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Zusammenfassung

Betalaine sind mehrfach evolvierte, spezialisierte pflanzliche Metabolite, welche eventuell
wichtige Funktionen bei der pflanzlichen Stressreaktion haben, aber auch verschiedene
Anwendungen in der Lebensmittelindustrie. Wéhrend die Enzyme des zentralen Stof-
fwechselwegs schon bekannt sind, wissen wir nur wenig iiber ihre molekulare Regulation.
Ein Grund dafiir ist, dass Betalain auf die Ordnung der Caryophyllales beschrankt sind,
fiir die es generell nur unzureichende Ressourcen gibt. Der erste Teil dieser Dissertation
préasentiert die Etablierung von zentralen Methoden fiir Amaranthus hypochondriacus L.,
eine ,Weisennutzpflanze* mit grofer Diversitit an Betalainfirbungen. Zuerst wurden
mehrere stabile und transiente Transformationsmethoden entwickelt, darunter eine fiir
Kallusgewebe mit einer Transformationseffizienz von bis zu 100%. Des Weiteren wurde
die erste gezielte Mutagenese mittels CRISPR /Cas9 in Amaranth gezeigt, bei der erreicht
wurde, gleichzeitig zwei Zielgene in etwa 25% aller Proben zu editieren. Diese leistungs-
fahigen Methoden erméglichten, die Untersuchung der Betalainregulation in Amaranth,
welche im zweiten Teil der Dissertation beschrieben ist, beginnend mit der Identifizierung
von AhMYB2, einem Homolog des Anthocyanin-Regulators AtPAP1, als positivem Reg-
ulator fiir die gewebespezifische Betalainregulation. Zusétzliche heterologe Assays haben
dann gezeigt, dass die ersten beiden Enzyme des Stoffwechselweges (AhCYP76AD2 und
AhDODAa1) die hauptsichlichen Ziele der Regulation sind und dass AhMYB2 ihre Ex-
pression hochreguliert. Im Gegensatz zu AtPAP1, suggerieren die Daten, dass AhMYB2
nicht in MYB-bHLH-WD40-Komplexen agiert, sondern stattdessen einen anderen be-
talainspezifischen Transkriptionsfaktor (TF) benotigt. Vielversprechende Kandidaten,
einschliefslich WRKY-, ERF-, bZIP- und NAC-TFs wurden durch RNA-Sequenzierung
identifiziert. Abschlieftend, wurden die Ergebnisse mit denen der Literatur verkniipft,
um ein mogliches Modell fiir die evolutionédre Entstehung der AhMYB2-gesteuerten Beta-
lainregulation vorzuschlagen. Hypothetisierend, dass eine der zwei urspriinglichen antho-
cyaninregulierenden PAP1-Genkopien kooptiert und zur Ansteuerung von Betalaingenen
angepasst wurde, erklart eventuell, warum beide Pigmente einander ausschliefen. Dies
wird unterstiitzt durch mehrere konservierte Aminoséuren, spezifisch fiir PAP1-Homologe
von Betalain-produzierenden Pflanzen, welche in der Nahe von Aminosduren lokalisiert
wurden, die bekanntermafsen wichtig fiir die DNA-Bindung sind, was auf ein gedndertes

Erkennungsmotiv hindeutet. Die préasentierten Ergebnisse und Protokolle werden die



Betalainforschung und die Ziichtung des trockenheitstoleranten C4 Korner-Amaranth
fordern. Zukiinftige Studien, welche die Wirkungsweise in anderen Betalainurspriingen
und die Integration von anderen Signalwegen in die Betalainregulation aufdecken, kon-
nten eventuell Einsichten in die Evolution von Genregulationsnetzwerken von de-novo-

evolvierten Stoffwechselpathway geben.



Abstract

Betalains are repeatedly evolved, colored plant specialized metabolites that might have
important functions in plant response to stresses but also various applications for the
food industry. While the enzymes of the core pathway have been identified, only a little
is known about its molecular regulation. One reason is that betalains are restricted to
the order Caryophyllales, which generally lacks sufficient resources. The first part of this
thesis presents the establishment of key methods for Amaranthus hypochondriacus L., an
orphan crop with a high diversity of betalain pigmentation. First, various stable and
transient transformation methods were developed, including one for callus tissue with
a transformation efficiency of up to 100%. Furthermore, the first targeted mutagenesis
using CRISPR/Cas9 in amaranth was demonstrated, achieving multiplexed editing of
two target genes in approximately 25% of all samples tested. These powerful methods
enabled the investigation of the betalain regulation in amarnath, which is described in
the second part of the thesis, starting with the identification of AhMYB2, a homolog
of anthocyanin regulator AtPAP1, as a positive regulator for the tissue-specific betalain
regulation. Additional heterologous assays then showed that the first two enzymes in
the pathway (AhRCYP76AD2 and AhDODAa1) are the main target for regulation and
that AhMYB2 upregulates their expression. In contrast to AtPAP1, the data suggest
that AhMYB2 does not function in MYB-bHLH-WD40 complexes but instead requires
a different betalain-specific transcription factor (TF). Promising candidates, including
WRKY, ERF, bZIP, and NAC TFs, were identified using RNA sequencing of transgenic
calli. Finally, the results were combined with the literature to propose a model of how
the AhMYB2-mediated betalain regulation might have evolved. Hypothesizing that one
of the two ancestral anthocyanin-regulating PAP1 gene copies had been co-opted and
adapted to target betalain genes, while the other copy has been lost, might explain the
mutual exclusiveness of both pigments. This is supported by multiple conserved amino
acids specific to PAP1 homologs of betalain-producing species, which were located close
to known residues important for DNA binding, suggesting a changed recognition motive.
The presented results and protocols will advance betalain research and breeding of the
drought-tolerant C4 grain amaranth. Future studies uncovering the betalain regulation
in other origins and the integration of other signaling pathways might provide insight

into the evolution of gene regulatory networks for de novo evolved pathways.
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DOPAS5GT. Vollmer, S.K. did the majority of all midipreps. Vollmer, S.K. prepared
the Amaranthus hypochondriacus seedling plates for the transactivation assays. Vollmer,
S.K. did all the transactivation assays, assisted by Schén, J. in some experiments for the
A. thaliana protoplast isolation and the plate reader measurements. Vollmer, S.K. did
the mammalian transactivation assay assisted by Schon, J.. Amnalysis: Vollmer, S.K.
did most of the analysis. In detail: For the callus transformation and RNA sequencing:
Vollmer, S.K. analyzed the semiquantitative counting data and did the image analysis of
the close-up binocular images. Vollmer, S.K. did the analysis of the differential expression
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and constructed the phylogenetic tree for WRKY and ERF transcription factors. For the
yeast-two-hybrid experiments: Vollmer, S.K. did the analysis of the Y2H data assisted
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Chapter 1

Introduction



1.1 Understanding evolution is the key to the past

and future

All life on earth was and is formed by evolution. Wallace published articles about natural
selection first (albeit not using this term) ( , ; , ),
but it was Darwin with his groundbreaking publication "The Origin of Species by Means
of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life" first
published in 1859, who brought evolution to the attention of the scientific society ( ,

). Yet, evolution was not commonly accepted among scientists in the 19th century,
especially after the formation of Mendelian genetics at the beginning of the 20th century
( , ). The formulation of the Hardy-Weinberg law for calculating gene
frequencies in populations under natural selection finally combined genetics and evolution
and led to the rise of population genetics ( , ; , ). Population
genetics, together with systematics and adaptive change, shaped the Modern Synthesis of
Evolution ( , ). Biological evolution is now generally understood as inherited
changes on the genetic, organismal level and/or the level of population of organisms over
time ( , ). The processes underlying evolution are mainly natural selection
and genetic drift. Natural selection is based on the hypothesis that individuals who
are better fitted to their environment due to heritable variation can reproduce better,
thus leading to the stepwise evolution of new species ( , : ) ).
Genetic drift, in contrast, describes changes that are caused by random effects ( ,

). Despite impressive advancement since the development of the concept of evolution,

there are still many unknown details of this fundamental process.

Evolution and breeding are closely entangled. The artificial selection in breeding was
key for Darwin to propose his theory of natural selection ( , ). Especially the
vast diversity of fancy pigeon breeds, all descending from one species, fascinated him and
finally led him to dedicate a section of his book to fancy pigeons to illustrate selection
( , ). This was just the start; by studying domestication, researchers have
the unique opportunity to analyze the outcome of thousand-year-long repeated evolu-
tion, which led to our modern-day crops ( , ). Moreover, with
advances in archaeology, timelines and past phenotypes can be estimated, and since the
emergence of archaeogenetics, even DNA information of past individuals can be compared
( , ). Domestication research could, for example, gave insights into the con-
straints of evolution and the pace of speciation ( , ; , ). Furthermore,
the history of crops is often better documented, and large data sets with multiple hundred
different accessions enable the analysis of evolutionary processes with high precision. For
instance, the genetic effects of drastic range shifts on genetic diversity, mutation load,
and local adaptation could be investigated using the introduction of maize to Europe and

grain amaranth to India ( ) ; , ).
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vice versa, the understanding of evolutionary processes can guide breeding (

, ). Inferring the genetic ancestry, including gene flow, selection, and
bottlenecks during domestication, helps to explain the different potential and diversity
of modern crops ( , ). For example, a strong bottleneck could explain a higher
load of deleterious mutation or incomplete domestication observed in some crop species
( , ; , ; : ; , ).
Locating domestication genes using selective sweeps and other signs of selection enables
identification of breeding targets ( , ; , ). Fur-
thermore, building on the theory of natural selection, new traits can be designed via
targeted evolution ( , : , ). Finally, all this knowledge
can be applied for the de novo domestication of new crops ( , ; ,

