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GENETICS

Epigenetically mismatched parental centromeres
trigger genome elimination in hybrids

Mohan P. A. Marimuthu'?, Ravi Maruthachalam?, Ramesh Bondada®, Sundaram Kuppu?,
Ek Han Tan*, Anne Britt?, Simon W. L. Chan?t, Luca Comai'**

Wide crosses result in postzygotic elimination of one parental chromosome set, but the mechanisms that result in
such differential fate are poorly understood. Here, we show that alterations of centromeric histone H3 (CENH3)
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lead to its selective removal from centromeres of mature Arabidopsis eggs and early zygotes, while wild-type
CENH3 persists. In the hybrid zygotes and embryos, CENH3 and essential centromere proteins load preferentially
on the CENH3-rich centromeres of the wild-type parent, while CENH3-depleted centromeres fail to reconstitute
new CENH3-chromatin and the kinetochore and are frequently lost. Genome elimination is opposed by E3 ubiqui-
tin ligase VIM1. We propose a model based on cooperative binding of CENH3 to chromatin to explain the differ-
ential CENH3 loading rates. Thus, parental CENH3 polymorphisms result in epigenetically distinct centromeres

that instantiate a strong mating barrier and produce haploids.

INTRODUCTION

Uniparental genome elimination (GE) entails the postzygotic loss
of one parental chromosome set. Distant hybridization can result in
GE (1), but notwithstanding their basic scientific interest and their
usefulness in producing haploids for breeding, little is known about
what mechanisms mediate identification and selective missegrega-
tion of one parental chromosome set. In Arabidopsis (2), maize (3),
and wheat (4), manipulation of centromeric histone H3 (CENH3)
results in efficient GE in isogenic crosses. CENH3, aka CENP-A, is
an essential histone H3 variant that determines centromere identity
by forming a specialized chromatin on which the kinetochore as-
sembles (5). When a cenh3 embryo-lethal mutant in Arabidopsis is
complemented by a haploid inducer (HI) CENH3 variant (Fig. 1A),
selfing has no effect on seed set or genome maintenance (2, 6-8),
but outcrossing to the wild-type (WT) male results in ~70% seed
death. Of the viable seeds, up to 40% are haploid; the rest are diploid
and aneuploid in roughly equal ratio (Fig. 1B). Thus, outcrossing to
an isogenic wild type yields a strongly incompatible outcome trig-
gering GE, suggesting a role for a differential epigenetic mark in es-
tablishing a hybridization barrier. Here, we leverage the Arabidopsis
system to understand the molecular and cytological basis of GE. We
show that variant CENH3s are selectively removed from centromeres
during reproduction, while wild-type CENH3 is retained. In the hybrid
embryos, CENH3 and the kinetochore assemble on the CENH3-
rich centromeres inherited from the wild-type parent, but not on
those from the HI. Frequently, the HI chromosomes missegregate,
form micronuclei, and are lost. Alternatively, the HI centromeres
can gradually regain strength, a process favored by the E3 ubiquitin
ligase VARIANT IN METHYLATION 1 (VIM1). We propose a
model to explain the differential CENH3 loading rates by a cooper-
ative binding effect.
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RESULTS

Biased loading of a CENH3 variant in zygote precedes GE

We searched for signs of GE in zygotes and early embryonic mitoses
(Fig. 1, Cand E to I, and fig. S1) (9-12) by tracking female and male
chromatin distinctly labeled with histone H2B fusion tags (Fig. 1C
and Materials and Methods). Among the HIs (Fig. 1A), the green
fluorescent protein-tailswap (GFP-ts) variant is highly efficient in
triggering GE when crossed to WT male (Fig. 1B). In addition, the GFP-ts
fluorescently marks the centromeres for easy visualization. Hence,
we used cenh3-1;GFP-ts X WT cross (Fig. 1D) as a representative
GE cross (GEC) throughout the study. Lines coexpressing endoge-
nous CENH3 and GFP-ts behave as wild type (2), yielding only dip-
loid progeny on crossing to wild-type male and thus were used as an
isogenic control cross (CC) (Fig. 1D). Reconfirming previous re-
ports (13), centromeric GFP-ts signals were absent in haploid egg
cells (Fig. 1E) of both control and HI lines. We used WT males ex-
pressing H2B-tdTomato (14) to identify zygotic chromatin. Follow-
ing fertilization, centromeric GFP-ts signals were still absent in
zygotes of both CC and GEC until 19 hours after pollination (HAP)
(Fig. 1F). As the zygotic mitosis progressed (20 to 36 HAP), the GFP-ts
appeared on all 10 centromeres in the CC. In contrast, GEC displayed
only five signals [Fig. 1G and fig. S1, A (b) and B (b)], consistent with
uniparental loading. The 10 versus 5 patterns of GFP-ts persisted
throughout embryonic mitoses in both CC (100%; n = 38) and GEC
(86.4%; n = 125) (Fig. 1H and figs. S1, A and B, and S2K). The CC
embryos showed normal chromosome segregation, whereas GEC
displayed laggards and micronuclei-lacking centromeric GFP-ts
during zygotic anaphase and telophase [Fig. 1H and fig. S1, A (d)
and B (d)]. Thus, while both CC and GEC displayed zygotic re-
programming (13), GFP-ts reloaded only on the five centromeres
associated with properly segregating chromosomes in GEC.

Biased loading of GFP-ts on wild-type centromeres in early
GEC endosperm

Higher seed death in the haploid induction cross could be explained
by endosperm failure (15-17) probably hastened by missegregation
of HI chromosomes (17). To test this hypothesis, we examined the
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Fig. 1. Biased localization of GFP-ts in zygotes, early embryos, and endosperm from GE crosses in Arabidopsis. (A) Structure of wild-type AtCENH3, GFP-ts (gray
box), and other haploid-inducing CENH3 variants. All CENH3 variants are expressed under the control of the Arabidopsis CENH3 regulatory sequences and, in the cenh3-1
null mutant background, act as His. GFP-ts is highlighted in bold because of its extensive use in this study: It results in the highest haploid induction rate, and it labels the
centromeres efficiently. (B) CENH3-mediated GE in Arabidopsis. (C) Progressive stages of fertilization and early seed development. Landmark events described in
this study are highlighted in green. (D) The GFP-ts is expressed maternally in both the control cross (CC) and the GE cross (GEC). However, in the GEC, the maternal line is
homozygous for the cenh3-1 mutation. (E to I) The ovule schematic on the left indicates the region of interest in the ovule shown on the right. (E) GFP-ts is absent from
the egg nucleus before fertilization and (F) in the early zygote. (G) GFP-ts reappears before mitosis on the centromeres of normally segregating chromosomes in both
CC and GEC. In GEC, GFP-ts is absent on five chromosomes “*,” which lag and (H) form micronuclei in two-cell embryos (arrows). (I) Metaphase (CC) and anaphase
(GEC) endosperm chromosomes displaying male-only (red) and biparental (blue) chromatin. Note the paternal bias in loading of GFP-ts in GEC. Scale bars, 1 um.

