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SUMMARY
Polyploidy is a major driver of evolutionary change. Autopolyploids, which arise by within-species whole-
genome duplication, carry multiple nearly identical copies of each chromosome. This presents an existential
challenge to sexual reproduction. Meiotic chromosome segregation requires formation of DNA crossovers
(COs) between two homologous chromosomes. How can this outcome be achieved when more than two
essentially equivalent partners are available? We addressed this question by comparing diploid, neo-auto-
tetraploid, and established autotetraploid Arabidopsis arenosa using new approaches for analysis of meiotic
CO patterns in polyploids. We discover that crossover interference, the classical process responsible for
patterning of COs in diploid meiosis, is defective in the neo-autotetraploid but robust in the established auto-
tetraploid. The presented findings suggest that, initially, diploid-like interference fails to act effectively on
multivalent pairing and accompanying pre-CO recombination interactions and that stable autopolyploid
meiosis can emerge by evolution of a ‘‘supercharged’’ interference process, which can now act effectively
on such configurations. Thus, the basic interference mechanism responsible for simplifying CO patterns
along chromosomes in diploid meiosis has evolved the capability to also simplify CO patterns among chro-
mosomes in autopolyploids, thereby promoting bivalent formation. We further show that evolution of stable
autotetraploidy preadapts meiosis to higher ploidy, which in turn has interesting mechanistic and evolu-
tionary implications.
INTRODUCTION

Polyploids, which arise via genome duplication, are important in

evolution.1–4 Phenotypic novelty may confer an immediate

advantage,4,5 while increased genome complexity enables

longer term adaptation, diversification, and speciation.6–9

When polyploids first arise, fertility is often low, as most newly

arisen (‘‘neo’’)-polyploids show extensive chromosome mis-

segregation during meiosis, the specialized cellular program

that underlies gamete formation (e.g., Choudhary et al.10 and

Parra-Nunez et al.11). But this challenge can be overcome: stable

polyploids with regular chromosome segregation and high

fertility have evolved repeatedly (e.g., Grandont et al.,12 Bomb-

lies et al.,13,14 Carvalho et al.,15 Charpentier et al.,16 Wolf

et al.,17 and Spoelhof et al.18).

The fundamental challenge to meiotic chromosome segrega-

tion in polyploids arises from their extra chromosome copies.
Current Biology 31, 4713–4726, Novem
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In diploid meiosis, the two (maternal and paternal) copies of

each chromosome (homologs) segregate from each other at

the first meiotic division (metaphase I). This ‘‘reductional’’ segre-

gation, a critical step in haploid gamete production, is ensured

by pairwise physical connections between homologs, ‘‘chias-

mata,’’ which reflect combined effects of one or a few interhomo-

log DNA crossovers (COs) plus sister chromatid cohesion

(Figures 1A– 1C, top).19 In neo-polyploids, COs/chiasmata often

link multiple partners and the resulting multivalents frequently

mis-segregate at metaphase I.14,20,21 Evolution of stable poly-

ploidy thus comprises mechanisms that ensure that COs prefer-

entially link pairs of homologs, despite the availability of more

possible partners.

Two distinct types of polyploids, auto- and allopolyploids,

likely represent extremes of a continuum.1,3,20 Allopolyploids

arise via hybridization coupled with genome duplication

and contain recognizably distinct subgenomes. In evolved
ber 8, 2021 ª 2021 The Author(s). Published by Elsevier Inc. 4713
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Metaphase I connections in diploid and autotetraploid nuclei

(A) Resolution of a chiasma at onset of anaphase22 led to Janssens hypothesis that chiasmata represent sites of crossing over between homologs.

(B) Chromosome axes in grasshopper showing chiasmata (top) that correspond to sites of CO between homologs (bottom; adapted from Blat et al.23).

(C) Metaphase I chromosome complements in A. arenosa diploid, neo-tetraploid, and established tetraploid nuclei. Cartoons (top) show CO configurations

corresponding to rod and cross-shaped bivalents. Scale bars, 5 mm.

(D) Initiation of recombination mediates homolog coalignment, which is followed by CO designation with accompanying CO interference and SC formation.

(E) Metaphase I configurations of total homolog sets (bivalents in diploids and quadrivalents in tetraploids) predicted from component homolog analysis as

defined for A. arenosa diploid, neo-tetraploid, and established tetraploid nuclei. Error bars = standard error of the mean; n = 4 plants for diploid, neo-tetraploid,

and established tetraploid.

(F) Percentages of nuclei exhibiting different numbers of bivalents predicted from component homolog analysis. In tetraploids, nuclei with 16 bivalents (*) and

many nuclei with 14 bivalents and 1 quadrivalent (**) give regular metaphase I segregation (text). n = 90, 43, and 61 nuclei for diploid, neo-tetraploid, and es-

tablished tetraploid, respectively.

See also Figures S2C and S3.
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allopolyploids, and sometimes already in neo-allopolyploids, CO

formation is restricted to more similar versions of each chromo-

some by mechanisms that recognize DNA sequence differences

among subgenomes (e.g., Calderón et al.24 and Henry et al.25).

Autopolyploids arise by within-species whole-genome duplica-

tion, e.g., by fusion of unreduced gametes or mitotic errors.

The multiple copies of each chromosome are thus equally ho-

mologous.1,4,20,26 Correspondingly, when autopolyploids first
4714 Current Biology 31, 4713–4726, November 8, 2021
form, COs generally occur promiscuously among all homologs,

giving complex multivalent CO connections at metaphase I

(e.g., Figure 1C, middle).10,11,20,27 Neo-autopolyploids may

thus be more prone to fertility defects arising from chromosome

mis-segregation than neo-allopolyploids. Nonetheless, in most

evolved autopolyploids, COs again link homologs primarily pair-

wise, without preferences for particular combinations, yielding

diploid-like bivalents at metaphase I with stably polysomic
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inheritance (e.g., Figure 1C, bottom).17,27–31 Evolution of stable

autopolyploidy is of special interest, because homolog copies

must be recognized as pairs qua pairs, without cues from under-

lying genome sequence diversity.

We previously proposed that crossover interference might be

important in autopolyploid meiotic stabilization.14 Interference

underlies patterning of COs in meiosis and, in diploids, arises

as follows (Figure 1D). Recombination is initiated by pro-

grammed DNA double-strand breaks (DSBs), which occur in as-

sociation with, and dependent upon, the chromosome structural

axis.32 At each DSB, one end identifies homologous DNA se-

quences on a partner homolog, and the resulting recombination

complex establishes an interaction with this partner axis.33 The

two axes are then juxtaposed in space. Multiple DSBs thus yield

coaligned homolog axes linked by multiple DSB-mediated

recombination interactions.33 COs then emerge at one or a few

of these positions via a programmed patterning process. A first

CO designation occurs, ensuring every homolog pair acquires

at least one CO or chiasma (the so-called ‘‘obligatory CO’’

required for metaphase I segregation). That CO triggers a

spreading interfering signal in both directions, dissipating with

distance, that disfavors nearby CO designations. Interference

spreads along chromosome axes over a distance defined in mi-

crons axis length.34 Additional COsmay then occur, with accom-

panying nucleation of an interfering signal, that ‘‘fill in the holes’’

between inhibitory domains created by prior events, leading to

evenly spaced CO(s) along the chromosome, the classical

outcome of crossover interference.35 CO designation is accom-

panied by formation of the synaptonemal complex (SC), which is

nucleated at a subset of pre-CO recombination interactions,

likely all CO-designated sites, and additional interactions that

mature to other fates.35 Like COs or chiasmata, SC nucleations

are evenly spaced and likely arise by the same process.36

To understand the evolution of stable autopolyploid meiosis, it

is first necessary to understand the aberrant condition that oc-

curs in neo-autopolyploids and then how evolution ultimately

promotes regular pairwise CO connectedness in established au-

topolyploids. We developed ways of analyzing and comparing

CO and SC patterns during meiosis in related diploid, neo-auto-

tetraploid, and established autotetraploid Arabidopsis arenosa.

