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A decade ago the concept of the Ancestral Crucifer Karyotype

(ACK) and the definition of 24 conserved genomic blocks was

presented. Subsequently, 35 cytogenetic reconstructions and/

or draft genome sequences of crucifer species (members of the

Brassicaceae family) have been analyzed in the context of this

system; placing crucifers at the forefront of plant

phylogenomics. In this review, we highlight how the ACK and

genomic blocks have facilitated and guided genomic analysis

of crucifers in the last 10 years and provide an update of this

robust model.
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Introduction
Ten years ago, we proposed a model for comparative

genomic and chromosomal analysis for the mustard family

(Brassicaceae or crucifers) based on the concept of the

Ancestral Crucifer Karyotype (ACK) comprising eight

chromosomes and 24 genomic blocks [1]. The system

was developed from a rather limited mixed-set of com-

pleted genomes, genetic linkage maps and/or cytogenetic

reconstructions for Arabidopsis thaliana, A. lyrata, Capsella
rubella, three close-relatives of Arabidopsis (Hornungia,

Neslia and Turritis), and Brassica species [3,12,40].

The last decade has been an extremely fruitful period for

plant genomics and for crucifers in particular. There have

been quantum leaps in whole-genome sequencing using

next-generation sequencing (NGS) platforms [4]. Arabi-
dopsis thaliana was the first plant genome sequenced [40],

making the close relatives of Arabidopsis and other
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crucifer species obvious targets for comparative genomic

and cytogenetic studies (reviewed by [5]). Furthermore,

the Arabidopsis-based genetic and genomic resources,

small genome sizes [6], and low proportion of repetitive

DNA elements organized in discrete genome regions

make crucifer genomes and chromosomes relatively

straightforward to analyze and interpret.

The phylogenetic patterns within the family have also

become clearer in the last decade, including the establish-

ment of Aethionema as sister to the rest of the family (also

known as the crown-group), the identification of three

(Lineages I, II and III; [7]) and later five (A to E; [8�])
major lineages within the crown-group, and the delimita-

tion of 49 tribes [9]. Also, the presence and phylogenetic

placement of ancient whole-genome duplications and tri-

plications (WGDs and WGTs) have been elucidated. For

example, it is now known that Aethionema shares the At-

alpha duplication with the crown-group [10], the Brassica
genome triplication is shared among genera of the tribe

Brassicaceae [12], and that there are several post-alpha

mesopolyploid WGD/T events across the crown-group

[6,11]. Here we aim to explore how the newly accumulated

comparative cytogenomic and phylogenomic data impact-

ed the ACK genome concept and our view on the archi-

tecture of ancestral and modern crucifer genomes.

The GB framework then and now
The system of 24 genomic blocks (GBs) across the eight

ancestral chromosomes was founded on four significant

preceding reports: (1) the sequenced genome of Arabi-

dopsis; (2) the concept of eight ancestral chromosomes

resembling the genomes of A. lyrata and C. rubella of

Lineage I; (3) 21 segments of shared synteny between

Arabidopsis and the 19 chromosomes of B. napus of

Lineage II [3]; and (4) comparative cytogenetic data

for five close Arabidopsis relatives [2]. The initial set

of 21 syntenic segments from the Arabidopsis/Brassica
comparison was refined and extended to 24 ancestral GBs

labeled by capital letter from A to X [1].

