on meiosis,
we applied three different heat conditions reflecting possible
environmental stress scenarios and matching conditions
used in previous studies. Arabidopsis is typically grown be-
tween 18°C and 24°C, with our standard growth conditions
being 21°C during the day and 18°C during the night (here-
after called 21°C). As a first stress condition, we used a heat
shock of 30°C (HS30°C) and analyzed the effects on meiosis
immediately. In parallel, we allowed plants to acclimatize to
30°C (during both day and night) in highly controlled
growth chambers for 1week (long-term, LT30°C) before an-
alyzing meiosis. The third condition consisted of an even
more severe heat stress of 34°C (HS34°C) that was also ap-
plied immediately and analyzed.

However, the proper and reliable application of heat stress
to multicellular structures, such as anthers, can be challeng-
ing when the focus is on particular cells, like meiocytes,
which are surrounded by many different cell layers, such as
the tapetum layer and the epidermis. The multicellular envi-
ronment and the size of these structures have the capacity
to buffer temperatures, hence making it difficult to exactly
time the moment when the heat stress will reach the cells
of interest. To resolve this problem, we took advantage of
the observation that stress granules (SGs) form at elevated
temperatures in different plant tissues, for example, roots,
leaves, and hypocotyls (Hamada et al, 2018; Modliszewski
et al, 2018; Kosmacz et al, 2019; Chodasiewicz et al., 2020;
Dubiel et al, 2020). These SGs were previously shown in
Arabidopsis seedlings to contain the cell cycle regulator
CYCLIN-DEPENDENT KINASE A;1 (CDKA;1; Kosmacz et al,
2019). CDKA;1 is a major regulator of meiotic progression as
well as recombination and its encoding gene is highly
expressed in Arabidopsis male meiocytes (Dissmeyer et al,
2007; Bulankova et al., 2010; Zhao et al., 2017, 2012; Wijnker
et al, 2019; Sofroni et al, 2020; Yang et al, 2020). To test
whether CDKA;1 might change its homogeneous cytosolic
and nuclear localization pattern during meiosis upon heat
stress, we applied the different temperature regimes to male
meiocytes from plants carrying the CDKA;1-mVenus and the
TagRFP-TUAS (encoding a fusion protein between the red
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fluorescent protein [RFP] and TUBULIN ALPHA-5 [TUA5])
reporters, and followed the localization pattern of
CDKA;1:mVenus during meiosis (Sofroni et al, 2020).

Under our standard Arabidopsis growth conditions (21°C)
and in agreement with previous analyses, CDKA;1-mVenus
uniformly localized to both the cytoplasm and the nucleus.

J. D. Jaeger-Braet et al.

This localization shifted from preferentially cytosolic to pre-
dominantly nuclear in late leptotene to early pachytene, fol-
lowed by an increased cytosolic accumulation in pachytene
and diakinesis. After anaphases | and Il, CDKA;1-mVenus ac-
cumulated again in the reforming nuclei (Yang et al, 2020;
Figure 1A).

A G2 - late leptotene - pachytene - metaphase | - metaphase Il -
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Figure 1 Localization of CDKA;1 in male meiocytes under control and stress conditions. A-C, CDKA;1-mVenus (first row; white) and TagRFP-
TUAS (second row; magenta) localization under the control conditions of 21°C (A), heat stress of 30°C (B), or 34°C (C) at different meiotic
stages: G2-early leptotene (Column 1), late leptotene-early pachytene (Column 2), pachytene-diakinesis (Column 3), metaphase I-interkinesis
(Column 4), and metaphase ll-telophase Il (Column 5). Red arrowheads highlight cells with CDKA;1 localization at SGs. Scale bar, 10 um. D,
Quantification of CDKA;1 SG formation on the cellular level per stage in percent; white bar, cells without SGs; gray bar, cells with at least one

SG. The absolute sample size is given in the corresponding bar.
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At the elevated temperatures HS30°C and HS34°C, we ob-
served the same cytosolic-nuclear localization dynamics for
CDKA;1 (Figure 1, B and C). At HS34°C, we detected no SGs
in early meiotic stages (n=0/89 in G2-early leptotene;
n =0/105 from late leptotene to early pachytene), when
CDKA;1 preferentially localized to the nucleus of meiocytes
(Figure 1, C and D). Notably, SGs readily formed at HS34°C
in all meiocytes from pachytene to diakinesis (n = 81/81),
from metaphase | to interkinesis (n = 82/82), and from
metaphase |l to telophase Il (n = 72/72), that is the period
when CDKA;1 starts to locate predominantly to the cyto-
plasm. These granules were visible about 15min after the
heat stress was applied, which was also the time required to
set up the acquisition for live cell imaging at the micro-
scope. Thus, the formation of SGs occurred within the first
15 min of heat stress.

In contrast, CDKA;1 granules rarely formed at HS30°C,
that is in only 9% and 14% of the meiocytes in pachytene/
diakinesis (n = 16/165) and from metaphase | to interkinesis
(n = 4/24), respectively (Figure 1, B and D). In addition, the
number of SGs per meiocyte was also lower at HS30°C com-
pared to granule-containing meiocytes at HS34°C. These
findings are consistent with the previous observation that
the temperature threshold for the formation of SGs is
around 34°C (Hamada et al,, 2018).

Taken together, monitoring the formation of SGs allows
the visualization of temperature stress in the tissue of inter-
est. Importantly, this optical marker indicated that the ambi-
ent temperature reaches meiocytes in a short time, that is
< 15min, paving the road for the faithful application of dif-
ferent heat treatments and their comparisons by live cell
imaging.

Heat stress affects MT configurations during meiosis
in a quantitative but not qualitative manner

After having confirmed that the applied temperature regime
reached male meiocytes fast and faithfully, we turned to
addressing the general aim of this study, that is, how in-
creased temperature affects the dynamics of meiosis. To
tackle this question, we used a previously established live
cell imaging method for meiosis (Prusicki et al, 2019). A cru-
cial finding of this approach was the observation that meio-
sis can be dissected by the so-called landmarks that occur in
a predictable order and that reflect highly defined cytologi-
cal stages, for instance using fluorescently labeled MTs
(TagRFP-TUAS). Thus, these landmarks not only allow the
staging of meiocytes but also provide means to reveal the
dynamics of meiosis by determining the time between
landmarks.

In brief, MTs have the following dynamics during male
meiosis: during G2-early leptotene, MTs are first homoge-
nously distributed in meiocytes with the nucleus in the
center, for what is called MT array state 1 (Supplemental
Figure S1A). MTs then will gradually polarize into a half
moon-like structure on one side of the nucleus, which
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defines MT array state 2-3-4, from late leptotene to early
pachytene (Figure 2A; Supplemental Figure S1B). This
structure develops further into a full moon-like assembly
entirely surrounding the nucleus, marking MT array state 5-
6, during pachytene, diplotene, and diakinesis (Figure 2B;
Supplemental Figure S1C). After nuclear envelope break-
down (NEB), the prespindle transforms into the first meiotic
spindle at MT array state 7-8-9, from metaphase | to ana-
phase | (Figure 2G Supplemental Figure S1D). Next, MTs re-
organize around the two newly formed nuclei and central
MTs form a phragmoplast-like structure for MT array
state 10-11 at telophase | and interkinesis (Figure 2D;
Supplemental Figure S1E). The second division is character-
ized by the formation of two prespindles, followed by two
spindles, at MT array state 12-13, from metaphase Il to ana-
phase Il (Figure 2E; Supplemental Figure S1F). Phragmoplast-
like structures, which appear at MT array state 14, are visible
at telophase Il (Figure 2F; Supplemental Figure S1G) until cy-
tokinesis, resulting in tetrads, the four meiotic products.

By analyzing meiosis at H530°C, HS34°C, and LT30°C, we
confirmed that meiosis does not arrest upon exposure to
these temperature regimes, consistent with previous studies
(De Storme and Geelen, 2020; Lei et al, 2020). Importantly,
in all movies taken at higher temperatures (46 in total), the
meiocytes progressed through the same MT array states as
previously seen at 21°C (Movies 1-4; Supplemental Figure
S1; Prusicki et al,, 2019).