This powerful system comprises a known founding diploid,

from which neo-autotetraploids are easily generated, and a

closely related meiotically stable autotetraploid that arose just

once from a single ancestral population around 30,000 genera-

tions ago.37 The natural (evolved) autotetraploid has stable biva-

lent formation,15,38 without any tendency for chiasmata to occur

preferentially between particular homolog pairs.28 Also, a num-

ber of meiotic genes have been under selection in the autotetra-

ploid lineage,28,38,39 of which evolved alleles are associated with

reduced multivalent formation rates.40

The present study uses 3D immunofluorescence structured

illumination microscopy (SIM) to define positions of fluorescently

tagged CO complexes along SCs. These CO positions provide a

direct readout of the CO patterning process (above), permitting

analysis of underlying mechanisms (e.g., Zhang et al.34). CO po-

sitions were analyzed with new approaches that allow extension

of diploid methodologies to tetraploid meiosis. Diverse results

support the hypothesis that CO interference plays a critical role

in both the challenges of, and the solutions to, autotetraploid
meiosis in A. arenosa. We also show that evolution of stable

autotetraploidy preadapts meiosis to higher ploidy in this

organism.

RESULTS

Cytological definition of synapsis patterns and CO
positions
We defined CO patterns along SCs by immunocytological anal-

ysis in 194 diploid, neo-autotetraploid, and evolved autotetra-

ploid A. arenosa male meiocytes (Figures 2 and S1; Video S1),

isolated from 4 plants of each cytotype (STAR Methods). Quad-

rivalent synaptic configurations were observed in both neo- and

established tetraploids, with continuous pairwise SCs along all

four homolog copies and with component homologs switching

partners at one or more positions (‘‘synaptic partner switches’’

[‘‘SPSs’’]; Figure 2D). Quadrivalents with more than one SPS

are rare (Figure S2). Neither trivalent or univalent nor non-homol-

ogous SC linkages were observed.

Pachytene quadrivalent configurations were computationally

decomposed into their four individual component homologs.

Within bivalents, or single SPS quadrivalents, paths of individual

component homologs, and the positions of their COs, can be

unambiguously defined (e.g., Figures 2D and 3A). The patterns

of CO-mediated homolog connectedness that will emerge at

metaphase I after loss of the SC can be predicted (Figure 3Ai).

We could now analyze CO patterns along component homo-

logs (Figure 3Aii). Most component homologs exhibit only one

or two COs. When two COs are present, these can be defined

either as ‘‘two-homolog double COs,’’ in which both COs of a

reference chromosome are connected to the same partner, or

‘‘three-homolog double COs,’’ in which the two COs of the refer-

ence chromosome are linked to two different partners. Impor-

tantly, three-homolog double COs result in multivalent meta-

phase I connectedness while two-homolog double COs do not

(compare Figures 3Aii and 3Ai). The frequency of three-homolog

double COs is much lower in the established tetraploid than in

the neo-tetraploid (2% versus 20% of total component homo-

logs; n = 1,952 and 1,376 component homologs). Categories

of pachytene patterns observed for COs and SPSs, and their

predicted metaphase I outcomes, are shown for 90 diploid, 43

neo-tetraploid, and 61 established tetraploid nuclei (Figure 3B).

Cytological inspection shows that, at metaphase I, diploids

exhibit only bivalents; neo-tetraploids exhibit many complex

‘‘multivalents,’’ reflecting promiscuous CO formation, and estab-

lished tetraploids again exhibit primarily bivalents, reflecting

restriction of COs to pairs of homologs (Figure 1C).15,38 Quanti-

tative analysis of metaphase I configurations predicted from

component homolog analysis confirms these patterns (Figures

1E and S3). Furthermore, in the established tetraploid, more

than 95% of nuclei should undergo regular segregation of all

chromosomes (Figure 1F, bottom, asterisks): 66% exhibit 16 bi-

valents and 30% exhibit 14 bivalents plus 1 quadrivalent, which,

in some orientations on the spindle, can undergo regular segre-

gation. In the neo-tetraploid, very few nuclei exhibit one of these

segregation-proficient configurations (2% and 7%, respectively;

Figure 1F, middle, asterisks). These nuclei nonetheless provide a

low level of fertility upon which selection could operate to give

more favorable outcomes.38
Current Biology 31, 4713–4726, November 8, 2021 4715



Figure 2. 3D immunofluorescence SIM im-

ages of A. arenosa diploid, neo-tetraploid,

and established tetraploid late pachytene

nuclei

(A) Mildly spread nuclei immunostained for indi-

cated molecules to identify SCs (ZYP1), CO sites

(HEI10), and axes (ASY1, where bright staining

reveals asynapsis, yellow arrow, middle panel).

Scale bars, 5 mm.

(B) Paths of all SCs of nuclei in (A) were compu-

tationally traced (colors arbitrary).

(C) SC paths (white) from the nuclei in (A) and (B)

were segmented to identify individual bivalent and

quadrivalent units, with positions of HEI10 foci

(red) defined for each unit.

(D) Synaptic partner switch (SPS) for boxed

quadrivalent in (C) (gold star, top), with component

homologs identified (middle). Bottom: SPS is

defined as a point where two SCs converge in 3D

space with equal length arms.

See also Figure S1 and Video S1.
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CO patterns in diploid, neo-autotetraploid, and

established autotetraploid meiosis show that CO

interference is important in tetraploid stabilization

CO interference was analyzed by classical coefficient of coinci-

dence (CoC) analysis (Figures 4A and S4).41 Each individual

chromosome is divided into intervals. For each pair of intervals,

the experimentally observed frequency of double COs (chromo-

somes with a CO in both intervals) is compared to the frequency

expected if COs had occurred independently in the two intervals

(the product of the frequencies of observed COs in each interval

alone). The ratio of observed to expected double COs (the

‘‘CoC’’) is plotted as a function of inter-interval distance (in mm

axis [SC] length; above).

Diploid A. arenosa exhibits defining features of meiotic CO

interference. The CoC curve rises sigmoidally from a very low

value to one over �25 mm, the so-called ‘‘interference distance’’
4716 Current Biology 31, 4713–4726, November 8, 2021
(Figure 4A, top).42 CO interference is also

manifested in the distribution of distances

between adjacent COs. This distribution

is fit by a gamma distribution with a shape

parameter (a) significantly greater than 1

(a = 5.8; Figure 4B, top), implying a

tendency for even spacing (and thus inter-

ference, where a = 1 implies random

[Poisson] distribution).

Importantly, the 25 mm distance over

which CO interference spreads is a large

proportion of the lengths of the eight

A. arenosa chromosomes (mean 32 mm ±

6 mm standard deviation; Figure 4C, top).

As a result, a first CO designation almost

anywhere along achromosomewill estab-

lish interference that can extend along the

entire remaining chromosome length, re-

sulting in only a single CO per homolog.

For longer chromosomes, a first CO

designation near one chromosome end

may still allow a second CO near the other
end. Correspondingly, in A. arenosa diploids: (1) �90% of chro-

mosomes exhibit one CO and 10% exhibit two (Figure 4D, top);

(2) COs on single-CO chromosomes are distributed centrally

while COs on double COchromosomes occur near the ends (Fig-

ure 4E, top); and (3) double COs are more common on longer

chromosomes (p = 3 3 10�18, Wilcoxon rank-sum test; Figures

4F, top, and S4). Also, the frequency of zero-CO chromosomes

is exceedingly low (Figure 4D, top), implying efficient occurrence

of the obligatory CO.

Neo-autotetraploids exhibit compromised CO interference. In

neo-tetraploidmeiosis, the basic diploid-like interference process

is still evident: (1) the CoCcurve reaches a value of 1 at an inter-in-

terval distance of �18 mm, 72% of the �25 mm in diploids (Fig-

ure 4A, middle); (2) the distribution of inter-CO distances is fit by

a gammadistributionwitha>1 (Figure 4B,middle); (3) the interfer-

ence distance is still large relative to total chromosome lengths
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Figure 3. Component homolog analysis

(A) For quadrivalents with a single SPS, positions of COs along each of the four component homologs can be defined, enabling two analyses: (1) arrays of CO-

mediated connections define the configurations that will occur at metaphase I, after loss of the SC. (2) For each individual component homolog copy, single,

double, and occasional triple CO cases and corresponding CO positions can be identified and further analyzed, e.g., for CO interference.

(B) Frequencies of different CO and SPS patterns for all analyzed pachytene units. n = 720, 450, and 466 pachytene chromosome bodies for diploid, neo-

tetraploid, and established tetraploid, respectively.

