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Noccaea caerulescens (formerly known as Thlaspi caerulescens), an extremophile heavy metal hyperaccumulator model plant in the
Brassicaceae family, is a morphologically and phenotypically diverse species exhibiting metal tolerance and leaf accumulation of
zinc, cadmium, and nickel. Here, we provide a detailed genome structure of the approximately 267-Mb N. caerulescens genome,
which has descended from seven chromosomes of the ancestral proto-Calepineae Karyotype (1 = 7) through an unusually high
number of pericentric inversions. Genome analysis in two other related species, Noccaea jankae and Raparia bulbosa, showed that
all three species, and thus probably the entire Coluteocarpeae tribe, have descended from the proto-Calepineae Karyotype. All
three analyzed species share the chromosome structure of six out of seven chromosomes and an unusually high metal
accumulation in leaves, which remains moderate in N. jankae and R. bulbosa and is extreme in N. caerulescens. Among these
species, N. caerulescens has the most derived karyotype, with species-specific inversions on chromosome NC6, which grouped
onto its bottom arm functionally related genes of zinc and iron metal homeostasis comprising the major candidate genes
NICOTIANAMINE SYNTHASE2 and ZINC-INDUCED FACILITATOR-LIKE1. Concurrently, copper and organellar metal
homeostasis genes, which are functionally unrelated to the extreme traits characteristic of N. caerulescens, were grouped onto
the top arm of NC6. Compared with Arabidopsis thaliana, more distal chromosomal positions in N. caerulescens were enriched
among more highly expressed metal homeostasis genes but not among other groups of genes. Thus, chromosome
rearrangements could have facilitated the evolution of enhanced metal homeostasis gene expression, a known hallmark of

metal hyperaccumulation.

Noccaea caerulescens (formerly known as Thlaspi
caerulescens) is a diploid (2n = 14) biennial or short-living
perennial plant from the family Brassicaceae. N. caerulescens
is native to Europe, with a patchy distribution from the
United Kingdom and France to Slovakia and from
Germany and Poland southward to northern Spain and
Italy. The widespread occurrence in Scandinavia is
thought to represent naturalized populations over the
past few hundred years (Koch et al., 1998, and refs.
therein). N. caerulescens is one of the 120 Noccaea spp.,
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which, together with two other genera, constitute the
tribe Coluteocarpeae (approximately 127 species; Al-
Shehbaz, 2012). However, the generic treatment of the
tribe is far from settled, and up to 12 genera are rec-
ognized in Coluteocarpeae by F.K. Meyer (Meyer, 2001,
2006a, 2006b; Koch and German, 2013).

Together with the metal hyperaccumulator species
Arabidopsis halleri, N. caerulescens is among the most
prominent plant model systems for the study of
heavy metal hyperaccumulation and associated hy-
pertolerance (Krdmer, 2010; Hanikenne and Nouet,
2011; Pollard et al., 2014). N. caerulescens is a hyper-
accumulator of zinc (Zn) on metalliferous as well as
nonmetalliferous soils and of cadmium (Cd) on metal-
liferous soils (Reeves et al., 2001; Kramer, 2010), and its
populations on serpentine soils are known to hyper-
accumulate nickel (Ni; Reeves and Brooks, 1983;
Reeves, 1988; Visioli et al., 2012; Maestri et al., 2013). N.
caerulescens is a morphologically highly diverse species
comprising at least two, but up to eight (http://www.
gbif.org), recognized subspecies with partly over-
lapping distribution ranges (the simplest treatment
includes ssp. caerulescens and sylvestris, the latter in-
cluding populations formerly described as Thlaspi
calaminare or N. caerulescens ssp. calaminare). As the
morphological variation often has a clinal character, the
taxonomic and biological value of various intraspecific
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taxa is questionable, and detailed studies will be
needed to resolve this issue (for discussion, see Koch
and German, 2013). In addition to pervasive morpho-
logical variation (Koch and German, 2013) apparently
reinforced by geographical constraints (Besnard et al.,
2009), there is also pronounced phenotypic variation in
metal tolerance and accumulation (Escarré et al., 2000;
Reeves et al., 2001; Assuncdo et al., 2006; Xing et al.,
2008; Kramer, 2010; Tuomainen et al., 2010).

Although N. caerulescens is the most commonly
studied metal hyperaccumulator model species, with
more than 210 studies published on the subject
(Pollard et al., 2014), the detailed genome structure of
N. caerulescens remains unresolved. Assuncdo et al.
(2006) published the first amplified fragment-length
polymorphism-based genetic linkage map and identi-
fied quantitative trait loci for Zn accumulation in roots.
Another amplified fragment-length polymorphism-
based genetic map based on a cross between two
accessions with differential Cd accumulation and tol-
erance was used to identify quantitative trait loci asso-
ciated with the accumulation of Cd and Zn (Deniau et al.,
2006). Both maps comprised the expected seven linkage
groups with dense clusters of linked markers located on
each linkage group, most likely corresponding to cen-
tromeric regions with suppressed recombination rates.
Apart from the tentative identification of centromeres,
small numbers of orthologous markers shared with
Arabidopsis thaliana and A. halleri did not allow the
establishment of chromosome collinearity between
these genomes for inference of the genome structure of
N. caerulescens.

More recently, Manddkova and Lysak (2008) recon-
structed karyotype evolution in eight Brassicaceae
species of tribes in extended lineage II (Franzke et al.,
2011) by comparative chromosome painting (CCP) us-
ing chromosome-specific bacterial artificial chromo-
some (BAC) contigs of A. thaliana. They concluded that
genomes of all the analyzed species with seven or 14
chromosome pairs (n = 7/14) were derived from the
eight chromosomes of the Ancestral Crucifer Karyotype
(ACK; n = 8) via an ancestral #n = 7 genome named the
proto-Calepineae Karyotype (PCK). The genome of
N. caerulescens (accession Korenec), analyzed as a rep-
resentative of the tribe Coluteocarpeae (formerly
Noccaeeae) by Mandédkova and Lysak (2008), has
descended from a PCK-like ancestor but showed a re-
markably high number of secondary chromosome re-
arrangements. By comparison with the ancestral PCK,
in N. caerulescens six of the seven ancestral chromo-
somes were reshuffled by inversions encompassing
pericentromeric regions. However, that study did not
establish the detailed structure of the N. caerulescens
genome, including precise positions of chromosome
break points. Consequently, evolutionary steps leading
to the origin of the inversion chromosomes were
reconstructed only approximately, and gene content
could not be estimated.