; , ; : ; ; )-

The term de novo domestication refers to the process during which multiple domestica-
tion target traits are introduced or recapitulated in a wild species within a few generations
using genome editing ( , ). The fundamental idea of de novo domestica-
tion is based on the fact that crops usually have a low genetic diversity, which constrains
adaptation, while wild species, in contrast, often have desirable traits and high genetic
diversity but perform poorly in agriculture ( , ; , ;

, ). Traditional breeding crossing schemes to transfer the traits from one to the
other are very time consuming, since many backcrosses to the elite variety are needed
to achieve high agricultural performance ( , ; , ). The com-
bined knowledge of decades of plant research, the rise of sequence information, and the
development of precise and efficient multiplex genome editing were prerequisites for de
novo domestication ( , ; , ). Previous research on do-
mestication targets revealed the genes responsible for key traits of domesticated species,
reference genomes allow us to find the homologous genes in wild relatives, and genome
editing enables us to recapitulate the mutations in the target genes within a few gener-
ations ( , : , : , : , :

, ; , ; , ). A prominent example is the study
of Lemmon et al. (2018) who showed de novo domestication in the orphan crop ground-
cherry (Physalis pruinosa), a tomato relative. By mutating two genes using CRISPR/Cas
(clustered regularly interspaced short palindromic repeats / CRISPR-associated protein),
they could achieve a more compact growth, up to 50% higher concentration of fruits along
each shoot, and a 24% increase in fruit mass ( ) ). This showcases how
knowledge of crop domestication can be applied using cutting-edge molecular tools to
develop new crop species urgently needed to improve our agriculture to feed a growing

human population in a changing climate.

Thus, evolution and breeding are closely entangled. Evolution explains our history

on earth but is also critical to improving breeding to guarantee future food security.
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Figure 1.1: Plant phylogeny indicating produced pigments (blue for anthocyanins and purple
for betalains)(a, figure modified from Timoneda et al. (2019)). Close up of the Caryophyllales
showing the four proposed betalain origins (b, figure modified from Pucker et al. (2024)).

1.2 The betalain pathway as a case study for the

evolution of new regulations

Despite massive advances, there are still many questions on evolution unanswered. One
example is the question of how the regulatory network of new pathways (co-)evolves.
While the evolution of the pathway enzymes is relatively well studied, the evolution of
the regulation of these new pathways is still unclear. The recruitment model of metabolic
evolution hypothesizes that the regulation evolves first and then recruits the enzymes
to form the new pathway ( , ). Additionally, it proposes that rather the new
pathway genes evolve the needed cis-elements to adapt to other already existing conserved
transcription factors than that new transcription factors evolve from scratch to target
the new pathway genes ( , ). Plants are characterized by their large number
and diversity of secondary metabolism pathways, as they are a key strategy for sessile
organisms to adapt to changing environments ( , ). This high rate of new
pathway evolution makes plants valuable for evolutionary studies. Many plant orders
can be identified by characteristic secondary metabolites ( , ;

, ). For instance, only Brassicales plants produce glucosinolates, while
betalains can be found only in the order Caryophyllales ( , ;

, ; , ). Throughout the plant kingdom, anthocyanins are
ubiquitously present as red pigments, but most Caryophyllales plants produce betalain
instead ( , ; , )(Figure 1.1a, Figure 1.2).

With tyrosine as a building block, the pathway requires only three enzymes and one
spontaneous reaction (Figure 1.2a). In the first step, tyrosine is hydroxylated to L-5,6-
dihydroxyphenylalanine (L-DOPA) by a cytochrome P450 enzyme (CYP76ADa or {)
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( , ; , ). L-DOPA is subsequently converted
to cyclo-DOPA by a CYP76ADa enzyme or by a DODAal enzyme to betalamic acid
( ) ; ) ; , ; : ;
, ; : ; ) ).

The addition of an amine or amino acid to betalamic acid results in yellow betaxanthins
( , ). Alternatively, betalamic acid spontaneously reacts with cyclo-
DOPA ( , ). Glycosylation of cyclo-DOPA before or after the reaction
with betalamic acid, catalyzed by a cyclo-DOPA glucosyltransferase, yields then the red-
colored betacyanins ( , ; , ; , ; , ;
, ). The flavonoid pathway, in contrast, uses phenylalanine as a precursor

and involves more steps until the formation of anthocyanins (Figure 1.2b)( ,

; , ; , )-
a b

Cinnamic acid —> 4-coumaric acid

Phenylalanin 4-coumaroyl-CoA
e -
4 Naringenin-chalcone
* l

L-DOPA Betalamic acid
[ Flavan-4-ols «—————— Naringenin ——— Flavones

‘ l
* J
cyclo-DOPA |
l Dihydroflavonols —— Flavenols
Betanidin l
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|
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Anthocyanidins

|
|
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Figure 1.2: Overview of the betalain (a) and the anthocyanin pathway (b), including the in-
volved enzymes. PAL (phenylalanine ammonium lyase), C4H (cinnamate 4-hydroxylase), 4CL
(4-coumarate:CoA ligase), CHS (naringenin-chalcone synthase), CHI (chalcone isomerase), FNS
(flavone synthase), F3H (flavanone 3-hydroxylase), FLS (flavonol synthase), F3'H (flavonoid
3’-hydroxylase), F3’5’H (flavonoid 3’5’-hydroxylase), DFR (dihydroflavonol 4-reductase), LAR
(leucoanthocyanidin reductase), ANS (anthocyanidin synthase), ANR (anthocyanidin re-
ductase), GTs (glucosyltransferases), OMTs (O-methyltransferases), RTs (rhamnosyltrans-
ferases), ACTs (acetyltransferases), DODAal (L-3,4-dihydroxyphenylalanine 4,5-dioxygenase,
a linage), cDOPASGT (cyclo-DOPA 5-O-glucosyltransferase), BetanidindGT (betanidin 5-O-
glucosyltransferase), Betanidin6GT (betanidin 6-O-glucosyltransferase).

There are three reasons why betalains and the Caryophyllales are ideally suited as
a case study for the evolution of new gene regulations. First, genomic studies suggest
that the betalain pathway evolved four times within the order ( , ;

)(Figure 1.1b). This

enables the comparison of multiple evolutionary "replicates", which increases the robust-

9y ) ) ) )
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ness of the findings. Second, the anthocyanin pathway, the ancient pathway with the
most similar regulation (see the next section 1.3) and thus the most probable source for
transcription factor to recruit for the betalain regulation, is very well studied (

). This facilitates candidate identifica-
tion and testing of the hypothesis. Thirdly, betalains as red pigments are easy to detect,

) ) Y ) )

extract, and measure ( , ; , ). Betalains are visible to the
naked eye with no special equipment, extraction protocols are simple, and measurement

can be done photometrically ( , ; , ).

1.3 Betalain and anthocyanin levels react remark-

ably similarly to internal and external signals

For the literature review presented here, more than 50 studies have been found that
investigate internal and external cues influencing betalain regulation. However, most
studies were performed with species from the Amaranthaceae, biasing the results of the
literature review towards the proposed betalain origin 2 (according to Pucker et al. (2024),
see figure 1.1b)(43, 5 and 10 studies from origins 2, 3, and 4, respectively; no studies on
origin 1 found). Nevertheless, if information of more than one origin could be compared,

were the observed effects of the respective cues mostly in line with each other.

1.3.1 Internal cues

The most discussed internal cues are phytohormones, involving all classes: For cytokinins,
a positive effect on betalain regulation was observed in A. caudatus, A. tricolor, Celosia
argentea Chenopodium quinoa and Suaeda salsa ( , ; ,
; , ; , ). For auxin, the effect is less clear, Biswas

et al. (2013) reportet a activation by l-naphthaleneacetic acid (NAA) in A. tricolor and
Sakuta et al. (1991) an activation by 2,4-dichlorophenoxyacetic acid (2.4D) in Phytolacca
americana, while Zhao et al. (2011) observed no significant effect by indole-3-acetic acid
(IAA) but repression by 2.4D in Suaeda salsa and Zheng et al. (2016) observed repression
of betalain accumulation by 2.4D in A. tricolor. Many studies investigated media with
different ratios and combinations of auxins and cytokinins, most finding a slightly higher
concentration of cytokinins than auxins as the best inducer of betalains ( , ;
, ; , ; , ) suggesting a repression by

high auxin concentrations; only one study observed rather the opposite ( , ).
Thus, besides the ratio of auxin and cytokinin, the type of auxin also seems to play

a role, as shown by Bhuiyan et al. (2002) who observed a repression in Portulaca sp. if
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TAA was added instead of 2.4D.