(C) Frequencies of different pachytene configurations in the three analyzed situations. Error bars show standard error of the mean. n = 4 plants for diploid, neo-

tetraploid, and established tetraploid.

See also Figure S2.
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(Figure 4C, middle), thus, most component homologs have only

oneCO(Figure4D,middle); (4)COsonone-COcomponent homo-

logs are still generally central, whereas COs on two-CO compo-

nent homologs are positioned distally (Figure 4E, middle); and (5)

one-CO component homologs tend to be shorter than those

withmoreCOs (p = 33 10�14,Wilcoxon rank-sum test; Figure 4F,

middle). Zero-CO chromosomes are rare (Figure 4D, middle).

Nonetheless, CO interference is clearly compromised in neo-

tetraploids. The CoC curve has elevated values at shorter in-

ter-interval distances, implying double COs are more closely

spaced than in the diploid (Figure 4A, middle versus top). Inter-

CO distances are distributed around a lower median value than

in the diploid (18 mm versus 22 mm; p = 8 3 10�8, Wilcoxon
rank-sum test), and the best-fit gamma distribution shape

parameter is lower than in the diploid (a = 4.9 versus a = 5.8),

implying less even spacing (Figure 4B, middle versus top). In

neo-tetraploids, 62% of component homologs have one CO

(versus 90% in diploids), 30% have two, and 3% have three (Fig-

ure 4D, middle versus top). Finally, the tendencies for COs on

one- and two-CO homologs to exhibit central versus distal posi-

tions is degraded compared to the diploid (Figure 4E, middle

versus top). These effects are not attributable to the fact that

neo-tetraploid chromosomes are slightly longer (33 mm versus

31 mm) than diploid chromosomes (Figure S5).

Established autotetraploid meiosis again exhibits robust CO

interference.COpatterns in the established tetraploid are innearly
Current Biology 31, 4713–4726, November 8, 2021 4717
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CO patterns in diploid and neo- and established

tetraploids of A. arenosa as defined by component

homolog analysis for all homologs in each case.

(A) Coefficient of coincidence (CoC).

(B) Inter-CO distance distribution plus shape

parameter (a) of best-fit gamma distribution (gFit).

(C) Distribution of chromosome lengths.

(D) Distribution of numbers of COs per component

homolog.

(E) Chromosomal positions of single and double

COs (versus normalized chromosome length).

(F) Distributions of chromosome lengths for homo-

logs with one or two COs.

For (A), n = 586, 486, and 622 component homologs

between 27 and 33 mm in length for diploid, neo-

tetraploid, and established tetraploid, respectively

(STARMethods). For (B), n = 176, 506, and 189 pairs

of adjacent COs for diploid, neo-tetraploid, and

established tetraploid, respectively. For (C) and (D),

n = 1,440, 1,376, and 1,952 component homologs

for diploid, neo-tetraploid, and established tetra-

ploid, respectively. For (E) and (F), n = 1,260, 857,

and 1,754 component homologs with a single CO

and n = 168, 406, and 189 component homologs

with a double CO for diploid, neo-tetraploid, and

established tetraploid, respectively. See also Fig-

ures S2, S4, and S5.
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all respects indistinguishable from patterns in diploids. CoC

curves exhibit a sigmoidal shape,with little or no excess of closely

spacedCOs andwith an interference distance of�21 mm, 84%of

the�25 mmof the diploid (Figure 4A, bottom versus top). The dis-

tribution of inter-COdistances is centeredon21mm, versus 22mm

in the diploid (p = 0.009,Wilcoxon rank-sum test) and 18 mm in the

neo-tetraploid (p = 4 3 10�4, Wilcoxon rank-sum test), with a

gamma distribution shape parameter of a = 12 implying very

robust even spacing (Figure 4B, bottom). As in diploids, 90% of

component homologs exhibit only one CO (Figure 4D, bottom);

COs in one-CO homologs are centrally located while COs in

two-CO homologs are distally located, more strongly than in

neo-tetraploids (Figure 4E, bottom); and chromosomes with one

CO tend to be shorter than chromosomes with two COs (p = 33

10�24,Wilcoxon rank-sumtest; Figure4F,bottom).Zero-COchro-

mosomes are rare (Figure 4D, bottom).Overall, chromosomes are

on average shorter in established tetraploids (26 mm) than diploids

(31 mm) or neo-tetraploids (33 mm; p = 33 10�130 and 73 10�160,

respectively,Wilcoxon rank-sum test; Figure 4C). Although this al-

lows greater effective spread of the interference signal as a
4718 Current Biology 31, 4713–4726, November 8, 2021
proportion of chromosome length, neo-tet-

raploids exhibit an excess of COs over

established tetraploids, even when chro-

mosome length is controlled for (Figure S5).

Three scenarios for how CO

interference might respond to

multivalent pre-CO interactions

Tetraploids exhibit multivalent pre-CO

coalignment. In principle, evolved poly-

ploids might achieve pairwise CO or

chiasma connectedness by regularizing

partner selection at the coalignment stage,
prior to and independent of CO patterning. However, this does

not seem to be the case. Coalignment of multiple homolog

axes is widely reported in both neo- and established auto- and

allopolyploids (e.g., Grandont et al.,12 Calderón et al.,24 Loidl,43

Jones and Vincent,44 Rasmussen,45 Stack and Roelofs,46 and

Humphrey47). In A. arenosa, the established tetraploid exhibits

at least regional multivalent coalignment (Figures 5A and 5B)

and larger scale effects are implied by coalignment of four homo-

logs at later stages (Figures 5C and 5D).

Multivalent pre-CO coalignment presents a qualitatively new

challenge to diploid-like CO interference: an interference signal

nucleated by CO designation between one pair of homologs

will initially spread along that pair but will sometimes encounter

a junction at which one or both switch coalignment partners,

engaging third or fourth homolog copies (Figure 5E, top). How

does CO interference respond to such junctions? Could different

responses in neo- and established tetraploids underlie their

different CO patterns?

We can envision three scenarios (Figure 5E). In scenario 1, the

spreading signal might ignore such junctions, giving regular CO
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interference along the initiating pair without impacting interac-

tions between the two initiating homologs and any third or fourth

homolog (Figure 5E, left). In scenario 2, the spreading signal

might be blocked at such junctions with its effect truncated along

both members of the nucleating pair (Figure 5E, middle). In

scenario 3, the spreading signal might act efficiently at such

junctions, spreading along each of the individual nucleating ho-

mologs even if or after it switches coalignment partners; we

call this ‘‘supercharged CO interference’’ (Figure 5E, right).

These three scenarios predict different patterns of two- and

three-homologdoubleCOs (Figure5E,bottomand legend): in sce-

nario 1, interference only affects the original nucleating pair, so

two-homolog double COs will exhibit interference although

three-homolog double COs will not. In scenario 2, both two- and

three-homolog double COs will exhibit truncated interference

(multivalent junctions affect both). In scenario 3, interference acts

effectively across multivalent coalignment junctions so two- and

three-homolog double COs will both exhibit robust interference.

Neo- and established autotetraploid CO phenotypes are ex-

plainedbyscenarios2and3, respectively. In neo-autotetraploids,

both two- and three-homolog double COs exhibit truncated inter-

ference as in scenario 2. CoC curves suggest an increase in

closely spaced double COs, gamma distribution analysis sug-

gests a decrease in evenness of CO spacing, and the positional

difference between one- and two-CO homologs is degraded

equivalently in both cases (Figures 5F–5H). In the established

autotetraploid, both types of double COs exhibit robust interfer-

ence as seen by sigmoidal CoC curves and restoration of even

spacing as defined by the gamma distribution (Figures 5I–5K),

as in scenario 3. Scenario 1 predictions are not observed in either

autotetraploid. Three-homolog double CO patterns are particu-

larly important because theymust have arisen frommultiply coal-

ignedpartnersandare thereforespecifically informative regarding

effects in that context.

Additional support for this conclusion emerges from inspec-

tion of CO patterns in quadrivalents that exhibit two COs and a
Figure 5. Crossover interference in the context of multivalent pre-CO

(A and B) Regions where all four homolog copies are coaligned in parallel, prior to

ASY1. Scale bars, 1 mm.