Our study here provides a detailed comparative ge-
nome structure of N. caerulescens and relates the
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genome structure to the evolution of heavy metal-
related extreme traits. Based on a more precise defini-
tion of ancestral genomic blocks within the ACK
(Cheng et al., 2013) and using PCK as the most probable
ancestral genome of N. caerulescens, we carried out a
detailed analysis of the entire karyotype, including in-
versions, by means of CCP. Furthermore, considering
the unusually high incidence of inversions, we were
intrigued to find out whether this variation is unique to
the reference accession (Mandakové and Lysak, 2008)
or fixed in populations on both nonmetalliferous and
metalliferous soils enriched for different heavy metal
elements. Toward this aim, we constructed detailed com-
parative karyotypes for 13 populations of N. caerulescens
from metalliferous and nonmetalliferous soils through-
out the European species distribution range, including,
in particular, populations from southern France known
for the extraordinarily high concentrations of Zn and Cd
in their leaves (St. Félix de Pallieres and Viviez; Reeves
et al., 2001). Next, we asked whether the inversions are
specific to N. caerulescens or shared by other Coluteo-
carpeae species by deducing the chromosome structure
and evolution of the N. caerulescens genome in compar-
ison with two other species from the tribe Coluteo-
carpeae, Noccaea jankae and Raparia bulbosa. Finally,
we addressed the question of whether chromosome in-
versions and rearrangements might have affected the
physical positions of metal homeostasis candidate genes
that were proposed to act in naturally selected metal
hyperaccumulation and associated hypertolerance of
N. caerulescens. We tested for the clustering of function-
ally related metal homeostasis genes in closer proxim-
ity on the chromosome toward supergene formation
as well as for the relation between changes in chromo-
somal position and gene expression among metal ho-
meostasis genes.

RESULTS

Before detailed cytogenetic analyses were carried out,
we verified chromosome numbers in all species under
study and accessions thereof (Table I; Supplemental Fig.
S1). Except for the tetraploid N. jankae (2n = 4x = 32), all
remaining accessions were diploid (2n = 2x = 14). We
estimated nuclear genome size in our reference acces-
sion of N. caerulescens (Korenec; CZ1) at 267 Mb by flow
cytometry.

Comparative Structure of the N. caerulescens Genome

A comparative cytogenomic map of N. caerulescens
(Fig. 1A) was constructed by multicolor CCP using
chromosome-specific BAC contigs of A. thaliana (for
examples, see Fig. 2). Differentially labeled BAC contigs
were used as painting probes to identify all 24 ancestral
genomic blocks (Schranz et al., 2006; refined in Cheng
et al., 2013) in the genomes of N. caerulescens and two
other Coluteocarpeae species. Our experiments unam-
biguously identified the positions of all 24 genomic
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Table 1. Populations analyzed in this study

Soil types are as follows: N, nonmetalliferous;, C, calamine; Cu, copper; and U, ultramafic/serpentine. Asterisks indicate populations from which
plant material was sampled in the wild; plants from the remaining populations were grown from seeds. Daggers indicate populations analyzed by

Besnard et al. (2009). n/a, Not applicable.

Code Population Soil Type Altitude Latitude Longitude
m N E
N. caerulescens
S1 Sweden: Kungs-Husby N 17 59° 30’ 17° 20
S2 Sweden: Sularp N 76 55° 42’ 13° 20
CH1* Switzerland: Mont d’Amin N 1,300 47° 04’ 55" 6° 54" 13"
CH2* Switzerland: Haslital N 1,200 46° 39’ 22" 8°18' 01"
CH3* Switzerland: Vallée de Saas N 1,600 46° 09’ 50"’ 7° 55" 27"
CZ1* Czech Republic: Kofenec N 640 49° 31’ 38.84" 16° 45" 31.76"
CZ2* Czech ReE)uinc: Mohelno U 300 49° 06.403’ 16°11.279'
SK1* Slovakia: Spania Dolina Cu 750 48° 48.563' 19° 07.962'
F1* France: Bergenbach U 480 47° 54.366 6° 57.676'
F2* France: Viviez C 200 44° 33.887' 2°12.796'
F3* France, Firmi: Puy de Wolf U 260 44°32' 07.15" 2° 17’ 46.25"
F4* France: St. Félix de Pallieres C 340 44° 02’ 40.23" 3°56' 23.92"
F5* France: St. Laurent le Minier C 250 43° 55.959’ 3° 39.740'
N. jankae
Slovakia: Tribe¢ Mountains, N 250 48°20" 17.03" 18° 07’ 39.51"
Zobor Mountain*
R. bulbosa
Endemic to Greece; seeds U, N n/a n/a n/a

provided by the botanical
garden of the University
of Heidelberg

blocks in the analyzed chromosome complements (Fig.
1A). The karyotype of N. caerulescens consists of meta-
centric chromosomes without terminal nucleolar orga-
nizer regions. Instead, the 35S and 5S ribosomal DNA
(rDNA) loci are adjacent to each other and located at the
pericentromere of chromosomes NC2 and NC7. A
heterochromatic knob is located on the short arm of
NC?7. The N. caerulescens genome is largely collinear
with the ancestral PCK genome (Fig. 1B); thus, the ge-
nome of N. caerulescens has most likely descended from
the PCK, like all other taxa in extended lineage II
(Mandakova and Lysak, 2008). In comparison with
PCK, centromeric regions of six N. caerulescens chro-
mosomes were rearranged by pericentric and para-
centric inversions; chromosome NC2 has the ancestral
PCK2-like structure (Fig. 1).

Inversion Rearrangements

A reconstruction of chromosome rearrangements
shuffling six PCK-like chromosomes to extant chro-
mosomes of N. caerulescens is shown in Figure 2. The
current pattern of genomic blocks on chromosomes
NC1 and NC4 is most parsimoniously explained by two
subsequent pericentric inversions reshuffling blocks
B and ], respectively, and changing the centromere
position (Fig. 2, A and C). The relative extent of inver-
sion rearrangements based on the A. thaliana collinear
genomic sequence (inversion size [Mb]/total chromo-
some length [Mb] X 100) is 22.1% for NC1 and 30.6% for
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NC4. One paracentric and one pericentric inversion
explain the origin of NC3 from its precursor PCK3; in-
versions rearranged 29.2% of NC3 (Fig. 2B). The extant
structures of chromosomes NC5 and NC7 can be ex-
plained by single pericentric inversions (Fig. 2, D and F),
and the two chromosomes are least rearranged
(11.1% for NC5 and 9.2% for NC7). The origin of NC6
most probably required three inversion events, one
paracentric and two pericentric ones (Fig. 2E), reshuf-
fling more than half (56.7%) of the ancestral chromo-
some. In total, at least nine pericentric and two
paracentric inversions occurred during the evolution of
the N. caerulescens karyotype. Not considering centro-
meres, the size of inverted regions varied from 0.9 Mb
(NC1: pericentric inversion 1) to 9 Mb (NCé: pericentric
inversion 1), with the average inversion size of 3.1 Mb.
From 22 inversion break points, 10 localize to pericen-
tromeric heterochromatin (46%), eight within a ge-
nomic block (36%), and four between two genomic
blocks (18%; Fig. 2).

