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Abstract

Plants coordinate metabolic and developmental processes with the help of genetically variable, interconnected
regulatory networks. The GSL-AOP locus in Arabidopsis thaliana encodes enzymes involved in the biosynthesis of
glucosinolate defense compounds and has been attributed regulatory functions e.g. in flowering time control. To
correlate genetic and phenotypic variation linked to GSL-AOP, we conducted a phylogenetic analysis across 1135
accessions and found that the available short-read sequencing data does not fully resolve the structural diversity in the
locus. We analyzed a selection of 74 accessions for glucosinolate profiles and flowering time under different conditions
and acquired long-read sequence information for glucosinolate and flowering time loci. Especially in the Caucasus
region, structural variation in GSL-AOP was associated with conditional, tissue-specific glucosinolate profiles. Variation
in FLC among the Caucasian accessions correlated with variation in the flowering time response to vernalization,

suggesting that local adaptation has shaped defense and development in an orchestrated manner.
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Arabidopsis thaliana populations evolved different, but not unique strategies to secure survival and reproduction in
fluctuating environments®. The underlying intraspecific genetic variation has revealed interconnected gene networks
that integrate a multitude of environmental factors to shape complex traits like root architecture?, nitrogen-associated
metabolism?, or pathogen resistance?. Recent genome sequencing studies indicated that we have underestimated the
degree of genetic variation concerning gene copy numbers and chromosome-level rearrangements®. Accordingly,
relatively little is known about the impact of locus structure and variation in non-coding DNA on fitness-related traits in
A. thaliana.

In order to reach the transition to flowering and ensure reproductive success, the plant needs to survive and orchestrate
development and defense against herbivores and biotic attackers. A. thaliana biosynthesizes a diverse composition of
glucosinolates (GSLs), which can be activated to a range of bioactive compounds®. Structural variation in methionine-
derived GSLs is introduced upon initial elongation of the methionine side chain by one to six methylene groups, which
is determined by the allelic status of the ELONGATION LOCUS (GSL-ELONG)’. Secondary modifications of methylthioalkyl
(MT) GSLs can further expand structure diversity, beginning with S-oxygenation by flavin-containing monooxygenases
to methylsulfinylalkyl (MS) GSLs®°. Short chain (SC) MS GSLs are the substrates for two 2-oxoglutarate—dependent
dioxygenases, namely AOP2 and AOP3, encoded by a tail-to-tail tandem array in the ALKENYL HYDROXYALKYL
PRODUCING locus GSL-AOP (Fig. 1a). The two enzymes convert the same MS precursors to different products, i.e. to
alkenyl GSLs (AOP2) and hydroxyalkyl GSLs (AOP3) (Extended Data Fig. 1). AOP2 and AOP3 products can be further
converted to OH-alkenyl or benzoyloxyalkyl GSLs, respectively®°. The GSL-AOP locus was shown to occur in three
alternative allelic states that give rise to three different leaf GSL profiles (AOP2, AOP3 and AOPnull) (Fig. 1a) 12,
Interestingly, AOP genes are not only enzyme-coding and regulators of the glucosinolate pathway!*7, but also exhibit
regulatory roles in jasmonate signaling'?, nitrogen starvation adaptation'®, the circadian clock!®, and the onset of
flowering”?°. Compared to other polymorph GSL loci, GSL-AOP shows the strongest contribution to total aliphatic GSL
levels in an environment dependent manner?t. With the aim of illuminating the structure-phenotype relationship of this
multi-functional locus in comparison to other loci involved in GSL metabolism and flowering time control, we combined
flowering time analysis and GSL phenotyping across 74 natural A. thaliana accessions, different tissues and conditions

with targeted long read sequencing.

Results

ONT sequencing reveals novel structural variants of the GSL-AOP locus. We performed structure variance calling across
the entire GSL-AOP locus using whole genome sequencing data available from the 1001 Genomes Consortium for 1135
A. thaliana accessions??. While the sequence diversity in the entire 1135 accession set was too high for SNP resolution
clustering, it did allow for structure variance analysis caused by inversion and deletion events (InDels). The reference-
guided genome assembly spanning a ~20kb region including all AOP and related genes was used for a locus specific
analysis of the 1135 accessions. Using multiple sequence alignment and subsequent clustering by distance, we called

haplotype groups according to structural differences resulting in four main haplotype clusters, H1 (22 accessions), the
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most distant in the set, followed by H2 (26 accessions), H3 (45 accessions) and H4 (1042 accessions) (Extended Data Fig.
2). We extracted the frequencies of our haplotypes based on the ADMIXTURE classification?? and found the most distinct
group H1 to be geographically restricted to the Caucasus (Fig. 1b). Haplotype H1 is shared by seven populations in the
Caucasus region represented by one accession from Iran (Anz-0), 16 from Azerbaijan (Istisu-1/5/9, Lerik1-3/4/7, Lerik2-
1/3/6/7 and Nar-3/5) and five from Georgia (Lag2-2/4/6/7/10). Interestingly, the Lag2 population from Georgia has a
sister population, Lagl-2/4/5/6/7/8, sampled from the same location but belonging to different sub clusters of
haplotype H4. The Caucasus region thus potentially represents a geographical hotspot of local adaptation in the GSL-
AOP locus evident by multiple genetic rearrangements.