(C and D) Established tetraploid nucleus engaged in homolog juxtaposition illust

(C) Whole nucleus stained for SC and axes (top) and the computationally traced

(D) Selected four-homolog sets from (C). (i) and (ii) illustrate spatial juxtapositio

multivalent pre-SC coalignment. In (i)–(iv), different regions are at different stage

panel) to distance coalignment at 4–700 nm (e.g., yellow boxes in i and ii) to ve

Diagrams (right) are not to scale. Scale bars, 5 mm.

(E) If CO interference nucleated by CO designation involving one pair of homolo

encounter recombination interactions that link one of the two nucleating homolog

known (top). Three possible scenarios can be envisioned thatmake different predic

dCOs) will or will not exhibit CO interference (+IF or �IF). Single CO homologs (s

(F–K) Comparison of 2H and 3H dCOs (top and bottom panels) with respect to v

tetraploids (I–K).

(F and I) CoC analysis. n = 486 and 622 component homologs between 27 and 33

Methods).

(G and J) Inter-CO distance distribution plus shape parameter (a) of best-fit ga

distributions for 2H and 3H dCOs (p = 0.3 and 0.2 for neo-tetraploid and establis

(H and K) Chromosomal positions of single and double COs (versus normalized ch

and (K), n = 142 and 47 2H and 3H dCOs, respectively.

(L) Pachytene quadrivalent configurations having two COs positioned in cis or in

(M) The cis and trans configurations in (L) will be favored and disfavored, respec

See also Figure S2G.
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single SPS, where COs may occur on the same side of the

SPS (‘‘cis’’) or on opposite sides (‘‘trans’’; Figure 5L). The estab-

lished tetraploid exhibits a strong bias toward the cis configura-

tion compared to the neo-tetraploid (70.3% [n = 111] versus

24.3% [n = 235]; c2 [1 df; n = 346] = 71; p < 0.01). Supercharged

CO interference in the established tetraploid explains these

differences (Figure 5M). An SPS implies that a partner switch

junction was present previously at the coalignment stage. Pro-

gression of interference through such a junction (scenario 3)

will promote the cis outcome over trans.

Autotetraploid CO interference phenotypes are

mirrored in SC or synapsis phenotypes

CO interference appears to be part of a broader interference pro-

cess that results in even spacing of SC nucleation sites, a subset

of which are (evenly spaced) COs.36,48–52 In neo- and established

tetraploids, interference among SC nucleations will be reflected

in the spacing of adjacent SPS sites within pachytene quadriva-

lents (e.g., Figures 3B and 6A). By CoC analysis, adjacent SPSs

exhibit interference in both tetraploids. However, just as for CO

interference, SC nucleation and SPS interference is compro-

mised in the neo-tetraploid, with an increased tendency for

closely spaced double SPS sites and a lower average inter-

SPS distance (Figures 6B and 6C). Reduced interference for

SC nucleations also explains why the neo-tetraploid (versus

the established tetraploid) exhibits a higher total frequency of

pachytene quadrivalents (75% versus 25% of all ‘‘four homolog

pachytene units’’; Figure 3C) and more pachytene quadrivalents

with two or more SPSs (46% versus 7%; n = 235 and 111 quad-

rivalents for neo-tetraploid and established tetraploid, respec-

tively; Figure S6). Conversely, these observations provide direct

evidence for interference-mediated SC nucleations in Arabidop-

sis as previously described in the fungus Sordaria macrospora.36

In diploid and established tetraploid pachytene nuclei, SC for-

mation is continuous with very low levels of asynapsis (regions of

bright ASY1 staining; Figures 2A, top and bottom, and 6D, left

and right). In contrast, neo-tetraploids are asynapsed over 3%
coalignment

synapsis, are apparent in established tetraploids stained with axis component

rates global four-way coalignment and per-nucleus asynchrony.

paths of the 8 3 4 = 32 homolog axes (bottom).

n of all four homologs along their lengths, despite synapsis, implying prior

s of the juxtaposition process, including synapsis (e.g., red in left side of each

ry wide separation (e.g., white arrows at corresponding regions in iii and iv).

gs is operating within a multivalent pre-CO coalignment configuration, it will

s with a third or fourth homolog copy. The response to such encounters is not

tions regarding whether two- and/or three-homolog double COs (2H dCOs; 3H

CO) will also occur in all cases.

arious indicators of CO interference for neo-tetraploids (F–H) and established

mm in length for neo-tetraploid and established tetraploid, respectively (STAR

mma distribution (gFit). No statistical difference was observed between the

hed tetraploids, respectively; Wilcoxon rank sum test).

romosome length). For (G) and (H), n = 170 and 236 2H and 3H dCOs, and for (J)

trans relative to a single SPS site.

tively, by supercharged CO interference (scenario 3; E).
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BA Figure 6. Synapsis patterns and dCO partner choice

(A) A pachytene SPS is generated when adjacent SC nu-

cleations (SCNs) occur such that one common homolog has

interacted with two different homolog partners. In this

example, homolog 2 interacted with homologs 1, 4, and 1 at

the three indicated SCNs. SC tends to spread outward from

each SCN (M.W., unpublished data; gray bars, middle

panel).36 Opposite each SCN, synapsis involving the other

partner pair will occur passively (additional gray bars, bottom

panel). To the extent that SCN sites exhibit interference, so

too will resulting SPSs.

(B and C) Analysis of SPSs in neo- and established tetraploid

pachytene quadrivalents.

(B) Coefficient of coincidence analysis (n = 152 and 332

component homologs between 27 and 33 mm in length for

neo-tetraploid and established tetraploid, respectively).

(C) Distribution of inter-SPS distances for neo- and estab-

lished tetraploid quadrivalents. Best fit gamma distribution

(gFit) and its shape parameter (a) are shown for the neo-

tetraploid (n = 572); for the established tetraploid, sample

size is too small for gFit (n = 32).

(D) Percentage of total axis length asynapsed at late

pachytene. n = 90, 43, and 61 nuclei for diploid, neo-tetra-

ploid, and established tetraploid, respectively.

(E) Left: SPS sites in established tetraploids exhibit contin-

uous SC. Right: in neo-tetraploids, ~50%of SPS sites exhibit

asynapsis (example shown); the remainder show continuous

SC. Asynapsis could result from the presence of a residual

pre-CO coalignment interaction that links two homologs.

This interaction prevents the two linked homolog axes (ar-

row) from being drawn into different flanking SC segments

(dashed line). Such an interaction is directly visible in this

example because it nucleated a short segment of SC be-

tween the two linked axes (arrow; green staining). Scale bars,

1 mm.

(F) A reference homolog (2) gives a first CO by interaction

with homolog (3) and then may give a second CO by inter-

action with any of the three available partners (1, 3, and 4),

giving either a 2H dCO or a 3H dCO. If the partner for the

second event is selected at random among the three

possible homologs, the two outcomes will comprise 1/3 and

2/3 of all double COs, respectively.

(G) The proportion of 2H dCOs predicted for random dCO

partner selection (33%) and observed for neo-tetraploids

and established tetraploids. Error bars show standard error

of the mean; n = 4 plants for both neo-tetraploid and es-

tablished tetraploid. Data are for all measured component

homologs (pachytene bivalents and quadrivalents) from

each plant.

(H) Supercharged crossover interference nucleated by a CO

at one chromosome end can promote distal pairwise pre-CO

coalignment, thus promoting formation of a second CO at

the other end between the same pair, yielding a 2H dCO (see

also text).

See also Figure S6.
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of total per-nucleus axis length (Figures 2A, middle, and 6D,

middle). Strikingly, all asynaptic regions in neo-tetraploids (69 re-

gions identified in a subset of 17 nuclei) occur at SPSs (e.g., Fig-

ure 6E, right) and 48% (69/144) of SPSs exhibit asynapsis. In

contrast, in established tetraploid nuclei, all SPSs (119/119)

exhibit continuous synapsis (e.g., Figure 6E, left). Thus, asyn-

apsis at SPSs is a prominent, specific feature of neo-tetraploid

meiosis. This phenotype is well explained by truncated CO inter-

ference at sites of multivalent coalignment junctions (scenario 2),

where encountered junctions impede SC polymerization coming

from flanking partner pairs (Figure 6E, right, dashed line). In some

cases, unresolved interactions are directly visible because they

nucleate a small internal SC segment at the site of the SPS (Fig-

ure 6E, right, arrow).