Intraspecific Karyotype Stasis in N. caerulescens

Revealing the high incidence of inversions in our
reference accession of N. caerulescens (population CZ1;
Mandékova and Lysak, 2008; this study), we ques-
tioned whether these rearrangements are present in
other N. caerulescens populations across its European
distribution area (Table I; Supplemental Fig. S1).
Toward this aim, we sampled 13 populations of
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Figure 1. Structure of the N. caerulescens genome. Cytomolecular comparative map based on chromosome painting analyses
(A) and Circos diagram (B) show the extent of collinearity between the N. caerulescens genome (NC1-NC7) and the ancestral
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N. caerulescens from Sweden to southern France (a transect
of approximately 3,000 km) following three main variable
criteria: (1) geography, (2) altitude, and (3) soil type
(populations on nonmetalliferous versus metalliferous
soils).

To assess the influence of metalliferous soils, we col-
lected plants from different types of soils based on liter-
ature records (Reeves et al., 2001; Bandsova et al., 2008)
and verified the reported values by the determination of
soil and leaf metal concentrations (Table II). Populations
Mohelno (CZ2), Bergenbach (F1), and Puy de Wolf (E3)
are located on natural ultramafic/serpentine soils char-
acterized by an unusually high magnesium-calcium ratio
and high levels of Ni, cobalt, and chromium and some-
times of Cd and Zn (population F3; Table II). As ex-
pected, the Czech population growing on serpentinites
exhibited Ni hyperaccumulation (average leaf Ni con-
centration of 1,800 ug g~' dry biomass). Our measure-
ments for the two French populations were in accordance
with those reported by Reeves et al. (2001), confirming
the hyperaccumulation of Ni in Bergenbach and of Nj,
Cd, and Zn in Puy de Wolf. The population of Spania
Dolina (SK1), an old copper (Cu) mining area with high
soil Cu concentrations, had leaf Zn concentrations in the
hyperaccumulator range (Table II; Bandsova et al., 2008).
Finally, the remaining three French populations are
located on calamine soils of former Zn/lead mining sites
(St. Félix de Pallieres [F4] and St. Laurent le Minier [F5])
or at a smelter site (Viviez [F2]) with Zn ore having been
brought in from a variety of sources, reflected by hy-
peraccumulation of both Zn and Cd in shoots (Table II;
Reeves et al., 2001). Our data confirmed that these seven
analyzed populations occur on a diverse set of metallif-
erous soils, spanning elevated to extreme concentrations
of heavy metals. All of these populations can be classified
as metal hyperaccumulating, with considerable between-
population variation in hyperaccumulation properties.

We reconstructed the entire karyotype by CCP in
randomly chosen plants from each of the seven popu-
lations on metalliferous soils and from six other popu-
lations on nonmetalliferous soils (Table I; Supplemental
Fig. S1). Our analysis was particularly centered on the
potential incidence of inversion polymorphism among
populations originating from different parts of the
distribution range or contrasting edaphic soil types. On
the basis of CCP employing a set of individual A.
thaliana BAC clones, all populations analyzed showed
the same karyotype structure and inversion break
points as described for population CZ1 (Figs. 1 and 2).

Are Inversions Unique to N. caerulescens?

After establishing the consensus genome structure of
N. caerulescens, we analyzed the genomes of two other
species from the tribe Coluteocarpeae using paint-
ing probes specific for the seven chromosomes of
N. caerulescens. The tetraploid N. jankae is endemic to
southern Slovakia, northern Hungary (Meyer, 2006b),
and Romania (Kiraly et al., 2013) and is closely related
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to N. caerulescens (Supplemental Fig. S2; Koch and Al-
Shehbaz, 2004). The diploid R. bulbosa (formerly Thilaspi
bulbosum) is endemic to Greece (Meyer, 2006a) and is a
sister taxon to genus Noccaea (Supplemental Fig. S2;
Koch and Mummenhoff, 2001; Koch and Al-Shehbaz,
2004; Kiefer et al., 2014). Whereas N. jankae occurs on
limestones, andesites, or sandy soils (Meyer, 2006b) and
can be classified as an accumulator, but not a hyper-
accumulator, of Ni and Zn (Reeves and Brooks, 1983),
R. bulbosa grows on various substrates, including ser-
pentines (Reeves and Brooks, 1983; Artelari, 2002;
P. Trigas, personal communication), and is able to hy-
peraccumulate both Ni and Zn at significantly lower
levels than N. caerulescens (Reeves and Brooks, 1983).

Our analysis showed that six out of the seven chro-
mosomes including rDNA loci and the knob in N. jankae
and R. bulbosa (Fig. 3; Supplemental Fig. S3) have the
same structure as in N. caerulescens (Fig. 1A). The two
species differ from N. caerulescens in the arrangement
of genomic blocks on chromosomes NJ6 and RB6,
respectively. Whereas the N. caerulescens NC6 chro-
mosome was rearranged by three inversions (Fig. 2E),
chromosomes NJ6 and RB6 retained their ancestral
PCKe6-like structure (Fig. 3). This suggests that genomes
of N. jankae and R. bulbosa have a more ancestral char-
acter than the genome of N. caerulescens and that the
PCK6 homologue was reshuffled only in this species or
a clade of very closely related taxa. Moreover, we could
conclude that both subgenomes of N. jankae do not
differ by structural chromosome rearrangements (Fig.
3B); thus, the tetraploid genome originated through
autopolyploidy or hybridization between two taxa
with a highly similar genome structure.

Pericentric Inversions Are Increasing the
Karyotype Symmetry

The predominance of pericentric inversions during
genome evolution of the three Coluteocarpeae species
was associated with the reduction of ancestral karyo-
type asymmetry of PCK (Figs. 1 and 3). This tendency is
corroborated by the centromeric index (CI; length of the
short arm to the total chromosome length X 100) cal-
culated for the ancestral PCK genome and the three
extant species using A. thaliana sequence data as a
proxy. Whereas the mean CI of the ancestral PCK ge-
nome is 28%, the CI value equals 39% in N. jankae and
R. bulbosa, and N. caerulescens has the most symmetric
karyotype of all (CI = 41%). This means that in Noccaea
and Raparia spp., the ancestral acrocentric to submeta-
centric chromosomes have become more symmetric,
with arms roughly equal in length.

Genome Structure in the Context of the Metal
Homeostasis Network

Metal-related extreme traits of N. caerulescens are
also found, yet in much weaker form, in R. bulbosa and
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Figure 2. (Continues from previous page.) Inference of chromosome rearrangements during evolution of the N. caerulescens
genome from the ancestral PCK genome. Shown are schematic summaries (left) and examples of CCPanalysis (right). NC2 retaining
the ancestral structure is not shown. i,,, Paracentric inversion; i, pericentric inversion. Downward-pointing arrows denote the
inverse orientation of chromosome regions after inversions. The approximate size of each inversion was estimated based on the
A. thaliana genome sequence (www.arabidopsis.org); rDNA loci were not considered. Chromosomes were painted with
A. thaliana BAC contigs labeled by biotin-dUTP (red), digoxigenin-dUTP (green), and Cy3-dUTP (yellow); BAC clone coordinates
of each contig used are given. Chromosomes were counterstained by 4',6-diamidino-2-phenylindole (DAPI). Bars = 5 um.
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Table Il. Soil and leaf metal concentrations in populations of N. caerulescens analyzed in this study

Leaf metal concentrations corresponding to metal hyperaccumulation (greater than 100, 3,000, or 1,000 mg kg’l for Cd, Zn, and Ni, respectively)
are highlighted in boldface (Kramer, 2010). n.d., Below detection limits. Values given are arithmetic means of between one and three replicate

samples.