The framework of the ACK and 24 GBs have become a

crucial reference point for new genomic sequencing pro-

jects and karyotype reconstructions by comparative chro-

mosome painting across the family and to date has been

utilized for the analysis of at least 35 crucifer species

(Table 1). The unprecedented advance in our knowledge

of genome evolution in the Brassicaceae allows us to now

revisit the original concept of the Ancestral Crucifer

Karyotype and 24 GBs. Data on the 35 species corroborate
www.sciencedirect.com
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Table 1

Presence/absence of ancestral genomic block associations in 35 crucifer species

Species Tribe cladea

(lineageb)

Ancestral genomic block association Reference

A–B F–G K–L M–N O–P Q–R T–U W–X Wb–Rc V–K–L–Wa–Q–Xc

ACK ancestor

Arabidopsis lyrata Camelineae A (I) + + + + + + + + – – [2]

Arabidopsis thaliana Camelineae A (I) + – – + + + + + – – [1]

Ballantinia antipodad Microlepidieae A (I) + + + + – + – + – – [23]

Boechera divaricarpa Boechereae A (I) + + + + + + + + – – [27,34]

Boechera stricta Boechereae A (I) + + + + + + + + – – [34]

Camelina sativae Camelineae A (I) + + + + + + + + – – [25��]

Cardamine amara Cardamineae A (I) + + + + + + + + – – [26]

Cardamine flexuosad Cardamineae A (I) + + + + + + + + – – [35]

Cardamine hirsuta Cardamineae A (I) + + + + + + + + – – [36]

Capsella rubella Camelineae A (I) + + + + + + + + – – [33]

Crucihimalaya wallichii Crucihimalayeae A (I) + + + + + + + + – – [23]

Hornungia alpina Descurainieae A (I) + + + + + + + + – – [2]

Neslia paniculata Camelineae A (I) + + + + + + + + – – [2]

Pachycladon exilisd Microlepidieae A (I) + + + + + + + + – – [37]

Stenopetalum lineared Microlepidieae A (I) – + + + – – + + – – [23]

Stenopetalum nutansd Microlepidieae A (I) – + + + – – – + – – [23]

Transberingia bursifolia Crucihimalayeae A (I) + + + + + + + + – – [23]

Turritis glabra Turritideae A (I) + + + + + + + + – – [2]

PCK ancestor

Brassica oleraceae Brassiceae B (II) – – + – + – – – + + [18]

Brassica rapae Brassiceae B (II) – – + – + – – – + + [15�,18,22]

Brassica napusd+e Brassiceae B (II) – – + – + – – – + + [18]

Calepina irregularis Calepineae B (EII) + + + + + – + – + + [14]

Conringia orientalis Conringieae B (EII) + + + + + – + – + + [14]

Caulanthus amplexicaulisd Thelypodieae? (EII) + – ? + – – + – + + [38]

Glastaria glastifolia Isatideae B (II) + + + + + – + – + + [14]

Goldbachia laevigatad Calepineae B (EII) + + + + – – + – + + [14]

Myagrum perfoliatum Isatideae B (II) + + + + + – + – + + [14]

Noccaea caerulescens Coluteocarpeae B (EII) + + + + – – – – + + [28]

Noccaea jankaed Coluteocarpeae B (EII) + + + + + – – – + + [28]

Ochthodium aegyptiacum Sisymbrieae B (II) + + + + + – + – + + [14]

Raparia bulbosad Coluteocarpeae B (EII) + + + + + – – – + + [28]

Schrenkiella parvula Unassigned B (EII) + + + + + – + – + + [14]

Thellungiella salsuginea Eutremeae B (EII) + + + + + – + – + + [39]

Unresolved ancestral genome

Arabis alpina Arabideae ? (EII) + + + + – + – + – – [31��]

Biscutella laevigatad Biscutelleae C (?) + + + + + – ? – + – [24]

a According to [8�].
b According to [13].
c GB associations specific for PCK.
d Species with a whole-genome duplication postdating the At-alpha WGD.
e Species with a whole-genome triplication postdating the At-alpha WGD.
the original idea of an ancestral genome with eight

chromosomes — the ACK. An important new discovery

was identification of a second most common ancestral

genome, particularly in taxa belonging to expanded Line-

age II [13] or Clade B [8�], with seven chromosomes and

called the Proto-Calepineae Karyotype (PCK, [14]). It is

more parsimonious to assume that the n = 7 PCK genome

has descended from the older n = 8 (ACK) genome

(Figure 1).