Double CO partner choice is random in neo-tetraploids
and nonrandom in established tetraploids
If a particular homolog copy acquires two COs, these may both

involve the same partner or different ones. If both COs choose

partners independently, one-third of cases will involve the

same partner and two-thirds will involve two partners. These

two outcomes, manifested as two- and three-homolog double

COs, would thus comprise 33% and 67% of total double COs,

respectively (Figures 3Aii, 6F, and 6G). If a second CO preferen-

tially selects the same partner as the first, there will be a bias to-

ward two-homolog double COs.

The neo-tetraploid exhibits 39% and 61% two- and three-ho-

molog double COs, respectively (Figure 6G). Thus, double CO

partners are chosen essentially independently. This phenotype

implies all three potential second CO partners are equally avail-

able, again providing strong evidence for multivalent pre-CO

coalignment.

In contrast, the established tetraploid exhibits 75% and 25%

two- and three-homolog double COs, respectively (Figure 6G),

indicating coordinate formation of double COs along a given

homolog pair. This is striking, given that the established tetra-

ploid still exhibits multivalent coalignment (above). Super-

charged CO interference can explain this paradox. When two

COs occur, they tend to occur at opposite ends of the involved

chromosome (above). Thus, when a first CO designation oc-

curs between two homologs near one end, interference will

spread toward the other end. This will release physical connec-

tions with third or fourth copies by directing recombination to

the non-crossover fate53 and/or by releasing recombination

complexes from axes or SCs.54 Ensuing SC formation will

draw the involved homolog pair together, separating them

from the third or fourth copies. Also, at this stage of meiotic

prophase, dynamic telomere-led movements occur, which

will move the involved homolog pair away from copies to which

it is not connected.55 Moreover, given overall chromosome

stiffness, these effects will propagate toward distal regions. If

those regions have not yet reached the coalignment stage,

such coalignment and any second CO in this distal region will

tend to involve the same pair of homologs as the first (Fig-

ure 6H). This effect requires that different regions of the

genome are at different stages in the interhomolog interaction

process. Indeed, per-nucleus asynchrony is a prominent

feature of prophase in the established tetraploid (e.g., Figures

5C and 5D).56,57
4722 Current Biology 31, 4713–4726, November 8, 2021
Supercharged CO interference preadapts for meiosis at
higher ploidy
Supercharged CO interference acts in cis along chromosomes

and thus should operate on multivalent pre-CO coalignment

configurations regardless of the number of associated copies,

i.e., regardless of ploidy. We tested this idea by generating

neo-auto-octoploids from the diploid and the established auto-

tetraploid (Figure 7A). A neo-auto-octoploid created from a

diploid exhibits even greater meiotic aberrations than the neo-

autotetraploid: massive asynapsis at prophase andmostly multi-

valent associations at metaphase I (Figure 7B). In dramatic

contrast, a neo-auto-octoploid created by whole-genome dupli-

cation of the established autotetraploid exhibits highly regular

synapsis and almost exclusively bivalent configurations at meta-

phase I (Figure 7C). These findings suggest that supercharged

CO interference in the established autotetraploid preadapts the

genome for meiosis at higher ploidy.

DISCUSSION

The fundamental challenge for evolution of stable autopolyploid

meiosis is achievingpairwiseCOconnectednessbetweenhomo-

logs (‘‘diploid-like metaphase I bivalent formation’’) despite the

presence of more than two homologous copies of each chromo-

some. This process is especially interesting because it requires

chromosome pairs to be recognized qua pairs, without input

from genetic differences among potential partners (Introduction).

Here, we developed and applied a methodology for quantita-

tive evaluationofCO interference, andSCnucleation interference

in tetraploids, analyses not previously possible.24,43–47 We

focused on CO connectedness patterns rather than on effects

that might simply reduce the number of COs (e.g., Pel�e et al.58),

because in principle, the number of COs does not matter if all

COs occur between the same two homolog copies.

A pathway for the evolution of stable autopolyploid
meiosis
We find that CO interference is compromised in A. arenosa neo-

autotetraploids and robust in established autotetraploids. These

and other observations suggest a particular scenario for the chal-

lenges to, andsolutions for, stableautopolyploidy in thisorganism.

In both autotetraploids, promiscuous DSB/partner interactions

result in multivalent pre-CO recombination linkages at which the

homolog(s) that nucleated the original signal switch partners to

become coaligned with a third (fourth) homolog. In the neo-auto-

tetraploid, diploid-like CO interference cannot cope with such

junctions (scenario 2). This allows COs to occur among multiple

partners, yielding mis-segregating multivalents at metaphase I.

Stable autotetraploidy emerged by evolution of an enhanced (su-

percharged) interference activity, which can now act with equal

effectiveness on all encountered interactions, even when nucle-

ating homolog(s) switch to engage an additional homolog (sce-

nario 3). Thus, COs almost exclusively link homologs in pairs,

with very few multivalent associations. In essence, the funda-

mental process responsible for simplifying CO patterns along ho-

mologs in diploid meiosis has evolved a new activity that allows it

to also simplify CO patterns among homologs. Analogous differ-

ences between the two types of autotetraploids are also observed

for the more general process of SC nucleation interference.
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A Figure 7. Neo-octoploids generated by

whole-genome duplication

(A) Neo-octoploids were generated from diploids

by two rounds of genome duplication and from

established tetraploids by one round of genome

duplication.

(B) Neo-octoploids derived from diploids exhibit

high levels of asynapsis (ASY1, left) and massively

aberrant non-bivalent metaphase I configurations

(right). Scale bars, 5 mm.

(C) Neo-octoploids derived from established tet-

raploids exhibit regular synapsis and almost only

bivalent metaphase I configurations (right). Scale

bars, 5 mm.
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Three additional findings are also of interest. First, CO inter-

ference acts over distances comparable to chromosome

lengths in the progenitor diploid and both autotetraploids.

Most importantly, this implies that, in the established autotetra-

ploid, supercharged CO interference results in only one, occa-

sionally two, COs along a given chromosome. Because the

presence of only one CO automatically ensures pairwise CO

connectedness at metaphase I, this effect dramatically mini-

mizes opportunities for multivalent metaphase I CO connec-

tions. Second, in the established autotetraploid, an additional

factor increases the probability that rare double COs tend to

both engage the same partners, thus further reducing the fre-

quency of multivalent interactions. This may be a secondary

consequence of supercharged interference (above), implying

that this process simplifies CO patterns by indirect as well as

direct effects. Third, supercharged interference is predicted to

be effective independent of ploidy. Accordingly, a diploid

genome brought to a neo-auto-octoploid state has extensive

asynapsis and produces many multivalents, while a neo-auto-

octoploid generated from the established autotetraploid is

very stable, showing near-complete synapsis and primarily bi-

valents in metaphase I.

Finally, we note that many species exhibit the basic features of

meiotic interhomolog interactions described above forA. arenosa

neo- and established autotetraploids (multivalent coalignment in
Current Biolog
both cases but simpler synaptic patterns

and lower CO rates in established autotet-

raploids versus newly or less-established

lines).21 Thus, the progression proposed

above for A. arenosa could be widely

general.

Mechanism and molecular
components of tetraploid meiotic
adaptation
The biochemical mechanism of interfer-

ence is not known, but considerable

evidence suggests it spreads along chro-

mosome axes.42,59 Consistent with this

possibility, several genes under selection

in established A. arenosa autotetra-

ploids28,38,39 encode axis structure mole-

cules: meiotic axis components ASY1

and ASY3;60–62 PDS5, a general regulator
of cohesin that can affect crossover patterns;63,64 and REC8, a

meiotic subunit of cohesin.65 Even more interestingly, another

gene under selection encodes PRD3, a homolog of Mer2, which

is a major mediator of the recombination complex/axis interface

and thus a potential target of interference.66 Furthermore,

derived alleles of ASY1 and ASY3 are associated with reduced

multivalent formation in autotetraploids.40 Another gene under

selection is ZYP1, the transverse filament component of the

SC, which is also required for normal CO interference.52,67 It is

not yet clear whether the requirement for ZYP1 comes into

play before SC formation as in Sordaria68 or via a role for the

SC in spreading interference. The current analysis provides a

new analytical framework for investigating effects of evolved

alleles.