Soil Concentration Leaf Concentration

Code Population - -
Cd Zn Cu Ni Cd Zn Cu Ni

mg kg~ ' dry mass mg kg~ dry biomass
CZ2 Czech Republic: Mohelno n.d. 58 7.9 170 17 1,600 3.5 1,800
SK1 Slovakia: Spania Dolina 0.50 120 320 11 16 7,400 12 14
F1 France: Bergenbach n.d. 82 10 1,800 5.3 2,100 3.9 10,000
F2 France: Viviez 51 5,100 425 36 390 6,100 12 3.1
F3 France, Firmi: Puy de Wolf 0.55 210 31 2,600 110 4,000 5.7 13,000
F4 France: St. Félix de Pallieres 98 22,000 60 12 720 12,000 15 3.0
F5 France: St. Laurent le Minier 220 94,000 12 37 750 13,000 6.1 1.4

N. jankae, but not in the vast majority of Brassicaceae
species, including A. thaliana. Thus, we tested for
the consequences of changes in genome structure on
chromosomal positions of candidate genes that were
proposed to functionally contribute to metal-related
extreme traits. Characteristically, steady-state tran-
script levels of metal homeostasis candidate genes are
known to be far higher in the metal hyperaccumulators
N. caerulescens and A. halleri than in closely related
nontolerant nonaccumulator reference species such as
A. thaliana (Kramer, 2010). Moreover, the contribution
to metal hyperaccumulation and hypertolerance was
demonstrated for a subset of these genes by RNA in-
terference in A. halleri (Hanikenne et al., 2008; Deinlein
et al.,, 2012). The gene content of each of the 24 con-
served genomic blocks is known in the A. thaliana
reference genome. This information was used to ap-
proximate chromosomal positions of metal homeosta-
sis genes, as well as their changes, in the PCK and N.
caerulescens genomes based on the chromosomal posi-
tion of each conserved genomic block. By comparison
with the ancestral PCK (Fig. 1B), rearrangements that
occurred in the N. caerulescens lineage removed regions
containing a low density of metal homeostasis genes
away from one arm of chromosomes PCK3 and PCK7,
which are otherwise very rich in metal homeostasis
genes (Figs. 1A and 2, B and F; Supplemental Data Set
S1). Moreover, a small rearrangement in NC4 places
the major candidate plasma membrane Zn uptake-
related genes ZINC-REGULATED TRANSPORTER,
IRON-REGULATED TRANSPORTER-LIKE PROTEIN3
(ZIP3) and ZIP6 in closer proximity to two very im-
portant iron homeostasis-related genes. One of these
genes is the candidate gene NATURAL RESISTANCE
ASSOCIATED MACROPHAGE PROTEIN3 encoding a
membrane transporter involved in metal mobilization
from the vacuole, and the second one is FE-DEFICIENCY
INDUCED TRANSCRIPTION FACTORI, which encodes
an iron-regulatory transcription factor of central impor-
tance (Figs. 1A and 2C). In this context, it is important to
note that the molecular homeostasis of the metals
hyperaccumulated in N. caerulescens is tightly connected
with the homeostasis of the chemically similar, important
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micronutrient iron (Fe; Krdmer and Sinclair, 2012). All
these rearrangements in N. caerulescens by comparison
with PCK are shared with N. jankae and R. bulbosa, which
are either Ni and Zn accumulating or hyperaccumulating
taxa (see above). Furthermore, a significant enrichment of
genes contributing to the homeostasis of Cd was found in
block A and is common to all karyotypes (11% metal
homeostasis genes overall versus 24% in block A; P <
0.05, Fisher’s exact test; Supplemental Data Set S2). Note
that these are predictions based on the known gene con-
tent of conserved genomic bocks in A. thaliana.

Whereas linkage group 6 in N. jankae and R. bulbosa
share the ancestral PCK-like chromosome structure
(Fig. 3), in N. caerulescens, genomic block R on NC6,
originally on the bottom arm of PCK6, was split into
two segments (Fig. 1A). One segment of block R now
resides in inverted orientation on the other, top arm of
the chromosome NC6 in N. caerulescens (Fig. 2E). Im-
portantly, the ancestral block R is enriched in genes
contributing to Cu homeostasis (Fig. 1A; 10 Cu ho-
meostasis genes out of 21 metal homeostasis genes in
total; P < 0.05, Fisher’s exact test; Supplemental Data
Set S2), of which a segment containing five Cu ho-
meostasis genes out of a total of eight metal homeo-
stasis genes now resides in the novel position on the top
arm. These genes include the Cu-regulatory transcrip-
tion factor gene SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE7 alongside the Cu-regulatory miR-
NA398c gene, the chloroplast thylakoid membrane
P p-type Cu(l)-ATPase-encoding gene PAA2, as well
as the vacuolar membrane Cu-mobilizing transporter-
encoding gene COPT5 (Fig. 1A). By contrast, the por-
tion of block R that remains on the bottom arm of NC6,
as in the ancestral karyotype, mostly contains genes
related to Fe and Zn homeostasis.

Sixty percent of all metal homeostasis genes present
in block Wb of PCK6 are related to Fe, whereas only
26% of genome-wide metal homeostasis genes con-
tribute to Fe homeostasis, indicating that Fe homeo-
stasis genes are enriched in block Wb (P < 0.01, Fisher’s
exact test; Supplemental Data Set S2). Compared
with block Wb on the bottom arm of PCK®6, chro-
mosome NC6 contains the ancestral block Wb in two
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Figure 3. Cytomolecular comparative maps of the diploid genome of R. bulbosa (A) and the tetraploid genome of N. jankae (B)
based on CCP analysis. Uppercase A to X mark 24 conserved genomic blocks defined here by A. thaliana BAC clones (www.
arabidopsis.org). Chromosome in situ localizations of 5S and 35S rDNA probes are shown in Supplemental Figure S4.

subsegments. One segment of Wb has been relocated in
inverted orientation to the other, top arm of chromo-
some NC6, and the other segment forms part of an in-
version on the bottom arm of NC6 (Fig. 2E). In this
fashion, several Fe homeostasis genes with additional
roles in Zn homeostasis of block Wb were brought in far
closer physical proximity to the general Fe homeosta-
sis genes on the stationary segment of block R on the
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bottom arm of NC6. These major candidate genes are
characterized by enhanced expression in N. caerulescens
and by their status as candidate genes for metal
hyperaccumulation and hypertolerance. They include
the NICOTIANAMINE SYNTHASE-encoding gene
NAS?2 (van de Mortel et al., 2006; Deinlein et al., 2012),
the putative cytoplasmic metal cation importer gene
IAA-LEUCINE RESISTANT3 (van de Mortel et al., 2006),
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and the putative metal-nicotianamine complex trans-
porter gene YELLOW STRIPE-LIKE3 (YSL3; Gendreetal.,
2007) in block Wb and ZINC-INDUCED FACILITATOR1
(ZIF1) and its paralogue ZIFL1 (van de Mortel et al., 2006)
in block R (bottom arm of NC6). On the other, top arm
of NC6, genes involved in the organellar Fe/metal ho-
meostasis of block Wb are positioned in far closer ge-
nomic proximity to the set of Cu homeostasis genes on
the relocated segment of block R (Fig. 1).

