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ABSTRACT

Chamomile (Matricaria chamomilla) is an important medicinal
plant whose beneficial activities partly rely on certain flavo-
noids. The first dedicated step in flavonoid biosynthesis is
chalcone synthase (CHS, EC 2.3.1.74). The genomic DNA of
CHS was studied in six chamomile specimens from different
genotypes to describe interspecimen, as well as interspecific,
variability. One specimen of M. discoidea was included as an
outgroup. The two exons of CHS of M. chamomilla (McCHS)
and M. discoidea (MdCHS) were 188 bp and 1,011 bp long,
separated by an intron of variable length between 192 and
199 bp in McCHS and 201 bp in MdCHS, respectively. The
two exons with 5.3 and 6.2 mutations per 100 bp, respective-
ly, were more conserved than the intron with 11.5 mutations
per 100 bp. In total, 96 SNPs were detected in both species, of
which 12 SNPs were only present in MdCHS and 80 SNPs only
in McCHS. Overall, 70 haplotypes (multilocus genotypes,
MLGs) were detected. The samples could be classified into
two groups, a ‘'compact’ group of a low number and diversity
of haplotypes and a ’variable’ group of a high number and di-
versity of haplotypes. Of the 74 SNPs in McCHS, only six SNPs
were non-synonymous. However, the amino acid changes did
not affect critical areas of the enzyme. The combination of the
six SNPs resulted in nine translated amino acid MLGs. The CHS
network located MdCHS, due to the crossing barrier, quite dis-
tant from chamomile. MdCHS docked to McCHS at a position
from where McCHS divergently evolved into two directions.

Introduction

Matricaria chamomilla L. (syn. Matricaria recutita L., Chamomilla re-
cutita (L.) Rauschert, Asteraceae; common names: true chamo-
mile, German chamomile, Hungarian chamomile, blue chamo-
mile, further on referenced here as ‘chamomile’) is one of the
most important medicinal plants and has its origin in the near-
east to southwestern Europe and is now widespread over the
world. M. chamomilla is an annual plant with long and narrow bi-
pinnate to tripinnate leaves, white ray, and yellow tubular flowers.
Matricaria discoidea DC. (syn. M. matricarioides (Less.) Porter; com-
mon names: pineappleweed, disc or rayless mayweed) is another
member of the small Matricaria genus and looks like M. chamomilla
with differences in smaller flower heads, the absence of ray flow-
ers, greenish tubular flowers and a four-toothed corolla [1].

The medicinal activity is attributed to essential oil compounds
and flavonoids both concentrated in the flowers. The flavonoids of
chamomile have antispasmodic and antiphlogistic activity [2]. Fla-
vonoids are formed through the phenylpropanoid pathway start-
ing from phenylalanine over 4-coumaroyl-CoA to an uncycled
chalcone, which - after cyclisation - is modified by enzymes of
different functional classes into the different flavonoids; 4-cou-
maroyl-CoA is the starter for a stepwise condensation of three
acetate units to an uncycled chalcone, a condensation performed
by chalcone synthase (CHS, EC 2.3.1.74), a type lll polyketide syn-
thase ubiquitous in plants, but also present in fungi and bacteria.

#  This work is dedicated to Professors Rudolf Bauer, Chlodwig Franz, Bri-
gitte Kopp, and Hermann Stuppner for their invaluable contributions
and commitment to Austrian pharmacognosy.
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» Table 1 Genotypes, number of clones sequenced, total lengths (bp), origin and source of genotypes. Accessions 1, 3, 5 and 6 were obtained from
Pharmaplant (Germany), 2 from Vilora (Slovak Republic) and 4 and 6 from the Genebank Gatersleben (Germany). Number of MLG and eMLG: DNA

level, in bracket amino acid (AA) level.

Species Accession Ploidy No. of
level clones

M. chamomilla Argenmilla 2% 12

Bona 2% 6

Degumille 2% 9

MAT 16 2x 21

PNOS 4x 13

Promyk 2% 21

M. discoidea - 2% 26
Mean 15.43

Total 108

CHS is a homodimeric protein with a conserved structure of
one intron at a conserved position [3]. The rare exceptions are
CHS with two (Antirrhinum majus [4] and Alpinia calcarata [5])
and three introns (Polygonum cuspidatum [6]). CHS is a gene fam-
ily variable in number starting from three members in pecan (Car-
ya illinoinensis) [7] to 27 member in rice (Oryza sativa) [8,9].