behavior of HI chromosomes in the endosperm by marking paren-
tal chromatin with fluorescent tags (Fig. 1C). Triploid endosperm
(10 maternal + 5 paternal) is the second product of double fertiliza-
tion nourishing developing embryos (Fig. 1C). Following central
cell fertilization, the resulting endosperm proliferates rapidly (from
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~11 HAP), whereas the zygote takes ~30 HAP for its first division
(18). As in egg cells, centromeric GFP-ts signals were absent in the
central cell nuclei before fertilization in both control and HI lines
(see below, Fig. 6, F and G). Here, we used WT males expressing
red fluorescent protein (RFP)-tagged, sperm-specific histone H3.3
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variant (HTR10) (19) for investigating very early stages of endosperm
development. After fertilization, paternal chromatin was still marked
by HTR10-RFP, which is pronounced on endosperm chromatin (figs.
S1, D and F, and S2, C, F, and G). After karyogamy, maternal GFP-ts
was loaded rapidly on all 15 parental centromeres (84%, n = 94; figs.
S1C and S$2B) in CC and only on 5 in the GEC instead (90%, n = 27;
figs. SIE and S2, F and G). In GEC, all five centromeric GFP-ts signals
were predominantly associated with male chromatin (HTR10-RFP)
and were absent from the chromatin inherited from the female
(Fig. 1T and figs. S1F and S2G). As HTR10-RFP fluorescence dimin-
ished after the second mitosis (19), we used pRPS5A-H2B-tdtomato
(14) as a male chromatin marker for examining later stages. In subse-
quent endosperm mitoses (20 to 36 HAP) of the GEC, in addition to
nuclei with 5 GFP-ts signals, we often detected nuclei with 10 or 20
brighter signals or a variable number of bright and faint signals (fig.
S2, H and I). Numbers that are multiples of five are consistent with
nuclear restitution. In contrast, up to 15 signals were observed consist-
ently in the CC (fig. S2, D and E). Suggestive of genome instability,
rare chromosome bridges (fig. S1F) and micronuclei (fig. S2I) were
found in the endosperm of GEC.

GFP-ts reloading patterns in both the embryo and endosperm (fig.
§2,J and K) confirmed the zygotic reprogramming of CENH3 (13), ex-
cept for biased loading in GEC. GFP-ts localization in GEC to five cen-
tromeres, the gametic number, was consistent with uniparental bias
and failure to reload on the centromeres inherited from the HI parent.

Interploidy GECs confirm depletion of GFP-ts

from HI parent chromosomes

The above data suggested that centromeres inherited from one par-
ent, presumably the HI, are incompetent for CENH3 loading. To
test this hypothesis, we tracked the genome of origin using parents
that differed in ploidy. Interploidy crosses, such as 4x(tetraploid) X
2x(diploid) and the reciprocal cross, are possible in Arabidopsis
(17, 20-22). In the triploid (3x) embryos produced by an inter-
ploidy CC [2x CENH3;GFP-ts X 4x WT], a majority of nuclei ex-
hibited the expected 15 centromeric GFP-ts signals (Fig. 2A).
Whereas only 10 bright signals, with an additional 5 or fewer faint
signals were seen in 3x embryos from the (2x cenh3-1;GFP-ts X 4x
WT) GEC (Fig. 2B). This pattern is possible only if the maternal GFP-
ts is loaded to the wild-type paternal centromeres. Conversely, in 3x
embryos from the reciprocal ploidy cross [4x CENH3(+/—-);GFP-ts
X 2x WT], 10 of 11 embryos exhibited the expected 15 signal/nucleus,
except for one embryo, in which every nucleus showed five bright
signals along with 9 or 10 fainter signals (Fig. 2C). This HI-like be-
havior could be associated with maternal inheritance of two null
cenh3-1 alleles, a hypothesis verified below (Fig. 7, A and B). Further-
more, in 3x embryos from the GEC (4x cenh3-1;GFPts X 2x WT)
(Fig. 2D), most nuclei exhibited five brighter signals, along with 7 to
11 fainter signals. Together, we concluded that, in the GEC, maternally
inherited GFP-ts displayed biased localization on the centromeres
inherited from the wild-type parent (Fig. 2E). Faint centromeric
GFP-ts signals in postzygotic cell stages were consistent with pro-
gressive reloading of kinetochore components on revenant maternal
centromeres (see below, Fig. 8A).

HI centromeres sustain partial centromeric identity

If centromeres in the HI female gametes (Figs. 1 and 2) lose their identity
in an outcross, how do they maintain stability during self-pollination?
We hypothesized that loss of identity is partial since haploid yield is
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below 50%. To document this, we examined centromeres in self-
pollinated two- to four-cell embryos of the control (CENH3;GFP-ts;
Fig. 3A and fig. S3C), HI (cenh3-1;GFP-ts; Fig. 3B and fig. S3D), WT
(fig. S3, A and I), and cenh3-1;GFP-CENH3 (fig. S3, B and ]) lines and
in the CC (Fig. 3C and fig. S3E). In all types, the centromeric signals’
modal value was 10 per cell. Similarly, embryos from these genotypes
displayed comparable variation in centromere signal intensity (1.2- to
2.5-fold difference; violin plots in Fig. 3 and fig. S3) without distinct
patterns as observed in Fig. 2E.

In contrast, embryos from the GEC displayed five bright centro-
meric GFP-ts signals along with one to eight fainter GFP-ts signals
(n = 165 nuclei, 69 embryos; Fig. 3, D and E, and fig. S3F). Within
each nucleus, the brightest signal was 14- to 34-fold stronger than
the weakest signal (violin plots), forming three recognizable patterns
(bright+faint): 5+0 (44%), 5+5 (3%), and 5+N (53%, where N =1 to
4 and 6 to 8) in contrast to 10+0 in all controls. Furthermore, 28%
of embryos displayed only the 5+0 pattern in all cells, whereas the
rest displayed combinations of all three patterns. Even the biparental
provision of GFP-ts (cenh3-1;GFP-ts X CENH3;GFP-ts) did not alter
the GFP signal patterns, which remained similar to cenh3-1;GFP-ts
X WT (Fig. 3F and fig. S3G). Similarly, a paternal mCherry tag
(cenh3-1;GFP-ts X CENH3;mCherry-ts) did not alter the outcome:
Five bright GFP-ts signals as in cenh3-1;GFP-ts X CENH3:GFPts
were colocalized with bright mCherry-ts signals (fig. S3M). We fur-
ther confirmed the uniparental localization of GFP-ts by comparing
cells arrested in the embryonic prometaphase stage (see Materials
and Methods) from the CC (Fig. 3H and fig. S3K) and GEC (Fig. 31
and fig. S3L). As inferred from the derived karyotype of the high-
lighted GEC cell (Fig. 3,1 and K), GFP-ts strongly marked one of the
the WT parent centromere set. The same cell also displayed misseg-
regated chromosomes (up to seven) from the first zygotic mitosis
that presented very faint centromeric GFP-ts signals (Fig. 3]). Togeth-
er, the presence of >5 or <5 faint signals and 5+5, 5+N patterns of
GFP-ts within a nucleus were consistent with chromosome misseg-
regation and gradual centromeric reloading of GFP-ts during early
embryo development.

When crossed as males, most HI types yield no haploids. The only
exception is the strongest HI, GFP-ts. When used in the male GEC
(WT X cenh3-1;GFP-ts), it generates ~4% haploids, 10-fold fewer
than the normal GEC (2). In the male GEC, nuclei with only five
bright centromere signals were less common: 7% 5+0 pattern versus
44% for GFP-ts X WT (P < 0.0001, two-sample z test), suggesting that
diminished removal from HI centromeres resulted in improved
reloading and caused lower GE (Fig. 3G and fig. S3H; see fig. S6B(a).