Other phytohormones were shown to influence betalain accumulation too: Ethylene was
tested only by Cao et al. (2012) in A. mangostanus and Barba-Espin et al. (2018) in
B. vulgaris, both groups observing an increase of betalain pigmentation upon treatment.
Gibberellic acid (GA3) in contrast, inhibited betalain production in A. caudatus (

, ; , ) and A. tricolor ( , ). Jasmonic
acid induced only a mild activation in Portulaca sp., but methyl jasmonate induced strong
betalain pigmentation also in many other betalain species ( , ;

: ; , ; , ; : ). Mostly
no significant effect was observed upon salicylic acid treatment ( , ;
, ; ) ; , ), however Rodrigues-Brandao
et al. (2014) and Wee et al. (2018) observed an activation in Alternanthera tenella and
Hylocereus polyrhzus, respectively. Only Hirano et al. (1996) tested the effect of abscisic
acid (ABA), finding a repression of the betalain production in Phytolacca americana. Un-
fortunately, no study was found characterizing the effect of strigolactones on the betalain
pigmentation.
In summary, betalains seem to be regulated by all investigated phytohormones; only the
salicylic acid pathway seems to have little influence. While the regulation by auxins
appears to be more complicated, the effect of all other phytohormones is clearer and
also seems consistent across all betalain origins. Generally, betalains seem to be posi-
tively regulated by methyl jasmonate, ethylene, and cytokinins and negatively by ABA
and GAs. When comparing the observed phytohormone regulation of betalains to the

one from anthocyanins, it becomes evident that anthocyanins also get upregulated by

methyl jasmonate ( ) ; , ) and downregulated by GAj (

, ; , ). Similarly, it also seems the salicylic acid pathway for
anthocyanins plays rather a minor role ( ) ). Auxins clearly repress antho-
cyanins ( , ; , ), but Ji et al. (2015) demonstrated in Malus

sieversti that as well for anthocyanins, the type of auxin and the ratio to cytokinins
are key. In contrast to the one study in betalains observing a repression by ABA, mul-
tiple studies show an activation of anthocyanins by ABA ( , ;

: ; ; ; : ; : ).
Interestingly, the effect of cytokinins on the anthocyanin regulation seems to depend on
the species: for some, including the model species Arabidopsis thaliana and Nicotiana
Benthamiana there appears to be no link between cytokinins and anthocyanins, while
for other species, mostly woody, anthocyanins get strongly upregulated after cytokinin
treatment ( , : , : , : , ).
FEthylene-mediated anthocyanin regulation also seems to depend on the species, as it was
shown to repress anthocyanins in Fragaria ananassa and Brassica oleracea but activate
anthocyanin accumulation in Vitis vinifera and Malus domestica ( , ;

: ; ; ; : ; : ). Thus,
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the regulation by phytohormones from betalains and anthocyanins is mostly in line for
auxin, GAjs, methyl jasmonate, and salicylic acid, only for ABA does lacking data and
for cytokinin and ethylene, the strong species dependence prevents a solid conclusion.
Not only phytohormones but also nutrients can influence betalain pigmentation. Sucrose
was reported both to activate ( , ; , ;
, ) and to suppress betalain accumulation ( , : ,
). A reduction in total nitrogen ( , ; , ;
, ) or of ammonium compared to nitrate could induce betalain
in some studies ( , : , ), while nitrogen had less
influence on betalain pigmentation in others ( , ; , ;
, ). Only one study found that an increase of nitrogen increases
the production ( , ). Phosphate had no significant effect
on betalain production in the studies from Berlin et al. (1986) and Bianco-Colomas and
Hugues (1990), but decreasing phosphate level increased betalain content in the studies
from Contreras-Ovalle et al. (2019) and Taya et al. (1994). For anthocyanins, is the reg-
ulation by nutrients more clear: high concentrations of sucrose ( , ;
, ; , ; ) ) and, in contrast, nitrogen ( ,
: , : , : , ) and phosphate (
) depletion lead to upregulation of anthocyanins. The inconsistent data for betalains
hamper the comparison, but also the nutrient response of betalains and anthocyanins

seems to be quite similar.

1.3.2 External cues

Both abiotic and biotic cues influence the betalain pigmentation. Regarding abiotic
factors, light was identified as one of the most important positive signals for betalain
production. All studies agree on the positive effect of (white) light ( , ;

; , ; , ), most finding an even stronger induction
by (additional) blue light ( , : , : , :

: ; , ; : ; , ). Ul
traviolet (UV) light yielded a moderate to strong increase in most studies (

, ; , ; : ; : ), too, only
Barba-Espin et al. (2018) and Winson et al. (2021) found no significant effect. For red
light, the results were more mixed: activation was found for A. caudatus, Portulaca sp.
and H. costaricensis but not Alternanthera sessilis, A. brasiliana, and Chenopodium al-
bum ( : ; , ; : ; , ;

, ; , ). A potential reason might be the differential
effect of red light and far-red light, which was only accounted for by Shin et al. (2003)
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and French et al. (1973). While Shin et al. (2003) found far-red slightly more positive
than red light, did French et al. (1973) found a benefit in oscillating both red and far-red

but using red as the last illumination. Like betalains, anthocyanins get upregulated by

white light ( , ), blue light ( , ; , ) and
UV light ( ) ). Liu et al. (2015) showed in A. thaliana that both far-red
and red light induce anthocyanins, but by different signaling cascades.

Other abiotic cues like drought ( , ; , ), salt
( , ; , ; , ), and low- (Bach-

elor thesis Maria Rodriguez Esmerodes, Universitit zu Koln) and short high-temperature
stress ( , : , ) have been shown to increase
betalain production. Only prolonged strong heat stress leads to a reduction in betalain
production ( , : , ). These observations are in line
with the ones for anthocyanins in dicots, which get upregulated by drought (

, ), salt ( ) ), and low temperature ( , ).
However, different from the increase of betalains under short-term heat stress (

, ; , ), anthocyanins get reduced under heat stress
( , 2011),
Similar to abiotic cues, do most biotic cues influence betalain accumulation. Fungal
( , ; ) ), bacterial ( , :

, ), and yeast elicitors ( , ) have been demonstrated
to induce an increase in betalain production. Similarly, do microbial polysaccharides like
chitosan or B-glucan increase betalain production in low concentrations (

, ; : ; : ; ; ). Wund-
ing and herbivory were shown to increase betalain pigmentation, too (
, ; , ). Adding HyO2, a common signal involved in
defense, increased betalains accumulation in B. vulgaris ( , )
but could only affect it in combination with methyl jasmonate in A. mangostanus (

, ). The reaction direction to biotic cues is identical to the one from antho-

cyanins, which also increase upon exposure to fungal ( , : , ),
bacterial ( , ), and yeast elicitors ( , ), as
well as to some microbial polysaccharides ( , ; , ), wund-
ing ( , ) and HaO4 ( , ).

Putting all these observations together reveals a remarkably similar regulation pattern
of betalains and anthocyanins. This continues on the spatial regulation, where betalains
and anthocyanins are also often found respectively in the same organs and tissues (

, ). Considering that both have similar biochemical properties (antioxi-
dizing, high osmolaric potential, red color) and are postulated to fulfill similar biological

functions, it is highly reasonable for betalains and anthocyanins to be similarly regulated

( , 2015),
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1.4 The transcriptional regulation of the betalain
pathway could be co-opted from the antho-
cyanin regulation

According to the recruitment model, it would be plausible to expect that for the transcrip-
tional regulation of the betalain pathway, transcription factors of the similarly functioning

and regulated anthocyanin pathway were co-opted ( , ).
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Figure 1.3: Overview of the MYB-bHLH-WD40 (MBW) complex of A. thaliana (based on figure
1 of Chen and Wang (2019)). Root hair, A.thaliana and seed mucilage icons are from BioRender.

Anthocyanins, together with other pathways, are regulated by complexes from myeloblas-
tosis protein (MYB), basic helix-loop-helix (bHLH) and WD40 transcription factors
(MBW complexes) ( , )(Figure 1.3). The WD40 transcription factor is
conserved across multiple pathways ( , ), while the bHLH and especially
the MYB transcription factors confer specificity to particular pathways and fine-tune the
regulation ( , : , : Li, : , :

, ; , )(Figure 1.3). While there are a range of stud-
ies on internal and external cues influencing betalain regulation, studies investigating
transcription factors involved in betalain regulation are scarce. Individual transcription
factors had been correlated with betalain production, but there are only a few verified,

and for even fewer has the molecular mode of action been investigated (see Table 1.1 for
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a list of all publications). Moreover, for none has the regulatory network been character-
ized. Hatlestad et al. (2015) could identify and verify BvMYBI as a positive regulator
of the betalain pathway by overexpression in transgenic hairy root of B. vulgaris and
A. hypochondriacus. Additionally, they could prove direct binding of BvMYB1 to the
BvCYP76AD1 and BuDODA1 promoter in Y1H. For pitaya, there had been several
WRKY, several MYB, several bHLH, and an SPL transcription factor found to be corre-
lated with betalain pigmentation and binding and /or transactivation of betalain pathway
genes shown in heterologous assays (see Table 1.1 for more details). More recently there
were also an MYB and a WRKY transcription factor described for the leafy amaranth

species Amaranthus tricolor (Table 1.1).

1.5 The high diversity in pigmentation of grain ama-
ranth is optimal to investigate betalain pig-

mentation

One of only a fraction of plants that produce betalains is the orphan crop amaranth.
The genus Amaranthus contains around 50-70 species of annual or short-lived perennial
herbs ( ) : ) : , ). Being domesticated
parallel to maize in Middle and South America ( , ), amaranths nowadays
are used both as ornamental plants and as leaf or grain crops ( , ; ,

). Despite their long cultivation history, amaranth still has a high diversity, both
genetically and phenotypically ( ) ; , ). The high
diversity also includes a range of different pigmentation phenotypes, making amaranth
well suited to study betalain regulation ( , ). Additionally, amaranth
combines a range of different characteristics of high value for breeding climate-resilient
crops for future food security ( , ; , ;

, ; , ). First, amaranth is drought and heat tolerant, facilitated by
its C4 photosynthesis ( , : , ). Second,
amaranth is highly nutritional, having an amino acid composition that fits perfectly to
human needs and containing high amounts of minerals, vitamins, and unsaturated fatty
acids (reviewed by Joshi et al. (2018) and Assad et al. (2017)). Finally, are the grains
from amaranth gluten-free and thus compatible with the growing demand from people
who suffer from gluten-related disorders like celiac disease ( , ;

, ). Thus, amaranth is not only well suited to study the betalain regulation but

also of high interest for breeding.
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Table 1.1: Published transcription factors involved in betalain regulation.