Many hundred CHS and CHS-like genes are described [3]. Stud-
ies on intraspecific variability, however, are scarce. In this study,
we analysed the CHS variability in six specimens of M. chamomilla,
each one from a different genotype to assess variability between
genotypes but also within specimens. To determine the starting
point of CHS evolution within M. chamomilla, one specimen of
M. discoidea was included as an outgroup.

Results

In this study, genomic DNA of CHS was analysed in six M. chamo-
milla plants (McCHS), every plant coming from a different geno-
type (> Table 1). The sample set was complemented by one speci-
men of M. discoidea as an outgroup (MdCHS). McCHS and MdCHS
were cloned and sequenced from a variable number of clones per
specimen where the number of clones depended on different
cloning efficiency. For cloning, an overlapping primer set was de-
veloped by assembling chamomile NGS sequences (Submission
ID: SUB5046906/BioProject ID: PRINA515664) with CHS from
Chrysanthemum x morifolium (MW368977) as reference.

One intron divided the coding sequence of McCHS and MdCHS
into a shorter exon 1 and a longer exon 2. The lengths of the two
exons were conserved in all samples (188 bp and 1009 bp, respec-
tively), while the intron had three polymorphic indels leading to

Length(s) MLG eMLG Origin
(bp) DNA (AA) DNA (AA)
1391 4 (3) 3.8(2.8) Argentina

1391 5(1) 5(1) Slovak Republic

1391 9 (3) 9(3) Germany
1394
1392 21 (5) 9.6 (4.6) Bulgaria
1394
1396
1398
1391 13 (4) 9.4(3.7) Poland
1394
1391 21 (4) 10 (3.5) Poland
1394
1400 6 (2) 6 (1.4) Austria
14.1 (3.1) 9(2.8)
70(11) 50.6 (5.2)

variable lengths between 192 and 199 bp (McCHS) and 201 bp
(MdCHS), respectively.

In total, 96 SNPs were detected in the 7 specimens from 2 Ma-
tricaria species (» Table 2). Ten mutations were found in exon 1
(5.3 mutations per 100 bp), 22 in the intron (length depending
between 11 and 11.5 mutations per 100 bp) and 63 in exon 2
(6.2 mutations per 100 bp). Six SNPs had three alleles; all the
others had two alleles. Twelve SNPs were only present in MdCHS
(homozygous in McCHS); 80 SNPs were homozygous in MdCHS.
Simpson’s index of diversity showed the lowest diversity for
g.225A>T (0.036). The highest diversities are those linked to the
occurrence of three alleles and are the only ones over 0.5 with a
maximum of 0.545 in g.135 G>C. g.224A>G was the SNP with low-
est evenness (0.390). An almost perfect evenness of 0.988 was
found for g.775A>T and g.802C>T.

Some of the SNPs were perfectly linked and could be classified
into nine linkage groups. Linkage groups |, Ill, IV, VI and VIl were
groups of neighbouring SNPs. Linkage group Il was a group only
present (‘private’) in M. discoidea. Twenty private alleles were
found in Mat16, 17 in M. discoidea and 11 in Argenmilla.

The 108 sequenced clones grouped into 70 haplotypes (MLGs)
(» Table 3). Since the number of sequenced clones per specimen
were unequal, the standardized eMLG - a figure of expected MLG
at the smallest sample size > 10 based on rarefaction — was more
suitable to compare the samples. M. discoidea and ‘Argenmilla’
had the lowest number of eMLGs (3.78 and 3.82, respectively),
followed by ‘Bona’ (5). In all other accessions, numerous MLGs
were found, reflected by eMLGs between 9 and 10.

The 70 MLG resulted in a complex network where the out-
group M. discoidea formed a compact group, while all other speci-
mens from M. chamomilla formed a complex and widespread net-
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» Table 2 CHS loci polymorphic in two Matricaria species (DNA). Position numbering follows the alignment of GenBank accession numbers

OR634854-0R634923.