MT stability and polymerization are known to be tempera-
ture-sensitive (Bannigan et al, 2007; Li et al, 2009a; Wu et al,
2010; Liu et al, 2017 Song et al, 2020). Consistently, we ob-
served quantitative changes in some MT structures, confirm-
ing that meiocytes were exposed to elevated temperatures.
As revealed by pixel intensity quantification of meiocytes in
MT array state 6, in which MTs fully surround the nucleus
(Figure 3, A-D), we determined that the intensity of the fluo-
rescence signal measured for TagRFP-TUAS5 drops upon both
HS30°C (Figure 3B; n = 17) and HS34°C (Figure 3D’; n = 32)
in comparison to 21°C (Figure 3A’; n = 14), indicating that
MT density decreases. However, high temperatures can have
an influence on the emission intensity of fluorescent proteins
(Toca-Herrera et al, 2006). Hence, we cannot exclude that
this reduction in emission intensity partially accounts for the
decrease in pixel intensity seen here. Notably, the reduction
in pixel intensity largely reverted at LT30°C (Figure 3C;
n = 31), implying that the biophysical emission reduction
caused by heat does not have such a great impact in our
setup, at least at 30°C. Moreover, the restoration of pixel in-
tensities suggests the existence of an adaptation mechanism
for MT bundling in response to heat. Further confirming an
effect of heat on MTs, we specifically observed irregular spin-
dle structures at 34°C but not at lower temperatures
(Figure 3E), consistent with previous analyses (De Storme and
Geelen, 2020; Lei et al,, 2020).

Taken together, the quantitative but not qualitative
changes of the typical meiotic MT configurations allow the
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Figure 2 Duration of meiotic phases based on MT array states. Confocal images of MT array states (A—F) and the corresponding predicted median
times (in minutes) with 95% Cls in control (21°C) and heat conditions (HS30°C, HS34°C, and LT30°C) (A'—F'); (A, A’; orange) MT array state 2-
3-4, late leptotene-early pachytene; (B, B'; green) MT array state 5-6, pachytene-diakinesis; (C, C'; light blue) MT array state 7-8-9, metaphase I-ana-
phase I; (D, D’; purple) MT array state 10-11, telophase I-interkinesis; (E, E’; dark blue) MT array state 12-13, metaphase Il-anaphase I; (F, F; gray)
MT array state 14, telophase Il. Scale bar, 10 um. G, Predicted median time (in minutes) of MT array states 2—13 with the 95% Cl in control (21°C)
and heat conditions (HS30°C, HS34°C, and LT30°C) (yellow).
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Movie 1. Meiotic division of WT meiocytes at 21°C. Progression
through meiosis of meiocytes in one WT pollen sac at 21°C. TagRFP-
TUAS in magenta, auto-fluorescence (chloroplasts) in blue. The meio-
cytes, localized in the central areas of the pollen sac, reside in a pre-
meiotic stage at the beginning of the movie and undergo a complete
meiotic program with the first and the second meiotic divisions until
the formation of tetrads. Time is expressed in minutes; the interval be-
tween image acquisition is 10 min, time 0 corresponds to the start of
image acquisition, and not to the start of meiosis. Scale bar, 10 pum.

Movie 2. Meiotic division of WT meiocytes at HS30°C. Progression
through meiosis of meiocytes in one WT pollen sac at HS30°C.
TagRFP-TUAS in magenta, auto-fluorescence (chloroplasts) in blue.
Time is expressed in minutes; the interval between image acquisition
is 10 min, time 0 corresponds to the start of heat shock treatment.
Scale bar, 10 um.

1003 min

Movie 3. Meiotic division of WT meiocytes at HS34°C. Progression
through meiosis of meiocytes in one WT pollen sac at HS34°C.
TagRFP-TUAS in magenta, auto-fluorescence (chloroplasts) in blue.
Time is expressed in minutes; the interval between image acquisition
is 10 min, time 0 corresponds to the start of heat shock treatment.
Scale bar, 10 um.

adoption of characteristic MT arrays for staging of meiosis
during live cell imaging. At the same time, the quantitative
effects on the MT arrays corroborate the previous finding
that meiocytes successfully receive the heat treatment in
our experimental set up.
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920 min

Movie 4. Meiotic division of WT meiocytes at LT30°C. Progression
through meiosis of meiocytes in one WT pollen sac at LT30°C.
TagRFP-TUAS in magenta, auto-fluorescence (chloroplasts) in blue.
Time is expressed in minutes; the interval between image acquisition
is 10 min, time 0 corresponds to the start of image acquisition. Scale
bar, 10 pm.

Duration of meiosis under heat stress

The next challenge to overcome for the evaluation of mei-
otic progression at elevated temperatures was how to statis-
tically compare the MT-based dissection of the different
heat stress experiments with the control growth conditions.
This was not a trivial question, since the analyses of meio-
cytes within one anther-sac cannot be regarded as statisti-
cally independent measurements but represent clustered
data. In addition, the above-mentioned nature of defined
meiotic stages gives rise to a multi-state nature of our data-
set. Moreover, our measurements occasionally did not cap-
ture the exact start and/or end point (left, right, and/or
interval-censored data) of an MT array state, since the ob-
served anthers sometimes move out of the focal plane (but
also occasionally move into focus again).

Including the combination of the three characteristics of
our data, that is, clustered data, left/right, and/or interval
censoring, as well as having a multistate nature, was not
possible in one statistical model. Therefore, we reduced the
multistate complexity of the analysis and built a separate
model for each meiotic state, as defined by the MT configu-
ration (see above) which also allowed us to simplify the mix-
ture of left/right and/or interval-censored data with respect
to the duration of each state to interval and right censoring.
For detailed description of the models, please see the sub-
section “Statistical methods” in the section “Materials and
methods”. With the imaging and evaluation system in hand,
we then addressed the effect of HS30°C, HS34°C, and
LT30°C treatments on the total length of meiosis.

The determination of the meiotic duration relied on de-
fined start and end points of MT states (events). Since this
is not possible for MT array state 1 (no start point), the first
stage that could be temporally evaluated was thus MT array
state 2-3-4. From a total of 59 movies, we first selected mov-
ies that covered all MT array states (2-14) under the four
temperature regimes. Unfortunately for HS34°C, we were
unable to reliably determine the end point of MT array state
14, as the fluorescent signal of the MTs became very poor,
possibly due the fact that MTs are more diffusely organized
at high temperature versus control conditions (described
above, Figure 3), photo-bleaching after long time lapses as
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Figure 3 MT array in the WT in control and heat stress conditions. A-D, Confocal images of meiocytes expressing TagRFP-TUA5 (magenta) at
MT array state 6 in control conditions of 21°C (A), heat shock conditions of H530°C (B), LT30°C (C), and HS34°C (D). A’-D’, Pixel intensity plot
of a section crossing through the middle of the cell (distance in um) in MT array state 6 in 21°C (A’, green, n = 14), HS30°C (B/, yellow, n = 17),
LT30°C (C/, blue, n = 31) and HS34°C (D/, brown, n = 32), section lines also highlighted in (A-D). E, Confocal images of meiocytes expressing
TagRFP-TUAS (magenta) at MT array state 8-9 at 21°C, HS30°C, LT30°C, and HS34°C. Scale bar, 10 pm.

well as possible effects on fluorescence emission at high
temperatures.

To compare the overall meiotic duration at all heat condi-
tions, we excluded MT array state 14 for this analysis and
only considered movies capturing MT array states 2—13 (23
movies). We then built a separate parametric survival model
for the complete duration (as described in “Materials and
methods”), resulting in the total predicted median time, to-
gether with the 95% confidence interval (Cl).

We determined that the duration of MT array states 2-13
at 21°C has a predicted median time of 1,271 min (or 21.2 h,
95% Cl 1,151-1,390 min; Figure 2G; Supplemental Table S1).
This value matched very well with previous analyses of the
duration of male meiosis in Arabidopsis by pulse-chase
experiments and live cell imaging, underscoring the robust-
ness of our analysis and the reproducibility of meiotic pro-
gression at 21°C (Armstrong et al, 2003; Sanchez-Moran
et al, 2007; Stronghill et al., 2014; Prusicki et al,, 2019).

Next, we analyzed the duration of meiosis under the
heat conditions, resulting in a predicted median time of
966 min (16.1h, 95% Cl 876-1,056 min) upon HS30°C;
1,086 min (18.1h, 95% Cl 1,048—1,124 min) upon HS34°C;
and 1,086 min (18.1h, 95% Cl 1,050-1,122 min) upon

LT30°C (Figure 2G; Supplemental Table S1). Since the
confidence intervals did not overlap, these data confirm
previous observations that meiosis progresses faster under
elevated temperatures in comparison to control condi-
tions, also demonstrating that our experimental system
can be faithfully used to study the effect of heat on
meiosis (Wilson, 1959; Bennett et al., 1972; Stefani and
Colonna, 1996; Draeger and Moore, 2017).

Duration of individual meiotic phases under heat
stress

The live cell imaging approach, together with the model-
based calculation of the duration of the MT array states,
allowed us then to target the main aim of this study, which
was to obtain a detailed and phase-specific assessment of
meiotic progression under elevated temperatures.