To test if the structural variance in the GSL-AOP locus in the Caucasian accessions is reflected in the GSL profiles, we
selected a set of 74 accessions including the entire H1 clade, their geographically closest accessions from other
haplotype groups, and accessions representing the remaining clusters and geographical distribution of A. thaliana for
detailed genetic and phenotypic analyses (Extended Data Tab. 1). Re-alignment of the GSL-AOP sequences from the
selected accessions revealed two deletions in the H1 accessions spanning approximately 1.5 and 6 kb in the GSL-AOP
locus (Extended Data Fig. 3). Interestingly, the AOP3 promoter and most parts of the AOP2 gene seemed to be missing
in haplotype H1. Many other accessions exhibited additional, smaller deletions compared to the reference genome Col-
0, especially in the intergenic region between AOP3 and AOP2.

Despite the effort taken to access the genetic diversity within the A. thaliana genome, InDel or repeat polymorphisms
larger then ~30bp are not accurately resolved by reference-guided assembly and short-read sequencing??7?%. We
therefore used targeted ONT amplicon sequencing to further investigate the structural variation in the GSL-AOP locus
across our set of accessions. In addition to the GSL-AOP locus, we included the loci GSL-OH and ESP, responsible for the
side chain modification and involved in metabolization of AOP2-modified GSLs, as well as the flowering loci FLC, FRI, FT
and VRN1. While we found FRI, FT and VRN1 to only harbor a few individual accessions with pronounced InDel events,
ESP, FLC and GSL-OH are characterized by higher diversity (Extended Data Fig. 4). Variation in the GSL-AOP locus is
associated with qualitative differences in GSL profiles, as the presence or absence of AOP enzymes in a given tissue
results in absence or presence of their GSL products. Similarly, variation in GSL-ELONG and ESP is linked to side GSL
chain length and differential GSL activation, respectively. All three loci display a complex architecture that has been
shaped by independent structural events, suggesting structural variation as a common feature of adaptive loci with
bimodal qualitative variation.

The ONT data allowed for rigorous clustering of the GSL-AOP locus into distinct groups with less pronounced between-
group differences compared to 1001Genomes data illustrating the improved resolution of structural diversity by long-
read sequencing. A syntenic block window adjustment of a gap size >40bp was applied to detect medium to large
structure variance between the accessions. Within the GSL-AOP locus, several kb spanning rearrangements were
detected. Cluster 6, former H1 accessions, displays 1) a deletion of AOP2 and the intergenic region spanning towards
AOP3, 2) an inversion and swap of AOP3 (excluding UTRs) to the AOP2 promoter, 3) a deletion of the sequence between
AOP3 and At4g03038 (unknown function), including most of At4g03040 (unknown function) annotated in this region,
and 4) a 1-kb insertion upstream of MIR826a/b (At4g03039/At4g04365), known to target the AOP2 transcript (Fig. 2

(Lag2-2) and Extended Data Fig. 5)!32°. This haplotype is locally restricted to the Caucasian accessions Anz-0, Istisu, Lag2,
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Nar and Xan, whereas the sister population Lagl instead harbors an allele similar to the reference sequence Col-0
(cluster 4). It must be noted that locus-wide classification as performed here is not sensitive to deleterious point or
frameshift mutations. As an example, this approach does not differentiate between Col-0 (AOPnull GSL profile) and Cvi-
0 (AOP2). Two new distant alleles characterized by a ~2.7-kb and a ~6.2-kb intergenic insertion were identified in Agu-
1 (cluster 3), Nok-3 (cluster 3) and in Spro-1 (cluster 2), respectively (Fig. 2). In these three accessions, the enzymatic
function of AOP2 was retained. Accession T480 (cluster 4) displays only two smaller deletions and one insertion up- and
downstream of AOP2 as compared to Cvi-0 and also shows Cvi-like GSL profiles (Fig. 2 and Fig. 3).

For seven accessions, we obtained an additional, shorter amplicon (Fig. 2), either amplified from a second GSL-AOP
locus in those genomes or possibly indicating heterozygocity. More likely, these sequences represent adjacent parts in
the GSL-AOP locus, assuming that the architecture of these seven accessions is similar to that in Ler, Eri and Kyo, recently
de-novo genome assembled by long read sequencing® (Fig. 2). In contrast to earlier suggestions'!, these accessions
possess two copies of AOP2 (AOP2-1 and AOP2-2) and three copies of AOP3 (AOP3-1, AOP3-2 and AOP3-3), more than
doubling the locus size. The strong structural deviation as evident from recently published long-read sequencing data®
might explain why obtaining reliable sequences from this accession Ler and 26 other accessions was not possible with
targeted amplicon sequencing. We did, however, find six accessions with an additional AOP2 copy (Lagl-2, Niel-2, Pien,
Agu-1, Rum-20, Pent-46) and one accession harboring an additional AOP3 (Lagl-8), represented by the additional
shorter amplicons. Although we also identified gene deletion events in ESP and GSL-OH (both in the accession Panik-1),

the structural diversity in the GSL-AOP locus was not surpassed in the other tested loci (Fig. 1c and Fig. 2).

Across-tissue GSL profiling identifies new qualitative and quantitative chemotypes. We next analyzed the GLS profiles
of the 74 selected accessions in leaves, roots, and seeds (Fig. 3A and Extended Data Fig. 6). Natural accessions have
traditionally been classified into AOP2, AOP3 and AOPnull accessions, dependent on their leaf GSL profile!?. Leaves
commonly accumulate predominantly AOP2- or less frequently AOP3-modified GSL, while the profile in seeds of the
same plant can be the opposite or show accumulation of both AOP2- and AOP3-modified GLS. The Col-0 allele was
named AOPnull and is used to describe plants accumulating only MT and MS GSL in leaves, although the presence of
hydroxyalkyl GSL in the seeds indicates a functional AOP3 in this accession'?.