These structural rearrangements have the potential of
resulting in reduced rates of recombination within each
of two groups of functionally related metal homeostasis
genes. For each of these groups, genes located in seg-
ments of different genomic blocks are now placed in
much closer physical proximity on either arm of N.
caerulescens chromosome NC6 than in the ancestral
karyotype. Moreover, recombination rates between the
two separated segments of blocks R and Wb could
possibly be enhanced. Thus, a lineage-specific linkage
resorting can be observed on N. caerulescens chromo-
some NC6, grouping Cu and chloroplast-related metal
homeostasis functions on one side of the centromere,
whereas Fe- and Zn-related functions, as well as metal
hypertolerance- and hyperaccumulation-related func-
tions, are grouped on the other side of the centromere.
Overall, as compared with the ancestral state, the in-
versions that occurred toward the extant NC6 chro-
mosome resulted in a more even distribution of metal
homeostasis genes across both arms of that chromo-
some.

Because the evolution of metal hyperaccumulation
and hypertolerance appears to have involved increased
expression of metal homeostasis genes (Becher et al.,
2004; Weber et al., 2004; Talke et al., 2006; Hanikenne
et al., 2008), we tested for relationships between pre-
dicted chromosome positions and gene expression. Out
of the metal homeostasis genes positioned in the cen-
tromeric, intermediate, and terminal chromosome re-
gions in N. caerulescens, respectively, 13.3%, 15.6%, and
20% are more highly expressed in N. caerulescens than in
A. thaliana, based on published data (Fig. 4A; van de
Mortel et al., 2006, 2008). Moreover, none, 4.2%, and
3.5% of metal homeostasis genes located in centromeric,
intermediate, and distal chromosome positions, re-
spectively, exhibit a different chromosome position in
N. caerulescens by comparison with the ancestral kary-
otype (PCK), in addition to higher expression in
N. caerulescens than in A. thaliana (Fig. 4A). Interest-
ingly, all of these genes are located in a more distal
chromosome position in N. caerulescens than in the PCK
(Fig. 4A).

Next, we attempted a more quantitative approxi-
mation of chromosome positional differences between
the N. caerulescens genome and that of A. thaliana for all
A. thaliana genes. We used the information provided
here (Fig. 1A) and assembled pseudochromosomes of
N. caerulescens from genomic blocks taken from the
A. thaliana genome assembly in order to obtain ap-
proximate physical chromosome positions for all genes
in N. caerulescens. We were then able to compute, for each
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gene, an approximated difference in the relative dis-
tance from the centromere between N. caerulescens and
A. thaliana. The distribution of genes that are more
highly expressed in N. caerulescens than in A. thaliana
was only slightly skewed toward more distal chromo-
some positions in N. caerulescens than in A. thaliana,
when compared with all genes (Fig. 4B; change in rel-
ative distance of a gene from the centromere [ARDC]
between 0.15 and 0.4). In relation to all genes, metal
homeostasis genes in general showed an overall trend
toward alterations in chromosome positions, with pre-
dominantly more proximal positions in N. caerulescens
than in A. thaliana (Fig. 4C; ARDC between —0.3
and —0.75). In contrast, metal homeostasis genes that
are more highly expressed in N. caerulescens were
overall positioned more distally on N. caerulescens
chromosomes than on those of A. thaliana and also
more distally than all metal homeostasis genes and
all genes (Fig. 4D; ARDC between 0.05 and 0.45 and
between 0.7 and 0.9; Fig. 4, A-C).

Across all genes of the N. caerulescens genome re-
gardless of their expression, chromosome positions are
predominantly slightly more proximal when compared
with A. thaliana (Fig. 4, B-D, peak of ARDC at slightly
negative values). There was an additional, minor sec-
ondary peak of gene frequency at increased distance
from the centromere in N. caerulescens (Fig. 4, B-D).
Structural rearrangements on the bottom arms of
chromosomes NC1 and NC3 predominated among
the genes constituting this secondary peak (Fig. 2;
Supplemental Fig. S5). The four inversions trans-
forming the acrocentric chromosomes PCK1 and PCK3
into metacentrics NC1 and NC3, respectively, put
blocks C (NC1) and H (NC3) into more distal chromo-
some positions in relation to the respective centromeres
(Fig. 2).

Finally, we addressed whether, by comparison with
the PCK, a changed genomic environment is associated
with altered gene expression in N. caerulescens. Out of
all genomic regions that were subject to a change in
genomic environment during the evolutionary history
of N. caerulescens, block M (NC5) and part of block B
(F12K21-F6N18; NC1) showed a significant enrichment
for genes more highly expressed in N. caerulescens than
in A. thaliana (P < 0.001 and 0.05, respectively; Fisher’s
exact test; Supplemental Data Set S3). Both regions were
positioned adjacent to the centromere in the ancestral
genome and are in a more distal chromosome position
in N. caerulescens (Figs. 1B and 2).

DISCUSSION

Navigating a Whole-Genome Assembly Using the
N. caerulescens Comparative Genome Map

The Zn/Cd/Ni hyperaccumulator N. caerulescens is
one of the most prominent model systems in which to
study the uptake and handling of heavy metals in land
plants. Here, we provide the detailed structure of the N.
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Figure 4. Relationships between genomic position and A
metal homeostasis gene expression in N. caerulescens.

A, Each white bar shows the proportion of genes 25
expressed at higher levels in N. caerulescens than in
A. thaliana, out of all metal homeostasis genes located
in the respective chromosome region in N. caerulescens
(centromeric, intermediate, or terminal; van de Mortel
etal., 2006, 2008). For these genes, black bars show the
subset of genes positioned in a different chromosome
region in N. caerulescens than in the ancestral karyo-
type. The length of each chromosome arm was divided
into three approximately equally sized regions (centro-
meric, intermediate, or terminal) based on the assembly
physical ruler approach according to Figure 1A. B to D, 5
Relative frequency distribution of chromosome position
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caerulescens genome through cross-species in situ hy-
bridization of A. thaliana BAC contigs to N. caerulescens
chromosomes. The resulting cytogenetic map of all
14 chromosome arms can navigate a scaffold as-
sembly when the 267-Mb genome of N. caerulescens is
sequenced. This approach has been successfully ap-
plied for genome assembly in Schrenkiella parvula
(Dassanayake et al., 2011), Thellungiella salsuginea
(Wu et al., 2012), and Arabis alpina (Willing et al.,
2015). In the absence of high-resolution comparative
genetic maps for N. caerulescens, our cytogenetic map
enables the direct comparison between collinear chro-
mosomes and genome regions among N. caerulescens,
A. thaliana, A. halleri, and other crucifer species at a
precision of approximately 100 kb.