No. SNP alleles 1-D
Exon1 1 g.27T>C 2 0.198
2 g.36 G>T 2 0.409
3 g.45 G>A 2 0.401
4 g.49C>A 2 0.393
5 g.62C>A 2 0.356
6 g.96 T>C 2 0.088
7 g.99T>C 2 0.088
8 g.135G>C 3 0.545
9 g.150A>C 2 0.105
10 g.157 G>A 2 0.431
Intron 11 g.193 T>C 2 0.153
12 g.196C>T 2 0.456
13 g.202 T>A 2 0.366
14 g.223G>A 2 0.479
15 g.224A>G 2 0.036
16 g.225A>T 2 0.479
17 g.228 T>A 2 0.479
18 g.236A>T 2 0.479
19 g.237A>G 2 0.461
20 g.251G>T 2 0.461
21 g.255A>C 2 0.461
22 g.288 T>A 2 0.461
23 g.320C>G 2 0.252
24 g.323A>T 2 0.479
25 g.336 G>T 2 0.366
26 g.346A>C 2 0.450
27 g.348 G>T 2 0.366
28 g.363 T>G 2 0.366
29 g.366 G>A 2 0.456
30 g.370C>A 2 0.153
31 g.382T>G 2 0.444
32 g.374A>G 2 0.456

work (» Fig. 1). The outgroup M. discoidea showed two major hap-
lotypes represented by 46% and 35% of the M. discoidea clones,
respectively, and four ‘satellite’ haplotypes with low haplotype
frequencies (one with 8%, the other three with 4% of clones, re-
spectively). All outgroup haplotypes were closely related (> Fig. 1
and Table 3). The outgroup had a large distance to M. chamomilla
and docked to the M. chamomilla network at a clone from ‘PNOS’.

even- linkage
ness group

private allele
(frequency in the respective accession)

0.590 M. discoidea (46 %)
0.844

0.832

0.820

0.769 M. discoidea (96 %)
0.470 |

0.470 |

0.845 Mat16 (38%)
0.490 Argenmilla (50%)
0.878

0.543 Mat16 (43%)
0.919

0.782 1] M. discoidea (100%)
0.960 1l

0.390 M. discoidea (8 %)
0.960 1l
0.960 1
0.960 1l
0.928 IV
0.928 v
0.928 IV
0.928

0.648

0.960

0.782 Il M. discoidea (100%)
0.909

0.782 Il M. discoidea (100 %)
0.782 Il M. discoidea (100%)
0.919 \

0.543 Mat16 (43%)

0.899

0.919 \

continued next page

The M. chamomilla network was bifurcating from the docking
point to M. discoidea and further specialising into evolutionary
newer lines. ‘Argenmilla’ was the most compact specimen located
on one side of the network with only four haplotypes, followed by
“Bona’ bridging the distance between ‘Argenmilla’ and the other
genotypes with five haplotypes. ‘Degumille’, ‘Promyk’ and ‘PNOS’
were widespread over the centre of the network and consisted of
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» Table 2 CHS loci polymorphic in two Matricaria species (DNA). Position numbering follows the alignment of GenBank accession numbers

OR634854-0R634923.

No.

Exon2 33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Novak M et al. Variability of Chalcone...

continued

SNP

g.403C>T
g.412T>A
g.421A>G
g.424 G>A
g.454 T>A
g.475C>T
g.481C>T
g.490A>G
g.505C>T
g.514C>T
g.520C>T
g.553A>G
g.565C>T
g.580A>G
g.598C>T
g.602C>T
g.625T>C
g.637T>C
g.652A>G
g.655C>T
g.658C>A
g.670A>C
g.676 T>C
g.682A>G
g.688A>G
g.740C>T
g.775A>T
g.781C>T
g.782T>C
g.802C>T
g.832T>C
g.868 T>C
g.886 T>C
g.901A>T
g.911T7>G
g.925C>T
g.929T>C
g.961T>C