Columns: paper: reference; species: species from which the investigated

transcription factor is, Beta vulgaris (B. vulgaris), Hylocereus undatus (H. undatus), Hylocereus polyrhizus (H. polyrhizus) also referred to as Hylocereus
monacanthus, Amaranthus tricolor (A. tricolor); TF: name of the investigated transcription factor; type: class of the investigated transcription facor;
+/-: indicates the direction as positive (+) or negative (-); binding: indicates if binding to selected promoter of the endogenous betalain pathway was
verified heterologously; TA: indicates if transactivation was demonstrated in heterologous system; active: indicates if activity of the transcription factor
was shown on the endogenous pathway either by overexpression or VIGS in the investigated species; CRE: indicates if the respective cis elements were
verified; interactors: indicates if potential interactors were tested heterologously, (h) = homodimerization shown, (+) found interaction to the investigated
transcription factor, (-) no interaction to the investigated transcription factor found. yes = it was shown, no = tested but result negative, NA = not tested,
(ves) = only indirectly shown. * = no TA ability,**=(represses the activator), *** = to HmoWRKY40 promoter

paper species TF type +/- | binding | TA | active | CRE | interactors

Hatlestad et al. (2015) | B. vulgaris BvMYBI1 MYB | + yes NA | yes NA | AtEGL3 (-)

Xie et al. (2021) H. undatus | HuMYBI1 MYB |- (yes) yes | NA NA | NA

Xie et al. (2023) H. undatus HuMYB132 MYB + yes yes | yes yes NA

Xie et al. (2024) H. undatus HuMYB9 MYB - yes yes | yes yes NA

Xue et al. (2025) A. tricolor AtrMYBT72 MYB + yes yes | yes NA NA

Chen et al. (2023) H. undatus HubHLH159 bHLH | - yes yes | yes NA NA

Cai et al. (2025) H. polyrhizus | HpbHLH48 bHLH | + yes yes | yes NA HpbHLHA48 (h),
HpbHLH64 (-),
HpbHLH159 (-)

Cai et al. (2025) H. polyrhizus | HpbHLH64 bHLH | * yes no | yes NA HpbHLH64 (h),
HpbHLH4S (-),
HpbHLH159 (-)

Cheng et al. (2017) H. polyrhizus | HpWRKY44 WRKY | + yes yes | NA yes NA

Zhang et al. (2021) H. polyrhizus | HmoWRKY40 | WRKY | + yes yes | yes NA NA

Chen et al. (2022) H. undatus HmoWRKY42 | WRKY | - yes yes | yes NA HmoWRKY42 (h)

Yang et al. (2023) A. tricolor AtrWRKY42-2 | WRKY | + yes NA | yes NA NA

Zeng et al. (2023) H. undatus HuSPL12 SPL SR D yes ¥ yes | NA NA HmoMYBI1 (+),

HmoMYB132 (+),
HmoWRKY42 (+),
HmoWRKY40

(),
HmoWRKY44 (-)
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1.6 Genetic resources and stable transformation are
the foundation of most state-of-the-art tools,

but are restricted to model species

Scientific progress is largely linked to the development of better and new methods (

, ). A range of new technologies, like single-cell sequencing, super-
resolution microscopy, and CRISPR/Cas9, to just mention a few, have enabled previously
unprecedented discoveries. By combining multiple single nuclei sequencing experiments,
it was possible to construct a database following cell type lineages and their expression
profile along human stem cell-based embryos from zygote to gastrula, a highly valuable
resource for developmental biology and the development of new therapies ( ,

). The group of Mathew Horrocks developed a method (LIVE-PAINT) to image sin-

gle protein molecules with a resolution of less than 100 nm within living cells ( )
; , ). With CRISPR/Cas9, chromosome arms could be relocated

( , ) or specific target genes could be upregulated (e.g ( , )
or silenced (e.g., ( , )). But the flip side of the coin is that most of the
cutting-edge tools are limited to a few model species. Nicely highlighted by the given ex-
amples, showing that new methods often get developed for mammals first and take years
until applied to plants, let alone non-model plants. This causes entire research fields not
present in model organisms, like betalains which none of the most used model organisms
(A. thaliana, N. benthamiana, O. sativa, H. vulgare, S. lycopersicum) produce, to be
unexplored ( ) ; ) ). Moreover, it strongly hampers research
and subsequent optimization of orphan crops, which are promising candidates to breed
climate-resilient, high-yielding, nutritious crops for future food security ( , ;
, ; , ). This restriction to model species

mainly stems from the requirement of stable transformation and high-quality genomic

information for most cutting-edge methods ( , ;

) ) 9 ) ) )

1.6.1 Genetic transformation

Stable transformation describes the process in which DNA is delivered and stably in-
tegrated into the genome of an organism ( , ). The most common
methods for DNA delivery are Agrobacterium-mediated transformation ( )

), particlebombardment ( , ), or PEG-mediated transformation
( , 2019; | 2021, , 2021)(ad-
vantages and disadvantages, e.g., reviewed by Hwang et al. (2017)). To enable stable
genetic transformation in most cases requires complicated protocols to regenerate the

transformed plant parts (explants) into plants to transmit the genetic change to the next
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generation ( ) ; , ). This includes extensive tissue
culture, which is highly time- and resource-demanding and strongly genotype-dependent,
restricting this method to few species and well-equipped laboratories ( ,
; , ; , ). As a consequence, there is a
high demand to develop stable transformation methods that are less genotype-dependent,
less resource-demanding, and also applicable in yet recalcitrant elite varieties and non-
model species ( , : , : ,
; , ). Employing developmental regulators, genes that regulate em-
bryogenesis, regeneration, and stem cells, studies have shown an impressive improvement
in regeneration efficiency even in more recalcitrant species ( , ;
, ; , ). Lian et al. (2022), Maher et al. (2020) and
Kelly et al. (2025) have demonstrated that developmental regulators could even enable
in planta transformation, circumventing the long and resource-demanding tissue culture
phase. First studies expanding the range of species tested revealed that there is still a
species-specific response, requiring the adaptation of, e.g., the used developmental regula-
tor genes to the target species ( , ; Qi ). Moreover, it is still unclear if
endogenous or heterologous developmental regulator genes, and if yes, from which species,
are best suited ( , ; , ). Nevertheless, developmental
regulators are very promising, bringing stable transformation also for recalcitrant non-
model species within reach ( , : , : ,
). This is often the starting point to establish other important resources like efficient
promoters for gene expression or protoplasting, which subsequently enable more complex
state-of-the-art tools like targeted mutagenesis using CRISPR /Cas9 and high-throughput

assays.

1.6.2 Genome editing

Targeted mutagenesis, or more often used but less precise, genome editing, refers to the
targeted induction of single base pair to kilobase pair changes in the genome sequence
of an organism ( ) ). There is a range of different systems that can be

used, including transcription activator-like effector nucleases (TALENS), zinc fingers, and

recombinases ( , ), but the currently most used system is CRISPR/Cas9
( , ). CRISPR/Cas9 was adopted from the bacterial immune
system ( ) ) and is such an important tool that it was acknowledged
with the Nobel Prize in Chemistry 2020 ( , ). The basic system consists

of two parts: the Cas9 protein, which contains an endonuclease domain capable of in-
troducing the double-strand break, and bound to it the guide RNA, which navigates the
Cas9 protein to the target region ( , : , ). In
theory, can the guide RNA be designed to target any sequence of interest, only limited
by the presence of the protospacer adjacent motif (PAM, NGG for SpCas9) next to it
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( , ; , ). Nevertheless, does the sequence, especially
of the seed region (12 bp next to PAM, ( , )), strongly influence the
guide efficiency (reviewed by Konstantakos et al. (2022)). Nowerdays a whole family of
different Cas9 proteins and modified CRISPR/Cas9 systems has been developed to, e.g.,
precisely edit certain bases (base editing), introduce or delete longer DNA fragments, up-
or downregulate genes, or modify the DNA methylation (reviewed e.g., by Anzalone et al.
(2020), Cardi et al. (2023) and Tuncel et al. (2025)).

1.6.3 Genome sequencing

Constantly faster and higher quality sequencing services and a strong decrease in sequenc-
ing cost (from >5000%/Mb in 2001 to <1 cent/MB in 2021, National Human Genome
Research Institute) made genome sequencing generally more accessible ( ,

; , ). This has led to an increasing coverage of ge-
nomic information across the whole plant phylogeny that is already observable (

, ; , ; , ). One example is the cereal orphan crop
tef, where a recent collection of 220 accessions was resequenced, mapped to the previ-
ously assembled reference genome, and used to identify important breeding targets using
genome-wide association studies (GWAS) ( , ). Nevertheless, while model
species have already entered the area of pan-genomics, many important non-model species
still lack a sufficient high-quality reference genome ( , ).