Root and leaf tissue of the same genotype accumulated the same major class of SC GSL (Fig. 3A and Extended Data Fig.
6). Nevertheless, we found a number of accessions to co-accumulate AOP2- and AOP3-modified GSLs in either tissue.
Roots of T480 contained low levels of AOP3-modified GSLs, which were not detectable in the leaves of the same
genotype. Leaf-specific accumulation was observed for AOP2-modified GSLs in the Caucasus accessions (Lag2-2/6/10,
Uk-3, Istisu-1/5/9, Nar-3), which lack an AOP2 gene in the locus, suggesting the presence of an additional, so far
unidentified gene encoding an enzyme with AOP2 activity. In contrast, accumulation of AOP3-modified GSLs in leaves
but not roots (Lagl accessions, UKSE06-252) indicates differential spatial expression patterns of AOP3, which could not
have been predicted from the structure of the GSL-AOP locus.

In the seeds, all accessions accumulated AOP3-modified GSL structures®® (Fig. 3A and Extended Data Fig. 6), which is

congruent with the absence of an AOP3 null allele in the ONT data set (Fig. 2). GSLs are not de novo synthesized in
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A. thaliana seeds3733, but GSLs transported to developing seeds can be modified during seed maturation3*. The
presence of AOP-modified GSLs in seeds does therefore not reveal the tissue where they were synthesized.
Nevertheless, most accessions that accumulated a high proportion of AOP3-modified GSLs in seeds, also contained these
GSLs in leaf and root tissue. This was particularly pronounced for the Caucasus accessions lacking an AOP2 gene in the
locus (cluster 6) (Fig. 3A and Extended Data Fig. 6). Leaves and roots of Lov-5 and Eden-1 contained almost exclusively
AOP2-modified GSLs, but interestingly, these structures were absent from the seeds in both accessions, which is likely
due to structure-specific seed loading of GSLs. The accession Rev-1 did not accumulate detectable levels of either AOP2-
or AOP3-modified GSLs in leaves and roots, however, both GSL classes were found in seeds, suggesting co-expression
of AOP2 and AOP3 in developing seeds. Lov-5, Eden-1 and Rev-1 display very diverse GSL phenotypes, but we were
unable to obtain GSL-AOP ONT data for those accessions possibly indicating that they carry structurally different GSL-
AOP loci than those covered by our approach.

Seed GSL levels (min-max: 1.2-3.8 nmol/mg) were more uniform across all tested accessions compared to root GSL (min-
max: 0.6-18.2 nmol/mg) and leaf GSL (min-max: 0.5-7.1 nmol/mg). The relative GSL accumulation in the different tissues
of one genotype varied largely, i.e. accessions with low levels in leaves and roots accumulated seed GSL levels above
average (e.g. Uk-3) (Extended Data Tab. 2). Levels of total SC GSLs in leaves were generally not mirrored in roots. The
levels of AOP2- and AOP3-modified GSLs in leaves has been reported to positively correlate with total leaf SC
GSL12141517.35 |n ggreement with these earlier findings, accessions which lack an enzymatically functional AOP2 in the
GSL-AOP locus accumulated overall lower levels of SC GSLs in leaves (Fig. 3B-C). In contrast, the opposite was observed
for seeds, i.e. the total SC GSL levels were lower in seeds of AOP2null accessions. Taken together, GSL analysis of leaves,
roots, and seeds showed that overall distribution patterns of AOP-modified structures can largely, but not entirely, be
predicted by the structure of the GSL-AOP locus. The tissue-specific GSL profiles pointed to either natural variation in
long-distance GSL transport or tissue-specific differences in AOP expression.

The modular organization of the GSL-AOP locus is attained through variation in AOP gene copy number and orientation,
accompanied by smaller and larger InDels in the intergenic regions (Fig. 2). The cluster 6 accessions (e.g. Lag2) from the
Caucasus region further display an inversion, which renders AOP3 to be controlled by the promoter that leads to strong
AOP2 expression in Cvi-0. We aligned ~1Kb of the putative AOP3 promoter sequences and found them to cluster in three
major groups, partially overlapping with the major GSL-AOP locus clusters. The AOP3 promoters from most Caucasus
accessions (Lag2, Lerik, Istisu, Xan) grouped together in promoter cluster 3 (Fig. 4A). These accessions are characterized
by the absence of AOP2-modified GSLs in all tissues analyzed (Fig. 4B) and by high levels of AOP3-modified GSL; up to
10-fold and 3-fold higher than in Ler in leaves and roots, respectively (Fig. 4C).