Our analysis revealed the following properties: (i) Selfing the HI
strain mimics the wild-type behavior, resulting in proper reloading
of GFP-ts on all centromeres despite its prior removal. (ii) Cytological
analyses reconfirm biased GFP-ts occupancy of centromeres inherited
from one parent (Fig. 3, I to K). (iii) Male-inherited HI centromeres
are reloaded more efficiently, explaining the lower haploid yield
from male HI. These observations suggest that competitive centro-
meric reloading in the GEC occurs because of the strong previous
depletion of the variant CENH3, and not its presence, on the HI
gametic centromere set.

In GECs, wild-type and variant CENH3s localize

to centromeres contributed by the wild-type parents

Next, we investigated the fate of paternally contributed WT-CENH3
by immunodetection (23), leveraging the absence of CENH3 N

30f18



SCIENCE ADVANCES | RESEARCH ARTICLE

Q d
A g’f__’;’;’a Wild-type DAPI Signal Centromere Bright GFP-ts
-ts - . -
FP-t FP-t attern signals/nucleus  signals/nucleus
diploid (2x = 10) tetraploid (4x = 20) gmamR2 GFP-ts CFP-ts B 4 oo (19 4
mbryo (n = 39 Nucleus
88 Nucleus (n = 91) 100 (g=9u1)
75
00 x 50
o0
25
00
cenh3-1 567 g% 1945 510 1\;@6
B GFP-ts Wild-type
diploid (2x = 10) tetraploid (4x = 20) Embryo (1=50)  4qp. '\(1;1126811533
Nucl =85
00 0000 voleus (=89 ¢
00 0000 i
80 * 3330 .
OO Oooo 5678910“1213141516 5 101;d?b
15 bright
000
CENH3/cenh3-1 a 000
(o] GFP-ts Wild-type = Q000 1w Embryo (n=11) 44| Nucleus
tetraploid (4x = 20) diploid (2x = 10) & Q00 | M= (n=22)
0000 00 & %
0000 OO0 ~~
0000 x 00 < _ 25
oooo Oo _g‘ 5 7_9 11 13 15 5\01506
OOOO oo S 000 6810 1214 16 &
b 000Q
000
000
cenh3-1 o O
GFP-ts Wild-type
i Nucl
tetraploid (4x = 20) diploid (2x = 10) 5 g';gmt’f S ((n:gsz))) 100] (1=25)
< ucleus (n=
0000 oo 75
0000 OO 000 “
9000 x 00 — 000 -
0000 0O 000
0000 (e]6e) o O %67 %0 2" %456 5'01;«@?
(O cCentromere from female parent () Centromere from wild-type male GFP-ts
Bright + faint
E 5410
0.15] Bri%rg)t : fsaint o .
Bright + faint Bright + faint . o oo
15+0 .® 2 15+0 .: -
=) LIPS ° s ° .
+< 0.1 .
g oo o ° e ° . H
og ] Jo 5 ®e® oge .o 2 . ° ©
28 st il Te e T et e ¥
i oo Ve e e :
gs 0.5 4 DX oe » - Oc o2
bl L] L
* L4 ¢ . °*,°
L e o o
° . oo * o
0 O- ®oo L] L]
C1 c2 C3 C1 c2 C3 C1 c2 C3 C1 c2 C3
A4 A4 A4 V
CENH3 cenh3-1 CENH3/cenh3-1 cenh3-1
GFP-ts GFP-ts GFP-ts GFP-ts

diploid (2x = 10)
X

Wild-type
tetraploid (4x = 20)

diploid (2x = 10)
X

Wild-type
tetraploid (4x = 20)

tetraploid (4x = 20)
X

Wild-type
diploid (2x = 10)
(data from embryos
with 15 brigh
signals)

tetraploid (4x = 20)
X

Wild-type
diploid (2x = 10)
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terminus antigens on GFP-ts and GFP antigens on WT-CENH3
(Fig. 1A and fig. S4A). In the CC, both GFP-ts and WT-CENH3 vari-
ants colocalized on all 10 centromeres (Fig. 4A). In the GEC, both
variants colocalized on five centromeres inherited from the wild-type
parent in interphase (Fig. 4B), G, (fig. $4B), prometaphase (Fig. 4C),
and anaphase cells (fig. S4C). Often, faint GFP-ts signals colocalized
with faint WT-CENH3 signals (fig. S4C). In addition, both CENH3
and GFP-ts domains partially overlapped [three-dimensional struc-
tured illumination microscopy (3D-SIM); Fig. 4, C and D], suggest-
ing the formation of centromeric subdomains enriched with one or
the other protein, consistent with previous observations with natural
or artificial combinations of CENH3 types (12, 24, 25). We conclud-
ed that native or GE-inducing CENH3s display similar localization
bias in the GEC, indicating that only the wild-type centromeres are
competent during the very early embryonic mitosis.

In GECs, typical centromeric chromatin states persist

on defective chromosomes

We wondered whether the loss of CENH3 during GE affects the cen-
tromere and pericentromeric stereotypical chromatin states. Phos-
phorylation of H3 at serine-10 (H3S10ph) is found in plants on
pericentric chromatin of condensed chromosomes (26-29). On the
other hand, H3K4me3 marks the euchromatic region but is excluded
from the centromere proper (30). In the prometaphase cell from WT
embryos, the H3S10ph signal marks a domain at the pericentric re-
gion that is spatially distinct from the CENH3 signals and labeled all
10 chromosomes (Fig. 4E). Similar to the wild type, in the prometa-
phase cell from the GEC embryos, chromosomes inherited from both
parents displayed H3S10ph signals, but only wild-type chromosomes
had GFP-ts signals (Fig. 4F). Even after sister chromatid cohesion re-
solved at anaphase, we found H3S10ph on leading sister chromatids
with functional centromeres, as well as on the lagging chromatids,
which lack GFP-ts (Fig. 4G). The euchromatin-specific H3K4me3
was excluded in the pericentric and centromeric region on chromo-
somes inherited from both wild-type and GFP-ts parents but strongly
stained the euchromatic arms (Fig. 3, H and I). The H3K9me2, a het-
erochromatic mark (31), was also found on both leading and lagging
chromatids (fig. S7B). In conclusion, because normal centromeric
patterns of histone H3 modifications persisted after differential
CENH3 loading and during centromeric failure, they are unlikely to
underlie chromosome missegregation and loss.

HI chromosomes assembled defective kinetochores in GEC

If biased loading of CENH3 and GFP-ts causes uniparental cen-
tromere dysfunction, then this outcome should be reflected in a ki-
netochore defect. To demonstrate this, we examined RFP-tagged
CENP-C and NUEF?2, essential components of inner and outer kine-
tochore protein complexes, respectively (32). Marking the kineto-
chores, both fusion proteins produced 10 centromeric fluorescent
signals in somatic nuclei (Fig. 5, A and B). When paternally contrib-
uted in CCs, both marked all 10 parental centromeres equally in
two- to four—cell stage embryos (wild-type female; Fig. 5, C and D)
and colocalized with maternal GFP-ts (CENH3;GFP-ts female; Fig. 5,
E and G) and matched it in intensity. Whereas in GECs, both RFP-
CENP-C and NUF2-RFP signals (Fig. 5, F and H) presented wide
numerical variation and bright+faint patterns similar to GFP-ts. In
both GEC cases, bright RFP signals colocalized with the bright
GFP-ts signals. Singleton faint signals were rarely observed (Fig. 5,
F and H, asterisk marks). We concluded that, in GEC only, the
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wild-type parental chromosome set assembled optimal kineto-
chores while, on the HI set, kinetochores were either suboptimal
or absent.