The N. caerulescens Genome Lacks Large-Scale Structural
Intraspecific Variation

Upon divergence from the proto-Calepineae ances-
tor, all N. caerulescens chromosomes, except NC2, have
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undergone inversions within or close to the centro-
mere, changing the chromosome symmetry and an-
cestral orientation of affected genomic regions (Fig. 1).
Cytogenetic analysis of 13 different populations of
N. caerulescens from contrasting soil types throughout
its European distribution range showed a remarkable
stasis of inversion rearrangements among the analyzed
populations, regardless of the geographic origin, alti-
tude, and soil type. Therefore, the origin of the extant
N. caerulescens genome predates the recolonization of
large parts of Europe from refugia in southern Europe
after the Last Glacial Maximum (Koch et al., 1998;
Besnard et al., 2009). However, a comprehensive phy-
logeographic and genomic study of N. caerulescens and
its closest relatives, elucidating the extent of intraspe-
cific genetic variation and historical colonization routes,
is much needed (Besnard et al., 2009; M. Koch, personal
communication). The intraspecific karyotype stability
in N. caerulescens further implies that the adaptation to
different metalliferous soils was not associated with
large-scale chromosome rearrangements. However,
the existing genomic makeup can have an adaptive
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significance in species-wide traits, in particular the
pronounced metal hyperaccumulation and the ability
to colonize diverse habitats and edaphic soil types,
whereby underdominant de novo inversion rear-
rangements are probably selected against.

Inversions on Five Chromosomes Predated the Speciation
in Genus Noccaea and Coluteocarpeae and Corroborate the
Common Ancestry of These Taxa

As the chromosome rearrangements in N. caerulescens
appeared to be unique in comparison with five tribes of
the extended lineage II (Mandakova and Lysak, 2008),
we analyzed karyotypes of two other members of the
tribe Coluteocarpeae. We found that the altered struc-
ture of five of the seven ancestral chromosomes is shared
among N. caerulescens, N. jankae, and R. bulbosa. For
PCK6 homologues, the ancestral structure was retained
in N. jankae and R. bulbosa, whereas it was altered by
three inversions in N. caerulescens. These results suggest
that inversion rearrangements on homologues PCK1,
PCK3 to PCKS5, and PCK7 occurred already in a common
ancestor of the genera Noccaea/Raparia and that inver-
sions on the PCK6 homologue are specific to the
N. caerulescens lineage. It is noteworthy that the inversion
rearrangements on the five chromosomes remained un-
altered during the speciation process in the Coluteo-
carpeae. Moreover, the cytogenomic data corroborate
the close relationship between the genera Noccaea and
Raparia, shown by the analysis of plastid and internal
transcribed spacer sequences (Koch and Al-Shehbaz,
2004), and are not in conflict with the proposed inclu-
sion of the genus Raparia in the genus Noccaea (Al-
Shehbaz, 2014).

Pericentric Inversions Have an Impact on the Local
Genetic Structure

Our reconstruction of genome evolution from the
ancestral PCK karyotype in the three Coluteocarpeae
species showed that pericentric inversions were the
dominating type of rearrangements in this group. In N.
caerulescens, 46% of inversion break points localized
into the immediate proximity of centromeres (Fig. 2)
and thus into pericentromeric repeat-rich regions that
are mainly occupied by tandem repeats, transposons,
retrotransposons, pseudogenes, and 55 and 35S rDNA
(Arabidopsis Genome Initiative, 2000; Hall et al., 2006).
Repeat-rich genomic regions are generally prone to
nonallelic homologous recombination, mediating the
observed inversion events (Schubert and Lysak, 2011).

Pericentric inversions with one break point close to
or within the pericentromere can have a 2-fold conse-
quence. Genes within euchromatic regions are brought
into the immediate proximity of pericentromeric
heterochromatin, whereas parts of pericentromeric heter-
ochromatin are relocated into juxtaposition with gene-
rich regions. It is well established that heterochromatin
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spreading into neighboring euchromatic regions can
cause gene silencing or modify gene expression (Talbert
and Henikoff, 2006; Eichten et al., 2012). The opposite
process (i.e. relocation of genes from the vicinity of
pericentromeric heterochromatin into euchromatic
context) may conversely enhance the expression of the
relocated genes. Our data here are in agreement with
this model. Specifically, this is exemplified by genes
involved in metal homeostasis, a process that is
strongly altered in N. caerulescens as a result of adaptive
evolution. Among metal homeostasis genes, enhanced
gene expression in N. caerulescens, especially that of
metal homeostasis genes, was associated with overall
more distal chromosome positions of genes, or the
movement to a more distal chromosome position, when
compared with the ancestral karyotype (Fig. 4). Addi-
tionally, this is exemplified by the ancestral block M on
NC5 and a segment of block B on the bottom arm of
chromosome NC1. Both regions show a significantly
larger number of genes that display higher expression
in a euchromatic region of N. caerulescens than in
A. thaliana, where both regions are pericentromeric.
Further analysis of changes in the chromosome posi-
tions of genes highlighted blocks C and H on the bot-
tom arms of chromosomes NC1 and NC3, respectively,
as blocks that are shifted distally by comparison with
the PCK genome. Block H contains the HEAVY METAL
ATPASE4 (HMA4) gene, which is the functionally most
important gene in metal hyperaccumulation and asso-
ciated hypertolerance of A. halleri known to date
(Hanikenne et al.,, 2008). O Lochlainn et al. (2011)
showed that HMA4, which is very highly expressed in
both A. halleri and N. caerulescens, has undergone sim-
ilar mutations in N. caerulescens as in A. halleri HMA4
(i.e. cis-activating promoter mutations and gene copy
number expansion). In addition to permitting enhanced
gene expression, a change in chromosomal position can
alter recombination rates, which are known to be non-
random along chromosomes and usually suppressed in
centromeric regions (Mercier et al., 2015). The increased
chromosome symmetry due to multiple pericentric in-
versions might generally contribute to recombination
of low-recombining regions when they are brought
to more distal, heterochromatin-free positions. Con-
certed evolution of the three tandem HMA4 gene cop-
ies was reported among A. halleri HMA4 gene copies
(Hanikenne et al., 2013). This was proposed to result
from homologous recombination-mediated repair of
somatic double-strand breaks, but illegitimate meiotic
recombination (e.g. through single or double cross-
overs) can also contribute to mutations altering copy
number or to sequence exchange between paralogous
gene copies, and the tandem HMA4 gene copies of
N. caerulescens have not been examined in this regard.
Generally, increased recombination rates would also
increase the likelihood of gene copy number expansion
or contraction through illegitimate recombination.