Ler harbors three AOP3 genes (Fig. 2), all comprising an intact AOP3 ORF. The promoter of AOP3-1 is highly similar to
the Col-0 AOP3 promoter sequence (cluster 1), whereas the sequences of Ler AOP3-2 and AOP3-3 (cluster 2) are more
similar and reverse complement to the AOP3 promoter sequences of cluster 3. Despite the three apparently functional
AOP3 gene copies, Ler accumulates considerably lower levels of AOP3-modified GSL, indicating that there is no gene
dose effect on the GSL phenotype. Overall, our findings illustrate that gene duplications, inversions, and promoter
swapping within the GSL-AOP locus, which had not been revealed by short-read sequencing, contribute to the

qualitative and quantitative variation in tissue-specific GSL profiles.
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The large genetic variation in the Caucasus region is not restricted to the GSL-AOP locus. ONT sequencing of the GSL-
AOP locus revealed novel haplotypes in the Caucasus region. Clustering according to the overall locus architecture
identified a distinct haplotype in Azerbaijan (Istisu-1/5/9, Lerik1-3/4/7, Lerik2-1/3/6/7 and Nar-3/5), Iran (Anz-0) and
Georgia (Lag2-4/6/7/10). These accessions, which appear to lack an AOP2 gene in the locus, accumulate high levels of
AOP3-modified GSLs with a C3 side chain across all analyzed tissues (Extended Data Tab. 2). The Lagl accessions, also
collected in Georgia, belong to the Col-0 like haplotype and produce mainly AOP2-modfied GSLs with variable C3:C4
side chain ratios. In the ESP locus, earlier shown to act epistatically to GSL-AOP3¢, no larger sequence differences were
detected among the Caucasian accessions. The presence of a functional AOP2 enzyme and its C4 precursor in Lagl
accessions leads to accumulation of 3-butenyl GSL, which can be hydroxylated by GSL-OH, whereas this GSL-OH
substrate is absent in the accessions of the Lag2 sister clade (Extended Data Tab. 2). Nevertheless, Lagl and Lag2 share
the same GSL-OH haplotype, which is distinct from that of the other Caucasian accessions. Genetic variation in the GSL-
OH locus in this geographical region thus does not correlate with the presence of the known GSL-OH enzyme substrate.
Next, we set out to investigate whether the regional genetic variation in GSL-AOP and GSL-OH is limited to GSL-related
loci and expanded our analysis to loci involved in flowering time control. Previous studies have linked the GSL-AOP to
the circadian clock®®, expression of the major flowering time repressor FLC?’, and the onset of flowering?®. Similar to
GSL-AOP and GSL-OH, two FLC haplotypes were found in the Caucasian accessions, representing the two major FLC
clusters in our set of accessions. Whereas the FLC locus in the Lagl and Lag2 accessions shows high similarity to that in
the reference accession Col-0, the FLC promoter region in the accessions from Azerbaijan is characterized by several
InDels (Fig. 5 and Extended Data Fig. 7). No similar geographical differences were seen for FRI, FT and VRN1.

We phenotyped our set of natural accessions for flowering time in inductive long day (LD) conditions and after
vernalization to assess potential differences in the phenotypic responses that may hint to local adaption in the Caucasus
region (Fig. 6, Extended Data Tab. 3). We found a continuous distribution for flowering time under LD conditions
spanning from early flowering accessions like UKID96 or Ler-0 at ~31 days to accessions not flowering within a 200-day-
growing period, e.g. Lov-5 and Agu-1. All accessions responded to the vernalization treatment, reducing the median
flowering time from 102 days in LD to 30 days after vernalization. The accessions from Georgia (Lagl, Lag2) with the
exception of Lagl-2 flowered after 80-100 days under LD conditions and those from Azerbaijan (Istisu-1/5/9, Lerik1-
3/4/7, Lerik2-1/3/6/7 and Nar-3/5) even later (>100 days). All showed a pronounced vernalization response. When
comparing flowering time across the two conditions, the Caucasian accessions cluster according to their FLC (cluster 5)
and GSL-AOP (cluster 6) haplotypes (Fig. 6C).

The levels of total SC GSLs in leaves, representing the most abundant GSL class in this tissue, ranged from 0.07 to 6.1
nmol/mg FW in plants cultivated without vernalization and from 0.06 to 21 nmol/mg FW in vernalized plants (Fig. 6B).
We did not observe any qualitative changes in leaf GSL profiles (Extended Data Tab. 2). Lag1-2/4/6/7 showed a five-fold
difference in SC GSL accumulation reaching ca. 10 nmol/mg FW after vernalization. Lag1-8 and Lag1-5 displayed higher
levels under LD conditions, but similar levels in response to vernalization. In contrast, all other Caucasian accessions
showed only a two-fold change and grouped tightly when plotted according to SC GSL levels. We found GSL-AOP as well

as FLC to show higher variation in locus structure among accessions collected in the Caucasus region than the other
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studied loci. The observation that accessions with different GSL profiles differed in their flowering time response to

vernalization further supports the functional connection between these two loci.

Discussion

Using a targeted long-read sequencing approach, we demonstrated that the GSL-AOP locus underwent recurrent local
rearrangement, contributing to the chemical diversity in the Caucasus region. The locus represents a hotspot for
rearrangements that accumulated different types of mutations, which may enable rapid responses to changes in the
biotic environment®. Which AOP-modified GSLs accumulate in an accession depends on the allelic status of GSL-ELONG;
and their chemical diversity is amplified by variation in GSL-OH and ESP. All four loci are structurally variable (Fig. 2,
Extended Data Fig. 4 and 3®) indicating that structural events in loci with bimodal phenotypic output provide a molecular
mechanism for local adaption. By phenotyping a diverse panel of A. thaliana accessions, we found tissue-specific
qualitative and quantitative variation in GSL profiles, which can be explained by presence and absence of AOP genes in
the GSL-AOP locus, tissue-specific AOP expression and likely also natural variation in GSL long-distance transport.
Differences between root and leaf GSLs illustrate different regulatory networks, which enable plants to cope with tissue-
specific pests attacking specific tissues e.g. nematodes, gnats and clubroot disease3**!. Similar to the GSL-AOP locus,
FLC has been a target of repeated rearrangements in A. thaliana and other Brassicaceae *7%; and like GSL-AOP, the FLC
locus showed increased genetic variation in the Caucasus region.