alleles

1-D

0.137
0.438
0.431
0.466
0.409
0.466
0.431
0.438
0.153
0.461
0.417
0.183
0.168
0.450
0.153
0.153
0.226
0.438
0.168
0.168
0.456
0.366
0.366
0.585
0.489
0.489
0.494
0.665
0.366
0.494
0.497
0.366
0.393
0.183
0.183
0.540
0.183
0.366

even-
ness

0.526
0.889
0.878
0.937
0.844
0.937
0.878
0.889
0.543
0.928
0.855
0.575
0.559
0.909
0.543
0.543
0.619
0.889
0.559
0.559
0.919
0.782
0.782
0.889
0.978
0.978
0.988
0.995
0.782
0.988
0.995
0.782
0.820
0.575
0.575
0.805
0.575
0.782
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linkage
group

Vi
\

Vil
Vil

Vil
Vil

private allele
(frequency in the respective accession)

Mat16 (38%)

Mat16 (43 %)
Mat16 (52%)
Mat16 (48 %)
Mat16 (43%)
Mat16 (43%)
Mat16 (48%)
Mat16 (48%)
M. discoidea (100 %)

M. discoidea (100 %)
M. discoidea (100%)

M. discoidea (100 %)
Mat16 (52%)

(

Mat16 (52%)

Mat16 (52%)
(

Mat16 (52%)
M. discoidea (100%)

continued next page
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» Table 2 CHS loci polymorphic in two Matricaria species (DNA). Position numbering follows the alignment of GenBank accession numbers

OR634854-0R634923. continued

No. SNP alleles 1-D
Exon2 71 g.982A>G 2 0.471
72 g.1006 T>G 2 0.461
73 g.1024C>A 2 0.393
74 g.1039T>A 3 0.651
75 g.1051C>T 2 0.183
76 g.1060C>A 2 0.366
77 g.1090A>T 2 0.168
78 g.1093 G>A 2 0.475
79 g.1114G>C 2 0.183
80 g.1126 T>C 2 0.366
81 g.1138 T>G 2 0.313
82 g.1150A>T 2 0.401
83 g. 1153 G>T 3 0.582
84 g.1162T>G 2 0.198
85 g.1168 T>G 2 0.401
86 g.1210C>T 2 0.409
87 g.1246 T>C 2 0.409
88 g.1249T>C 2 0.483
89 g.1282A>G 2 0.356
90 g.1306C>T 2 0.456
91 g.1357 G>A 2 0.456
92 g.1366C>T 2 0.409
93 g.1369 G>A 2 0.497
94 g.1375C>T 2 0.366
95 g.1390C>T 2 0.431
96 g.1403 T>A 2 0.313
mean 2.062 0.371

numerous haplotypes, while ‘Mat16’, opposite to ‘Argenmilla’,
evolved two major side lines with numerous haplotypes.

Variation in M. chamomilla was 60% higher than between the
two species (40%) (» Table 4). The genotypes were quite different
(26% variation) but higher, and so was the variation within the
specimens (34%).

Of the 73 SNPs in both chamomile exons, only six changed the
corresponding amino acid, none of them affecting positions that
may indicate a change in function [10] (» Table 5). The combina-
tion of the six polymorphic amino acids in this dataset resulted in
11 MLGs (> Fig. 2). M. discoidea consisted of two closely related
AA MLGs, none of them shared with chamomile. One AA only
present in M. discoidea at a frequency of 96% was Thr21 (instead
of Asn). Further ‘private’ amino acid changes were Glu50Asp in

even- linkage
ness group

private allele
(frequency in the respective accession)

0.945

0.928

0.820

0.968 M. discoidea (96 %)
0.575 Mat16 (52%)
0.782 1] M. discoidea (100%)
0.559 Mat16 (48%)

0.953

0.575 Mat16 (52%)

0.782 Il M. discoidea (100%)
0.717

0.832 IX

0.873 Mat16 (57 %)

0.590 Mat16 (57 %)

0.832 IX

0.844

0.844

0.967

0.769 M. discoidea (96 %)
0.919

0.919

0.844

0.995

0.782 1] M. discoidea (100%)
0.878

0.717

0.796

‘Argenmilla’ and Leu223Val in ‘Mat16’, both at frequencies of
50% and 52 % within the two specimens, respectively. Two neigh-
bouring amino acid changes (Asp12Glu and Lys17GlIn) were com-
pletely linked. The AMOVA results were like the DNA results, allo-
cating 38% between the two Matricaria species, 19% between
specimens and 43% within genotypes (» Table 4).