At 21°C, we observed a total of 206 meiocytes from 23
anther sacs and calculated the predicted median time per
MT array state from those cells for which we could observe
at least one time point in that specific state (Movie 1;
Table 1; Supplemental Table S1). All reported median times
were predictions from the respective parametric survival
models (see “Materials and methods”). The predicted
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Table 1 Overview of the duration of the meiotic phases based on the MT array states

14

12-13

7-8-9 10-11

5-6

2-3-4

MT Array State

Telophase Il

Median

Metaphase ll-anaphase Il

Median

Telophase I- interkinesis

Median

Metaphase |- anaphase |

Median

Pachytene- diakinesis

Median

Late leptotene- early pachytene

Median

Meiotic stage

95% Cl

95% Cl 95% Cl 95% Cl 95% ClI

95% Cl

Predicted time (in min)

Treatment (n)

205 234
185 233
NA NA
230 282

219
209
NA
256
356
281
274

49
31

44

46
29
24
37

57

52 47

49

47 44

412
411

309
319
498
340
349
331

360
365
522

944
628
453
667

1,206

1,184

1,040

746
485
403
550
1,031

845

21°C (206/23)

27
22
32
45

53
63

47 41

36
36
44

28
32
35
67

32
34
39
72
67

556
428
609

HS30°C (133/22)
HS34°C (188/26)
LT30°C (211/25)

25

55
38
58
59

59
45

546
416

43

51

378
374
343

326 385

52
49
52

48

67

63

76
71

399
355
329
431

1,119
1,056
951
626

565

spo1121°C (224/27)

dmc121°C (157/24)
msh4 21°C (193/26)

262 301

45

47
49
23
22
24
43

63 67

63

929
861
572
526
536
761
640

253 294
NA NA
NA NA
NA NA
230 260
NA NA

46
21

63

56
49

59
54
57
49
60
55

71

63

67

299
393
362
346
270
330

314
412

NA
NA
NA
245

26
23

58
60

38
32
34
49

32

35
30
32
45

681
605
606
908
764

spo11 HS34°C (198/25)
dmc1 HS34°C (160/19)
msh4 HS34°C (116/17)
atm 21°C (228/28)

21

54
43

28
30
42

403
450

383

26
46

22
40

55
66

60

398
295

571
834
702

55
50

321

28 NA

23

26

33

29

31

370

350

atm HS34°C (172/23)

Predicted median times and 95% Cls (in minutes) of MT array state 2-3-4 (late leptotene-early pachytene), MT array state 5-6 (pachytene-diakinesis), MT array state 7-8-9 (metaphase l-anaphase I), MT array state 10-11 (telophase I-

interkinesis), MT array state 12-13 (metaphase ll-anaphase II) and MT array state 14 (telophase II) of the WT at 21°C, HS30°C, HS34°C, LT30°C; recombination mutants spo11, dmc1, and msh4 at 21°C and HS34°C and atm mutant at

21°C and HS34°C (n, number of cells/anther sacs observed). NA, not analyzed.
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median time in MT array state 2-3-4 was 845min (95% Cl
746-944 min; Figure 2A"), followed by MT array state 5-6,
with a predicted median time of 360 min (95% Cl 309-
412 min; Figure 2B'). MT array state 7-8-9 took place over
47 min (95% Cl 44—49 min; Figure 2C") while MT array state
10-11 spanned 52min (95% Cl 47-57 min; Figure 2D'). The
second meiotic division then followed with a predicted me-
dian time of 46 min for MT array state 12-13 (95% Cl 44—
49 min; Figure 2F'), finishing the meiotic division with 219 min
for MT array state 14 (95% Cl 205-234 min; Figure 2F').

Next, we analyzed male meiosis subjected to the three dif-
ferent temperature regimes in the same way. Accordingly,
we observed a total of 133, 188, and 211 meiocytes from 22,
26, and 25 anther sacs were observed for HS30°C, HS34°C,
and LT30°C, respectively. Again, we calculated the predicted
median time per state from those cells for which we could
observe at least one time point in that specific state
(Movies 2—4; Table 1; Supplemental Table S1). The duration
of MT array state 2-3-4 upon higher temperature was
shorter compared to 21°C (845 min), with a predicted me-
dian time of 556 min upon HS30°C (95% Cl 485-628 min),
428 min upon HS34°C (95% Cl 403-453 min) and 609 min
upon LT30°C (95% Cl 550-667 min; Figure 2A’). The pre-
dicted median time in MT array state 2-3-4 at 21°C was
therefore 289 min (95% Cl 167-410 min) longer compared
to HS30°C, 417 min (95% Cl 315-519 min) longer compared
to HS34°C and 236 min (95% Cl 122-351min) longer com-
pared to LT30°C (Supplemental Table S2). These results
demonstrated that the rise in temperature generally
decreases the duration of this phase.

In the next phase, MT array state 5-6 exhibited a strik-
ingly different behavior. While upon exposure to HS30°C
and LT30°C, the predicted median time was 365 min
(95% Cl 319-411min) and 378 min (95% Cl 340-416 min),
respectively, HS34°C resulted in a predicted median of
522 min (95% Cl 498-546 min; Figure 2B’). The duration
of this phase at HS34°C was thus longer compared to
21°C (360 min), with a difference of 162 min (95% Cl 104—
219 min; Supplemental Table S2), presenting a prolonga-
tion of ~2.7 h.

After NEB, the meiocytes undergo the first round of chro-
mosome segregation, that is, MT array state 7-8-9, with a
predicted median time of 32 min (95% Cl 28—-36 min) upon
HS30°C, 34min (95% Cl 32-36min) upon HS34°C and
39min (95% Cl 35-44min) upon LT30°C, which is shorter
compared to 21°C (47 min; Figure 2C, for details on differ-
ences see Supplemental Table S2).

The following MT array state 10-11 spanned 47 min (95%
Cl 41-53min) upon HS30°C, 59min (95% Cl 55-63 min)
upon HS34°C and 45 min (95% Cl 38-51min) upon LT30°C
(Figure 2D’), with only the duration at HS34°C being longer
by 7min (95% Cl 0.6-13min) than at 21°C (Supplemental
Table S2).

Upon HS30°C, HS34°C, and LT30°C, the second round of
chromosome segregation, MT array state 12-13, spanned
29 min (95% Cl 27-31min), 24 min (95% Cl 22-25 min), and
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37min (95% Cl 32-43 min), respectively (Figure 2E'). These
durations were shorter compared to 21°C (46 min, for
details on differences see Supplemental Table S2).

We estimated the end of the meiotic division upon heat
treatment by using MT array state 14, which spanned
209 min (95% Cl 185-233 min) upon HS30°C and 256 min
(95% Cl 230-282min) upon LT30°C (Figure 2F). Notably,
the pairwise comparison of 21°C and LT30°C showed an in-
crease of 9min (95% Cl 3-15min; Supplemental Table S2).

Currently, the underlying reasons for the above-identified
alterations in meiotic durations under different tempera-
tures are not clear and await further investigations. In the
following, we focused on one of the most striking and unex-
pected observations: the temporal increase of late prophase
at HS34°C.

Exposure to high temperature causes chromosomal
defects during meiosis

To investigate the prolongation of late prophase at 34°C
(Figure 2B’) in more detail, we first performed chromo-
some spreads from fixed flower buds exposed to the
different temperature regimes. At control growth condi-
tions, decondensed chromatin becomes organized into
chromosomes that will gradually condense during early
prophase | and reach a fully paired state at pachytene.
The paired homologs condense further, where chiasmata
hold homologs together, finally reaching the highest con-
densed state at diakinesis with the formation of five biva-
lents that align at the metaphase plate during metaphase
| (Supplemental Figure S2A). At both HS30°C (n = 136)
and LT30°C (n =130), homologs condensed and fully
paired. Occasionally, two or more bivalents appeared to
be entangled at diakinesis (n = 36/73 and n = 52/81, re-
spectively) and metaphase |, forming chromosome brid-
ges (n=26/65 and n = 11/25, respectively), suggesting
interconnected nonhomologous chromosomes. In addi-
tion, we infrequently observed chromosome fragments
(n =3/81 at LT30°C) and univalents (at diakinesis: n = 2/
73 and n = 1/81, at metaphase n = 4/65 and n = 2/25, re-
spectively; Supplemental Figure S2, B and C). In contrast
to 21°C and 30°C, we failed to detect fully paired homo-
logs at 34°C (n=115). Furthermore, chromosome
spreads of cells in diakinesis and metaphase | at 34°C
revealed the formation of mainly 10 univalents (n = 64
and n =17, respectively). In addition, chromosome
bridges were visible between both homologs and nonho-
mologous chromosomes (n =33/64 and n=11/17, re-
spectively; Supplemental Figure S2D).