ONT sequencing of the GSL-AOP locus revealed a novel allele missing the AOP2 gene, due to an inversion deletion event,
in some Caucasian accessions. Other A. thaliana accessions including Col-0 represent loss-of-function alleles due to
frame shift mutations and loss of the entire gene, as recently also reported for Erysimum cheiranthoides *°, indicate that
AOP2 is expendable. In contrast, no AOP3 loss-of-function mutant has been reported to date, which might be linked to
specific defensive properties of AOP3-modified GSL present in the seeds and thus the seedlings of all A. thaliana
genotypes. Constitutive expression of AOP3 in leaves does not occur in all accessions but can be induced upon attack®.
The AOP3 product 3-hydroxypropyl (3-OHP) GSL provides regulatory input to the ancient TOR pathway, which balances
growth and development with the availability of nutrients and energy. This remarkable signaling function of 3-OHP GSL
or derived metabolites raises the additional question whether the positive selection pressure on AOP3 across

environments is related to defense or/and development.

Material & Methods

Plant lines and growth conditions

Arabidopsis thaliana accessions were received from The Nottingham Arabidopsis Stock Center (for additional

information see Extended Data Table 1). Plants were cultivated in growth chambers under long day conditions 16h (LD)
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21°C day/18°C night and 60% relative humidity. Light intensity was adjusted to ~150uE/(m2%*s). Plants used for
phenotyping were grown on a soil (Pindstrup nr. 2, Pindstrup Mosebrug A/S, Denmark) sand mixture (3:1) and received
four days stratification at 4°C in darkness, before being moved to the growth chamber. Plants were sown in a
randomized block design. Days to bolting were scored when the flowering bolt reached 1 cm in height. Days to flowering
were scored when first flower but was fully expanded.

Plants used for vernalization studies were first grown on plates with half strength Murashige and Skoog medium
(Duchefa Biochemie, M0222) and 0.8% agar (Sigma, A9799). Plates received four days stratification at 4°C in darkness,
before being placed in the growth chamber under short day conditions 8h (SD) 21°C day/18°C night and 60% relative
humidity. Light intensity was adjusted to ~150uE/(m2*s). After one week, plates were transferred to the cold room at
4°C and 8h (SD) light (~40uE/(m2*s) for six weeks. After vernalization treatment, plants were transplanted to soil and
placed in growth chambers under long day conditions 16h (LD), ~150uE/(m2*s), 21°C day/18°C night and 60% relative
humidity until flowering. Experiments were stopped after 200 days (LD) and 130 days (LD after vernalization); plants

that had not flowered until end of the experiment were scored as flowering on the last day of experiment.

Analysis of glucosinolate profiles

Plants from the LD flowering time experiment were used for GLS analysis. From 3-week-old plants, a single rosette leaf
(leaf number six) was harvested and weighed, roots from the same plants were rinsed with water to remove remaining
soil and were subsequently weighed (n=3). Seed analysis was performed on single seeds (n=3). Plants from the
vernalization experiment were used for leaf GLS analysis. Three weeks after vernalization, a single rosette leaf (leaf
number six) was harvested. GSLs were analyzed and quantified as desulfo-GSLs by LC/triple quadrupole-MS (alternate
protocol 2°1), using 3 nmol p-OH-benzyl GSL per sample as an internal standard. A list of the GSLs covered by the analysis
can be found in Extended Data Table 2. Calculation for chemotype model: For each tissue we calculated percent alkenyl,

hydroxyalkyl and MS of total SC.

High molecular weight DNA isolation

5-week-old plants were kept in darkness for 3 days to reduce starch and anthocyanin accumulation. Leaves from single
plants were harvested in 15-ml tubes containing 3-mm bearing balls, frozen in liquid nitrogen and homogenized by
shaking in a paint shaker (2 x 3 min at max. speed). Frozen leaf powder was extracted with 5ml CTAB lysis buffer (2%
CTAB, 100mM TRIS-HCI, 20mM EDTA, 1.4 M NaCl, pH 8.0) containing 0.2% 2-mercaptoethanol and 0.5ul RNase A/T1
(ThermoScientific) for 1 hour at 65°C. DNA was purified by adding 1 volume chloroform, mixed by inversion and
centrifuged for 30min at 5000rpm/4°C. Supernatant was mixed with 0.75 volume ice cold Isopropanol for DNA
precipitation at -80°C for 25min. Followed by centrifugation for 30 min at 5000 rpm/4°C. The DNA pellet was washed
twice in 5 ml ice-cold 70% (v/v) ethanol, dried, resuspended in 500 ul H20 overnight and stored at 4°C. Presence of high
molecular weight DNA was verified on 0.6% agarose gels and DNA quality and concentration were evaluated by

NanoDrop ND-1000 spectrophotometer (Saveen and Werner AB, Sweden).

Long range PCR, barcoding and library preparation
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PCR1 for amplification of loci of interest was performed using primers with 5’ overhang designed to incorporate ONT
compatible adapters in 2nd PCR as followed: 2l DNA(~100ng), 1ul of corresponding primers (10uM each), 2ul dNTP
mixture (2.5mM each), 0.2ul PrimeSTAR® GXL DNA Polymerase (Takara), 9.8ul nuclease free H20. PCR conditions:
Denaturation for 1min at 98°C followed by 30 cycles of 10s at 98°C, 20s at 55°C and 15min at 68°C, and final elongation
for 15min at 68°C. Amplicons were verified on 0.6% agarose gels.