Preadaptation to higher ploidies
We show that evolution of stable autotetraploidy can preadapt

meiosis for subsequent autopolyploidization. Interestingly, it

was previously shown that duplication of the genome of an es-

tablished allotetraploid yielded an auto-octoploid that was not

meiotically stable.69 In allopolyploids, the solution to the prob-

lem of pairwise CO or chiasma connectedness relies on pref-

erential CO formation between the two more similar copies of

each chromosome.25,70–76 This allotetraploid solution cannot

provide preadaptation to subsequent autopolyploidization,
y 31, 4713–4726, November 8, 2021 4723



ll
OPEN ACCESS Article
because genome doubling creates a novel situation in which

each related pair of chromosomes (homeologs) is now present

in multiple copies that cannot be distinguished by DNA

sequence differences. By contrast, evolution of stable autotet-

raploidy via supercharged interference provides a mechanism

that ensures pairwise interactions per se and thus among

genetically near-identical copies. By extension, in nature,

higher ploidy autopolyploids would be expected to more

readily arise from pre-existing autotetraploids, whereas higher

ploidy allopolyploids may have diverse origins.
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56. López, E., Pradillo, M., Romero, C., Santos, J.L., and Cuñado, N. (2008).
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and Chèvre, A.M. (2003). PrBn, a major gene controlling homeologous

pairing in oilseed rape (Brassica napus) haploids. Genetics 164, 645–653.

71. Sutton, T., Whitford, R., Baumann, U., Dong, C., Able, J.A., and Langridge,

P. (2003). The Ph2 pairing homoeologous locus of wheat (Triticum aesti-

vum): identification of candidate meiotic genes using a comparative ge-

netics approach. Plant J. 36, 443–456.

72. Rey, M.D., Martı́n, A.C., Higgins, J., Swarbreck, D., Uauy, C., Shaw, P.,

and Moore, G. (2017). Exploiting the ZIP4 homologue within the wheat

Ph1 locus has identified two lines exhibiting homoeologous crossover in

wheat-wild relative hybrids. Mol. Breed. 37, 95.

73. Riley, R., and Chapman, V. (1958). Genetic control of the cytologically

diploid behaviour of hexaploid wheat. Nature 182, 713–715.

74. Mello-Sampayo, T. (1971). Genetic regulation of meiotic chromosome

pairing by chromosome 3D of Triticum aestivum. Nat. New Biol. 230,

22–23.

75. Sears, E.R. (1976). Genetic control of chromosome pairing in wheat. Annu.

Rev. Genet. 10, 31–51.
4726 Current Biology 31, 4713–4726, November 8, 2021
76. Sidhu, G.K., Rustgi, S., Shafqat, M.N., von Wettstein, D., and Gill, K.S.

(2008). Fine structure mapping of a gene-rich region of wheat carrying

Ph1, a suppressor of crossing over between homoeologous chromo-

somes. Proc. Natl. Acad. Sci. USA 105, 5815–5820.

77. Armstrong, S.J., Caryl, A.P., Jones, G.H., and Franklin, F.C. (2002). Asy1, a

protein required for meiotic chromosome synapsis, localizes to axis-asso-

ciated chromatin in Arabidopsis and Brassica. J. Cell Sci. 115, 3645–3655.

78. Lambing, C., Osman, K., Nuntasoontorn, K., West, A., Higgins, J.D.,

Copenhaver, G.P., Yang, J., Armstrong, S.J., Mechtler, K., Roitinger, E.,

and Franklin, F.C. (2015). Arabidopsis PCH2 mediates meiotic chromo-

some remodeling and maturation of crossovers. PLoS Genet. 11,

e1005372.

79. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M.,

Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.

(2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682.

80. Longair, M.H., Baker, D.A., and Armstrong, J.D. (2011). Simple Neurite

Tracer: open source software for reconstruction, visualization and analysis

of neuronal processes. Bioinformatics 27, 2453–2454.

81. Higgins, J.D., Wright, K.M., Bomblies, K., and Franklin, F.C. (2014).

Cytological techniques to analyze meiosis in Arabidopsis arenosa for

investigating adaptation to polyploidy. Front. Plant Sci. 4, 546.

82. Morgan, C., and Wegel, E. (2020). Cytological characterization of

Arabidopsis arenosa polyploids by SIM. Methods Mol. Biol. 2061, 37–46.

83. Liu, H., Huang, J., Sun, X., Li, J., Hu, Y., Yu, L., Liti, G., Tian, D., Hurst, L.D.,

and Yang, S. (2018). Tetrad analysis in plants and fungi finds large differ-

ences in gene conversion rates but no GC bias. Nat. Ecol. Evol. 2,

164–173.

84. Wijnker, E., Velikkakam James, G., Ding, J., Becker, F., Klasen, J.R.,

Rawat, V., Rowan, B.A., de Jong, D.F., de Snoo, C.B., Zapata, L., et al.

(2013). The genomic landscape of meiotic crossovers and gene conver-

sions in Arabidopsis thaliana. eLife 2, e01426.

85. Higgins, J.D., Vignard, J., Mercier, R., Pugh, A.G., Franklin, F.C., and

Jones, G.H. (2008). AtMSH5 partners AtMSH4 in the class I meiotic cross-

over pathway in Arabidopsis thaliana, but is not required for synapsis.

Plant J. 55, 28–39.

86. Crismani, W., Girard, C., Froger, N., Pradillo, M., Santos, J.L., Chelysheva,

L., Copenhaver, G.P., Horlow, C., and Mercier, R. (2012). FANCM limits

meiotic crossovers. Science 336, 1588–1590.

http://refhub.elsevier.com/S0960-9822(21)01132-5/sref64
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref64
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref64
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref64
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref65
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref65
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref65
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref65
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref66
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref66
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref66
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref66
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref66
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref66
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref67
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref67
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref67
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref67
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref67
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref68
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref68
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref68
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref68
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref69
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref69
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref69
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref69
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref69
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref70
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref70
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref70
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref71
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref71
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref71
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref71
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref72
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref72
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref72
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref72
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref73
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref73
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref74
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref74
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref74
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref75
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref75
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref76
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref76
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref76
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref76
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref77
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref77
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref77
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref78
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref78
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref78
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref78
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref78
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref79
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref79
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref79
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref79
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref80
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref80
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref80
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref81
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref81
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref81
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref82
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref82
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref83
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref83
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref83
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref83
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref84
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref84
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref84
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref84
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref85
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref85
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref85
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref85
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref86
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref86
http://refhub.elsevier.com/S0960-9822(21)01132-5/sref86


ll
OPEN ACCESSArticle
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat polyclonal anti-ASY1 Armstrong et al.77 N/A

Guinea-pig polyclonal anti-ZYP1 Higgins et al.48 N/A

Rabbit polyclonal anti-HEI10 Lambing et al.78 N/A

Goat anti-rat Alexa Fluor 555 (F(ab’)2

fragment)

Abcam Cat#: ab150162

Goat anti-guinea-pig Alexa Fluor 488 Thermofisher RRID: AB_2534117

Goat anti-rabbit Alexa Fluor 647 (F(ab’)2

fragment)

Thermofisher RRID: AB_2535814

Chemicals, peptides, and recombinant proteins

Colchicine Sigma-Aldrich Cat#: C3915

Cellulase Sigma-Aldrich Cat#: C1794

Pectolyase Sigma-Aldrich Cat#: P5936

4’,6-diamidino-2-phenylindole (DAPI) Thermofisher Cat#: D1306
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Arabidopsis arenosa – Kasparstein

accession

Collected from wild populations28 N/A

Software and algorithms
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ImageJ – Version 2.1.0/1.53c Schindelin et al.79 https://imagej.nih.gov/ij/
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MATLAB v2020b Mathworks R2020b
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MATLAB analysis code)
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Data and code availability

d Microscopy data has been deposited at the ETH research collection and is publicly available as of the date of publication. The

DOI is listed in the Key resources table. Primary component homologmeasurements have been deposited at Mendeley and are

publicly available as of the date of publication. The DOI is listed in the Key resources table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the Key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

For diploid A. arenosa,we used a line originally collected from Streçno, Slovakia (SN; 49.17417N, 18.86167E) and for the established

tetraploid we used a line originally collected from Triberg, Germany (TBG; 48.13972N, 8.23667E) and another originally collected from

Kasparstein, Austria (KA; 46.68833N, 14.87167E).28 Plants were grown in controlled environment rooms with 16 h of light (125 mmol

m2 s-1, cool white) at 20�C, and 8 h of dark at 16�C. A. arenosa is hermaphroditic. Male meiocytes were used exclusively in this

investigation.