Discussion

CHS is a key enzyme in flavonoid biosynthesis. Duplication events
could therefore counteract mutations in creating functional re-
dundancy. CHS is known already as a multicopy gene family with
copy number varying between three members in pecan (Carya il-
linoinensis) [7] to 27 members in rice (Oryza sativa) [8,9]. In this
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» Table 3 Affiliation of DNA haplotypes to the respective specimens (chs_mdxx ... M. discoidea haplotypes, chs_mcxx ... M. chamomilla haplo-

types).

haplotype Argenmilla Bona Degumille Mat16
chs_md01 0 0 0 0
chs_md02 0 0 0 0
chs_md03 0 0 0 0
chs_mdo04 0 0 0 0
chs_md05 0 0 0 0
chs_md06 0 0 0 0
chs_mcO01 6 2 1 0
chs_mc02 3 0 0 0
chs_mc03 2 0 0 0
chs_mc04 1 0 0 0
chs_mc05 0 1 0 0
chs_mc06 0 1 0 0
chs_mc07 0 1 0 0
chs_mc08 0 1 0 0
chs_mc09 0 0 1 0
chs_mc10 0 0 1 0
chs_mc11 0 0 1 0
chs_mc12 0 0 1 0
chs_mc13 0 0 1 0
chs_mc14 0 0 1 0
chs_mc15 0 0 1 0
chs_mc16 0 0 1 0
chs_mc17 0 0 0 2
chs_mc18 0 0 0 2
chs_mc19 0 0 0 1
chs_mc20 0 0 0 1
chs_mc21 0 0 0 1
chs_mc22 0 0 0 1
chs_mc23 0 0 0 1
chs_mc24 0 0 0 1
chs_mc25 0 0 0 1
chs_mc26 0 0 0 1
chs_mc27 0 0 0 1
chs_mc28 0 0 0 1
chs_mc29 0 0 0 1
chs_mc30 0 0 0 1
chs_mc31 0 0 0 1
chs_mc32 0 0 0 1
chs_mc33 0 0 0 1

Novak M et al. Variability of Chalcone...
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» Table 3 Affiliation of DNA haplotypes to the respective specimens (chs_mdxx ... M. discoidea haplotypes, chs_mcxx ... M. chamomilla haplo-

types). continued

haplotype Argenmilla Bona Degumille
chs_mc34 0 0 0
chs_mc35 0 0 0
chs_mc36 0 0 0
chs_mc37 0 0 0
chs_mc38 0 0 0
chs_mc39 0 0 0
chs_mc40 0 0 0
chs_mc41 0 0 0
chs_mc42 0 0 0
chs_mc43 0 0 0
chs_mc44 0 0 0
chs_mc45 0 0 0
chs_mc46 0 0 0
chs_mc47 0 0 0
chs_mc48 0 0 0
chs_mc49 0 0 0
chs_mc50 0 0 0
chs_mc51 0 0 0
chs_mc52 0 0 0
chs_mc53 0 0 0
chs_mc54 0 0 0
chs_mc55 0 0 0
chs_mc56 0 0 0
chs_mc57 0 0 0
chs_mc58 0 0 0
chs_mc59 0 0 0
chs_mc60 0 0 0
chs_mc61 0 0 0
chs_mc62 0 0 0
chs_mc63 0 0 0
chs_mc64 0 0 0

work, we cloned and sequenced McCHS from six specimens of
M. chamomilla from different accessions and included one speci-
men of M. discoidea (MdCHS) as ‘outgroup’ to determine the most
ancient McCHS haplotype. CHS in both chamomile species had
with one intron the same conserved structure as found in almost
all of the known CHSs [3]. Also, the lengths of exons, intron and
amino acid are not exceptional. In the two exons, no indels were
detected. Therefore, no obvious pseudogenes by frameshifts
were present in chamomile CHS. Phylogenetic trees of chamomile
CHS were not well supported by bootstrap values. The network