Amplicons from each of sample were barcoded using a set of 96 ONT compatible barcodes. The barcoding
oligonucleotides are modified from previously reported adapters (Extended Data Tab. 4). Each oligo was composed of
a 15-bp spacer to ensure higher tolerance for the low-quality at the beginning of the DNA strand entering the pore and
thus higher recovery of barcode sequence following the ONT compatible barcode sequence and the lastly PCR1
complementary region (Extended Data Tab. 4). The PCR2 reaction mix contained 2 ul PCR1, 1 ul of corresponding primer
(10 uM each), 2 pl ANTP mixture (2.5 mM each), 0.2 pl PrimeSTAR® GXL DNA Polymerase (Takara), 9.8 pul nuclease free
H20. PCR temperature program: Denaturation for 1 min at 98°C followed by 30 cycles of 10 s at 98°C, 20 s at 55°C and
15 min at 68°C, and final elongation for 15 min at 68°C.

Barcoded amplicons were verified on 0.6% agarose gels and pooled at equimolar ratios. The pooled library was cleaned
with AMPure XP beads (Beckman Coulter Genomic, CA, USA) in a 1:1 volume. The bead pellet was washed with 80%
(v/v) ethanol and re-suspended in 100 ul of nuclease-free water. The sequencing library was prepared using 1D
Amplicon by ligation Kit (SQK-LSK109) according to the manual (version: GDE_9063_v109_revA_23May2018). ~0.5 pg
of amplicons were used for the initial step of end-prep. ~150 ng of prepared amplicon library were loaded on an R9.4.1

flow cell.

Nanopore amplicon sequencing data analysis

Raw data were collected using Oxford Nanopore software: MinKnow 19.06.8 (https://nanoporetech.com). Guppy 3.2.2
basecalling toolkit was used to base call raw fast5 to fastq (https://nanoporetech.com). Porechop v0.2.2 was used for
adapter trimming and sample demultiplexing (https://github.com/rrwick/Porechop). Porechop settings adapter list was
(adapters.py).

Sequences containing quality scores (fastq files) were quality corrected using NanoFilt (q > 10; read length > 1Kb)%2.
Subsequently, reads within a respective length range were extracted with Cutadapt v1.15%, and corrected with Canu
v1.6°* using the following parameters: genomeSize=5k, minimumReadLength=200, correctedErrorRate=0.05,
corOutCoverage=5000, corMinCoverage=2 and minOverlapLength=50. The corrected reads were sorted-by-length and
clustered with cluster_fast from VSEARCH®®, using the following options: -id of 0.9, -mins| of 0.8, -sizeout, and
min_cons_pct of 20. Corrected reads were sorted by alighment against loci reference®® and manually verified in CLC

Main Workbench 7.9.1. Reads not containing the flanking sequence of PCR1 primer were rejected.

Data analysis
R version 3.5.1 (2018-07-02) “Feather Spray” was used for data analysis®’. Data processing was conducted by the use of
plyr*8, reshape2 and tidyr®®. Geographical distribution was visualized by ggmap®! and further plots were conducted by

the use of ggplot2°%2.
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1001Genome and ONT data analysis

Desired sequences were downloaded from (https://tools.1001genomes.org/pseudogenomes) and processed using

DECIPHER v2.0%¢. For the alighments, gaps were removed and multiple sequence alighments were performed using the
following settings: iterations=15, refinements=15, gapOpening=c(-30, -14), gapExtension=c(-4,-1). Similarity clustering
was performed on distance matrix using Neighbor-Joining method and adjusted cutoff.

Syntenic blocks for ONT data were identified using FindSynthey>® with the following modified settings: maxSep=40,
maxGap=40. Sequences are orientated according to Col-0 reference sequence. Dot- and syntenic block plots are shown

for representative accessions.
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Figure 1

a GSL-AORP locus variation in A. thaliana determines the GSL leaf chemotype.
Diagram of GSL-AOP locus structure in three accessions representing the main
classical haplotype classes. Colored arrows show combinations of
genes: AOP1 (dark green, unknown function), AOP2 (yellow, alkenyl
producing), AOP3 (orange, hydroxyalkyl producing) and flanking genes (green:
At4g03038, unknown function and miRNA826a/b, targeting AOPZ2 transcript; light
green: At4g03040 unknown function). The Ler-0 sequence shows an inversion
of AOP2 and AOP3 as well as an insertion (AOP1.2). The dominant SC leaf GSL is
indicated on the right. (Modified figure according to%?). b GSL-AOP main haplotype
distribution. 1136 accessions were classified in four main GSL-AOP haplotypes and
their frequency per ADMIXTURE population is shown (coloring according to main
haplotypes). Accessions are distributed as follow: Admixed 137, Asia 79, Central
Europe 184, Germany 171, Italy Balkan Caucasus 92, North Sweden 64, Relict 25,
South Sweden 156, Spain 110 and West Europe 117. ¢ GSL-AOP locus dendrogram
of 74 accessions. Dissimilarity based Neighbor-Joining calculated dendrograms for
the GSL-AOP locus (20kb, Chr4. 1.340.000-1.360.000). Colors show haplotype
relationships based on sequence analysis of 1135 accessions. Red = H1, green = H2,
blue = H3 and purple = H4. d GSL-AOP locus dendrogram and main haplotype
groups for ONT sequenced accessions. Dissimilarity based Neighbor-Joining
calculated dendrograms for GSL-AOP: 14.8kb Chr4 pos. 12340082-1354901.
Colored branches indicate haplotype groups. Col-0** represents the Reference
sequence Chr4 pos. 12340082-1354901 (CP002687), accessions from which
additional amplicons were obtained are marked by (*), both amplicons are shown in
the tree.
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Figure 2