After the introduction of the PCK and its evolutionarily

younger variant tPCK [14,15�], insights into Brassica
evolution have been extended with genome publications
www.sciencedirect.com 
for B. rapa [16], B. oleracea [17,18] and B. napus [19��].
These assemblies, and previously published data, reveal

that all three sequenced Brassica genomes contain three

or six (in B. napus) sub-genomes as the consequence of a

shared or very similar whole-genome triplication event(s)

(e.g., [3,12,20,21]). Newly available genomic data also

allowed for a more accurate reconstruction of Brassica
proto-genome structures before the WGT. Using the

system of 24 genomic blocks, Cheng et al. [15�] recon-

structed the evolution of the mesohexaploid genome of B.
rapa as two hybridization events between three structur-

ally identical or very similar tPCK genomes. Sequencing

of triplicated and extensively shuffled genomic blocks
Current Opinion in Plant Biology 2016, 30:108–115
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Figure 1
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The revised Ancestral Crucifer Karyotype (ACK) comprising 22 genomic blocks and their position within the ancestral genome of PCK (Clade B/Lineage

II) and genomes of Arabidopsis thaliana, Capsella rubella (both Clade A/Lineage I) and Arabis alpina (unresolved clade/expanded Lineage II). Note the

shuffling of GBs associated with descending dysploidy events (PCK and Arabidopsis) and independent of dysploidy (A. alpina). Some rearrangements,

including centromere repositioning (A. alpina), might result into partition of GBs to sub-blocks labeled by lower-case letters. Ancestral karyotypes for

clades C, D, and E are yet unknown. Black sandglass-like symbols represent centromeres. Clades and lineages refer to the published family-wide

phylogenies [8�,13]. The figure is based on genomic data adopted from [1], [14,15�,33] and [31��]; see Table 2 for the definition of the 22 GBs.
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building up the Brassica genomes provided further sup-

port and refinement of the genomic blocks ([15�,22] and

this paper).

The known genome structure of numerous crucifer spe-

cies provides us with the opportunity to re-appraise

whether all the 24 GBs have evolutionary significance

as ancestral building blocks. There are eight paired-

associations of GBs, each on a different chromosome

arm within ACK that potentially could be treated as

one unit rather than two adjacent blocks. To be function-

ally and evolutionary meaningful we considered only GBs

forming a pair-wise ancestral association in ACK but

which are separated from each other in at least two

different genera. We thus evaluated the contiguity of

paired associations using the genomic and cytogenetic

results from the available 35 species (Table 1). From the

24 originally defined GBs [1], blocks K and L are sepa-

rated only in Arabidopsis, whereas the two GBs are

associated on a single chromosome arm in all other

genomes. Similarly, blocks M and N are separated only

in Brassica species, but positioned together on a single
Table 2

Revisited 22 genomic blocks (GB) building up the Ancestral Crucifer Ka

loci (AtXg. . . ) and BAC clones retrieved from TAIR. Note that BAC inter

crucifer taxa and can be shorter than the gene-based intervals. AK1–8:

order, orientation, and color-coding of each block is based on its posi

(Figure 1), each GB is considered to be in the upright orientation w

framework is based on data from Schranz et al. [1], Cheng et al. [15�

Start 
Gene BAC clone (GenBank Acce

At1 A At1g01010 T25K16 (AC007323)
At1 B At1g19850 F6F9 (AC007797)
At1 C At1g43020 F2J6 (AC009526)
At1 D At1g64670 F1N19 (AC009519)
At1 E At1g64960 F13O11 (AC006193)
At3 F At3g01015 T4P13 (AC008261)
At2 G At2g05170 F16J10 (AC007289)
At2 H At2g10940 T10F5 (AC007063)
At2 I At2g20920 F7O24 (AC007142)
At2 J At2g31040 T9J22 (AC002505)
At2 K-L At2g01060 F2I9 (AC005560)
At3 K-L At3g25540 T5M7(AP001313)
At3 M-N At3g42180 T10D17 (AL353865)
At4 O At4g00026 F6N15 (AF069299)
At4 P At4g12620 T1P17 (AL049730)
At5 Q At5g30510 T8M17 (AF296835)
At5 R At5g23000 MRN17 (AB005243)
At5 S At5g42110 MPK23 (AB020748)
At4 T At4g12700 T20K18 (AL049640)
At4 U At4g16250 T6K21 (AL021889)
At5 V At5g47810 MGC1 (AB028612)
At5 W At5g47820 K16F13 (AB024025)
At5 X At5g60805 MSL3 (AB008269)

AK6

AK7

AK8

AK GBAt Block borders

AK3

AK4

AK1

AK2

AK5
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chromosome arm in all other species. We thus update

block intervals based on recently published data and we

merge the four GBs to form two new blocks (K–L and M–
N) into a revised ACK genome containing 22 ancestral

GBs (Table 2). In the revised system of the 22 GBs,

10 blocks span entire chromosome arms, whereas the

remaining 12 GBs are associated-pairs on six different

arms (A + B, F + G, O + P, Q + R, T + U, and W + X).

Figure 1 shows the updated ancestral genomes (ACK and

PCK) and two examples of modern crucifer genomes

(Arabidopsis and Arabis alpina).

Frequent polyploidy, diploidization and block
shuffling
In Brassicaceae, multiple independent WGD and WGT

events have occurred during their roughly 40 million

years of evolution (e.g., [6,10,11,23]). WGDs and WGTs

give rise to genomic redundancy and an increased proba-

bility for recombination between homeologous chromo-

somes, presumably mainly between ubiquitous DNA

repeats. Eventually this process of diploidization leads

to pervasive reorganization of duplicated genomic blocks,
ryotype (ACK). The GB boundaries are defined by A. thaliana gene

vals refer to painting probes used for comparative cytogenetics in

 chromosomes of the ACK; At1–5: chromosomes of A. thaliana. The

tion in the ACK. In graphic representations (ideograms) of the ACK

ith start border on the top of a GB. This version of crucifer GB

] and Kim et al. [22]

End
ssion) Gene BAC clone (GenBank Accession)

At1g19840 F14P1 (AC024609)
At1g37130 F12K21 (AC023279)
At1g56190 T6H22 (AC009894)
At1g56210 F14G9 (AC069159)
At1g80950 F23A5 (AC011713)
At3g25520 MWL2 (AB025639)
At2g07690 T25N22 (AC005693)
At2g20900 F5H14 (AC006234)
At2g31035 T19L18 (AC004747)
At2g48150 T8I13 (AC002337)
At2g05160 F3C11 (AC007167)
At3g32960 T4A2 (AP002066)
At3g63530 F16M2 (AL138648)
At4g05450 T1J1 (AF128393)
At4g07390 T3H13 (AF128396)
At5g23010 T20O7 (AB026660)
At5g01010 F7J8 (AL137189)
At5g32470 F5H8 (AB025605)
At4g16240 F18A5 (AL035528)
At4g40100 T5J17 (AL035708)
At5g42130 MJC20 (AB017067)
At5g60800 MUP24 (AB005246)
At5g67640 K9I9 (AB013390)

Current Opinion in Plant Biology 2016, 30:108–115
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including their potential loss, and to reduction of chro-

mosome numbers to diploid-like levels. The best-charac-

terized example of this process is the diploidized

Arabidopsis genome, reduced to only five linkage groups

after the At-alpha duplication [40]. However, the most

extensive chromosomal diploidization so far revealed is

for the Australian endemic species Stenopetalum nutans
(from n = 16 to 4; [23]), followed by the 2.1-fold decrease