This highlights the importance of including non-model species in genomic projects and
establishing new methods for less genotype-dependent plant transformation to emanci-

pate state-of-the-art tools to all plants, unlocking the massive potential of non-model

plants ( , ; , ; , )-

The described lack of knowledge and established cutting-edge tools also hamper re-
search of grain amaranth as a non-model orphan crop. However, efforts in recent times
have strongly increased the amount of resources for amaranth above the level of many
non-model plants, and thus amaranth belongs to the plants with the most resources
within betalain-producing lineages. Currently we have an inbred line reference panel and
reference genomes of most grain amaranth species, enabling GWAS and molecular stud-
ies. Nevertheless, despite efforts from others ( , ) and us in
recent times (unpublished), there is no established stable transformation and regenera-
tion protocol, and also targeted mutagenesis using CRISPR/Cas9 was not yet applied in

amaranth.
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1.7 Aims of the Thesis

Novelty drives the evolution of species, showcased by the high diversity of distinct sec-
ondary metabolites in plants that allow rapid response to external cues. How the regula-
tion of new evolving pathways develops and how it is integrated into the existing network
is not well understood. Besides its value for science, this knowledge can boost breeding
of new traits to better adapt our crops to face the growing demand for food in a changing
climate. This study focuses on reconstructing the regulation of the betalain pathway in
grain amaranth (Amaranthus hypochondriacus) replacing the ubiquitous anthocyanins as
red pigments. A well-studied ancient pathway for comparisons, four potential evolution-
ary origins, and easy detection highlight betalains as a case study for a newly evolved
pathway. For an orphan crop and within the Caryophyllales, grain amaranth has above-
average, high-quality genetic resources. Nevertheless, as most plant species, including
other species of this order, amaranth lacks an efficient, stable transformation protocol,
the establishment of targeted mutagenesis, and adapted protocols for state-of-the-art
molecular methods.

Chapter 2 demonstrates the first successful application of targeted mutagenesis using
CRISPR/Cas9 in stable transformed amaranth, which was published in 2026 in the Plant
Biotechnology Journal.

Chapter 3 capitalizes on the high-quality genetic resources to identify and, in a second
step, establishes hairy transformation to validate AhMYB2 as the first transcriptional
regulator of the betalain pathway in amaranth, published 2024 in New Phytologist.
Chapter 4 combines molecular assays both adapted for amaranth and in heterologous sys-
tems with RNA sequencing to reconstruct the molecular framework of AhMYB2-based

betalain regulation, presenting yet unpublished results.
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Chapter 2

First Successful Targeted Mutagen-
esis Using CRISPR/Cas9 in Stably

Transformed Grain Amaranth Tissue

First published: 11 February 2026 | https://doi.org/10.1111/pbi.70590 | Plant Biotech-

nology Journal

Grain amaranth is a non-model species and lacks key resources
and molecular methods used in model plants today, including genetic
transformation, a high-quality reference genome, genome editing,
and protoplast isolation. In the course of this thesis, two methods
for stable transgenic tissue were established. Hairy root transfor-
mation (Chapter 3) only requires minimal resources and can be as
quick as 4 weeks but yields only a few milligrams of transgenic tis-
sue. Callus transformation produces multiple grams of transgenic
tissue and is highly efficient but requires more resources. The im-
plementation of callus transformation enabled the first successful
target mutagenesis using CRISPR/Cas9 in amaranth, described in
the following chapter. The transformation and targeted mutagene-
sis will be crucial methods for future research and the study of the

betalain pathway.
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2.1 Summary

Grain amaranth is a nutritionally rich, stress-tolerant C4 dicot with considerable po-
tential for climate-resilient agriculture; however, efficient and reproducible protocols for
stable transformation, regeneration, and CRISPR/Cas9-mediated editing have not yet
been established. CRISPR/Cas-based genome editing is a cornerstone technology for
accelerating the development of climate-resilient, high-yielding crops. Its effective appli-
cation depends on robust, stable transformation procedures and CRISPR/Cas systems
optimised for the target species. The absence of such tools remains a critical constraint
for the genetic improvement of many promising yet underexplored crops. In this study,
we edited key genes of the betalain biosynthesis pathway in grain amaranth (Amaranthus
hypochondriacus L.) using the CasCADE modular cloning system, thereby demonstrating
the feasibility of targeted mutagenesis in an orphan crop. We observed successful edits
in up to 49% of transformed calli, resulting in deletions or insertions in the target genes.
Our CRISPR/Cas9-mediated editing paves the way for targeted molecular research and

breeding of grain amaranth.

2.2 Main part

Genome editing using CRISPR/Cas is a key technology for speeding up breeding for
climate-resilient, high-yielding crops ( , ). However, efficient targeted
mutagenesis requires implementing stable transformation methods and establishing a
CRISPR/Cas setup suitable for the species of interest ( ) ). The avail-
ability of such methods is a significant bottleneck to advancing many promising, al-
beit under-researched, crops. Testing and establishing vectors for efficient application of
CRISPR/Cas in non-model crops could boost research and breeding of new valuable crops
( , ). We edited key pathway genes in the betalain biosynthesis pathway
of grain amaranth, i.e., A. hypochondriacus L., to prove how targeted mutagenesis can
be implemented in an orphan crop using the CasCADE modular cloning system ( ,
). Grain amaranth is a resilient C4 dicot orphan crop with excellent nutritional
composition. These properties make amaranth a well-suited candidate to be bred as
climate-resilient crop ( , ). However, no efficient and reproducible protocol
for successful application of CRISPR/Cas9 or stable transformation and regeneration,
has been demonstrated in A. hypochondriacus ( , ).
Amaranth produces red and yellow betalains, which are specialized metabolites in Caryophyl-
lales species ( ) ). Betalains have been employed as reporters in
molecular biology using the RUBY cassette, which consists of the three enzymes re-
quired to produce red betalains from tyrosine ( , ). Conversely, the pathway

is well-suited to evaluate the knock-out efficiency through targeted mutagenesis in A.

02



hypochondriacus, where the pigments naturally occur. Key enzyme genes in the betalain
pathway are AhCYP76AD2 and AhCYP76ADS5, which catalyze the initial steps of beta-
lain production. Natural knock-outs of AhC'YP76AD2 have been shown to lack red color
( , ), suggesting its suitability as a visual reporter.

The foundations of successful CRISPR/Cas-mediated targeted mutagenesis are efficient
guide RNAs and suitable components to express the Cas9 enzyme and the gRNAs (

, ). The Cas9 sequence should be adapted to the codon usage of the target
species. The promoter that drives the expression of Cas9 and the guides need to be highly
active in the target species. Finally, the selection cassette has to function efficiently in
the target species. To address these requirements in amaranth, we constructed a binary
vector containing Cas9 and a four-guide cassette, using the CasCADE modular cloning
system (Figure 2.1a and 2.1b, and Supplemental Figure S2.1, Supplemental Table S2.1,

Appendix S3.1; Hoffie (2022)).
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Figure 2.1: Overview of CRISPR/Cas9-mediated targeted mutagenesis in grain amaranth. a)
Schematic structure of the target genes with the respective target sites of the guides in amaranth
genes and the primers used for analysis. b) Vector with four guides, two targeting the first exon
of AhCYP76AD2 (gRNA 1 and gRNA 2), one the first exon of AhCYP76AD5 (gRNA 4) and
one the RUBY reporter (gRNA 3). ¢) Total number of mutations for all three guides. d) Length
and frequency of the observed InDels found in 74 lines.

Amaranth plants successfully mutated in ARCYP76AD2 should be deficient in be-
talains, facilitating the later detection of successfully edited regenerates. An additional
gRNA not targeting the amaranth genome, but the CYP76AD1 gene in the RUBY re-
porter cassette (He et al. (2020); gRNA 3) was included as a control (Figure 2.1). The
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Cas9 gene was codon-optimized for the dicot Arabidopsis thaliana and driven by the
parsley Ubif-2 promoter ( , ). Each gRNA was expressed separately by the
AtUG6-26 promoter ( , ). For the transgenic tissue selection, the T-DNA con-
tains an intronized hpt gene driven by a CaMV doubled-enhanced 355 promoter to confer
hygromycin resistance ( , ). We cloned the CRISPR/Cas9 cassette into a binary
vector via Sfil to enable Rhizobium-mediated transformation ( , ) (Figure 2.1b).
Next, we established callus transformation, which enables the highly efficient production
of stable transgenic tissue in multiple-grain amaranth species. The results were obtained
from two independent transformation replicates, batch 1 and batch 2. A random subset
of 23 calli from batch 1 and all from batch 2 treated with R. radiobacter carrying the
CRISPR/Cas9 vector were analyzed for edits. Briefly, 5-week-old calli of A. hypochondria-
cus were transformed with the CRISPR/Cas9 vector using R. radiobacter strain GV3101.
For co-culture, calli were incubated on filter paper for three days before being transferred
to a callus induction medium with selection. All calli treated with Rhizobium carrying
the CRISPR/Cas9 vector (42/42 for batch 1 and 65/65 for batch 2) grew new resistant
calli on the selection medium. In contrast, only two (1/21 for batch 1 and 1/32 for batch
2) of the non-treated calli survived the selection and propagated new callus, indicating
the high success of transformation. After multiple rounds of selection, callus material
was sampled for genotyping and analysis (Supplemental Figure S2.2). Genomic DNA
(gDNA) was extracted from 87 calli of the two independent batches.