Thus, consistent with previous analyses in fission yeast
(Saccharomyces pombe), barley, and Arabidopsis, high tem-
perature caused recombination defects that increase with ris-
ing temperatures (Higgins et al, 2012; Bomblies et al, 2015;
Phillips et al, 2015; Morgan et al, 2017; Modliszewski et al,,
2018; Brown et al., 2020; De Storme and Geelen, 2020).
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Synaptonemal complex formation is defective at
34°C

Given the central role of the formation of the chromosome
axis for pairing and meiotic recombination, we next analyzed
the localization of the previously generated reporters
ASYNAPTIC 1 fused to RFP (ASY1-RFP) and ZIPPER 1b
fused to the green fluorescent protein (ZYP1b-GFP) upon
30°C and 34°C (Yang et al, 2019, 2020). ASY1 is a chromo-
some axis-associated protein that plays a major role in the
initiation of synapsis and recombination (Caryl et al, 2000;
Armstrong et al, 2002; Sanchez-Moran et al, 2007). ZYP1b
is a component of the transversal filament of the synapto-
menal complex (SC) (Higgins et al,, 2005; Osman et al,, 2006;
Capilla-Perez et al, 2021; France et al, 2021).

Under the standard growth conditions of 21°C, ASY1 lo-
calized to the chromosome axis from early leptotene to
pachytene. During zygotene, when the formation of the SC
is initiated, ASY1 became largely depleted from the chromo-
some axis, while the ZYP1b signal started to appear on chro-
mosomes and gradually expanded to form a linear structure
(n =99), resulting in the labeling of the entire chromosome
axis at pachytene (n = 39; Figure 4A).

At the high temperatures of 30°C and 34°C, the localiza-
tion of ASY1 at the chromosome axis was unaffected and
ZYP1b started to form short linear stretches at the chromo-
some axis during zygotene (n = 84 and n = 93, respectively)
(Figure 4, B and C). At 30°C, ZYP1b continued to label the
full length of the axis (n = 40), in contrast to 34°C, at which
temperature we only detected small stretches of ZYP1b sig-
nal (n = 68), suggesting that ZYP1b loading is initiated prop-
erly but discontinues (Figure 4, B and C). This result was in
accordance with previous findings in nematodes, barley, and
wild garlic showing that synapsis is obstructed upon high
temperature exposure, leading to the formation of abnormal
structures called polycomplexes (Loidl, 1989; Higgins et al,,
2012; Bilgir et al,, 2013).

Defects in early prophase | cause an elongation of
pachytene/diakinesis

Seeing defective SC formation at 34°C, we asked whether
events between zygotene and pachytene were particularly
sensitive to heat stress and hence, responsible for the delay
of NEB. Therefore, we specifically applied heat stress only
from MT state 2-3-4 (zygotene) onward (called late HS) and
compared the effect of this treatment to the previously ap-
plied heat shock before MT state 1, that is, from premeiosis-
leptotene onward (referred to as early HS), by live cell imag-
ing. Since we showed above that male meiocytes perceive
heat stress in <15 min, we were confident that a late heat
shock would allow us to distinguish the temperature effects
on early versus late prophase faithfully.

We calculated the predicted median time of MT array state
5-6 as described above and performed a comparison between
early and late HS. We did not observe a difference between
HS30°C applied early or late (difference of 52min [95% Cl
-11 to 115min]), with a predicted median time of 313 min
for MT array state 5-6 at late HS30°C (95% Cl 270-355 min;
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pachytene

Figure 4 Localization of the synaptonemal complex elements ASY1 and ZYP1b upon heat stress. Confocal images of the nucleus of meiocytes at
21°C (A), HS30°C (B), and HS34°C (C) of SC elements ASY1-RFP (magenta, first row) and ZYP1b-GFP (green, second row) separately and merged
(third row) at zygotene (Columns 1-3) and pachytene (Columns 4 and 5). Scale bar, 10 um.

Figure 5; Supplemental Tables S1 and S2). Remarkably, the MT
array state 5-6 was not extended when we applied HS34°C
late in prophase |, since we obtained a predicted median time
of 393min (95% Cl 349-437min; Figure 5 Supplemental
Table S1, for details on differences see Supplemental Table S2).

This observation suggested that the prolongation of MT array
state 5-6 is predominantly due to temperature-sensitive events
in early steps in prophase |, for example, the initiation of mei-
otic recombination, that subsequently affect the duration of
pachytene/diakinesis.
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pachytene-diakinesis
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Figure 5 Effect of early and late heat shock on the duration of MT ar-
ray state 5-6. Predicted median time (in minutes) with 95% Cls of
pachytene-diakinesis (MT array state 5-6; green) at 21°C, early HS30°C
versus late HS30°C and early HS34°C versus late HS34°C. 21°C, early
HS30°C, and early HS34°C, as shown in Figure 2B’

Loss of recombination per se does not cause the
elongation of pachytene/diakinesis

To address to what degree a failure of recombination causes
a pachytene/diakinesis delay, as observed in animals
(Crichton et al, 2018), we first made use of the well-
characterized spo11-1 mutant, in which recombination is
completely abolished due to a failure to form DSBs (Grelon
et al, 2001; Hartung et al, 2007). We introduced the
TagRFP-TUAS reporter in spo11-1, allowing us to follow mei-
otic progression by using live cell imaging and MT state-
based determination of meiotic phases from 27 anther sacs
with a total of 224 observed meiocytes (Supplemental
Movie S1; Table 1; Supplemental Table S1).

Interestingly and not previously recognized, early prophase
(MT array state 2-3-4, late leptotene to early pachytene) was
clearly extended in spo11-1 mutants, with a predicted me-
dian time of 1,119 min (95% Cl 1,031-1,206 min; Figure 6A),
that is, a difference of 274 min (95% Cl 143-405min) with
the wild-type (WT; Supplemental Table S2).

Important for this study, the duration of MT array state
5-6 in spo11-1 (predicted median time of 374 min [95% Cl
349-399 min], Figure 6B) was not relevantly different com-
pared to the WT (with a difference of 14 min [95% Cl -36
to 64min]; Supplemental Table S2). This result suggested
that the complete loss of recombination caused by the ab-
sence of DSBs in the spo717-1 mutant does not lead to a pro-
longation of MT array state 5-6 at 21°C.

After prophase |, the meiotic division in spo11-1 mutants
continued with a predicted median time of 72 min (95% Cl
67-76 min) for MT array state 7-8-9, followed by MT array
state 10-11 with 63 min (95% Cl 58—67 min), MT array state
12-13 with 48 min (95% Cl 45-52 min), and finally MT array
state 14 with 356 min (95% Cl 326—385 min) (Supplemental
Figure S4). Of note, the durations of MT array state 7-8-9,
MT array state 10-11, and MT array state 14 in the spo11-1
mutant were slightly longer compared to the WT (for details
on differences, see Supplemental Table S2).
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Next, we asked whether a prolongation of MT array
state 5-6 depend on homologous recombination (HR) re-
pair by following meiosis in dmc1 mutants in which we
introduced the TagRFP-TUAS reporter and observed a to-
tal of 157 meiocytes from 24 anther sacs (Supplemental
Movie S2; Table 1; Supplemental Table S1). In dmc1
mutants, DSBs are repaired through the sister chromatid
of the same chromosome in an HR-dependent manner
(Kurzbauer et al,, 2012). We calculated the predicted me-
dian time per state, which returned a duration of
1,056 min for MT array state 2-3-4 (95% Cl 929-
1,184 min; Figure 6A), which was longer relative to the
WT (with a difference of 211 min [95% Cl 36-386 min];
Supplemental Table S2) and resembling the extension of
this phase seen in spo11-1. Thus, loss of early recombina-
tion steps appeared to trigger a prolongation of early
meiosis in Arabidopsis, although it is currently not clear
whether the extensions in spo17-1 and dmc1 have the
same underlying reason. For MT array state 5-6 in dmc1,
we determined a similar duration of 343 min (95% ClI
331-355 min; Figure 6B) compared to the WT (360 min;
Figure 2B'); hence, we also did not observe a temporal
extension of MT array state 5-6 for dmc1 mutants (for
details on differences see Supplemental Table S2). The
meiotic division continued with a predicted median time
of 67min (95% Cl 63-71min) for MT array state 7-8-9.
MT array state 10-11 took 63 min (95% Cl 59-67 min),
MT array state 12-13 lasted 47 min (95% Cl 45-49 min),
and MT array state 14 spanned 281 min (95% Cl 262-
301 min; Supplemental Figure S4). All these subsequent
phases had durations similar to those in spo11-1 (for
details on differences, see Supplemental Table S2).