in Brassica (from n = 21 to 10; [15�,16]) or 1.7-fold reduc-

tion of chromosome number in Biscutella leavigata (from

n = 16 to 9; [24]). By contrast, three sub-genomes within

the mesohexaploid genome of Camelina sativa (n = 20)

remained structurally intact since the WGT event [25��].
Accordingly, polyploidy-driven multiplication of genomic

blocks does not always result in an extensive and rapid

loss of duplicated GBs. In the B. rapa genome, all but one

block were detected as three, though sometimes fraction-

ated, genomic copies and only block G as two copies

[15�,16]. Among the mesotetraploid Australian crucifers,

the most reduced genome of S. nutans (n = 4) retained all

48 GBs, whereas the other two, less diploidized, species

with n = 5 and n = 6 chromosomes lost four and eight GBs,

respectively [23]. Further research is needed to uncover

key drivers underlaying the differential rate of diploidiza-

tion, including the retention and loss of duplicated geno-

mic blocks.

Sequence analysis of mesopolyploid genomes undergoing

the post-polyploidy process of diploidization is providing

us with invaluable information on the mobility of geno-

mic blocks, their sequence characteristics as well as on

mechanisms of genomic reshuffling. The detailed struc-

tures of mesopolyploid genomes also allows for continu-

ous re-appraisal and refinement of genomic blocks and

the ACK concept.

Breaks in within genomic blocks
Reconstructing the evolution of modern crucifer gen-

omes, three basic trajectories can be observed

(Figure 1). Ancestral genomes (i.e. ACK and PCK)

remained stable throughout million of years (A. lyrata,

C. rubella) or have undergone extensive shuffling of

genomic blocks without changing the ancestral number

of chromosomes (A. alpina), or have been modified

through descending dysploidy (chromosome number re-

duction) from n = 8 to 7, 6 and 5 (A. thaliana). The two

latter patterns of karyotype evolution were accompanied

not only by the block-defining breakpoints, but also by

rarer in-block breaks (see PCK and A. arabis genome

structures in Figure 1). Factors triggering in-block

breakages remain elusive, ranging in diploid genomes

from one in-block break in Cardamine amara (n = 8; [26])

to at least eight breaks in A. alpina (n = 8; Figure 1). Due

to the redundancy of duplicated or triplicated GBs fol-

lowed by diploidization, in-block breaks should be more

frequent in dynamic mesopolyploid genomes. Indeed,

this is the case in the mesohexaploid genome of B. rapa
Current Opinion in Plant Biology 2016, 30:108–115 
(n = 10; [15�,16]) and C. sativa [25��] with approx. 26 and

21 in-block breakpoints, respectively. However, in C.
sativa the 21 in-block breaks occurred presumably already

during the evolution of the three diploid progenitor

genomes and not as a result of diploidization [25��].
The 4-fold reduction of chromosome number in the

mesotetraploid genome of S. nutans [23] was accompanied

by only nine in-block breakpoints and only two such

breaks were observed during diploidization of the meso-

tetraploid B. laevigata (n = 9; [24]). We conclude, that

most chromosomal rearrangements (CRs) involve geno-

mic block breakpoints and that the frequency of rarer in-

block breakpoints varies both among diploids and meso-

polyploids.

Evolutionary mobility of genomic blocks:
mechanisms
Ectopic recombination between tandem repeats (such as

of rDNA arrays of the Nucleolar Organizer Regions) and

transposable elements frequently mediates CRs. There-

fore the very existence of GBs is to a lesser or greater

extent predetermined by the arrays of repetitive DNA.

Obvious repeat-rich borders of GBs are pericentromeres

and telomeres, less common are repeats positioned inter-

stitially along euchromatic chromosome arms. Non-allelic

recombination between these repeats is resulting in

chromosomal reshuffling with or without associated des-

cending dysploidy. Inversions and translocations are most

frequent types of CRs in crucifers. Both peri- and para-

centric inversions, changing mutual orientation of GBs,

can occur without the reduction of chromosome number

[27,28], or as a first step towards terminal chromosome

translocations (TCTs) mediating descending dysploidy

[1,2,29].