In the adaptation to changing environments and
new ecological niches, a tight linkage of genes into
one so-called supergene can become advantageous
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(Schwander et al., 2014). As the lowered rate of re-
combination within a supergene is required to ensure
its integrity, recombination suppression within inver-
sions reinforces supergene maintenance (Schwander
et al., 2014). Examples of supergenes associated with
inversions include a plumage polymorphism in the
white-throated sparrow (Thomas et al., 2008) and an-
nual and perennial ecotypes in the yellow monkey-
flower (Mimulus guttatus; Lowry and Willis, 2010).
In the latter case, the inversion polymorphism can
be directly implicated in the reproductive isolation
and morphological differentiation between the two
ecotypes. A candidate region for supergene forma-
tion by inversion is block J on NC4, including the
Zn transporter-encoding genes ZIP3 and ZIP6. To
date, ZIP3 transcript was reported as undetected in
N. caerulescens (Assuncgdo et al., 2001), and ZIP6 tran-
script levels were reported as higher in N. caerulescens
than in the nonaccumulator Thiaspi arvense (Hammond
et al., 2006). This region is common to all Coluteo-
carpeae species (Figs. 1 and 3). The two inversions on
NC6, leading to supergenes encompassing Cu and
organellar metal homeostasis genes on the top chro-
mosome arm, and Zn/Fe homeostasis likely related to
metal hyperaccumulation and hypertolerance on the
bottom chromosome arm, are specific to N. caerulescens
(Figs. 1 and 3). Remarkably, the latter group of genes
encompass NAS2, YSL3, and ZIFL1, involved in the
biosynthesis of the low-M, metal chelator nicotian-
amine (Deinlein et al.,, 2012) and transmembrane
transport of metal-nicotianamine complexes (Gendre
et al., 2007) or of nicotianamine alone (Haydon and
Cobbett, 2007; Haydon et al., 2012), respectively.
Transcript levels of all three genes are elevated in
N. caerulescens by comparison with closely related non-
accumulator species (van de Mortel et al., 2006, 2008),
and NAS2 has been demonstrated to contribute to Zn
hyperaccumulation in A. halleri (Deinlein et al., 2012).

Underdominance of Pericentric Inversions and Their
Fixation and Role in Speciation

In both plants and animals (the latter usually repre-
sented by Drosophila spp.), paracentric inversions were
observed more frequently than pericentric ones (Coyne
et al,, 1991, 1993; Kirkpatrick, 2010; Auger and Sheridan,
2012). One reason is that small pericentric inversions
frequently formed within heterochromatin-rich and
low-recombining pericentromeric regions are difficult
to detect by genetic mapping or conventional chromo-
somal analyses (Anderson et al., 2010). Despite being
less frequently reported, many pericentric inversions
do not need to be underdominant if recombination is
suppressed in inverted regions, as shown in Drosophila
spp- (Coyne et al.,, 1991, 1993). Such inversions do not
reduce the fertility significantly and become fixed in a
population, particularly if inverted regions are small. In
the field bean (Vicia faba), a pericentric inversion com-
prising 20% of the total chromosome length did not
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compromise pollen fertility, presumably due to the
lack of recombination within the inverted region
(Sjodin, 1971). As regions rearranged by one or two
inversions in N. caerulescens comprise only up to 30%
of the total chromosome length, it is possible that the
fertility of inversion heterozygotes remained high.
Moreover, underdominant chromosome rearrange-
ments can be fixed more easily in short-living plants
(annuals and biennials) and particularly in selfers
(Charlesworth, 1992; Coyne and Orr, 2004). As inver-
sions impede chromosome pairing and suppress re-
combination in heterokaryotypes, they are important
in restricting gene flow and in promoting lineage
sorting, divergence, and speciation (Noor et al., 2001;
Rieseberg, 2001; Lowry and Willis, 2010; Nosil and
Feder, 2013, and refs. therein). Along the same line,
pericentric inversions could have contributed to the
reproductive isolation and genetic divergence of the
Coluteocarpeae ancestor from its PCK-like prede-
cessor and possibly had a role in environmental
adaptation.

Structural rearrangements during the evolutionary
history of metal-hyperaccumulating and hypertolerant
N. caerulescens predate the origin of this species and are
partly shared with closely related species. Rearrange-
ments are unusually rich in inversions known to pro-
pel lineage sorting and divergence. The genome of
N. caerulescens has undergone global resorting of metal
homeostasis functions within linkage groups. As an
outcome, recombination between functionally distinct
metal homeostasis genes can be predicted to be en-
hanced, and recombination between functionally re-
lated metal homeostasis genes is likely reduced.
Furthermore, distal chromosome positions are associ-
ated with increased gene expression levels, in particular
for metal homeostasis genes. The chromosome rear-
rangements reported here are outcomes of natural se-
lection, which have occurred during the evolution of
the N. caerulescens lineage in a stepwise fashion.

MATERIALS AND METHODS
Plant Material

Noccaea caerulescens, Noccaea jankae, and Raparia bulbosa plants were either
collected in the wild or grown from seeds in a growth chamber and cultivated in
a greenhouse. Table I shows the origin of all populations analyzed. To induce
flowering in plants grown from seed, a cold treatment (3 months at 4°C, 16-h-
day/8-h-night cycle) was applied to 1-month-old plants. Young inflorescences
from all sampled plants were collected and fixed in freshly prepared fixative
(ethanol:acetic acid, 3:1) for several hours or overnight. The fixative was ex-
changed for 70% (v/v) ethanol, and the material was stored at —20°C until use.
For the analysis of heavy metal content in plants collected in the wild, healthy
rosette leaves were sampled and desiccated with cobalt-free silica gel, and soil
samples from under the same plants were acquired (diameter, approximately
15 cm; depth, approximately 15-20 cm).

Chromosome Preparations, Chromosome Counts, and
Genome Size Estimation

Chromosome spreads from fixed young flower buds containing immature
anthers were prepared according to the published protocol (Lysak and
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Mandakova, 2013). Ready-to-use chromosome spreads were checked under a
phase contrast for suitable chromosome figures and the amount of cytoplasm.
When appropriate, preparations were treated with 100 ug mL ™' RNase
(AppliChem) in 2X SSC (20X SSC = 3 M sodium chloride and 300 mm trisodium
citrate, pH 7) for 60 min and 0.1 mg mL™! pepsin (Sigma) in 0.01 M HCl at 37°C
for 5 min, postfixed in 4% (v/v) formaldehyde in 2X SSC for 10 min, washed in
2X SSC twice for 5 min, and dehydrated in an ethanol series (70%, 90%, and
100% [v/v], 2 min each). Both mitotic and meiotic (pachytene) chromosome
figures were observed under a phase contrast and Olympus BX-61 epifluor-
escence microscope after counterstaining chromosomes with Vectashield con-
taining DAPI (2 ug mL™"). The genome size of N. caerulescens was estimated by
flow cytometry using the protocol described by Dolezel et al. (2007) with So-
lanum pseudocapsicum (2C = 2.59 pg; Temsch et al., 2010) as an internal reference
standard.