Chromosomes with CENH3-depleted centromeres
missegregate and partition into micronuclei

Next, we examined the process of HI chromosome loss. Starting with
the first (fig. S1B, d) or second (fig. S4C) embryonic mitosis, laggard
chromosomes lacking GFP-ts signal appeared in the GEC. Chro-
matin bridges devoid of GFP-ts signals were detected in early-stage
embryos (fig. S5A). Consistent with genome instability reported in
other systems (1, 11, 33-38), we also observed micronuclei in early
embryos from the GEC (39). To determine whether chromosomes
in micronuclei carried defective centromeres, we examined the as-
sociated centromere states.

Along with 4',6-diamidino-2-phenylindole (DAPI), the provi-
sion of paternal H2B-tdTomato (14) provided an unambiguous
definition of micronuclei in four—cell stage embryos. In the CC (fig.
S5, B and D), all cells carried normal nuclei (micronuclei were ab-
sent; n = 81 cells from 25 embryos) and most displayed 10 distinct
GFP-ts signals. In GEC, 90% (n = 29) of embryos harbored up to six
micronuclei of varying sizes per embryo, and 59% of them had
more than one cell with micronuclei (fig. S5, C and D). Notably,
55% (n = 82) of micronuclei had no GFP-ts signals, and the rest
carried one to four faint signals. Multiple micronuclei were ob-
served even in later embryo stages (fig. S5, E and F). Thus, the com-
promised loading of CENH3 and GFP-ts on the centromeres of HI
chromosomes led to kinetochore assembly failure, missegregation
of laggards, and frequent partitioning within micronuclei similar to
those observed in interspecific GECs (11, 33).

Native CENH3 and GFP-CENP-C display stable inheritance
during development of female gametes and zygote

If CENH3 vacates centromeres (13), how is centromere identity
preserved in the egg and central cell lineage of the CC and not in the
GEC? Could GFP-ts be removed selectively while CENH3 persist-
ed? Previous reports are consistent with the possibility of wild-type
CENH3 persistence (12, 25, 40). To compare the stability of GFP-ts
and wild-type CENH3, we examined the immature (flower stages
-2 and —1) and mature (flower stages +1 and +2) (41) ovules brack-
eting normal self-fertilization time (Fig. 6A; see Materials and
Methods). In both control and HI lines, five centromeric GFP-ts
signals were visible in developing gametes and immature egg cells
but were markedly absent in most mature egg cells (Fig. 6, B, C,
and J). However, we detected immunostained WT CENH3 in all
egg cell stages (Fig. 6D). Similarly, GFP-ts was absent in mature
central cells (Fig. 6, F and G), whereas WT CENH3 was retained
(Fig. 6H). Paternally inherited GFP-ts remained visible imme-
diately after fertilization (around 9 HAP; fig. S6B, a) but disap-
peared thereafter to reload ~25 HAP (fig. S6B, b). However, in the
rapidly dividing endosperm, paternal GFP-ts marked all 15 cen-
tromeres from fertilization throughout development (fig. S6B, b to d).
The removal of GFP-tagged CENH3 from centromeric chromatin is
specific to CENH3 since analogous fusions with CENP-C (Fig. 6, E
and I, and fig. S6, C to F) and NUF2 (fig. S6G) were retained in the
kinetochore through similar stages. In contrast, corroborating observa-
tions on wild-type or tagged CENH3 (13, 42), GFP-tagged CENP-C,
NDC80, and RFP-tagged NUF2 were removed from the terminally
differentiated vegetative nucleus of pollen (fig. S6H).
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Fig. 4. WT CENH3 and GFP-ts occupy the same functional centromeres during haploid induction. (A to G) A selected nucleus (white dotted box) on the embryo is shown
enlarged on the right. (A) Colocalization of CENH3 and GFP-ts on 10 centromeres in the CC. (B) Colocalization on five centromeres in the GEC. (C) 3D-SIM image of prometa-
phase stage cells in embryos from the GEC. (D) Enlarged condensed chromosome from image (C) (yellow dotted box). (E) At the pericentromeric region of all chromosomes,
H3S10ph (phosphorylation of H3 at serine-10) is noticeable as an independent domain in prometaphase stage nuclei in the WT embryo and in prometaphase (F) and
anaphase (G) in the embryo from the GEC. Asterisk (*) marks wild-type centromeres, whereas the arrowheads mark the chromosomes lacking GFP-ts. Yellow triangles (G) mark
laggard chromosomes with H3S10ph signals, but lacking GFP-ts. Scale bars, 5 um (for the whole-embryo images) and 1 um (for the rest of the figure).
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Fig. 5. Uniparental assembly of functional kinetochores in embryos undergoing GE. (A and B) Localization of RFP-tagged CENP-C and NUF2 in an interphase nucleus
from petals. (C and D) Localization of paternal RFP-tagged CENP-C (C) and NUF2 (D) on all 10 parental kinetochores in the interphase nuclei of two- to four-cell stage
embryos from a CC using WT females. (E to H) Comparison of GFP-ts, CENP-C, and NUF2 colocalization in interphase nuclei from two- to four—cell stage embryos in the

CC (E and G) and GEC (F and H). White arrowheads and asterisks (*) i

n (F) and (H) mark faint signals and singleton GFP or RFP signals, respectively. Bar graphs, violin plots,

and correlation plots represent the kinetochore numbers and relative fluorescent intensity values (AU) for the genotypes shown on the left. Each column of the violin

plots indicates relative RFP intensity within a single cell (C1 to C6). Scale bars, 1T um.

In summary, in the mature egg and central cell, WT CENH3
persisted in the centromeres while GFP-ts was evicted from both
(Fig. 6]). When transmitted by pollen, centromeric GFP-ts was re-
moved in the zygote.

CENH3 and kinetochore proteins mark one parental set

of centromeres in GECs involving other HI CENH3 variants
We asked whether a haploid-inducing, missense CENH3 mutant (43)
causes GE through a mechanism similar to GFP-ts. Embryos from
M4 (CENH3“%F) X WT cross also displayed only five centromeric
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CENH3 signals in the interphase nucleus (fig. S7A), often along with few
faint signals, as seen for cenh3-1;GFP-ts X WT. At anaphase, CENH3
localized on the leading chromatids and was absent in the lagging ones
(fig. S7B). A missense mutation in another conserved histone fold do-
main (HFD) residue, CENH3%%E| does not act as an HI (43). The
embryos from this cross displayed 10 bright CENH3 signals and normal
segregation (fig. S7, C and D). We then investigated kinetochore
assembly in GEC involving these missense mutations and other
haploid-inducing CENH3 variants (Fig. 1A). Comparable to GFP-ts
(Fig. 5, F and H), embryos from all GECs, including the cross involving
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the nontransgenic, HI mutant cenh3-2"%", displayed bright and faint
kinetochore signals (fig. S8, A to F) but with genotype-specific differ-
ences. In contrast and corroborating the CENH3 localization pattern
(fig. S7, C and D), the non-inducer CENH3%'7* variant displayed
10 bright kinetochore signals in a majority of the nuclei (fig. S8G). This
suggests that the CENH3**F variant, like GFP-ts but not CENH3%'7*F,
is removed during egg maturation.

M4 (CENH3%%E), similar to other CENH3 variants, produces
haploids only when maternally transmitted. Correlated with this ob-
servation, when M4 and other variants were paternally transmitted,
the 5+0 kinetochore pattern was markedly absent except for WT X
cenh3-1;GFP-CENH3. On the other hand, the 5+5 pattern was more
frequent in WT X HI than in the HI X WT GEC (9 to 63% higher;
fig. S8, A to E). The increased centromeric signal associated with
paternal inheritance suggests a sex bias in CENH3 removal efficien-
cy, also noted with the GFP-ts (Fig. 3, D and E versus G), and pro-
vides evidence for function of kinetochores smaller than those of
the wild type.