Finally, we tested whether a failure to resolve recombina-
tion intermediates as Type | COs might be responsible for
the delayed onset of NEB, using msh4 mutants harboring
the TagRFP-TUAS reporter (Supplemental Movie S3).
Accordingly, we observed a total of 193 meiocytes from 26
anther sacs and calculated the predicted median time for
every stage (Table 1; Supplemental Table S1). In msh4, MT
array state 2-3-4 took 951min (95% Cl 861-1,040 min;
Figure 6A). This duration was not relevantly different from
that of the WT (with a difference of 106 min [95% Cl -18
to 230 min]; Supplemental Table S2) but lied in between the
Cl for the WT and the CI for spo11-1 and dmc1 mutants.
Hence, it was difficult at this point to judge from this data-
set whether this extension was biologically relevant in com-
parison to the WT and resembled the situation found in the
other two recombination mutants.

Subsequently, we determined a duration of 314 min (95%
Cl 299-329 min) in msh4 for MT array state 5-6 (Figure 6B).
The meiotic division continued with an extended MT array
state 7-8-9 for 67 min (95% Cl 65-72 min; Supplemental
Figure S3A) compared to the WT (with a difference of
21min [95% Cl 16-25min]; Supplemental Table S2), which
was similar to the extension seen in spo11-1 and dmcl.
Next, MT array state 10-11 in msh4 lasted 59 min (95% Cl
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Figure 6 Duration of prophase in the recombination mutants spo11-1, dmc1, msh4, and atm at 21°C and HS34°C. A and B, Predicted median
times (in minutes) with 95% Cl of (A) late leptotene-early pachytene (MT array state 2-3-4; orange) and (B) pachytene-diakinesis (MT array state
5-6; green) in the WT (as shown in Figure 2, A" and B’) and recombination mutants spo11-1, dmc1, msh4, and atm at 21°C and HS34°C.

56-63 min), MT array state 12-13 took 49 min (95% Cl 46—
52min) and finally, MT array state 14 spanned 274 min
(95% Cl 253-294 min; Supplemental Figure S3, B-D). Thus,
all recombination mutants tested displayed a similar dura-
tion of MT array states 5-6 and 12-13, compared to the WT
(for details on differences, see Supplemental Table S2).

Yet, msh4 mutants progressed through pachytene/diakine-
sis as WT plants at 21°C. Previous 5'-bromo-2'-deoxyuridine
(BrdU) labeling experiments in Arabidopsis had shown a de-
lay of 8h for S-phase to the end of prophase | in msh4
mutants that we did not see in our experiments. Notably,
our time predictions did not include meiotic S-phase and
early leptotene, where MSH4 is known to start appearing as
numerous foci on the axes (Higgins et al, 2004). Thus, con-
sidering all data, it is likely that Arabidopsis msh4 mutants
are particularly delayed in the premeiotic S-phase given its
known role in repairing DNA base-pair mismatches, which
take place during DNA replication (Santucci-Darmanin et al,,
2002).

Taken together, these results indicated that the loss of re-
combination per se does not cause the elongation of the
MT array state 5-6 seen in WT meiocytes at 34°C.

Prolongation of MT array state 5-6 is largely
recombination-dependent

To then investigate the role of the recombination pathway
on the elongation of MT array state 5-6 upon very high
temperature heat stress, we characterized a total of 198
meiocytes from 25 anther sacs and analyzed the duration of

this phase in spo711-1 mutants at HS34°C (Supplemental
Movie S4; Table 1; Supplemental Table S1). As for heat
shock treatments of WT meiocytes, we used only flower
buds in MT array state 1 to model the duration of the dif-
ferent meiotic states at HS34°C.

The MT array state 2-3-4 of spo11-1 had a predicted me-
dian time of 626 min (95% Cl 572-681min; Figure 6A),
which was shorter in duration compared to spo11-1 at 21°C
(with a difference of 492min [95% Cl 389-595 min];
Supplemental Table S2), showing a similar reduction of
417 min (95% Cl 315-519 min; Supplemental Table S2) as
described for WT meiocytes. Notably, the elongation of MT
array state 5-6 seen in the WT at HS34°C (a difference of
162min [95% Cl 104-219min] compared to 21°G
Figure 2B’; Supplemental Table 52) was not found in spo71-
17 mutant at HS34°C, with a predicted median time of
412min (95% Cl 393-431min; Figure 6B), compared to
spo11-1 at 21°C (a difference of 38 min [95% Cl 6—70 min];
Supplemental Table S2). Further, MT array state 7-8-9 took
35min (95% Cl 32-38 min), MT array state 10-11 spanned
54 min (95% Cl 49-58 min) and MT array state 12-13 lasted
23min (95% Cl 21-26 min; Supplemental Figure S3, A-C).
All these states, with the exception of MT array states 2-3-4
and 5-6, were not relevantly different compared to the WT
at HS34°C (Supplemental Table S2). Furthermore, all these
states showed a reduction similar in length to that described
for the WT at HS34°C versus 21°C. For MT array state 14 in
spo11-1 at HS34°C, we did not calculate median time, as we
did not for the WT at HS34°C.
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This result suggested that the delay in the WT at the very
high temperature of 34°C is not due to the absence of re-
combination, but rather due to aberrant recombination
intermediates; in their absence, as in spo7171-1 mutants, meio-
sis progresses without delay. To further explore this possibil-
ity, we next observed a total of 160 dmc1 and 116 msh4
meiocytes from 19 and 17 anther sacs, respectively, and
measured the duration of MT array state 5-6 at HS34°C
(Supplemental Movies S5 and S6; Table 1; Supplemental
Table S1). The predicted median time of MT array state 2-3-
4 upon HS34°C was 565min (95% Cl 526-605min) for
dmc1 mutants and 571 min (95% Cl 536-606 min) for msh4
mutants, representing a decrease relative to their median
time at 21°C (Figure 6A, for details on differences, see
Supplemental Table S2). The predicted median time of MT
array state 5-6 of dmc1 and msh4 at HS34°C was 383 min
(95% Cl 362-403 min) and 398 min (95% Cl 346—450 min),
respectively (Figure 6B).

Finally, dmc1 and msh4 mutant plants continued meiosis
at HS34°C, with MT array state 7-8-9 of 30 min (95% Cl 28-
32min) and 32 min (95% Cl 30-34 min); MT array state 10-
11 lasting 57 min (95% Cl 54-60 min) and 49 min (95% Cl
43-55min); and MT array state 12-13 taking 22 min (95% Cl
21-23min) and 24min (95% Cl 22-26 min), respectively
(Supplemental Figure S3, A-C). Similar to the WT and
spo11-1 at HS34°C, we were unable to obtain a predicted
median time for the MT array state 14.

In summary, the analyses of dmc1 and msh4 together
with the data obtained for spo11-1 strongly suggested that
aberrant recombination structures are largely responsible for
the delay of pachytene/diakinesis observed in the WT.
However, compared to the timing of these three mutants at
21°C, their durations at 34°C were also slightly longer
(Figure 6B; Supplemental Table S2). Thus, it is also likely
that an unknown and recombination-independent compo-
nent appears to contribute to the observed elongation.

A specialized pachytene checkpoint in Arabidopsis
Our results illustrating the prolongation of pachytene/diaki-
nesis were reminiscent of the pachytene checkpoint of ani-
mals and yeast. However, the observation that mutants
devoid of recombination nevertheless go through meiosis in
plants (as quantified above) has previously raised the hy-
pothesis that plants do not have a pachytene checkpoint
(Couteau et al, 1999; Grelon et al, 2001; Caryl et al, 2003;
Higgins et al., 2004; Li et al, 2004, 2009b; Jones and Franklin,
2008). A central executer of the pachytene checkpoint in
yeast and animals is the checkpoint kinase ATM (Lange
et al, 2011; Pacheco et al,, 2015; Penedos et al, 2015). ATM
is highly conserved and also plays a major role in meiosis in
Arabidopsis, for instance for the repair of DSBs (Garcia et al,,
2003; Li et al, 2004; Lange et al, 2011; Yao et al, 2020;
Kurzbauer et al.,, 2021).

We hypothesized that if the observed extension of MT ar-
ray state 5-6 in the WT is due to a pachytene checkpoint,
atm mutants should also suppress this extension. To test
this idea, we introduced the TagRFP-TUAS reporter in the
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atm mutant and followed meiotic progression at 21°C and
HS34°C using live cell imaging by observing a total of 228
and 172 meiocytes from 28 and 23 anther sacs, respectively.
We then determined the duration of the MT array states as
described before (Supplemental Movies S7 and S8; Table 1;
Supplemental Table S1).

At 21°C, MT array state 2-3-4 lasted 834 min (95% Cl
761-908 min) while MT array state 5-6 took 295 min (95%
Cl 270-321min; Figure 6) in the atm mutant. Thus, atm
meiocytes progressed even faster than the WT through MT
array state 5-6 (with a difference of 65min [95% Cl 7-
123 min]; Supplemental Table S2), hinting at a possible role
in prolonging pachytene/diakinesis even under control con-
ditions. Next, we measured the duration of MT array state
7-8-9 at 45min (95% Cl 42-49 min), MT array state 10-11 at
60min (95% Cl 55-66 min), MT array state 12-13 at 43 min
(95% Cl 40-46 min) and MT array state 14 at 245 min (95%
Cl 230-260 min; Supplemental Figure S3). Thus, MT array
state 10-11 and 14 were slightly longer than in the WT (for
details on differences, see Supplemental Table S2). The rea-
son for this extension is not clear at the moment.