Mat16 PNOS Promyk M. discoidea
1 0 0 0
1 0 0 0
0 2 1 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 1 0 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0

approach presented here reflected the complex relationship of
different CHS variants within and between the specimens much
better. Interestingly, the specimens divided into compact speci-
mens (‘Argenmilla’, ‘Bona’ and M. discoidea) with a limited num-
ber of closely related haplotypes where eMLGs were below 5 and
diverse specimens (‘PNOS’, ‘Promyk’, ‘Mat16') with many haplo-
types differing to a greater extent with eMLGs around 10.
Identifying all haplotypes in an specimen by cloning should
have been possible in our approach if gene copies would have
been in the range known so far with up to 27 members (rice, Ory-
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» Fig. 1 CHS haplotype network of six specimens of M. chamomilla and one specimen of M. discoidea based on DNA sequences. The size of the
bubbles indicates the number of samples per haplotype, the grey scale of edges the distance between haplotypes, while distances between nodes

are not representing genetic distances.

» Table 4 AMOVA of DNA and AA polymorphisms of CHS between the two Matricaria species and genotypes (specimens).

Source of variation d.f. Sum of squares Variance components Percentage of variation
DNA

Between species 1 1,159 20.822 40%
Between specimens 5 981 13.591 26%
Within specimen 101 1,704 16.878 34%
Total 107 3,845 51.291

AA

Between species 1 52.07 0.988 38%
Between specimens 5 39.02 0.507 19%
Within specimen 101 111.65 1.105 43%
Total 107 202.74 2.601

za sativa) [8,9]. From a pragmatic point of view, the completeness
of haplotypes can be defined as observing all haplotypes at least
twice, which - in a strict sense - still does not guarantee com-
pleteness but may be a good compromise between exactness
and costs. All singletons were excluded from the dataset to not in-

troduce sequencing errors as artificial variations. Based on this cri-
terion for completeness, all haplotypes were identified for the
specimens from ‘Argenmilla’, ‘Bona’ and M. discoidea. All other
specimens, however, were so variable that some haplotypes could
not be confirmed. The higher variability in this second group is
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Populations

Promyk
PNOS
Mat16
M.discoidea
Degumille
Bona
Argenmilla

E0EEDEN

Samples/Node

»
29 rf.

1
1

» Fig. 2 Amino acid (AA) haplotype network of six specimens of M. chamomilla and one specimen of M. discoidea based on the deduced amino
acids. The size of the bubbles indicates the number of samples per haplotype, the grey scale of edges the distance between haplotypes (almost all

distances are equal).

» Table 5 Deduced polymorphic amino acids (AA) in two Matricaria species.

No. polymorphic AA 1-D evenness linkage private allele (frequency in the
group respective accession)

1 Asp12Glu 0.41 0.84 |

2 Lys17GlIn 0.39 0.82 |

3 Asn21Thr 0.36 0.77 M. discoidea (96 %)

4 Glu50Asp 0.10 0.49 Argenmilla (50%)

5 Val53lle 0.43 0.88

6 Leu223Val 0.18 0.57 Mat16 (52 %)

mean 0.31 0.73

possibly due to a (much) higher gene copy number. Another ad-
vantage of a higher CHS copy number, in addition to a higher re-
dundancy, would be a possible gene dose effect resulting in high-
er flavonoid contents. However, the second enzyme in flavonoid
biosynthesis, chalcone isomerase (CHI, EC 5.5.1.6), is also known
to be rate-limited [11]. So, a higher copy number of CHS alone
might not increase the flavonoid content. Following this lead
could possibly increase the content of bioactive flavonoids in cha-
momile by selecting for high CHS and/or CHI gene copy numbers.

Often CHS variants are designated with consecutive number-
ing (e.g., ‘Schs_mcHS1", ‘Schs_mcHS2" and ‘Schs_mcHS3’ for Si-

lybum marianum [12]). Such a simple classification was not possi-
ble for chamomile because of the continuous variation found even
on the amino acid level.