Highlighting a common GE mechanism, native or GE-inducing
CENH3s display similar localization bias in the GEC, indicating that
only the WT centromeres are competent during the very early em-
bryonic mitoses. If a removal pathway is triggered at egg matura-
tion and persists through the early zygotic stage, then the sex
bias for variant CENH3 removal may depend on the different
exposure time between egg- and sperm-contributed centromeres.

Dilution of CENH3 nucleosomes mimics

CENH3-dependent HI

Depletion of altered CENH3 may dilute the density of CENH3 nu-
cleosomes below a threshold, diminishing the competitiveness of
the affected centromeres (44). Furthermore, biased loading in 1 of
11 embryos from the interploidy cross 4x CENH3(+/—-); GFP-ts X 2x
WT suggested a centromeric defect in gametes inheriting the cenh3-1
null allele. Accordingly, we tested the possibility of CENH3 deple-
tion using diploid plants heterozygous for the cenh3-1 knockout
mutation (CENH3/cenh3-1). Following meiosis, the female and
male haploid spores undergo three and two mitoses, respectively,
to produce gametes. Spores inheriting the null allele should pro-
gressively deplete CENH3 (Fig. 7A). In contrast to maize (3), the
cenh3-1 null allele is normally transmitted in Arabidopsis (45).
However, when a CENH3/cenh3-1 Arabidopsis was crossed to the
CENH3(+/+) as male or female, half of the two- to four—cell stage
embryos displayed biased kinetochore loading (5+N; N =1 to 5),
while the remaining half displayed 10+0 pattern (Fig. 7B and fig.
S9A). The 5 bright + 5 faint signal pattern was retained even in
>16-cell stage embryos [3 days after pollination (DAP); fig. S9B].
In contrast, all embryos from CENH3(+/+) parents displayed the
10+0 pattern (Fig. 8B and fig. S9A). On the basis of these obser-
vations, we concluded that the centromeres carrying the faint sig-
nals in embryos with the 5+N pattern originated from gametes
carrying the cenh3-1 null allele. Progeny from CENH3/cenh3-1 X
CENH3(+/+) yielded 4 haploids/956 progeny or 0.83% of zygotes
formed by (—) eggs. None were found in control (n = 1207 progeny).
This highlights the importance of threshold CENH3 concentration
in centromere function and demonstrates that haploids can be
induced without altering CENH3 but by merely diluting its WT
form. Production of haploids from maize heterozygous for CENH3
was demonstrated by Wang et al. (3) who proposed that dilution
was responsible.
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Gametic transmission of a CENH3 null allele mimics the HI
CENHS3 variants by altering seed death and GE efficiency

We searched for factors that affect CENH3-mediated HI using seed
death to quantify GE efficiency (2, 6, 22). Expanding on our previ-
ous observations (22), the GFP-ts HI’s best suppressors were found
to be another CENH3-based HI, including fusion proteins, point
mutations, and diverged CENH3. The majority of the HI X HI cross
generated only a background level (0.3 to 3%) of seed death (Fig. 7C),
a trait strongly associated with HI efficiency (6). Corroborating these
observations, most embryos from GFP-ts or GFP-CENH3 X other
HIs displayed a uniform 10+0 pattern (Fig. 7D), a notable deviation
from the GFP-ts X WT cross (Fig. 3, D and E). Thus, the 10+0 pat-
tern provided a visual assay for functional recovery of centromeres
inherited from GFP-ts and other HIs. Consistent with these obser-
vations, the CENH3-depleted cenh3-1 male gametes from CENH3/
cenh3-1 plants were good suppressors of seed death, reducing it by
30% in three different HIs (Fig. 7E). Similar results were observed in
an independent null allele, cenh3-3 (Fig. 7E). Correlating with re-
duced seed death, fertilization by gametes inheriting the cenh3-1
null allele from CENH3/cenh3-1 or CENH3/cenh3-3 reduced the hap-
loid frequency by ~30% (Fig. 7F), presumably by matching the epi-
genetic strength of the female’s GFP-ts—depleted centromeres (Fig. 7C).
This is consistent with the appearence of 10+0 pattern in 42% of
the early-stage embryos (Fig. 7G), a feature characteristic of the CC
and never observed in the GEC.

Alternative fates of chromosomes with

CENH3-depleted centromeres

Centromeres can replenish centromeric-CENH3 after initial de-
pletion (44, 46, 47). The underperformance of HI chromosomes in
early embryos, the associated fainter signals, and the production
of diploid and aneuploid progeny from a GEC suggested the re-
covery of centromere function in HI chromosomes during em-
bryo development. Supporting our hypothesis, comparing nuclei
from independent embryos in the 2 to 6 DAP window, we ob-
served progressive convergence of high and low GFP-ts signals
toward uniformity (Fig. 8A). In addition, HI chromosomes carry-
ing fainter GFP-ts signals appeared to be segregating normally
(fig. S5, A and F). At the same time, GE appeared stochastic, as
highlighted by frequent chimerism in GFP-ts signals carrying nu-
clei (Fig. 8B). We used the histological marker B-Glucuronidase
(GUS) provided as a transgene in the HI genome to visualize the
GE pattern in later-stage embryos. At 14 DAP, embryos in a non-
GEC (HI X HI) displayed uniform development and staining
(Fig. 8C), while GEC’s embryos varied widely in development and
staining pattern (Fig. 8, D and E). Later, chimerism was also com-
mon in seedlings, as revealed by its variable size and discontinu-
ous staining (Fig. 8F). We concluded that shoot apical meristem
state predicts progeny’s ploidy upon germination. Together, if HI
chromosomes escape early missegregation, then their centromeres
become progressively more competent for CENH3 loading.

Null mutants of VIM1 enhanced haploid induction frequency
To identify factors affecting GE frequency, we undertook a genetic
screen exploiting natural variation in Arabidopsis germplasm.
Among the 20 diverse accessions crossed as a male parent in the
GEC, accession Bor-4 produced higher haploid induction frequency
(~70%) compared to ~30% with the CC involving accession Col-0
(Fig. 9). The Bor-4 accession carries a deletion of VIM1 (vimlI-1), a
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(a proxy for GE frequency) when intercrossing non-inducer and Hl lines. #Data from the work of Maheshwari et al. (7). GFP-ts was not used as male because of reduced
fertility. (D) Normal, 10-chromosome loading of GFP-ts or GFP-CENH3 crosses between GFP-ts and GFP-CENH3 with other Hl lines (interphase or prometaphase stage
nuclei). (E) Comparison of proportion of viable and aborted seeds upon pollinating various Hl lines with CENH3(+/+) versus CENH3(+/-) males. (F) Bar graph displays GE
induction efficiency when pollinating cenh3-1,GFP-ts with CENH3(+/—) males. (G) Embryos from cenh3-1,GFP-ts X CENH3(+/—) with two patterns of GFP-ts signal. Counts
are displayed in the bar graph at the bottom. Scale bars, 1 um. Statistical validation was by the Chi square test.