METHOD DETAILS

Plant Material
To generate neo-polyploid plants, we treated plants with colchicine. In brief, 3 weeks after sowing, when plants were at the rosette

stage of growth, 20 mL of 0.25% colchicine solution was pipetted into the center of the rosette. The flowering stems that emerged

from treated plants were screened cytologically for polyploidization. In some instances, both diploid and neo-tetraploid stems

were produced by the same diploid progenitor plant, with diploid stems providing valuable control material to ensure colchicine treat-

ment had no direct effects onmeiosis. Meiocytes were gathered from four independent diploid, neo-tetraploid and established tetra-

ploid plants. The two neo-octoploid plants were independently generated by colchicine treatment of a single diploid and a single

established tetraploid plant. Plant fertility was not assayed in this study.

Metaphase I Spreads
For metaphase spreads, we followed a previously described protocol.81,82 Briefly, we fixed inflorescences in 3:1 ethanol: acetic acid.

Anthers were isolated and subsequently incubated in 300 ml of enzyme mixture (0.3% cellulase, 0.3% pectolyase in 10 mM citrate

buffer) in a most chamber at 37�C for 90 minutes. Two buds were transferred to 2 ml of 80% acetic acid on a slide and macerated

with a brass-rod. 10 ml of 80% acetic acid was then added to the slide, and the slide was placed on a 45�C hot block for 30 s, before

adding another 10 ml of 80% acetic acid and leaving the slide on the hot-block for another 30 s. 2 3 200 ml of 3:1 fixative was then

added to the slide, before drying the back of the slide with a hairdryer. Slides were then mounted in 7 ml 1 mg/ml 4’,6-diamidino-2-

phenylindole (DAPI) in Vectashield mounting medium (Vector Laboratories). All images are available via the ETH data repository:

https://doi.org/10.3929/ethz-b-000470079

Immunocytology
For immunostaining of A. arenosa pachytene cells, we followed described protocols.40,82 Briefly, anthers containing meiocytes of the

desired stage were dissected from fresh buds and macerated on a No. 1.5H coverslip (Marienfeld) in 10 ml digestion medium (0.4%

cytohelicase (Sigma), 1.5% sucrose, 1%polyvinylpyrrolidone (Sigma) in sterile water) for 1minute using a brass rod. Coverslips were

then incubated in amoist chamber at 37�C for 4 minutes before adding 10 ml of 2% Lipsol solution (SciLabware) followed by 20 ml 4%

paraformaldehyde (pH 8). Once coverslips were dry, they were blocked in 0.3% BSA in PBS and then incubated with primary anti-

body overnight at 4�C and secondary antibody for 2 hr at 37�C. Before and after each antibody incubation coverslips were washed in

1 X PBS solution plus 0.1% Triton X-100 (Sigma). Coverslips were finally incubated in 10 mg/ml 4’,6-diamidino-2-phenylindole (DAPI)

for 5minutes before beingmounted on a slide in 7 ml Vectashield (Vector Laboratories). The following primary antibodies were used at

1:500 dilutions: rat polyclonal anti-ASY1, guinea-pig polyclonal anti-ZYP1, rabbit polyclonal anti-HEI10. The following secondary an-

tibodies were used at 1:200 dilutions: goat anti-rat Alexa Fluor 555 (F(ab’)2 fragment, Abcam), goat anti-guinea-pig Alexa Fluor 488

(Thermofisher), goat anti-rabbit Alexa Fluor 647 (F(ab’)2 fragment, Thermofisher). Immunostained cells were imaged using 4-color

structured illumination microscopy (3D-SIM) on a Zeiss Elyra PS1 microscope equipped with an EM-CCD camera, a Plan-Apochro-

mat 63x, NA 1.40 oil objective and 405, 488, 561 and 642 nm solid state laser diodes. Slides were imaged in 3D SIMmode with three

stripe angles and five phases according to the microscope manufacturer’s instructions. Z stacks were captured at an interval size of

0.0909 mm, with the size of each stack being sufficiently large for the cell to be out of focus at both ends. An immersion oil with a

refractive index of 1.515 was used that was optimized for the green/red (ZYP1/ASY1) channels of our system. To determine the

best refractive index, 200 nm TetraSpeck microspheres (Invitrogen) were dried on a coverslip at 1/100 dilution, mounted on a slide

in 7 mL Vectashield, imaged using the same microscope settings as used for the experiments and then the symmetry of the PSFs for

each channel was assessed in orthogonal sections through the stack. Channel alignment was performed using the same Tetraspeck
e2 Current Biology 31, 4713–4726.e1–e4, November 8, 2021
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beads and the ‘affine’ alignment algorithm that is included in the Zeiss Elyra software Zen. All images are available via the ETH data

repository: https://doi.org/10.3929/ethz-b-000470079

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of experiments can be found in the corresponding Figure legends. The results of statistical tests can be found in

the corresponding Results section. Statistical tests were carried out using MATLAB v2020b.

Sample Sizes
For examination of phenotypes at metaphase I, the following number of meiocytes were examined: 126 diploid meiocytes of a single

plant, 83 neo-tetraploidmeiocytes from two plants (39 and 44meiocytes each), 353 established tetraploid meiocytes from four plants

(51, 55, 99 and 148 meiocytes each), 107 diploid-derived-neo-octoploid meiocytes from a single plant and 137 established tetra-

ploid-derived-neo-octoploid meiocytes from a single plant. All examined meiocytes exhibited the same appearances as shown in

Figures 1 and 7.

For analysis of pachytene phenotypes, meiocytes were gathered from four independent diploid, neo-tetraploid and established

tetraploid plants. Material from one colchicine treated mosaic plant with both diploid and neo-tetraploid stems was used for both

diploid and neo-tetraploid datasets (11 plants total). A total of 90 nuclei were examined from the four diploid plants. Since

A. arenosa possesses eight genetic chromosomes, this gave measurements for a total of (90 3 8 x 2) 1,440 component homologs.

A total of 9, 17, 22 and 42 nuclei (or 144, 272, 352 and 672 component homologs) were examined for the four different plants. A total of

43 nuclei were examined from the four neo-tetraploid plants providing measurements for a total of (43 3 8 x 4) 1,376 component

homologs. A total of 10, 10, 10 and 13 nuclei (or 320, 320, 1320, 416 component homologs) were examined for the four different

plants. A total of 61 nuclei were examined from the four established tetraploid plants providing measurements for a total of (61 3

8 x 4) 1,952 component homologs. At total of 13, 15, 16 and 17 nuclei (or 416, 480, 512, 544 component homologs) were examined

for the four different plants. For the neo-octoploids, 32 nuclei were examined from a single diploid-derived plant, and 47 nuclei were

examined from a single tetraploid-derived plant,

Defining synapsis patterns and CO positions
CO patterns were defined by cytological analysis of prophase nuclei at the late pachytene stage, where SC is full length and CO sites

are specifically marked by prominent SC-associated recombination complexes. We visualized four different chromosomal compo-

nents simultaneously by immunofluorescence 3D SIM imaging of spread nuclei that still retain significant 3D character (Figures 2A

and S1A; Video S1). SC paths were defined via the primary SC central-region component ZYP1,48 and CO recombination complexes

along these SCs via foci of the diagnostic E3 ligase HEI10, which is known tomark the sites of COs in a variety of organisms (reviewed

in Hunter53). By analogy with A. thaliana, there may exist 10%–15%more genetic COs than are detected by HEI10 foci, i.e., ‘‘Class II’’

COs,67,83–85 which could potentially contribute tometaphase I multivalents in both tetraploids.86 However, the good correspondence

between pachytene HEI10-marked Class I CO patterns and metaphase I chiasmata patterns in A. arenosa indicate that this contri-

bution is minor40 (Figure S3). We also imaged HORMAD protein ASY1 (Hop1), a major component of individual homolog axes,60

because bright ASY1 staining specifically identifies regions where SC has failed to form (‘‘asynapsis’’; Figure 2A yellow arrowhead).