Upon exposure to HS34°C, MT array state 2-3-4 had a
predicted median time of 702 min (95% Cl 640-764 min);
strikingly, the prolongation of MT array state 5-6 seen in the
WT was largely abolished, as the difference between atm
mutants HS34°C and 21°C was only 55min (95% Cl 22—
87min) versus a difference of 162min (95% Cl 104-
219 min) between the WT at HS34°C and 21°C (Figure 6;
Supplemental Table S2).

The durations of the other MT array states were not rele-
vantly different compared to the WT at HS34°C, that is, MT
array state 7-8-9 lasted 31min (95% Cl 29-33 min), MT ar-
ray state 10-11 took 55 min (95% Cl 50-60 min), and MT ar-
ray state 12-13 spanned 26min (95% Cl 23-28 min)
(Supplemental Figure S3, A—C, for details on differences, see
Supplemental Table S2). The duration of MT array state 14
at HS34°C could not be determined as before.

These results implicated ATM in the prolongation of
pachytene/diakinesis at HS34°C. Given the similarities in ex-
tension of pachytene/diakinesis, that is, dependency on re-
combination and the involvement of ATM, we conclude
that Arabidopsis and likely other plants do have a special-
ized variant of the pachytene checkpoint that relies on the
action of ATM and possibly other regulators to monitor ab-
errant recombination intermediates at high temperatures
but, in contrast to animals, not the absence of recombina-
tion itself.

Discussion

More than 50years ago, the consequences of high tempera-
ture on plant development in general and on meiosis, in
particular, were already being studied (Pao and Li, 1948;
Dowrick, 1957; Wilson, 1959). Due to the dire outlook
caused by climate change, research on the influence of tem-
perature on meiosis has been revived. Previous and current
studies have relied on the analysis of fixed samples and
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obtained important insights into the duration of meiosis
and meiotic recombination patterns at elevated tempera-
tures (Modliszewski et al, 2018; Brown et al, 2020; De
Storme and Geelen, 2020). Here, we followed a complemen-
tary approach by following meiosis by time-lapse live cell
imaging. This method allowed us to obtain a highly tempo-
rally resolved dissection of meiotic progression in which we
compared the effects of three heat stress treatments, that is,
a heat shock at 30°C and 34°C and a long-term (1week)
treatment at 30°C in comparison to the control tempera-
ture of 21°C. Notably, this work provided novel insights into
the effects of temperature on recombination as well as mei-
otic progression and set the stage for revising a current
dogma in the field.

Formation of SGs during meiosis

Heat stress induces a multitude of cellular responses, includ-
ing the inhibition of general translation and the formation
of SGs, which are proposed to function as transient places
for both storage and degradation of proteins and mRNAs
during stress resulting in translational re-programming. The
formation of SGs is thought to be especially important for
the re-initiation of translation upon recovery from the stress
condition, as reviewed previously (Anderson and Kedersha,
2002, 2008; Buchan and Parker, 2009). In mice spermato-
cytes, SGs were previously shown to be formed after heat
treatment (42°C) and these SGs contained for instance
Deleted in azoospermia-like (DAZL), an RNA-binding protein
that interacts with the SC, is involved in mRNA transport
and is proposed to function as a translational activator (Kim
et al, 2012).

By fluorescently labeling the major cell cycle regulator of
Arabidopsis CDKA;1, we showed here that meiocytes in
Arabidopsis also form SGs at 30°C and 34°C. CDKA;1 was
previously demonstrated along with several other proteins,
like MITOGEN-ACTIVATED PROTEIN KINASE 3 and the
TARGET OF RAPAMYCIN COMPLEX 1, to be present in
SGs of heat-stressed seedlings (Kosmacz et al, 2019). The
presence of CDKA;1 in SGs was hypothesized to allow a cell
to resume cell division activity in Arabidopsis after attenua-
tion of the stress (Kosmacz et al, 2019). CDKs typically re-
quire a co-factor, called cyclin, for their activity; in budding
yeast, the RNA-binding protein WHISKEY 8 (WHI8) was
shown to bind to and recruit the mRNA of the cyclin CLN3
to SGs upon heat stress, causing the inhibition of CLN3
mMRNA translation (Yahya et al, 2021). Interestingly, Cell
Division Cycle 28, the homolog of CDKA;1 in budding yeast,
is itself also recruited to SGs by WHI8 and has been found
to play an important role in SG dissolution and the transla-
tion of SG-recruited mRNAs, such as for CLN3, upon release
from stress.

Might Arabidopsis CDKA;1 also be a mediator of SG disso-
lution and subsequent re-initiation of translation?
Interestingly, many proteins related to translation were pre-
viously identified as putative CDKA;1 substrates (Pusch
et al, 2011). A pivotal role of translational control for the
abundance of proteins in meiosis has been established in
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several organisms including budding yeast (Brar et al, 2012),
raising the possibility that translational regulation of meiosis
in Arabidopsis is also present and likely controlled by CDK
activity.

The appearance of CDKA;1 in SGs allowed us to faithfully
confirm the application of the heat stress in meiocytes. On
the one hand, we were able to show that the heat stress
reaches meiocytes relatively fast, that is, in <15min. Thus,
all our imaging started when meiocytes are already exposed
to the desired applied temperature in our set-up. On the
other hand, we observed that SGs are not regularly found at
30°C. Thus, the appearance of SGs highlights meiocytes
experiencing temperature stress >30°C. Since SGs formed
rapidly at 34°C, we hypothesize that the heat stress at 30°C
also reaches meiocytes in a similar time frame, offering us
the confidence that we are looking at an immediate effect
of the high temperature rather than a ramping effect over a
long period. We anticipate that the formation of CDKA;1-
containing SGs may be used as a general readout to study
heat stress in other plant tissues and possibly other plant
species as well.

Interestingly, the localization of CDKA;1 to SGs was stage-
specific and its SG localization was only observed from
pachytene onward but not earlier in meiosis. Notably, DAZL
also shows a stage-specific localization to SGs in mice sper-
matocytes and is recruited to SGs only during pachytene in
response to heat, coinciding with its highest accumulation
level (Kim et al, 2012). In comparison, CDKA;1 dynamically
localized to the nucleus and the cytoplasm and the forma-
tion of CDKA;1-positive SGs appeared when its cytoplasmic
portion was the highest. Therefore, whether the formation of
CDKA;1-positive SGs is dependent on its high cytoplasmic
concentration or whether the presence of CDKA;1 in SGs
relies on other meiotic stage-specific parameters needs to be
determined. Conversely, it is also not clear whether non-
CDKA;1-containing SGs form prior to pachytene.

Heat and meiotic progression

The changes in duration for meiosis upon high temperatures
were studied in several plant species including Arabidopsis,
barley, wheat, Dasypyrum villosum (L.) P. candargy and blue-
bell (Hyacinthoides nonscripta; Wilson, 1959; Bennett et al,
1972; Stefani and Colonna, 1996; Higgins et al, 2012; Draeger
and Moore, 2017). These studies have relied on static analy-
ses of fixed material, for example, anther fixation and staging
before and after a certain time interval or BrdU pulse label-
ing followed by the analysis of meiotic chromosome figures
(Bennett et al, 1972; Armstrong et al, 2003). These studies
concluded that the duration of meiosis hastens at high tem-
peratures. Here, we confirmed this general trend of increased
meiotic speed at high temperatures. However, our live cell
imaging approach allowed us to follow meiotic progression
with great depth, generating quantitative data that can be
statistically analyzed, which led to the finding that not all
meiotic phases respond equally to an increase in tempera-
ture. For instance, the progression into interkinesis in the
WT was considerably delayed at 34°C. The underlying
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reasons for this delay are currently unclear, but it is an inter-
esting speculation that there are several as yet recognized
control point/checkpoints during meiosis.

Most strikingly, we discovered that pachytene/diakinesis
are in particular extended at 34°C when compared to con-
trol conditions at 21°C, as seen by a considerable prolonga-
tion of the time of NEB. This observation opens the door to
study which regulators and/or processes are sensitive to
heat, for instance with respect to controlling NEB. However,
how NEB is controlled in plants is still an enigma, especially
since lamins do not appear to be conserved in plants
(Fiserova and Goldberg, 2010; Ciska and Moreno Diaz de la
Espina, 2013). Notably, NEB likely represents a gate in mei-
otic progression. Chromosomes are strong MT organizing
structures in plants (Lee and Liu, 2019), and once the nu-
clear envelope is broken down, the MT array that is
enriched around the nucleus quickly connects to the chro-
mosomes and organizes itself into a spindle (Prusicki et al,
2019). Thus, a delay of NEB represents a physical barrier
that provides additional time to complete and/or correct
processes in the reaction environment of the nucleus before
chromosomes start to be moved in the cell.