methyl cytosine binding protein that results in hypomethylation of
centromeric repeats, centromeric decondensation, and decreased
CENH3 density at the centromeres (48-50). VIM1 displays homol-
ogy to the yeast E3 ubiquitin ligase PSH1 (49, 51, 52), which regu-
lates stability of yeast centromeric histone CSE4. To further rule
out background genetic or epigenetic effects resulting from the nat-
ural accession Bor-4, we tested whether the null allele vim1-2 in the
Col-0 background can also have a similar effect on GE. We found
that the vim1-2 allele also acted as an effective enhancer of haploid
induction when transmitted by either parent (Fig. 9), suggesting
that a critically low level of VIMI1 in the zygote engenders centro-
meric failure. The strong effect of these modifiers indicates that the
ubiquitination or methylation pathway, directly or indirectly, af-
fects CENH3 stability.
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DISCUSSION

Our results suggest a model (Fig. 10A) where a surveillance system
(51-53) recognizes and removes CENH3 variants that are mis-
matched with coevolved centromeric factors. In addition to removal
from egg, central cells, and zygote, our results and those of Ingouff et al.
(13) indicate that removal and reloading of GFP-ts also takes place in
male meiocytes (40). The CENH3-depleted centromeres maintain
some centromeric chromatin identity, probably because removal of
CENH3 is incomplete or an associated chromatin mark remains (31)
and may guide CENH3 loading. When both parents contribute CENH3-
depleted centromeres (HI self-cross or HIXHI cross), the absence of
competition between centromeres enables the CENH3 chromatin
to regain uniform and optimal CENH3 levels. In contrast, in the HI
X WT cross, depletion of CENH3 variants from the HI centromeres
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results in a large epigenetic imbalance with WT centromeres, which
maintain the CENH3 mark. During zygotic loading of CENH3, the
CENH3-depleted chromosomes of the HI compete poorly with
WT ones, as suggested after CID depletion in fruit fly (44). We hy-
pothesize that cooperative binding kinetics favor centromeres
with a high density of CENH3 nucleosomes (Fig. 10B). A similar
problem, the preferential incorporation of CENP-A in CENP-A-rich
chromatin, has been explained by mass action kinetics (54). Because
of the constraints of mass action kinetics in modeling the differen-
tial binding of an equal concentration subunit (CENH3) to a non-
soluble, stable complex (the centromere) with different density of
bound subunits (55), the model proposed to explain the cooperative
binding of Polycomb complex subunits or the even-skipped repres-
sor to multiple binding sites in DNA (56, 57) better fits our observa-
tions and model. This epigenetic imbalance can be established when
selfing heterozygotes for a null CENH3 allele, explaining the func-
tion of maize and wheat HIs (3, 4) and, potentially, GE in barley (11).

HI centromeres retain a weak but distinct epigenetic memory.
Many zygotes in GECs eventually form diploids or aneuploids, demon-
strating resilience of the depleted centromeres and providing a
model for centromere recovery. Ploidy chimerism at all embryo de-
velopmental stages suggests stochastic GE explaining formation of
haploid, diploid, and aneuploid plant types (39). Because different
CENH3 variants form an allelic series varying in GE efficiency (6, 7),
the epigenetic strength of centromeric identity and the potential
for recovery must vary proportionally with the removal efficiency
of each variant in the egg cell.

In crosses that do not lead to measurable HI, such as WT X GFP-
CENH3 (2) and WT X M4 (CENH3®*) (6), in two- to four-cell embryos,
we observed five normal centromere signals, presumably contributed
by the WT, and five small centromere signals, presumably contrib-
uted by the potential HI. Contrasted to GEC, where the HI centromeres
are mostly undetectable, this indicates that Arabidopsis embryos can
tolerate large differences in parental kinetochore size and only severe
CENH3 depletion on one parental centromere set results in efficient HI.
Therefore, in Arabidopsis, reduction of one parent’s kinetochores to a
very small but detectable size does not trigger HI as proposed (58).
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Mutations of the epigenetic factor VIM1, which can ubiquitinate
CENHS3 in vitro and affects both DNA methylation and chromo-
center size (48, 49), markedly increased GE efficiency. The effect
manifested when either parent was the viml mutant, suggesting that
a critical level of VIM1 postzygotic activity is needed to stabilize
CENH3 or facilitate loading, either through a stabilizing ubiquitin
mark or through differential DNA methylation. This VIMI effect
appears opposite to what would be expected from the action of its
homolog PSH1, which entails removal of ectopic and unchaperoned
CSE4 (the yeast centromeric histone homologous to CENH3) via
ubiquitination (52). Whether VIMI confers stability to CENH3 via
ubiquitination as reported for CENP-A (59) or acts indirectly remains
to be determined. Directly or not, a ubiquitin pathway rescues cen-
tromere failure.

The property of CENH3 mutations described here could have
interesting evolutionary implications. There is good evidence for
the requirement of an optimal, species-specific CENH3 structure
(60). In Arabidopsis, evolutionary divergence of the complementing
CENH3 results in increasing GE efficiency (7), suggesting a progres-
sively more severe mismatch with coadapted factors (61-63). Changes
in CENH3 structure may expose CENH3 to a surveillance system
whose presence is well established in yeast and humans (51-53, 64).
In this context, species differences are likely. The efficient centro-
meric function in crosses between CENH3-dependent HIs suggests
that evolution of species with subefficient CENH3 function is pos-
sible. For example, the CENH3%** mutation resulting in GE could
persist at low frequencies because it is recessive. Rarely, it may be-
come fixed in a geographically isolated subpopulation without af-
fecting short-term fitness, as suggested by surveys (43). Lethality
in the HI X WT cross should reinforce speciation by establishing a
strong postzygotic barrier while, at the same time, fostering novel
karyotypes (43). In the wild type, CENH3 density-dependent com-
petition may help maintain dominance of the centromere over po-
tential ectopic loci seeded by CENH3. The presence of a CENH3
variant, however, could increase the threat by neocentromeres if the
reduced difference between the centromere and secondary CENH3
loci lessens the bias in loading. Selection against the resulting ge-
nome instability would favor compensatory changes in CENH3 and
interacting kinetochore proteins and perhaps help explain the rapid
evolution of CENH3 (60).

The difficulty in replicating the Arabidopsis HI system in crops
(3, 4) could be explained by species-specific variation in quantita-
tive or developmental features of mechanisms that regulate CENH3
deposition and stability. The GFP-ts alteration is tolerated in Arabi-
dopsis but lethal in maize (3). At the same time, transmission of a
null cenh3 allele yields 5% haploids in maize, <1% in Arabidopsis,
and none in wheat (3, 4). Designing an efficient HI in each species
may require different CENH3 modifications, as different constraints
could apply to the function of CENH3 variants. Direct manipula-
tion of CENH3 removal in the gametes may constitute a more gen-
eral strategy (44).