We sampled individual calli; however, callus tissue can contain cells from independent
transformation events with different edits. Therefore, each gDNA included a pool of wild-
type and edited alleles. To increase the sensitivity for detecting edited alleles using Sanger
sequencing, we employed restriction enzyme digestion-suppressed PCR (RE-PCR) for two
of the guides (gRNA 1 and gRNA 4) in the amaranth genome. Through the deconvolution
of the obtained chromatograms, we found edits in 49% (gRNA 4) and 45% (gRNA 1) of
the analyzed calli (Figure 2.1¢). In contrast, for gRNA 2, a lack of a restriction enzyme
recognition site at the Cas9-mediated cut site precluded RE-PCR; edits could still be
detected in 9% of the samples. Among all samples with data available for the three sites,
24.3% were edited for both target genes (AhCYP76AD5 and AhCYP76AD2), and 5.4%
for all three guide RNA positions. To ensure complete knockouts for downstream anal-
ysis of the target gene, targeted mutagenesis should achieve a diverse set of mutations,
including larger insertions and deletions (InDels). According to the deconvolution data,
most edits resulted in the deletion or insertion of one base pair (Figure 2.1d). However,
for each guide, edits with larger deletions were also found (max. 35 bp for gRNA 4, 17
bp for gRNA 2, 38 bp for gRNA 1; Supplemental Figure S2.3). To confirm the results
from the deconvolution, we cloned amplicons of the target region of six random calli from
gRNA 4 and five calli from gRNA 1 from into pGEM-Teasy (Promega) and sequenced
eight colonies from each. In the majority of cases, the frequency for a particular type of

InDels was higher in the subcloned colonies compared to the predictions (Supplemental
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Table S2.2).

Our established callus transformation protocol enabled us to apply CRISPR/Cas9 in sta-
ble transformed tissue. Together with regeneration methods developed for Amaranthus
( , ), and callus-free methods, our transformation protocol
can accelerate research and improvement of the crop ( , ). The pre-
sented results show the first successful targeted mutagenesis in grain amaranth using
CRISPR/Cas9. Using the CasCADE modular cloning system and our established callus
transformation, we achieved an approximately 50% editing efficiency for each of the two
target genes. This paves the way for genome editing in grain amaranth for research and
breeding of this orphan crop. Moreover, it may also guide the design of CRISPR systems

for other species of the Caryophyllales, where reports of successful edits are still scarce.
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geted mutagenesis (CPGE_VEC00447)

Supplemental Figure 2 — Genotyping of genomic DNA of 74 calli for the presence of
the Cas9 gene using primer pairs mentioned in Supplemental Table S2.1. Samples with
a visible amplification are marked with green (67/74)

Supplemental Figure 3 — Gel electrophoresis of target amplicons for AhCYP76ADS5
(gRNA 4) using primer pairs mentioned in Supplemental Table S2.1. Genomic DNA was
amplified from wild-type (WT) and edited callus (PCR). To enrich for the edited alleles,
the DNA of the edited callus was digested with Hpy188I before the PCR (RE-PCR) to
visualize better the 35 bp deletion at the target site of gRNA 4. MW — 100 bp molecular
weight ladder

Supplemental Table 1 — Primers used for cloning and genotyping

Supplemental Table 2 — Comparison of the obtained edit frequency from subcloning
and deconvolution. Note that subcloning is a sign of higher quality; however, it is not
suitable for precisely determining edit frequencies due to the limited number of samples.
The frequency of mutations was calculated as the percentage of samples with edits among
all sequenced samples, or refers to the inferred rate of these edits in the deconvoluted
Sanger sequencing chromatograms
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2.7.1 Supplementary methods

Methods S1: Cloning of binary plasmid CPGE VEC00447 for targeted

mutagenesis

Cloning was conducted using the CasCADE modular cloning set ( ) ). We
designed the target sequences with the CRISPOR (https://crispor.gi.ucsc.edu/),
CRISPRscan (https://www.crisprscan.org/), and RNAfold (http://rna.tbi.univie.
ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) webtools. The chosen target sequences we
ordered with the necessary overhangs for Golden Gate cloning ( , ) using
the Bbsl Type IIS restriction enzyme as oligos (Biolegio B.V., Nijmegen, The Nether-
lands) (Supplemental Table S2.1). We mixed 5 pl of each respective forward and reverse
oligo (10 pM) and incubated for 5 minutes at 95°C to obtain double stranded fragements
for the level 0 cloning. For cloning into Level 0 vectors (IK75-1IK78) harbouring the Ara-
bidopsis thaliana U6-26 promoter and the Cas9-specific scaffold, we combined 5 pl of the
respective duplex and 1 pl of 30 ng/pl Level 0 plasmid with 1 ul BbsI, 1 pl T4 ligase,
2 pl of 10xFD buffer, 1 pl ATP (10 nM), and 9 ul of milliQ water. We executed the
Golden Gate cloning in 10 cycles of 5 minutes at 37°C and 10 minutes at 22°C, followed
by 30 minutes at 37°C and 15 minutes at 75°C. Five pl of the Golden Gate reactions we
used to transform FE. coli Machl or XL1 cells, generating plasmids CPGE_VEC00441-
CPGE_VEC00444. For Level 1 cloning we utilised 150 ng of each Level 0 vector and 30
ng of the Level 1 backbone (IK19) for Golden Gate cloning with Esp3I, generating vector
CPGE_VEC00445. For Level 2 cloning, we combined each 150 ng of the gRNA assembly
(CPGE_VEC00445), the Arabidopsis thaliana codon-optimised Cas9 expression cassette
(RB20), the auxiliary unit (IK155), and the Level 2 backbone (IK48) for Golden Gate
cloning using Bsal generating CPGE_VEC00446. For cloning of the final binary vector,
we mixed 20 ng of gel-purified Sfil-digested backbone (CPGE_VEC00113) and 60 ng of
Sfil-digested Level 2 vector (CPGE_VEC00446) with 2 pl of T4 ligase buffer, 1 ul of T4
ligase, and 13 pl of milliQ water leading to CPGE_VEC00447. We verified successful
cloning via colony PCR, test digest (excluding Level 0 vectors), and Sanger sequencing
(Microsynth, Balgach, Switzerland). The final CPGE_VEC00447 was further examined
through whole plasmid sequencing (Microsynth, Balgach, Switzerland).

Methods S2: Callus transformation

Seeds of A. hypochondriacus (P1 558499) were sterilized (2 min in 70% ethanol, 20 min in
2.4% sodium hypochlorite with one drop of Tween-20, five washes with sterile water) and
germinated on germination medium (1/2 MS + 20 g/1 sucrose, pH5.8, 8 g/1 agar) at 24°C
dark to cut hypocotyl explants after 3 days. We cultivated the explants on callus induction
medium (full MS (with vitamins) + 2 mg/L 2.4D + 0.5 mg/1 BAP + 20 g Sucrose, pH
5.8, 8 g/L agar) ( ) ; ) ) for approximately
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34-36 days at 24°C in the dark, with subculturing every 2-3 weeks, until a callus of at
least 2 mm had formed. For transformation, we grew R. radiobacter (also named as
Agrobacterium tumefaciens) GV3101 in CPY medium without antibiotics and with 200
nm acetosyringone and ODY0 adjusted to 0.7. We incubated the callus in the bacterial
solution for 10 minutes at 50 rpm and then dried them on sterile filter paper for 15
minutes. Thereafter, calli were transferred to fresh sterile filter paper on transformation
plates (callus induction medium + 100 pM acetosyringone) and co-cultured for 3 days at
21°C in the dark. Without washing, we transferd the explants to callus induction medium
with 150 mg/l timentin and 20 mg/1 hygromycin for selection and cultivated at 24°C in

the dark. On average, explants were transferred to fresh plates every two weeks.

Methods S3: Analysis

For analysis, we flash froze the callus samples in liquid N9, ground them with a pestle
and mortar, and extracted the gDNA using the NucleoSpin Plant II kit (Macherey-
Nagel, Diiren, Germany). For RE-PCR, we incubated 12 nl of the extracted gDNA
with 0.4 pl of enzyme (Hpyl88I for g4 and Haelll for gl), 2 nl of 10x cutsmart, and
5.6 pl of milliQ water. Subsequently, 0.75 nl of the digested gDNA was used in a 30
nl PCR reaction with 15 pl of 2x GoTaq MasterMix (Promega, Madison, Wisconsin,
United States of America) and 1.5 pl of respective forward and reverse primer (10 pM).
For amplification, the reaction was incubated for 5 minutes at 95°C, followed by 35
cycles of 95°C for 20 seconds, 58°C for 15 seconds, and 72°C for 1 minute, with a final
extension of 7 minutes at 72°C. We sent the purified PCR product for Sanger sequencing
(Microsynth, Balgach, Switzerland) or used for subcloning in pGEM-Teasy (Promega,

Madison, Wisconsin, United States of America).
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2.7.2 Supplementary figures
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Figure S2.1: Plasmid map of the CRISPR/Cas9 vector used for the targeted mutagenesis
(CPGE_VEC00447)

60



1200bp
1000bp
7500p
500bp

250bp

Figure S2.2: Genotyping of genomic DNA of 74 calli for the presence of the Cas9 gene using
primer pairs mentioned in Supplemental Table S2.1. Samples with a visible amplification are
marked with green (67/74)
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Figure S2.3: Gel electrophoresis of target amplicons for AhCYP76AD5 (gRNA 4) using primer
pairs mentioned in Supplemental Table S2.1. Genomic DNA was amplified from wild-type (WT)
and edited callus (PCR). To enrich for the edited alleles, the DNA of the edited callus was
digested with Hpy188I before the PCR (RE-PCR) to visualize better the 35 bp deletion at the
target site of gRNA 4. MW — 100 bp molecular weight ladder
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2.7.3 Supplementary tables

Table S2.1: Primers used for cloning and genotyping

Primer

Sequence (5¢- 3¢)