DNA Probes

The Arabidopsis thaliana BAC clone T15P10 (AF167571) bearing 35S ribo-
somal RNA gene repeats was used for chromosome in situ localization of
nucleolar organizer regions, and the A. thaliana clone pCT4.2 (M65137),
corresponding to a 500-bp 5S rDNA repeat, was used for the localization of 55
rDNA loci. The A. thaliana-type telomere repeat (TTTAGGG)n was prepared
according to Ijdo et al. (1991). For CCP in species of the Coluteocarpeae,
A. thaliana chromosome-specific BAC clones grouped into contigs according to
24 genomic blocks of the ACK (Schranz et al., 2006) were used. BAC contigs
followed the limits of genomic blocks as reported by Cheng et al. (2013), except
for blocks I and J (I, F7024 [AC007142]-T19L18 [AC004747]; ], F18A8
[AC003105]-T8I13 [AC002337]). All DNA probes were labeled with Cy3-, bi-
otin-, or digoxigenin-dUTP via nick translation as described by Lysak and
Mandakova (2013). Labeled probes were pooled, ethanol precipitated, desic-
cated, and dissolved in 20 uL of 50% (v/v) formamide and 10% (v/v) dextran
sulfate in 2X SSC per slide.

Comparative Chromosome Painting and Microscopy

Twenty microliters of the probe was pipetted on chromosome-containing
spread and immediately denatured on a hot plate at 80°C for 2 min. Hy-
bridization was carried out in a moist chamber at 37°C overnight, followed
by posthybridization washing in 20% (v/v) formamide in 2X SSC at 42°C.
The immunodetection of hapten-labeled probes was performed as described
earlier (Lysak and Mandakova, 2013). Chromosomes were counterstained
with DAPI in Vectashield. Fluorescence signals were analyzed and photo-
graphed with an Olympus BX-61 epifluorescence microscope and AxioCam
CCD camera (Zeiss). Monochromatic images were pseudocolored and
merged using the Adobe Photoshop CS5 software (Adobe Systems). Pach-
ytene chromosomes in Figure 2 were straightened using the plugin
Straighten Curved Objects (Kocsis et al., 1991) in Image] (National Institutes
of Health).

Multielement Analysis

Aliquots of 1 mL of analytical-grade concentrated HNO, (65%, w/w) and
3 mL of concentrated HCI (37%, w/w) were added to each subsample of
0.25 g of air-dried soil (sieved to less than 2-mm particle size) in an acid-
washed perfluoroalkoxy (TFM) microwave vessel. The suspension was
mixed gently by hand and kept at room temperature 20 min before closing
the vessels. Digestion was carried out by heating from room temperature to
160°C in 15 min, holding at 160°C for 15 min, and cooling samples down
over 45 min in sealed containers in a microwave-assisted chemical digestion
system (MARS Xpress; CEM). Samples were filled up to a 10-mL final volume
with ultrapure water and filtered through Whatman No. 5951/2 paper be-
fore analysis. Air-dried leaf tissues were ground using an acid-washed
pestle and mortar. Three milliliters of concentrated HNO; (65%, w/w)
was gently mixed with between 13 and 33 mg of tissue powder in per-
fluoroalkoxy microwave vessels. Digests were heated from room tempera-
ture to 190°C in 20 min, held at 190°C for 15 min, and cooled down over 60
min in sealed containers in a microwave-assisted chemical digestion system
(MARS Xpress; CEM). After cooling to room temperature in ambient air,
digests were filled up with ultrapure water to a total volume of 10 mL.
Multielement analysis was carried out by inductively coupled optical
emission spectrometry using the ICAPDuo 6500 system (Thermo Scientific),
calibrated with five multielement standard solutions, pipetted from single-
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element standard solutions (AAS Standards; Bernd Kraft), and one blank
solution (Cd, 228.8 nm; Cu, 327.3 nm; Ni, 231.6 nm; and Zn, 213.8 nm for
most samples; Zn, 334.5 nm for high-Zn soils). Before and after each set of
samples, one blank, one multielement standard solution, and one digest of
certified reference material (Virginia tobacco [Nicotiana tabacum] leaves
CTA-VTL 2) were measured for quality control.

Genome-Wide in Silico Analysis

Given a list of known metal homeostasis genes and their positions in
genomic blocks (Supplemental Data Set S1), we calculated the percentage
of genes assigned to each individual metal, for example Cu, out of all metal
homeostasis genes in a given genomic block. We then compared this
percentage with the overall genome-wide percentage of Cu-related genes
out of all metal homeostasis genes, applying Fisher’s exact test to identify
statistically significant differences. Similarly, we calculated the percentage
of genes that are more highly expressed in N. caerulescens thanin A. thaliana
(referred to as differentially expressed genes) out of all genes in a given
genomic block, and we compared this with the percentage of differentially
expressed genes summed over all genomic blocks of the genome. The
differentially expressed genes list was obtained from previously published
microarray data (van de Mortel et al., 2006, 2008). Because of variation
in sequence divergence among genes of N. caerulescens, cross-species
microarray hybridization data cannot be employed to reliably identify
genes that are expressed at lower levels in N. caerulescens than in
A. thaliana.

To calculate the RDC, the number of nucleotides between the 5’ end of the
gene and the centromere was divided by the total length of the chromosome
arm on which the gene is located. The total lengths of NC (N. caerulescens) and
PCK chromosome arms were estimated as the sum of their constituent
A. thaliana genomic blocks as shown in Figure 2. Subtracting the RDC value of a
genein A. thaliana from its RDC value in NC/PCK provided the ARDC of a gene
in NC/PCK relative to A. thaliana, as shown in Figure 4, B to D, and
Supplemental Figure S5.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Geographic locations of N. caerulescens popula-
tions analyzed in this study.

Supplemental Figure S2. Phylogenetic relationships between Coluteocar-
peae taxa analyzed in this study.

Supplemental Figure S3. Comparative structure of R. bulbosa and N. jankae
chromosomes as inferred by CCP.

Supplemental Figure S4. Fluorescence in situ localization of 5S (green) and
35S (red) rDNA loci on chromosomes in N. caerulescens, N. jankae, and
R. bulbosa.

Supplemental Figure S5. Distribution of genes and chromosome position
differences with respect to A. thaliana along chromosomes of N. caeru-
lescens and the ancestral PCK genome.

Supplemental Data Set S1. List of heavy metal homeostasis genes.

Supplemental Data Set S2. Distribution of heavy metal homeostasis genes
among 24 genomic blocks in the N. caerulescens genome.

Supplemental Data Set S3. Differentially expressed genes in N. caerulescens
as compared with the A. thaliana genome.
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