Basically, the genetic CHS relationships between the speci-
mens are very similar to those of the mitochondrial relationships
[13] with the couple ‘Argenmilla’/‘Bona’ being closely related and
both very distant from the Bulgarian ‘Mat16’. ‘Argenmilla’ is so
close to ‘Bona’ that it may be an Argentinian reselection from
‘Bona’. ‘PNOS’ goes back to Polish landraces [14], and ‘Promyk’ is
a younger Polish cultivar with origins in ‘PNOS’, registered in 1992
[15]. The two specimens from the two cultivars are very diverse
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» Table 6 List of primers used for this study. A12 part of the sequence underlined.

name 5'-3' sequence length tm (°C)
mr_CHS_-283F ACACCCGCTCGTAGACAAAC 20 64.1
mr_CHS_1535R GCTCGTAAACCTAGAGYCCA 20 58.6
A12_mr_CHS_-283F AAAAAGCAGGCTACACCCGCTCGTAGACAAAC 32 76.5
A12_mr_CHS_1535R AGAAAGCTGGGTGCTCGTAAACCTAGAGYCCA 32 75.3
attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT 29 72.8
attB2 GGGGACCACTTTGTACAAGAAAGCTGGGT 29 74.6

and bridge the extremes, ‘Argenmilla’/‘Bona’ and ‘Mat16’. ‘Bona’
is a cultivar bred by crossing the cultivar ‘Bohemia’ (originating
from wild chamomile from Bohemia and Moravia) with wild pop-
ulations from Spain [16]. From such a breeding background with
geographically diverse origins, higher CHS variability should have
been expected. So, geographical diversification is possibly not the
only driving force that explains the CHS distance of the Bulgarian
‘Mat16’ from most of the other chamomile variants. All our geno-
types were outcomes or a part of breeding approaches of chamo-
mile that usually started with the collection of diverse accessions,
cultivating them under the same conditions and selecting the
best genotypes, often after uncontrolled cross-fertilisation
blurred our view of the true relationships in the wild.

The wide variation of CHS within chamomile cannot be com-
pared to M. discoidea since only one specimen from that species
was included in our study. Interestingly, M. discoidea docks to
M. chamomilla in the centre of its CHS network, indicating a di-
verging bifurcating evolution in chamomile immediately after
speciation. Assuming a centre of chamomile origin in the West
Balkan area [17], a northern (’Bona’) and eastern (‘Mat16’) route
could explain the bifurcation. The two Polish varieties coming
from farther north than ‘Bona’, however, contradict this argu-
ment or could indicate the immigration from the east rather than
the south. Such guesses, however, are inappropriate if no wild ac-
cessions are analysed. However, the complexity of McCHS could
be a good tool for identifying migration routes.

If geographical distance alone does not explain the heteroge-
neity of McCHS, perhaps interspecific hybridisation was the (addi-
tional) driving force for the hypervariability of McCHS. M. discoidea
was chosen as an outgroup because of an overlapping distribution
area with M. chamomilla and morphological resemblance with
only some differences (smaller flower heads, the absence of ray
flowers, greenish tubular flowers and a four-toothed corolla in
M. discoidea [1]). M. discoidea (syn. M. matricarioides) is a self-fer-
tile plant, not well adapted to cross-fertilization, while M. chamo-
milla (syn. M. recutita) is self-incompatible [18, 19], which may ex-
plain the compact MdCHS and variable McCHS. Repeated artificial
crosses between M. chamomilla and M. discoidea were not suc-
cessful [19]. Crossability of M. chamomilla with other species from
the small Matricaria genus is unknown, but hardly any of the other
Matricaria species except for M. discoidea have a wider natural
overlap, making interspecific hybridisations explaining the high
McCHS variability rather unlikely.

Material and Methods

Plant material and DNA extraction

Seeds of chamomile (» Table 1) were cultivated in the green-
house. Leaves of selected specimens were harvested when the
plants were about 10 cm tall and dried at room temperature. Ma-
tricaria discoidea (syn. M. matricarioides) was included as outgroup
to determine the most ‘ancient’ haplotype in chamomile [17]. The
botanical identities of all specimens were checked by sequencing
ITS (GenBank accession nos. OR710969-0R710975) and aligning
them with sequences from [20].