In conclusion, our analysis of CENH3 variant-mediated haploid
induction in Arabidopsis thaliana demonstrates its dependency on
selective destabilization of HI-CENH3 variants during fertilization.
The resulting differences in CENH3 stability provide insight into
mechanisms that maintain the epigenetic memory of centromeric
chromatin. Together, these findings provide a firm basis for further
mechanistic insights and a framework for evaluating mechanisms
of GE in biotechnology and during distant hybridization.
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MATERIALS AND METHODS

Plant growth and materials

Arabidopsis plants were grown in standard long day photoperiod
(16-hour light/8-hour dark) conditions at 20°C in the controlled
environment facility at University of California, Davis (UC Davis).
Unless mentioned otherwise, all lines used in the study were homo-
zygous for the genotype of interest. The lines carrying the cenh3-1
and cenh3-3 null allele were maintained and used in heterozygous
condition because of the embryo-lethal nature of the null mutations.
The following lines used in this study have been previously described:
CENH3/cenh3-1, GFP-ts, GFP-ts;CENH3, GFP-CENH3, tailswap-
CENH3 (the Chan Laboratory) (2, 45); LoOCENH3 and ZmCENH3
(Comai Laboratory) (7, 24); CENH3%***(M4) and CENH3“"7**(M47),
cenh3-2(CENH3"%"V) (Britt laboratory) (43); and vim1I-1 (Bor-4,CS22591)
and vim1-2 (SALK 000930c) (48) from the Arabidopsis Biological
Resource Center (ABRC). Zygosity of the transgenes in tailswap-CENH3
(Simon laboratory) (2, 45), LoOCENH3 and ZmCENH3 (Comai Lab-
oratory) (7, 24), CENH3“***(M4), and CENH3%'7**(M47) lines are un-
known. Lines carrying proECI1-H2B-RFP and pro HTR10-HTR10-RFP
(RFP-tagged histone H3.3 variant) (13) were provided by F. Berger
(Gregor Mendel Institute, Austria). The line carrying pRPS5A-H2B-
tdTomato (14) was provided by T. Higashiyama (Nagoya University).
A population of 4xGFP-ts segregating for cenh3-1 and CENH3 al-
leles was provided by N. De Storme, Geelen laboratory (University
of Ghent). Col-0 (2x), Ler gl-1(2x) (S. Chan Laboratory stocks), and
Ler 4x (Comai Laboratory stock) were used as WT strains in the con-
text of CENH3. CENH3;mCherry-ts, GFP-CENP-C, NUF2-GFP, and
NDC80-GFP are unpublished lines from the Chan Laboratory. Nat-
ural accessions (see below) used in screening for modifiers of HI fre-
quency were obtained from ABRC. The following lines used in this
study were generated by the floral dip method for Arabidopsis (65)
using corresponding constructs generated with pCAMBIA1300 or
pCAMBIA3300 vector backbone in the Chan Laboratory and the
Comai Laboratory: proFWA-H2B-eCFP, proEC1-H2B-eCFP,
proCENP-C-TagRFP-CENP-C (referred as RFP-CENP-C in the text),
proNUF2-NUF2-TagRFP (referred as NUF2-RFP in the text), proH2B-
H2B-CFP (At5g22880), and proAct2-NLS-GFP-GUS. The cenh3-3
[23-base pair (bp) deletion from +1177 to +1199 bp] null mutant was
generated in Ler(glI) ecotype using pKAMA-ITACHI Red CRISPR-
Cas9 system (66) with single guide (5'-CCCCTCCCCAAAT-
CAATCGT-3’) targeting the eighth exon. The transgenic locus
(Cas-9 and guide RNA) were segregated out in the T generation. T
generation lines carrying the cenh3-3 allele were used for the exper-
iments in this study. Additional details of all plasmid constructs and
strains used in this study will be provided upon request.

Emasculation and pollination

For crossing and imaging, the mature flower buds were identified
and emasculated a day before anther dehiscence. The following day,
either the ovules from the pistils of the emasculated buds were di-
rectly imaged (see below) or pollinated with appropriate male
genotypes for imaging double-fertilization events and for examining
various stages of embryo and endosperm development as de-
scribed below.

Ovule and embryo dissection

At selected time points, ovules from individual pistils were dissected
using insulin needles directly into a drop of mounting media
[1x phosphate-buffered saline (PBS) and 50% glycerol] on the glass
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slides; a coverslip was gently placed on top of it, and corners were
locked in position with nail polish. The volume of mounting media
was found critical for proper imaging. We typically use 15- to 25-ul
volume per 22 mm x 22 mm cover glass, and the volume depends
on the quantity and size (age) of the ovule. Higher volume increases
the thickness of the tissue (in the z axis), which results in poor signal
quality. In contrast, below a threshold volume, the ovules may get
smashed and gametic, or endosperm nuclei may be disfigured or
released through the micropyle. For a subset of immunostaining ex-
periments, before embryo isolation, inflorescence with intact crossed
pistils were soaked in solution with 2 mM 8-hydroxyquinoline and
0.25% of colchicine for 2 to 3 hours to enrich cells with metaphase
stages. Embryos were manually dissected from the fertilized ovules
from 2 to 14 DAP under a stereo microscope using a fine tungsten
needle while immersed in 0.1x PBS solution. While dissecting four-
cell stage embryos (two cells in the embryo proper and two cells in
suspensor), often, the bottom cell or both cells in the suspensor get
severed. The dissected embryos were transferred to glass slides with
~5 ul of the same buffer using a fine glass tube or 10-ul plastic pi-
pette tip coated with bovine serum albumin (100 mg/ml). Leaving 2
to 3 ul of buffer with embryos, the rest of the medium was removed
and the mounting medium [3 to 5 pl of 1x PBS and 50% glycerol
with DAPI (1 ug/ml)] was quickly added to avoid drying of the tis-
sues. A coverslip was gently placed on top of the samples for direct
observation. Mounted embryo or ovule samples were imaged on the
same day of preparation. For immunostaining, dissected embryos
or ovules were transferred to a glass slide in a drop of 0.1x PBS and
processed further as described below.

Staging flower buds forimaging and immunostaining

For imaging the chronological dynamics of GFP-ts, WT-CENH3,
and CENP-C-GFP during female gamete development, unopened
buds from an inflorescence axis were assigned negative(— sign) num-
bers and open flowers were given positive(+ sign) numbers (Fig. 6).
In our growth conditions, every inflorescence axis produces more
than one flower per day. Hence, we used numerical nomenclature
with minus and plus signs (41) to specify relative stages of the buds
and flowers instead of standard staging nomenclature for Arabidopsis
based on flower (67) or ovule development (68). On a given inflo-
rescence axis, the —1 stage being the matured bud and -2 stage is
chronologically younger and immediate in the order of the acropetal
succession. In contrast, the +1 stage refers to chronologically young
but open flower, and +2 stage refers to chronologically immediate and
older open flower in basipetal order (Fig. 6A). The buds in the -2 stage
contain both undifferentiated gametes and differentiated egg cells.
Whereas, —1 stage buds contain predominantly differentiated egg cells.
The +1 and +2 stage flowers predominantly carry ovules with dif-
ferentiated egg and central cells that are ready for fertilization.

Immunostaining of nucleus and embryos

Nuclei from two to three formaldehyde-fixed young flower buds
were extracted in PBS by fine chopping using a sharp razor blade.
Chopped tissue was resuspended in 1 ml of cold PBS and filtered
through a 40-pm nylon strainer. Nuclei in the filtrate were concen-
trated by centrifugation (250g for 5 min). Leaving ~15 ul of the
supernatant along with the nuclei pellet, the rest of the supernatant
was gently removed and discarded. The nuclei pellet was gently
resuspended by pipetting up and down using a wide-bore pipette
tip. One to two microliters of nuclei suspension was used for
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immunostaining. Immunostaining on isolated nucleus, dissected
embryos, and whole-mount ovules was performed according to (69)
with minor modifications. Immunostained samples were mounted
with ProLong Gold antifade with DAPI (Thermo Fisher Scientific)
before imaging. Antibodies used in immunostaining are as follows:
primary, rabbit CENH3 (1:2000) (23), GFP (1:400; #ab6556), H3K4Me3
(1:500; #07-473-Milipore), H3K9me?2 (1:200; #ab1220), and H3S10ph
(1:100; #ab14955) and secondary, Alexa Fluor 405, 488, 594, and
647 from Invitrogen (used in 1:100 to 1:500 dilutions).