Purpose

CPGE_PRM00523

ATTGgcaatcccttagacatgeca

CPGE_ PRM00524

AAACtggcatgtctaagggattge

To obtain gRNA 2 sequence
with overhangs

CPGE_PRM00529

AAACcggccectttaatttecttat

CPGE_PRMO00530

ATTGataaggaaattaaagggecg

To obtain gRNA 1 sequence
with overhangs

CPGE_PRM00535

AAACccgaccgtgttettgetece

CPGE_PRMO00536

ATTGgggagcaagaacacggtcgg

To obtain gRNA 3 sequence
with overhangs

CPGE PRMO00541

ATTGattccagattcagtcagage

CPGE_ PRMO00542

AAACgctctgactgaatctggaat

To obtain gRNA 4 sequence
with overhangs

CPGE_PRMO00531

tcatggataatgcaaccctage

CPGE_PRMO00532

tgtttcaattcttgagattcatgaga

Amplification of target re-
gion in AhCYP76AD2 cover-
ing gRNA 1 and gRNA 2

CPGE_PRMO00545

tggtttcatctgtagaagtagega

CPGE_PRMO00546

cacaaggagatgattaatttcactca

Amplification of target re-
gion in AhCYP76ADS5 cover-
ing gRNA 4

CPGE_ PRM00037

cagctegtgeagacctacaac

CPGE_PRMO00038

tgecttctaaggatagegtg

Genotyping for the presence of
the Cas9 gene in the genome

63



Table S2.2: Comparison of the obtained edit frequency from subcloning and deconvolution. Note
that subcloning is a sign of higher quality; however, it is not suitable for precisely determining
edit frequencies due to the limited number of samples. The frequency of mutations was calculated
as the percentage of samples with edits among all sequenced samples, or refers to the inferred
rate of these edits in the deconvoluted Sanger sequencing chromatograms

Target N subcloned | Frequency and | Results of chro-
site_callus analyzed by | modification(s) matogram decon-
number Sanger se- | detected in sub- | volution using
quencing cloned fragments ICE
gRNA1 5 8 25% 1 bp insertion 19% 1 bp insertion
gRNA1 12 6 0% efficiency 5% 1 bp insertion
3% 18 bp deletion
gRNA1 24 6 0% efficiency 4% 7 bp deletion
1% 1 bp deletion
gRNA1 25 7 57% 38 bp deletion | 25% 38 bp deletion
2% 1 bp insertion
1% 6 bp deletion
1% 5 bp deletion
gRNA1 64 5 20% 1 bp insertion 19% 1 bp insertion
8% 1 bp deletion
gRNA4 5 8 25% 1 bp insertion 7% 1 bp insertion
12.5% 35 bp deletion | 1% 2 bp deletion
gRNA4 12 8 37.5% 1 bp insertion | 9% 1 bp insertion
gRNA4 17 8 25% 1 bp deletion 15% 1 bp insertion
¢gRNA4 25 8 25% 35 bp deletion 8% 35 bp deletion
7% 1 bp insertion
gRNA4 52 8 12.5% 1 bp deletion | 11% 1 bp deletion
12.5% 2 bp deletion | 5% 1 bp insertion
12.5% 1 bp insertion | 1% 2 bp deletion
1% 16 bp deletion
gRNA4 64 6 0% efficiency 0% efficiency
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2.7.4 Appendix

Appendix S1: Annotated DNA sequence of the CRISPR /Cas9 vector
(CPGE_VEC00447)
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caatctacgctggtc
tactgagtctaatgccaactttgtacaagaaagetgggtctagaaaaaa.

ttaagaatgaagatgttttattcaatcaaattcttgaaggttcgatgcctaateattctaatectaggacanactatganacaa

gatacaaaaactccgaatggaaagttaaaaagaagaaaacgaaagctacggttcaagaaaatgtaagetgataaacaaaa

aaaaactgtatgaacgaagaagaagaaaaaaagaccgtaatgecaacttt gtacaagaaagctgggtctagaaaaaaa-

fictaatcctgggacaaactatgaaacaagatacaaaaactccgaatggaaagttaaaaagaagaaaacgaaagcetacggtt
caagaaaatgtaagctgataaacaaaaaaaaactgtatgaacgaagaagaagaaaaaaagagggtaatgecaactttgta

caagaaagctgggtctagaaaaaa

aaattcttgaaggttcgatgectaatcattctaatcctgggacaaactatgaaacaagatacaaaaactccgaatggaaagtt

aaaaagaagaaaacgaaagctacggttcaagaaaatgtaagetgataaacaaaaaaaaactgtatgaacgaagaagaaga

aaaaaagaagctaatgccaactttgtacaagaaagetgggtctagaaaaaa

tettaagaatgaagatgttttattcaatcaaattcttgaaggttcgatgectaateattctaatect gegacanactat gaaac

aagatacaaaaactccgaatggaaagttaaaaagaagaaaacgaaagctacggttcaagaaaatgtaagetgataaacaa
aaaaaaactgtatgaacgaagaagaagaaaaaaaggcaatctactgacctaggecttaaGGGCCAGATCTTGG
GCCCGGTACCCGATCAGATTGTCGTTTCCCGCCTTCGGTTTAAACTATCAGT
GTT T S C CTAAGAGAAAAGAGCGTTTATTA
GAATAATCGGATATTTAAAAGGGCGTGAAAAGGTTTATCCGTTCGTCCATT
TGTATGTGCATGCCAACCACAGGGTTCCCCTCGGGAGTGCTTGGCATTCCG
TGCGATAATGACTTCTGTTCAACCACCCAAACGTCGGAAAGCCTGACGACG
GAGCAGCATTCCAAAAAGATCCCTTGGCTCGTCTGGGTCGGCTAGAAGGTC
GAGTGGGCTGCTGTGGCTTGATCCCTCAACGCGGTCGCGGACGTAGCGCAG
CGCCGAAAAATCCTCGATCGCAAATCCGACGCTGTCGAAAAGCGTGATCTG

(@}
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CTTGTCGCTCTTTCGGCCGACGTCCTGGCCAGTCATCACGCGCCAAAGTTCC
GTCACAGGATGATCTGGCGCGAGTTGCTGGATCTCGCCTTCAATCCGGGTC
TGTGGCGGGAACTCCACGAAAATATCCGAACGCAGCAAGATATCGCGGTGC
ATCTCGGTCTTGCCTGGGCAGTCGCCGCCGACGCCGTTGATGTGGACGCCG