Heat and meiotic recombination

The observed extension of pachytene/diakinesis under heat
stress prompted us to genetically and temporally dissect this
effect. An obvious cause for the observed prolongation was
altered meiotic recombination, supported by this study and
previous analyses in Arabidopsis and barley of meiotic chro-
mosome configurations (Higgins et al, 2012; De Storme and
Geelen, 2020; Hedhly et al, 2020). Using mutants in genes
that control different steps in the meiotic recombination
process, like spo11-1, dmc1, and msh4, we showed that the
extension of pachytene/diakinesis is recombination-
dependent, that is, the extension of pachytene/diakinesis
was lost in these mutants at 34°C. Notably, these mutants,
when grown under nonstress conditions at 21°C, did not
display a relevant prolongation of late pachytene (MT array
state 5-6) in a detectable manner with our assays. This result
stands in contrast to animals where loss of recombination,
for example, in dmc1 mutant mice, triggers meiotic arrest
and subsequently induces cell death (Roeder and Bailis,
2000; de Rooij and de Boer, 2003; Barchi et al.,, 2005).

To further narrow down the origin of the elongation of
pachytene/diakinesis, we applied heat stress only around zy-
gotene, that is, up to 17h later than in our first sets of
experiments. Importantly, this late heat stress did not cause
a prolongation, suggesting that recombination appears to be
affected prior to SC formation. This observation is interest-
ing, since earlier work in barley and A. ursinum indicated
that the SC is severely affected by heat, leading to so-called
polycomplexes in which transverse filaments become later-
ally connected; a study in C. elegans suggested that ZYP1 ag-
gregation upon high temperature primarily reflects a failure
of SC assembly (Loidl, 1989; Higgins et al, 2012; Bilgir et al,
2013). In addition, temporal dissection of heat stress on
spermatocytes of the desert locust (Schistocerca gregaria)
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revealed that heat-induced chiasma frequency changes are
most likely the consequence of the completeness or effi-
ciency of pairing (Henderson, 1988). Thus, we conclude that
already very early recombination processes, such as pairing
of homologs, are affected by heat and that these aberrant
processes likely cause the formation of polycomplexes.

From our mutant analysis and chromosome spreads at
elevated temperatures, it is likely that recombination
intermediates cause this delay. What the structure of
these intermediates is and how they cause a delay needs
to be investigated in the future. Possibly, the delay is trig-
gered by nonhomologous recombination caused by mis-
pairing and hence partially interconnected chromosomes.
Analysis of a zmm mutant in yeast revealed that a specific
block in progression of CO formation occurs at high tem-
peratures, resulting in the formation of intermediates
and/or interactions with sister chromatids (Borner et al,
2004). Furthermore, it is well known from yeast that unre-
solved recombination intermediates can cause nuclear di-
vision defects (Kaur et al.,, 2015, 2019; Tang et al., 2015).

Notably, our work also revealed a previously unrecognized
delay of the recombination mutants spo11-1 and dmcT in
early meiosis of Arabidopsis, that is, in late leptotene/early
pachytene, at both high and low temperatures with respect
to the WT. A similar extension was clearly seen for msh4 at
HS34°C, with a corresponding tendency for a delay at 21°C.
Matching our observations, mutants in dmc7 in yeast are
delayed, too, which was explained by the absence of axial
associations between homologs (Rockmill et al, 1995).
However, nearly complete synapsis can be detected in dmc1
mutants in yeast after a substantial delay, while in
Arabidopsis dmc1 mutants stay strictly asynaptic (Couteau
et al, 1999). Possibly, this difference is also due to the differ-
ently acting pachytene checkpoints in both species (see
below).

Another difference between yeast and Arabidopsis con-
cerns spol11 mutants, which progress faster through pro-
phase | in the yeast mutant than its WT strain, whereas, as
shown in this study, Arabidopsis spo11 mutants are delayed
in early prophase in meiosis (Klapholz et al,, 1985; Jiao et al,
1999; Cha et al, 2000). The different behavior of these
mutants cannot currently be resolved, but possibly hints at
different mechanisms of homolog interaction in yeast versus
Arabidopsis.

A specialized pachytene checkpoint in Arabidopsis
Aberrant recombination structures and the absence of re-
combination trigger an arrest in late prophase | in animals
and yeast, executed by the so-called pachytene check-
point (Bishop et al, 1992; Rockmill et al, 1995; Barchi
et al, 2005). Since in plants mutants in which recombina-
tion is abolished, such as dmc1, are not arrested in meio-
sis, it has been proposed that plants do not possess a
pachytene checkpoint (Couteau et al, 1999; Grelon et al,
2001; Caryl et al, 2003; Higgins et al., 2004; Li et al., 2004,
2009b; Jones and Franklin, 2008).
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A major regulator of the pachytene checkpoint in ani-
mals and yeast is the checkpoint kinase ATM (Roeder and
Bailis, 2000; Barchi et al,, 2005; Lange et al.,, 2011; Pacheco
et al, 2015; Penedos et al, 2015). Removing ATM in
mutants that trigger the pachytene checkpoint in mice
spermatocytes, for instance in weak loss-of-function
mutants for Thyroid Hormone Receptor Interactor 13
(also known as Pachytene checkpoint protein homolog 2),
restores progression through pachytene, indicating that
the early arrest is under control of this checkpoint kinase
(Pacheco et al,, 2015).

In budding yeast, atm mutants undergo the first mei-
otic division before all recombination events are com-
plete (Lydall et al., 1996; Stuart and Wittenberg, 1998).
Correspondingly, we found that the pachytene/diakinesis
extension is lost in Arabidopsis atm mutants, implicating
ATM in this checkpoint and the execution of the ob-
served meiotic delay, for example, by sensing aberrant
recombination structures. Together with our finding
that the prolongation of pachytene/diakinesis is
recombination-dependent, we conclude that Arabidopsis
and likely other plants do have a pachytene checkpoint.
However, this checkpoint appears to be less stringent
than in animals, since it does not respond to the ab-
sence of meiotic recombination. Moreover, the exten-
sion is temporally restricted and typically after 2.7h
meiosis continues. After the nature of the presumptive
aberrant recombination intermediates becomes better
understood, it should be determined whether they are
resolved during this time or whether the checkpoint
erodes, that is, meiosis progresses even though check-
point conditions are not fulfilled. An erosion has been
observed for another checkpoint in plants, that is, the
spindle assembly checkpoint (SAC), which ensures that
all chromosomes are connected to MT fibers of the spin-
dle. Triggering this checkpoint was only able to delay
the onset of anaphase by at most <2h (Komaki and
Schnittger, 2017). Notably, the SAC can also erode in
mammals and yeast, although typically only after several
hours (Rieder and Maiato, 2004; Rossio et al., 2010).

It is an interesting discussion point whether less stringent
cell division checkpoints (pachytene and SAC) represent an
evolutionary strategy in plants. Genome mutations, espe-
cially polyploidization events, are more prominent in plants
than in animals and are suspected to be a major driving
force of their evolution (Li et al, 2009b; Brownfield and
Kohler, 2011; De Storme and Geelen, 2013; Wijnker and
Schnittger, 2013). Moreover, hybridization events are very
frequent in plants. An alien genome would likely affect re-
combination by either reducing it or causing aberrant re-
combination structures. Less stringent checkpoints would
pave the road for hybridization events since by chance via-
ble combinations of chromosomes are generated. Especially
an interplay between a relaxed pachytene checkpoint and a
relaxed SAC may promote rapid genome evolution, as often
found in plant species.
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Materials and methods

Plant materials and growth conditions

All Arabidopsis (A. thaliana) plants used in this study were
in the Columbia-0 accession. The CDKA;1-mVenus
TagRFP:TUAS double reporter line, KINGBIRD reporter line 2
(REC8pro:REC8-GFP RPS5Apro:TagRFP-TUAS) and the ASY7-
RFP ZYP1b-GFP double reporter line have been previously
described (Prusicki et al, 2019; Yang et al, 2019, 2020;
Sofroni et al,, 2020). Seeds for T-DNA insertion mutants for
DMC1 (GABI_918E07), SPO11-1 (SALK_146172), MSH4
(SALK_136296), and ATM (SALK_006953) were obtained
from the GABI-Kat T-DNA mutation collection and the col-
lection of T-DNA mutants of the Salk Institute Genomic
Analysis  Laboratory  (http://signal.salk.edu/cgi-bin/tdnaex
press) via Nottingham Arabidopsis Stock Centre (NASC)
(http://arabidopsis.info/)  (for genotyping primers see
Supplemental Table S3).