Development of primer sets

Chamomile NGS data from a previous study (Submission ID:
SUB5046906/BioProject ID: PRJNA515664) were assembled to
CHS from Chrysanthemum x morifolium (GenBank accession no.
MW368977) as reference sequence. An overlapping primer set
was developed in Geneious Prime 2023.0.4 (https://www.genei-
ous.com) and was synthesised by Merck (> Table 6). The reversed
primer was finally designed after preliminary tests (data not
shown) revealed a polymorphic site at a primer binding position
in one of the primers (mr_CHS_1535R). This primer was devel-
oped as the ‘wobble’ primer.

DNA Extraction

DNA was extracted with a modified CTAB extraction protocol [21].
Quantity and quality of the DNA were determined on a spectro-
photometer (DS-11 Series, DeNovix Inc.) and on a 1.4% agarose
gel stained with peqGREEN (VWR International). The DNA was dis-
solved in TE buffer and stored at - 20 °C until further usage.

PCR

For a 20 pL PCR reaction, 10 ng of genomic DNA was added to a
master mix containing 5% DMSO in the 1x PCR buffer HF, 1.6 U
Phusion Hot Start Il DNA Polymerase (both Thermo Fisher Scien-
tific), 200 uM dNTPs (Solis BioDyne) and 200 nM of the respective
forward and reverse primers (Merck). The PCR conditions included
one cycle with a denaturation step at 98°C for 50 seconds, fol-
lowed by 35 cycles at 98/58/72°C for 10/30/90 seconds and a fi-
nal elongation step at 72°C for 7 minutes. PCR products were
checked on 1% agarose gels stained with peqGREEN (2 pL/
100 mL agarose solution).
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Gel extraction

The PCR products were cleaned up with the InnuPREP DOUBLE-
pure Kit (IST Innuscreen GmbH) where necessary as recom-
mended in the manufacturer’s instructions and used for PCR or
the BP cloning reaction dependent of the next step.

Cloning and Sequencing

PCR products were cloned into the Gateway pDONR221 Vector
using the Gateway cloning protocol. The DNA fragment contain-
ing the chalcone synthase gene was initially amplified by PCR, fol-
lowed by a PCR using the same primers elongated with A 12 se-
quence (» Table 6). The last PCR step was undertaken by using
primers with the appropriate attB sites. Gateway cloning with the
Gateway pDONR221 vector and the Gateway BP Clonase Il En-
zyme Mix (Thermo Fisher Scientific) was undertaken according to
the manufacturer’s protocol, except for the duration of the BP re-
action (18 hours) to enable a higher recombination rate. The plas-
mid was introduced into chemically competent E. coli (One Shot
TOP10 Chemically Competent E. coli; Thermo Fisher Scientific) us-
ing the heat shock method. E. coli was plated on LB agar plates
containing 5pg/mL kanamycin sulphate. E. coli colonies were
picked from the agar plate and cultivated in liquid LB broth with
5upg/mL kanamycin sulphate overnight. The next day, the plas-
mids were extracted with the innuPREP Plasmid Mini Kit 2.0 (IST
Innuscreen GmbH) according to the manufacturer’s instructions.
Quantity and quality of the DNA were determined on a spectro-
photometer and diluted to 80 ng/uL and sent to Microsynth for
sequencing.

Bioinformatics

Sequence chromatograms were controlled and assembled with
Geneious Prime 2023.0.4 (https://www.geneious.com). The se-
quences were submitted to GenBank (accession numbers
OR634854-0R634923). All singletons (mutations not confirmed
by the same mutation in another sequence) were regarded as se-
quencing errors and eliminated. The sequences were aligned and
first analysis performed in MEGA X [22]. Further analyses were
conducted in R version 4.3.0 under RStudio 2023.06.1, packages
pegas [23], poppr [24,25] and igraph [26]. Clusters of the haplo-
type network were identified with the Leiden cluster (resolution
on DNA: 0.0001, resolution on AA: 0.03) [27].
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