Synteny based diagram of GSL-AOP locus structure in accessions representing the
main haplotypes found in this study. Colored arrows show combinations of
genes: AOP1 (dark green, unknown function), AOP2 (yellow, alkenyl
producing), AOP3 (orange, hydroxyalkyl producing) and flanking genes (green:
At4g03038, unknown function & miRNA826a/b, targeting AOPZ2 transcript; light
green: At4g03040 unknown function) as well as BSL1 (green: BRI1T SUPPRESSOR
7). Symbols to the left indicate the dominant SC GSL in leaves and the GSL-
AOP locus cluster according to ONT sequencing, length in bp is shown right to each
locus. LP and RP indicate to position of the sequencing primers. First box from top:
Col-0 Reference sequence Chr.4 pos. 12340082-1354901 (CP002687). Second box:
Inversion and deletion events according to the new sequence information. Third box:
Additional amplicons detected in the sequencing approach. Bottom: Ler and Kyo
sequence according to Jiao and Schneeberger (2020).
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Figure 3

a Barplot of AOP-modified GSL distribution across tissues. The mean of the different
groups of SC GSL in three different tissues seed, leaf and root, shown as percent of
total SC GSLs. Accessions sorted by seed levels of AOP3-modified GSLs. Numbers
indicate GSL-AOP haplotype cluster. Absolute GSL levels can be found in Extended
Data Fig. 6. b-d. Scatterplot of AOP-modified GSL distribution across tissues. Means
of the different groups of SC GSLs are shown in nmol/seed (seeds) or nmol/mg fresh
weight (leaf, root). Accessions are coloured as grey/orange, AOP2null (accessions
with no or only trace amounts (Istisu-1, Istisu-5, Istisu-9, Lag2-10, Lag2-2, Lag2-6,
Lag2-7, Lerik2-1, Nar-3, Nar-5, Rev-1 and Uk-3) of AOP2-modfied GSLs in any of the
tested tissues), or yellow/orange, AOP (accessions with AOP2-modified GSLs
present in at least one tested tissue). AOP precursors, MT and MS GSLs; AOP2-
modified GSLs, alkenyl and OH-alkenyl GSLs; AOP3-modified GSLs, (OH-alkyl
and benzoyloxyalkyl GSLs). Boxplots of SC GSL by tissue and grouped by AOP and
AOP2null accession. T test: ** Seed p = 0.009, ****Leaf p > 0.0001, ** Root p =
0.0017.
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Figure 4

a Dendrogram and main AOP3 promoters (1kb from ATG start codon) for ONT
sequenced loci, including three sequences for Ler-0 according to Jiao and
Schneeberger (2020). Dissimilarity based neighbor-joining calculated dendrograms
with colored branches indicating groups. Col-0** represents the reference sequence
Chr4 pos. 1353855-1354854 (CP002687), accessions from which additional
amplicons were obtained are marked by (*), both amplicons are shown in the tree.
Scatterplot of b AOP2-modified and b AOP3-modified GSL distribution across
tissues. The mean levels of for each accession are shown in nmol/seed (seeds)
or nmol/mg fresh weight (leaf, root). Accessions are colored as white: no sequence
information, blue: AOP3 promoter cluster 1, red: AOP3 promoter cluster 2 and
diamond shape with yellow fill: accessions belonging to cluster 1 and 2.
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3181999 (CP002687).
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Figure 6

a Geographical distribution of Caucasus accessions. Colors indicate GSL-AOP locus
cluster (left) and FLC locus cluster (right). Scatterplot of b leaf SC GSLs
and c flowering time under LD conditions (x-axis) and after vernalization (y-axis). The
mean SC-GSL for each accession is shown as nmol/mg leaf (fresh weight). Flowering
time measured as days until first open flower under LD conditions or after 6 weeks of
vernalization. Accessions are colored according to their GSL-AOP (left)
and FLC (right) locus cluster determined by ONT sequencing. Diamond shaped locus
symbols indicate accessions with more than one detected amplicon.
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Figure 1

a GSL-AOP locus variation in A. thaliana determines the GSL leaf chemotype. Diagram of GSL-AOP locus
structure in three accessions representing the main classical haplotype classes. Colored arrows show
combinations of genes: AOP1 (dark green, unknown function), AOP2 (yellow, alkenyl producing), AOP3



(orange, hydroxyalkyl producing) and flanking genes (green: At4g03038, unknown function and
miRNA826a/b, targeting AOP2 transcript; light green: At4g03040 unknown function). The Ler-0 sequence
shows an inversion of AOP2 and AOP3 as well as an insertion (AOP1.2). The dominant SC leaf GSL is
indicated on the right. (Modified figure according t062). b GSL-AOP main haplotype distribution. 1136
accessions were classified in four main GSL-AOP haplotypes and their frequency per ADMIXTURE
population is shown (coloring according to main haplotypes). Accessions are distributed as follow:
Admixed 137, Asia 79, Central Europe 184, Germany 171, Italy Balkan Caucasus 92, North Sweden 64,
Relict 25, South Sweden 156, Spain 110 and West Europe 117. ¢ GSL-AOP locus dendrogram of 74
accessions. Dissimilarity based Neighbor-Joining calculated dendrograms for the GSL-AOP locus (20kb,
Chr4. 1.340.000-1.360.000). Colors show haplotype relationships based on sequence analysis of 1135
accessions. Red = H1, green = H2, blue = H3 and purple = H4. d GSL-AOP locus dendrogram and main
haplotype groups for ONT sequenced accessions. Dissimilarity based Neighbor-Joining calculated
dendrograms for GSL-AOP: 14.8kb Chr.4 pos. 12340082-1354901. Colored branches indicate haplotype
groups. Col-0** represents the Reference sequence Chr.4 pos. 12340082-1354901 (CP002687),
accessions from which additional amplicons were obtained are marked by (*), both amplicons are shown
in the tree.