GUS staining
GUS staining of embryo and seedling was carried out as de-
scribed (70).

Visualization of cells from different reproductive stages
using cell-specific chromatin markers

For imaging postfertilization ovules, the egg cell chromatin was la-
beled with histone H2B-CFP (cyan fluorescent protein; At5g22880)
or H2B-RFP (13) and the central cell or endosperm is marked by
H2B-CFP (At5g22880) fusion proteins. For labeling the egg cell, zy-
gote, and two-cell embryo, the fusion proteins H2B-CFP or H2B-
RFP were driven by ECI, an egg cell-specific promoter (19), and for
labeling the central cell and endosperm nuclei, the fusion protein
was driven by FWA, a central cell and endosperm-specific promoter
(Figs. 1 and 6 and figs. S1, S2, and S6) (71). The sperm chromatin was
marked by H2B-tdTomato or HTR10-RFP (histone H3 variant) fu-
sions driven by RPS5A promoter (14) or sperm cell-specific HTRI0
promoter, respectively (Fig. 1 and figs. S1, S2, and S6) (13). Following
fertilization, in pEC1-H2B-CFP X pHTR10-HTRI10-RFP crosses, the zy-
gotes were identified by colocalization of H2B-CFP and HTR10-RFP sig-
nals whereas endosperm were exclusively marked by HTR10-RFP
from the male. Similarly, in pFWA-H2B-CFP X pHTR10-HTR10-RFP
crosses, endosperm was identified by colocalization of H2B-CFP and
HTR10-RFP signals whereas zygotes were marked exclusively by
HTRI10-RFP. Similar method was used to identify the endosperm
and embryo while using pRPS5A-H2B-tdTomato-expressing males.
For imaging pollen, pollen grains from the open flower were directly
dusted onto mounting media [1x PBS and 50% glycerol with DAPI
(1 pg/ml)], and a coverslip was gently placed on top and imaged
directly. Sperm nuclei were differentiated from the vegetative nuclei
by bright and smaller DAPI signal in contrast to the relatively larger
diffused signal from the latter.

Microscopy and image analysis

Fluorescence images of nucleus, ovule, embryo, and pollen samples
were captured as 3D objects using Applied Precision DeltaVision
deconvolution or spinning disk confocal microscope in MCB light
microscope imaging facility (UC Davis). With the Applied Preci-
sion DeltaVision deconvolution microscope, images were captured
at 60x magnification with Z-stacks (with a step size of 0.2 um for
embryos and up to 1 um for ovules for initial screening and 0.2 to 0.5 um
on selected images). One selected prometaphase sample (Fig. 4C) was
imaged with Nikon Structured Illumination Microscope for higher
resolution. Zeiss Discovery v20 stereoscope was used to image seeds,
seedlings, and GUS-stained samples.

Images captured with Applied Precision DeltaVision deconvo-
lution microscope were deconvolved with DeltaVision softWoRx.
All 3D images were analyzed with Imaris (for images acquired with
Applied Precision DeltaVision) and SlideBook (only for 3i SDC
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image acquisition) software. During analysis, if needed, a series of
consecutive z planes were analyzed for resolving overlapping sig-
nals. On selected 3D images, only z-stacks with cells or tissue of in-
terest were selected and transformed into 2D using maximum
intensity projection (MIP) method. Those selected images were
processed using Adobe Photoshop, and figures were assembled
with Affinity Designer. Images captured using Zeiss Discovery v20
stereoscope were processed using ZEN lite software (Zeiss). While
processing and analyzing images, brightness and contrast were
altered and uniformly applied to the whole images to (i) reduce the
background noise, (ii) make the fainter fluorescence signals visible
relative to the brighter signals in the same image, and (iii) to re-
duce the background autofluorescence in the ovule whole mounts.

To prepare all figures in the manuscript, we selected representa-
tive images from each experiment, but wherever possible, we chose
images that had no overlapping centromere or kinetochore signals
upon transforming to 2D format (MIP). The same criteria were
used to select the images for signal intensity analysis presented in
Figs. 2, 3, 5,7, and 8 and figs. S3 and S9. Centromeric signal (fluores-
cence) intensity of GFP-ts, GFP-CENH3, CENH3 (by immunostain-
ing), REP-CENP-C, and NUF2-RFP was measured using Soft WoRx
Explorer (Applied Precision Inc.) on selected raw images with non-
overlapping signals in the region of interest. By scanning through
the z axis for each 3D image, a 5 x 5 pixel area was selected with the
region of interest, aligned at the center, and the intensity maximum
from the point spread function for each signal was recorded (72).
Background noise was removed by selecting the same size region
next to the region of interest for each signal. Given that the analyzed cells
may be in unknown stages of the cell cycle (except G,-anaphase),
collected centromeric fluorescence values [arbitrary units (AU)]
were normalized within each analyzed cell and expressed as relative
fluorescent intensity with AU. Qualitative patterns of centromeric
GFP or RFP signal intensity were assigned by visual inspection of in-
dividual nuclei or embryos of interest using Imaris software. Graphs
were generated with RStudio. The egg and central cells were readily
identified by the expression of the H2B-CFP marker driven by EC1
and FWA promoters, respectively, in addition to their developmental
position as gauged by the virtue of autofluorescence of ovule integ-
uments (13, 18). The centromeric GFP-ts signals in the undifferen-
tiated gametes were recognized by the presence of GFP signals in a
group of five (gametic chromosome number) in the mid-sections
toward the micropylar end of the ovule, which is otherwise free of
somatic cells. The CENH3 immuno signals in presumptive central
cells in the WT background are recognized by its proximity to the
egg cell and in the mid-sections of the ovule (Fig. 6H).

Seed death and haploid induction

In the GECs, seed death can be used as an indirect measure of hap-
loid induction efficiency (6). For most of the experiments, crossed
seeds were collected from individual silique (fruit) and totaled follow-
ing the quantification. For the seed death shown in Fig. 7C for all of
the cross combinations [except WT (Col-0) X GFP-ts (n = 87) and
GFP-CENH3 X M47(CENH3°"7") (n = 48)], a minimum of 240 and
a maximum of 923 seeds were examined. The haploid frequency was
scored by phenotyping the progeny as described in (2, 43).

Screen for modifiers of HI frequency
A total number of 20 geographically diverse natural accessions
of A. thaliana were used in the modifier screen: Sha-1(CS6180),
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Fei-0(CS22645), Cvi-0(CS1096), Hi-0(CS1226), KNO-1(CS22401), Pro-
0(CS22649), Rsch-0(CS28715), Lago-1(CS76367), Rmx-A02(CS22568),
Col-0, Ler, Angel-1(CS76362), Sij-2(CS76380), Ey15-2(CS76399), IP-
Bus-0(CS76736), Cnt-1(CS1635), Uod-1(CS22612), Altai-5(CS76433),
RRS-7(CS22564), and Bor-4(CS22591). All these accessions were ob-
tained from ABRC, Ohio State University and were shared with us
for the screen by J. Kaur (University of Delhi, South Campus, India)
and D. Barua (Indian Institute of Science Education and Research,
Pune, India). All the listed accessions were crossed as a pollen parent
to cenh3-1;GFP-ts female, and the seeds from the resultant crosses
were harvested upon maturation. The viable seeds were then germi-
nated on MS-agar growth medium and subsequently transplanted
to the soil for growth. The percentage of haploid, diploid, and aneu-
ploid progeny was scored as previously described (2, 43, 73).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1151

View/request a protocol for this paper from Bio-protocol.
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