Seeds were surface sterilized with chlorine gas and germi-
nated on 1% (w/v) agar containing half-strength Murashige
and Skoog (MS) salts and 1% (w/v) sucrose, pH 5.8. When
required, antibiotics were added for seed selection. All plants
were grown under long-day conditions (16 h light at 21°C
(£ 0.5°C)/8 h dark at 18°C (+ 0.5°C), with 60% humidity).
For short-term heat treatment, plants were first grown un-
der standard long-day conditions until flowering. Flower
buds were then harvested and cultured on agar in petri
plates ex vivo as previously described (Prusicki et al, 2020).
These plates were then exposed to heat shock by transfer to
a preheated incubation chamber (30°C or 34°C) mounted
on the microscope stage, where meiotic progression was fol-
lowed in real time.

For the cytology analysis and protein localization studies,
plants were transferred to a climate chamber under a long-
day photoperiod with constant temperature (30°C/34°C (+
0.5°C)) for 24/16 h prior to fixation/observation, respectively.
For long-term heat treatment, healthy plants at the bolting
stage were transferred to a climate chamber under a long-
day photoperiod with constant temperature of 30°C (+
0.5°C) with 60% humidity for 7 days.

Plasmids and plant transformation

The reporter constructs RPS5Apro:TagRFP-TUAS and
KINGBIRD reporter line 2, previously described (Prusicki
et al, 2019), were transformed into the T-DNA insertion
mutants by floral dipping. T, seeds were selected on half-
strength MS medium containing the antibiotic hygromycin.
All observations were carried out with T, lines.

Confocal microscopy and intensity plots

For protein localization experiments, healthy flower buds
were dissected exposing two anthers and carefully posi-
tioned in a petri plate filled with half-strength MS medium,
pH 5.8 solidified with 0.8% (w/v) agar, and meiocytes of dif-
ferent meiotic stages were imaged using a Zeiss LSM880
confocal microscope.


http://signal.salk.edu/cgi-bin/tdnaexpress
http://signal.salk.edu/cgi-bin/tdnaexpress
http://arabidopsis.info/
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab257#supplementary-data
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For pixel intensity plots, flower buds were dissected and
the anthers in MT array state 6 were imaged using a Zeiss
LSM880 confocal microscope with the exact same settings
for the different heat conditions. The pixel brightness was
measured through a region of interest using Image)
(Schindelin et al, 2012; Schneider et al, 2012) and plotted
against the X dimension, which is the distance of the region
of interest.

Live cell imaging and data processing

Live cell imaging was performed as described previously
(Prusicki et al, 2019). In short, up to six flower buds of 0.2—
0.6 mm were carefully positioned in a petri plate filled with
half-strength MS medium, pH 5.8 and solidified with 0.8%
(w/v) agar. Time lapse was performed using an upright Zeiss
LSM 880 confocal microscope with ZEN 2.3 SP1 software
(Carl Zeiss AG, Oberkochen, Germany) and a W-plan
Apochromat 40X/1.0 DIC objective (Carl Zeiss AG,
Oberkochen, Germany). GFP and TagRPF were excited at
A = 488 nm and 561 nm, respectively, and detected between
498 and 560nm and 520 and 650 nm, respectively. Auto-
fluorescence was detected between 680 and 750 nm. With a
time interval of 10 min, a series of six Z-stacks with 50 pm
distance was acquired under a thermally controlled environ-
ment (21°C/30°C/34°C [+ 0.15%]) in an incubation cham-
ber. Due to sample movement, the Z-planes were manually
selected using the review multi-dimensional data function of
the software Metamorph version 7.8 and the XY movement
was corrected using the Stack Reg plugin of Fiji.

Quantitative analysis of the meiotic phases

The analysis of the duration was based on the TagRFP-TUAS5
reporter. Meiocytes were manually assigned to defined MT
states (Supplemental Data Sets S1 and S2). The data were
collected from a minimum of three independent set-ups,
with a minimum of eight anthers per genotype per heat
treatment. The durations of the meiotic phases were
extracted from at least 65 meiocytes.

Statistical methods

Parametric models for interval-censored survival time data
with a clustered sandwich estimator of variance were ap-
plied to address the clustering of meiocytes within anther-
sacs, including effects of the heat treatment, genotype, and
their interaction. The underlying distribution of the para-
metric model was chosen based on the Akaike Information
Criterion with exponential, Gompertz, log-logistic, Weibull,
and log-normal distribution as candidates.

The models used information from all cells for which we
observed at least one time point in the respective state. The
event of interest is the transition of a cell from one state to
the next. Each cell for which the exact beginning and end of
the state were known was modeled as having an event, with
the event time calculated as the difference between the
start of the next state and the end of the previous state.
Cells, where the exact time points of either the transition
from the previous state to the state of interest or to the
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next state were not known, were modeled as interval-
censored data points, with the lower limit of the interval be-
ing the time where the cell was observed in this specific
state and the upper limit of the interval being one time unit
after/before the cell was observed in the previous/next state,
respectively. If for a cell the state before or after the current
state of interest was not observed at all, the cell was mod-
eled as right-censored with the censoring time being the
maximum observed time (i.e. the minimum actual time in
this state) for this cell in the state of interest. In addition to
the individual states, we also calculated a model for the du-
ration from MT array states 2—13 in an analogous fashion.
In specific models, some combinations of heat treatment
and genotype had to be excluded because no (or hardly
any) events were observed.

The chosen distributions underlying our parametric model
were log-normal for MT array states 7-8-9, 10-11, 12-13, 14,
while a Weibull distribution was selected for MT array states
2-3-4 and 5-6 and the model for the complete duration of
MT array states 2—13. Estimation results are presented as
predicted marginal median times (or corresponding con-
trasts), together with 95% Cls. Since the analysis is of an ex-
ploratory nature, no adjustment for multiplicity was applied.
The statistical analysis was performed with R version 3.5.1
and Stata SE version 16.1.

Scripts are available at
Heatstress_Meiosis.

https://github.com/linda-kr/

Cytology

The cytological analysis of the meiocytes under short and
long heat treatment was conducted by performing chromo-
some spreads, as previously described (Sofroni et al,, 2020).
Briefly, healthy flower buds were fixed in ethanol:acetic acid
(3:1, v/v) for a minimum of 24h at 4°C, following washing
steps with 70% (v/v) ethanol, and stored at 4°C. Next,
flower buds were washed in water and in 10mM citrate
buffer, pH 4.5 and digested in an enzyme mix (10 mM cit-
rate buffer containing 0.5% [w/v] cellulase, 0.5% [w/v] pecto-
lyase, and 0.5% [w/v] cytohelicase) for 25h at 37°C.
Digested flower buds were squashed and spread onto a glass
slide in 45% (v/v) acetic acid on a 46°C hot plate. Finally,
the slides were washed in cold ethanol:acetic acid (3:1, v/v)
and mounted in Vectashield medium with 4,6-diamidino-2-
phenylindole (Vector Laboratories, San Francisco, CA, USA).

Accession numbers

Accession numbers based on The Arabidopsis Information
Resource (https://www.arabidopsis.org) for all genes exam-
ined in this study are DMC1 (At3g22880), SPO11-1
(At3g13170), MSH4 (At4g1738), and ATM (At3g48190).

Supplemental data

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

Supplemental Figure S1. MT array states upon heat
stress.
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Supplemental Figure S2. Meiotic defects of the WT
upon heat stress.

Supplemental Figure S3. Duration of meiotic phases in
recombination mutants spoT11-1, dmc1, msh4, and atm at
21°C and HS34°C.

Supplemental Table S1. Detailed overview of the sample
sizes.

Supplemental Table S2. Pairwise comparisons of the mei-
otic phases.

Supplemental Table $3. Genotyping primers.

Supplemental Movie S1. Meiotic division of spo11-1
meiocytes at 21°C.

Supplemental Movie S2. Meiotic division of dmc1 meio-
cytes at 21°C.

Supplemental Movie S3. Meiotic division of msh4 meio-
cytes at 21°C.

Supplemental Movie S4. Meiotic division of spo71-1
meiocytes at HS34°C.

Supplemental Movie S5. Meiotic division of dmc1 meio-
cytes at HS34°C.

Supplemental Movie S6. Meiotic division of msh4 meio-
cytes at HS34°C.

Supplemental Movie S7. Meiotic division of atm meio-
cytes at 21°C.

Supplemental Movie S8. Meiotic division of atm meio-
cytes at HS34°C.

Supplemental Data Set S1. Raw data imaging for WT.

Supplemental Data Set S2. Raw data imaging for the
mutants.
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