Gene: AOP locus:

25417bp [ #ors Cluster 1
D AOP2 Cluster 2
. AOP1 Cluster 3
D Atag03038 D Cluster 4
D At4g03040 D Cluster 5
D BSL1 . Cluster 6

AOP3 Promoter: Leaf chemotype:

r’ Promoter 1 ‘ MS
|" Promoter 2 @ hydroxyalkyl
A alkenyl

D InDel <« PCROligo.

& 48.478bp

47.001bp

Figure 2

Synteny based diagram of GSL-AOP locus structure in accessions representing the main haplotypes
found in this study. Colored arrows show combinations of genes: AOP1 (dark green, unknown function),
AOP2 (yellow, alkenyl producing), AOP3 (orange, hydroxyalkyl producing) and flanking genes (green:
At4g03038, unknown function & miRNA826a/b, targeting AOP2 transcript; light green: At4g03040
unknown function) as well as BSL1 (green: BRIT SUPPRESSOR 1). Symbols to the left indicate the



dominant SC GSL in leaves and the GSL-AOP locus cluster according to ONT sequencing, length in bp is
shown right to each locus. LP and RP indicate to position of the sequencing primers. First box from top:
Col-0 Reference sequence Chr.4 pos. 12340082-1354901 (CP002687). Secondbox: Inversion and deletion
events according to the new sequence information. Third box: Additional amplicons detected in the
sequencing approach. Bottom: Ler andKyo sequence according to Jiao and Schneeberger (2020).
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a Barplot of AOP-modified GSL distribution across tissues. The mean of the different groups of SC GSL in
three different tissues seed, leaf and root, shown as percent of total SC GSLs. Accessions sorted by seed
levels of AOP3-modified GSLs. Numbers indicate GSL-AOP haplotype cluster. Absolute GSL levels can be
found in Extended Data Fig. 6. b-d. Scatterplot of AOP-modified GSL distribution across tissues. Means of
the different groups of SC GSLs are shown in nmol/seed (seeds) or nmol/mg fresh weight (leaf, root).
Accessions are coloured as grey/orange, AOP2null (accessions with no or only trace amounts (Istisu-1,
Istisu-5, Istisu-9, Lag2-10, Lag2-2, Lag2-6, Lag2-7, Lerik2-1, Nar-3, Nar-5, Rev-1 and Uk-3) of AOP2-modfied
GSLs in anyofthe tested tissues), or yellow/orange, AOP (accessions with AOP2-modified GSLs present in
at least one tested tissue). AOP precursors, MT and MS GSLs; AOP2-modified GSLs, alkenyl and OH-
alkenyl GSLs; AOP3-modified GSLs, (OH-alkyl and benzoyloxyalkyl GSLs). Boxplots of SC GSL by tissue
and grouped by AOP and AOP2null accession. T test: ** Seed p = 0.009, ****Leaf p > 0.0001, ** Root p =
0.0017.
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Figure 4

a Dendrogram and main AOP3 promoters (1kb from ATG start codon) for ONT sequenced loci, including
three sequences for Ler-OaccordingtoJiaoand Schneeberger (2020). Dissimilarity based neighbor-joining
calculated dendrograms with colored branches indicating groups. Col-0** represents the reference
sequence Chr.4 pos. 1353855-1354854 (CP002687), accessions from which additional amplicons were
obtained are marked by (*), both amplicons are shown in the tree. Scatterplot of b AOP2-modified and b



AOP3-modified GSL distribution across tissues. The mean levels of for each accession are shown in
nmol/seed (seeds) or nmol/mg fresh weight (leaf, root). Accessions are colored as white: no sequence
information, blue: AOP3 promoter cluster 1, red: AOP3 promoter cluster 2 and diamond shape with yellow
fill: accessions belonging to cluster 1 and 2.
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Figure 5

Synteny based diagram of FLC locus structure in accessions representing the main haplotypes found in
this study. Colored arrows show combinations of genes: FLC (blue) and flanking genes At5g10130 (dark
blue), At5g10150 (light blue). Colored squares to the left indicate the FLC locus cluster according to ONT
sequences, length in bp is shown right to each locus. Shown is the amplified sequence according to Col-0
reference sequence Chr.5 pos. 3171361-3181999 (CP002687).



Figure 6

a Geographical distribution of Caucasus accessions. Colors indicate GSL-AOP locus cluster (left) and FLC
locus cluster (right). Scatterplot of b leaf SC GSLs and c flowering time under LD conditions (x-axis) and
after vernalization (y-axis). The mean SC-GSL for each accession is shown as nmol/mg leaf (fresh
weight). Flowering time measured as days until first open flower under LD conditions or after 6 weeks of
vernalization. Accessions are colored according to their GSL-AOP (left) and FLC (right) locus cluster



determined by ONT sequencing. Diamond shaped locus symbols indicate accessions with more than one
detected amplicon.
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