Two main types of TCTs were common during evolution

of the modern crucifer genomes. A whole-arm (Rober-

stonian) translocation between two telo- or acrocentric

chromosomes may result in two unequally sized products:

a larger mono- or dicentric translocation chromosome and

a mini-chromosome [1,2,30]. The mini-chromosome,

without essential genes, fails to pair regularly at meiosis,

and as such is eliminated. TCTs may also involve (sub)-

telomeric regions of two different chromosomes. This

event results in the origin of a translocation chromosome

comprising two centromeres. To stabilize a dicentric

chromosome, one of the centromeres is presumably epi-

genetically inactivated and/or deleted through intra- or

inter-chromosomal recombination (e.g., [23,29]).

In a few instances, centromere repositioning is the most

parsimonious explanation for centromere relocations with

ancestral chromosome collinearity being conserved. An

evolutionary new centromere may be moved to block

boundary [26] or into a position within a block, as in A.
alpina (Figure 1; [31��]).
www.sciencedirect.com
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Future prospects
While the last ten-years has seen major advances in the

study of crucifer genomes, the future holds even more

promise. Several ambitious genomic projects like the

Brassicaceae Map Alignment Project (BMAP) will surely

double, if not triple, the number of available sequenced

genomes within the next few years. Technological inno-

vations are bringing the divide between molecular biolo-

gy, genome sequencing and cyogenetics closer together.

The emergence of so called ‘third generation’ long-mol-

ecule sequencing such as PacBio and Oxford NanoPore

technology are setting the stage for complete genome

assemblies including repeat-rich regions such as pericen-

tromeres where CRs often occur. Cytogenetic analysis is

also now possible using short custom-synthesized oligo-

nucleotides so that only genes are hybridized and thus

avoiding difficult signal to noise ratios from BAC-based

painting caused by repeats [32�]. Thus, it will be possible

to perform comparative cytogenetic experiments using

data from any or all crucifer genomes and no longer be

limited to the use of Arabidopsis BAC contigs. Alterna-

tively, lineage-specific expansion of repetitive elements

can posses phylogenetically informative signals and can

be correlated with CRs [41]. Other exciting develop-

ments include the use of genome mapping technologies

such as the BioNano Genomics platform allowing for

extremely long reads of DNA molecules to accurately

and rapidly anchor sequence scaffolds to chromosomes.

This will revolutionize our ability to analyze the highly

dynamic and non-collinear regions of any Brassicaceae

taxa. It will be possible to resolve rearrangements down to

the nucleotide level, even when changes have occurred in

highly repetitive regions. For example, it should be

feasible to address the exact nature of rearrangements

in polyploid genomes.

An important unresolved question is the genomic struc-

ture of Aethionema species, the first-branching Brassica-

ceae lineage, and that of Lineage III (mainly Clade E

species from [8�]). All data to date supports the concept of

the n = 8 ACK genome for the crown-group Brassicaceae

in Lineages I and II (and unplaced species such as A.
alpina). Aethionema in particular is expected to have un-

dergone a largely independent trajectory of genome evo-

lution because it diverged from the crown-group very

soon after the At-alpha paleopolyploidy event [10]. By

extending even further and making connections to more

distant species such as members of the sister-family

Cleomaceae, it is also feasible to do an ancestral genome

reconstruction of the pre-At-alpha non-polyploid genome

of crucifers. Such a resource will be extremely valuable

for translational research from the Arabidopsis model to

other angiosperm families.
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James G, Nordström KJV, Becker C, Warthmann N, Chica C,
Szarzynska B, Zytnicki M, Albani MC, Kiefer C, Bergonzi S,
Castaings L, Mateos JL, Berns MC, Bujdoso N, Piofczyk T, de
Lorenzo L, Barrero-Sicilia C, Mateos I, Piednoël M, Hagmann J,
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