Finally, bulk DNA/chromatin was visualized by DAPI staining (Figure S1). The paths of all SCs were traced along their lengths by Im-

ageJ Simple Neurite Tracer plugin80 (Figure 2B). SC configurations were then segmented into individual units, i.e., bivalents in dip-

loids, and bivalents or quadrivalents in tetraploids. The positions of associated HEI10/CO recombination complexes, and regions of

asynapsis along the SC paths, were then defined (Figure 2C).

Component Homolog Generation
Component homolog measurements were derived from image measurements using the custom MATLAB function generateCom-

ponentHomologs of EvolvingStablePolyploidy v1.0.0. Briefly, to circumvent potential measurement bias, the left/right orientation of

each pachytene bivalent and quadrivalent was first randomized. Then, for each pachytene bivalent, its two component homologs

are simple duplicates of the image measurement. For each pachytene quadrivalent, the measurements of each of its four compo-

nent homologs was derived by switching one of each paired homolog at each SPS site as described above (Figure 3A). In this

manner, for pachytene quadrivalents with a single SPS, the measurements of each component homolog can be unambiguously

defined. This is not the case for pachytene quadrivalents with more than one SPS. However, such cases were rare and multiple

independent runs of the component homolog generation software with randomized component homolog switching at SPSs

were used to confirm that conclusions were robust to this unknown (Figure S2). Unless otherwise stated, the component homologs

of individual plants were aggregated. Component homolog measurements are available from Mendeley data: https://doi.org/10.

17632/zn23pxwgz3.1

Coefficient of Coincidence Analysis
Co-efficient of coincidencewas calculated by dividing component homologs of total SC length ranging between 27 and 33 mm into 18

equally sized intervals using the customMATLAB function generateLengthBinnedCoC of EvolvingStablePolyploidy v1.0.0. This spe-

cific range of homolog lengths was used as it is representative of diploid, neo-tetraploid and established tetraploid homolog lengths
Current Biology 31, 4713–4726.e1–e4, November 8, 2021 e3
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and is longer than the interference distance (Figure 4A). Analysis of homologs of different length ranges gave comparable results (Fig-

ure S4A). Pachytene bivalents were excluded from the analysis when calculating the coefficient of coincidence analysis of SPS sites

(Figure 6B). Coefficient of Coincidence values for 2-homolog and 3-homolog double COs were calculated using the customMATLAB

function generate2H3HLengthBinnedCoC of EvolvingStablePolyploidy v1.0.0. Expected double CO frequencies were calculated us-

ing all data (single CO homologs, 2-homolog double CO homologs and 3-homolog double CO homologs). Observed double CO fre-

quencies were normalized to the observed double CO frequencies of all double COs to account for 2-homolog double CO bias

(Figure 6G).
e4 Current Biology 31, 4713–4726.e1–e4, November 8, 2021
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Figure S1. Additional 3D immunofluorescence SIM images of A. arenosa diploid, 
neo-tetraploid and established tetraploid late pachytene nuclei.  Related to Figure 2 and 
Video S1. 
A. Mildly squashed pachytene nuclei still retain significant 3D character.  Maximum intensity 
z-projections of ZYP1 images of pachytene diploid, neo-tetraploid and established tetraploid 
nuclei presented in Figure 2, color coded for z-depth.  Scale bars show 5 µm.
B. DAPI images showing the DNA of the pachytene diploid, neo-tetraploid and established 
tetraploid nuclei presented in Figure 2.  Scale bars show 5 µm.
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Figure S2. Randomized switching of component homologs at synaptic partner switches.  Related to 
Figure 1, Figure 3, Figure 4, Figure 5 and Figure 6.
A. Distribution of number of synaptic partner switches per component homolog.
B. Component homologs of pachytene quadrivalents with two or more synaptic partner switches cannot be 
unambiguously defined.  For each pachytene quadrivalent, one of each paired component homolog was 
randomly chosen to switch partners.  Three independent component homolog datasets were generated in 
such a manner for both the neo- and established tetraploid to test the impact of this unknown on
measurements.
C. Predicted metaphase I configurations of total homolog sets for each of the three independent component 
homolog datasets for A. arenosa neo-tetraploid and established tetraploid nuclei as defined by component 
homolog analysis of crossovers along pachytene chromosomes.  Error bars show standard error of the mean, 
N = 4 plants for both neo-tetraploid and established tetraploid.
D. Coefficient of coincidence analysis for each of the three independent component homolog datasets for A. 
arenosa neo-tetraploids and established tetraploids.  N = 486 and 622 component homologs between 27 and 
33 µm in length for neo-tetraploid and established tetraploid respectively.
E. Distribution of numbers of crossovers per component homolog for each of the three independent 
component homolog datasets for A. arenosa neo-tetraploids and established tetraploids.
F. The percentage of observed double crossovers that are two-homolog double crossovers for each of the 
three independent component homolog datasets for A. arenosa neo-tetraploids and established tetraploids.  
Error bars show standard error of the mean, N = 4 plants for neo-tetraploid and established tetraploid.
G. Coefficient of coincidence analysis for 2-homolog and 3-homolog double crossovers for each of the three 
independent component homolog datasets for A. arenosa neo-tetraploids and established tetraploids.  N = 
486 and 622 component homologs between 27 and 33 µm in length for neo-tetraploid and established 
tetraploid respectively.
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Figure S3.  Observed and Predicted Metaphase I Patterns.  Related to Figure 1. The 
observed percentage of nuclei with at least one non-bivalent structure (univalent or multivalent) 
and the percentage predicted from observed pachytene HEI10 foci patterns for diploid, 
neo-tetraploid and established tetraploid.  Error bars show standard error of the mean.  N = 1, 2, 
and 4 plants for observed diploid, neo-tetraploid and established tetraploid values.  N = 4 plants 
for predicted values for diploid, neo-tetraploid and established tetraploid.  No stastically signficant 
difference between observed and predicted values was obtained for diploid (p = 0.67), 
neo-tetraploid (p = 0.19), nor established tetraploid (p = 0.17); Wilcoxon rank sum test.
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Figure S4. Component Homolog Length and Crossover Parameters.  Related to Figure 4.
A.  Coefficient of coincidence analysis of diploid, neo-tetraploid and established tetraploid component 
homologs of three different ranges of component homolog length.
B.  The frequency of crossovers (HEI10 foci) on diploid, neo-tetraploid and established tetraploid 
component homologs of four different length bins.
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Figure S5.  The effect of changes in chromosome length on crossover counts. Related to 
Figure 4.
A, Although neo-tetraploids have, on average, longer chromosomes than diploids, the two 
distributions overlap significantly allowing a sub-sample of 500 neo-tetraploid component homologs 
with diploid-like lengths to be obtained using the custom MATLAB function 
generateMatchingLengthDistribution of program EvolvingStablePolyploidy v1.0.0. The crossover 
patterns of this diploid-like subsample of neo-tetraploid chromosomes were analyzed.  The
distribution of component homolog lengths are shown. For the diploid and neo-tetraploid ‘diploid-like’ 
samples, p = 0.33, Wilcoxon rank sum test.

B, distribution of numbers of crossovers per componemnt homolog with the sum of those with two or 
more crossovers indicated.  For the diploid and neo-tetraploid ‘diploid-like’ samples, p = 7 x10-13; 
Wilcoxon rank sum test.

C, distribution of distances between adjacent crossovers with shape parameter (α) of best-fit gamma 
distribution (γFit). For the diploid and neo-tetraploid ‘diploid-like’ samples, p = 6 x10-10; Wilcoxon rank 
sum test.

D, a sample of 350 neo-tetraploid and 350 established tetraploid component homologs of 
comparable length were generated using the custom MATLAB function 
generateMatchingLengthDistribution (neo-tetraploid ‘short’ sample and established tetraploid ‘long’ 
sample respectively; p = 0.12; Wilcoxon rank sum test.

E, distribution of numbers of crossovers per component homolog with the sum of those with two or 
more crossovers indicated.  For the neo-tetraploid ‘short’ sample and established tetraploid ‘long’ 
sample, p = 0.02; Wilcoxon rank sum test.

F, distribution of distances between adjacent crossovers with shape parameter (α) of best-fit gamma 
distribution (γFit). For the neo-tetraploid ‘short’ sample and established tetraploid ‘long’ sample, p = 1 
x10-4; Wilcoxon rank sum test.
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