AACGCCAGCAACGCGGCCTTTTT
ACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTA
TCCCCTGATTCTGTGGATAACCGATTACCGCCTTTGAGTGAGCTGATACCGC
TCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGA
AGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACAC
CGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCC
AGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACA
CCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCC
GCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTT
TCACCGTCATCACCGAAACGCGCGAGGCAGGGGTACGTCGAGGTCGATCCA
ACCCCTCCGCTGCTATAGTGCAGTCGGCTTCTGACGTTCAGTGCAGCCGTCT
TCTGAAAACGACATGTCGCACAAGTCCTAAGTTACGCGACAGGCTGCCGCC
CTGCCCTTTTCCTGGCGTTTTCTTGTCGCGTGTTTTAGTCGCATAAAGTAGA
ATACTTGCGACTAGAACCGGAGACATTACGCCATGAACAAGAGCGCCGCCG
CTGGCCTGCTGGGCTATGCCCGCGTCAGCACCGACGACCAGGACTTGACCA
ACCAACGGGCCGAACTGCACGCGGCCGGCTGCACCAAGCTGTTTTCCGAGA
AGATCACCGGCACCAGGCGCGACCGCCCGGAGCTGGCCAGGATGCTTGACC
ACCTACGCCCTGGCGACGTTGTGACAGTGACCAGGCTAGACCGCCTGGCCC
GCAGCACCCGCGACCTACTGGACATTGCCGAGCGCATCCAGGAGGCCGGCG
CGGGCCTGCGTAGCCTGGCAGAGCCGTGGGCCGACACCACCACGCCGGCCG
GCCGCATGGTGTTGACCGTGTTCGCCGGCATTGCCGAGTTCGAGCGTTCCC
TAATCATCGACCGCACCCGGAGCGGGCGCGAGGCCGCCAAGGCGCGAGGCG
TGAAGTTTGGCCCCCGCCCTACCCTCACCCCGGCACAGATCGCGCACGCCCG
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CGAGCTGATCGACCAGGAAGGCCGCACCGTGAAAGAGGCGGCTGCACTGCT
TGGCGTGCATCGCTCGACCCTGTACCGCGCACTTGAGCGCAGCGAGGAAGT
GACGCCCACCGAGGCCAGGCGGCGCGGTGCCTTCCGTGAGGACGCATTGAC
CGAGGCCGACGCCCTGGCGGCCGCCGAGAATGAACGCCAAGAGGAACAAGC
ATGAAACCGCACCAGGACGGCCAGGACGAACCGTTTTTCATTACCGAAGAG
ATCGAGGCGGAGATGATCGCGGCCGGGTACGTGTTCGAGCCGCCCGCGCAC
GTCTCAACCGTGCGGCTGCATGAAATCCTGGCCGGTTTGTCTGATGCCAAG
CTCGCGGCCTGGCCGGCGAGCTTGGCCGCTGAAGAAACCGAGCGCCGCCGT
CTAAAAAGGTGATGTGTATTTGAGTAAAACAGCTTGCGTCATGCGGTCGCT
GCGTATATGATGCGATGAGTAAATAAACAAATACGCAAGGGGAACGCATGA
AGGTTATCGCTGTACTTAACCAGAAAGGCGGGTCAGGCAAGACGACCATCG
CAACCCATCTAGCCCGCGCCCTGCAACTCGCCGGGGCCGATGTTCTGTTAG
TCGATTCCGATCCCCAGGGCAGTGCCCGCGATTGGGCGGCCGTGCGGGAAG
ATCAACCGCTAACCGTTGTCGGCATCGACCGCCCGACGATTGACCGCGACG
TGAAGGCCATCGGCCGGCGCGACTTCGTAGTGATCGACGGAGCGCCCCAGG
CGGCGGACTTGGCTGTGTCCGCGATCAAGGCAGCCGACTTCGTGCTGATTC
CGGTGCAGCCAAGCCCTTACGACATATGGGCCACCGCCGACCTGGTGGAGC
TGGTTAAGCAGCGCATTGAGGTCACGGATGGAAGGCTACAAGCGGCCTTTG
TCGTGTCGCGGGCGATCAAAGGCACGCGCATCGGCGGTGAGGTTGCCGAGG
CGCTGGCCGGGTACGAGCTGCCCATTCTTGAGTCCCGTATCACGCAGCGCG
TGAGCTACCCAGGCACTGCCGCCGCCGGCACAACCGTTCTTGAATCAGAAC
CCGAGGGCGACGCTGCCCGCGAGGTCCAGGCGCTGGCCGCTGAAATTAAAT
CAAAACTCATTTGAGTTAATGAGGTAAAGAGAAAATGAGCAAAAGCACAAA
CACGCTAAGTGCCGGCCGTCCGAGCGCACGCAGCAGCAAGGCTGCAACGTT
GGCCAGCCTGGCAGACACGCCAGCCATGAAGCGGGTCAACTTTCAGTTGCC
GGCGGAGGATCACACCAAGCTGAAGATGTACGCGGTACGCCAAGGCAAGAC
CATTACCGAGCTGCTATCTGAATACATCGCGCAGCTACCAGAGTAAATGAG
CAAATGAATAAATGAGTAGATGAATTTTAGCGGCTAAAGGAGGCGGCATGG
AAAATCAAGAACAACCAGGCACCGACGCCGTGGAATGCCCCATGTGTGGAG
GAACGGGCGGTTGGCCAGGCGTAAGCGGCTGGGTTGTCTGCCGGCCCTGCA
ATGGCACTGGAACCCCCAAGCCCGAGGAATCGGCGTGAGCGGTCGCAAACC
ATCCGGCCCGGTACAAATCGGCGCGGCGCTGGGTGATGACCTGGTGGAGAA
GTTGAAGGCGGCGCAGGCCGCCCAGCGGCAACGCATCGAGGCAGAAGCACG
CCCCGGTGAATCGTGGCAAGCGGCCGCTGATCGAATCCGCAAAGAATCCCG
GCAACCGCCGGCAGCCGGTGCGCCGTCGATTAGGAAGCCGCCCAAGGGCGA
CGAGCAACCAGATTTTTTCGTTCCGATGCTCTATGACGTGGGCACCCGCGA
TAGTCGCAGCATCATGGACGTGGCCGTTTTCCGTCTGTCGAAGCGTGACCG
ACGAGCTGGCGAGGTGATCCGCTACGAGCTTCCAGACGGGCACGTAGAGGT
TTCCGCAGGGCCGGCCGGCATGGCGAGTGTGTGGGATTACGACCTGGTACT
GATGGCGGTTTCCCATCTAACCGAATCCATGAACCGATACCGGGAAGGGAA

70



GGGAGACAAGCCCGGCCGCGTGTTCCGTCCACACGTTGCGGACGTACTCAA
GTTCTGCCGGCGAGCCGATGGCGGAAAGCAGAAAGACGACCTGGTAGAAAC
CTGCATTCGGTTAAACACCACGCACGTTGCCATGCAGCGTACGAAGAAGGC
CAAGAACGGCCGCCTGGTGACGGTATCCGAGGGTGAAGCCTTGATTAGCCG
CTACAAGATCGTAAAGAGCGAAACCGGGCGGCCGGAGTACATCGAGATCGA
GCTAGCTGATTGGATGTACCGCGAGATCACAGAAGGCAAGAACCCGGACGT
GCTGACGGTTCACCCCGATTACTTTTTGATCGATCCCGGCATCGGCCGTTTT
CTCTACCGCCTGGCACGCCGCGCCGCAGGCAAGGCAGAAGCCAGATGGTTG
TTCAAGACGATCTACGAACGCAGTGGCAGCGCCGGAGAGTTCAAGAAGTTC
TGTTTCACCGTGCGCAAGCTGATCGGGTCAAATGACCTGCCGGAGTACGAT
TTGAAGGAGGAGGCGGGGCAGGCTGGCCCGATCCTAGTCATGCGCTACCGC
AACCTGATCGAGGGCGAAGCATCCGCCGGTTCCTAATGTACGGAGCAGATG
CTAGGGCAAATTGCCCTAGCAGGGGAAAAAGGTCGAAAAGGTCTCTTTCCT
GTGGATAGCACGTACATTGGGAACCCAAAGCCGTACATTGGGAACCGGAAC
CCGTACATTGGGAACCCAAAGCCGTACATTGGGAACCGGTCACACATGTAA
GTGACTGATATAAAAGAGAAAAAAGGCGATTTTTCCGCCTAAAACTCTTTA
AAACTTATTAAAACTCTTAAAACCCGCCTGGCCTGTGCATAACTGTCTGGCC
AGCGCACAGCCGAAGAGCTGCAAAAAGCGCCTACCCTTCGGTCGCTGCGCT
CCCTACGCCCCGCCGCTTCGCGTCGGCCTATCGCGGCCGCTGGCCGCTCAA
AAATGGCTGGCCTACGGCCAGGCAATCTACCAGGGCGCGGACAAGCCGCGC
CGTCGCCACTCGACCGCCGGCGCCCACATCAAGGCACCGGTGGGTATGCCT
GACGATGCGTGGAGACCGAAACCTTGCGCTCGTTCGCCAGCCAGGACAGAA
ATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGA
AACGGATGAAGGCACGAACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGC
TGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCG
AACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACT
GTTTTTTTGGGGTACAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTT
ACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGC
AGGGCAGTCGCCCTAAAACAAAGTTAAACATCATGAGGGAAGCGGTGATCG
CCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATC
TCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCG
GCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGC
TTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGG
CTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTG
TGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAAT
TTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCAGCCA
CGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCG
TTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAAC
AGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGC
CCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTT
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GGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACT
GGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTA
GACAGGCTTATCTTGGACAAGAAGAAGATCGCTTGGCCTCGCGCGCAGATC
AGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCG
GCAAATAATGTCTAACAATTCGTTCAAGCCGACGCCGCTTCGCGGCGCGGO
TTAACTCAAGCGTTAGATGCACTAAGCACATAATTGCTCACAGCCAAACTAT
CAGGTCAAGTCTGCTTTTATTATTTTTAAGCGTGCATAATAAGCCCTACACA
AATTGGGAGATATATCATGAAAGGCTGGCTTTTTCTTGTTATCGCAATAGT
TGGCGAAGTAATCGCAACATAGCTTGCTTGGTCGTTCCGCGTGAACGTCGG
CTCGATTGTACCTGCGTTCAAATACTTTGCGATCGTGTTGCGCGCCTGCCCG
GTGCGTCGGCTGATCTCACGGATCGACTGCTTCTCTCGCAACGCCATCCGA
CGGATGATGTTTAAAAGTCCCATGTGGATCACTCCGTTGCCCCGTCGCTCAC
CGTGTTGGGGGCGAAGGTGCACATGGCTCAGTTCTCAATGGAAATTATCTGC
CTAACCGGCTCAGTTCTGCGTAGAAACCAACATGCAAGCTCCACCGGGTGC
AAAGCCGCGCAGCGG O S G G CTTCATGTCCG
GGAAATCTACATGGATCAGCAATGAGTATGATGGTCAATATGGAGAAAAAG
AAAGAGTAATTACCAATTTTTTTTCAATTCAAAAATGTAGATGTCCGCAGCG
TTATTATAAAATGAAAGTACATTTTGATAAAACGACAAATTACGATCCGTC
GTATTTATAGGCGAAAGCAATAAACAAATTATTCTAATTCGGAAATCTTTAT
TTCGA
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Chapter 3

Isoform-resolved genome annotation
enables mapping of tissue-specific be-

talain regulation in amaranth

First published: 08 April 2024 | https://doi.org/10.1111/nph.19736 | New Phytologist

The effective study of molecular processes requires detailed in-
formation about an organism’s genome. The improved reference
genome described in this chapter facilitated the annotation of candi-
date genes for the betalain pathway. Moreover, this chapter demon-
strates the identification of a new candidate transcription factor for
the betalain pathway regulation in grain amaranth. The developed
hairy root transformation, in combination with transient transfor-
mation of leek epidermis cells, allowed to subsequently validate Ah-
MYB2 as a positive regulator of the betalain pathway. This chapter
exemplifies the power of bioinformatic and molecular resources in
grain amaranth and opens important new avenues for further re-

search.
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3.1 Summary

e Betalains are coloring pigments produced in some families of the order Caryophyllales,
where they replace anthocyanins as coloring pigments. While the betalain pathway itself
is well studied, the tissue-specific regulation of the pathway remains mostly unknown.

e We enhance the high-quality Amaranthus hypochondriacus reference genome and
produce a substantially more complete genome annotation, incorporating isoform de-
tails. We annotate betalain and anthocyanin pathway genes along with their regulators
in amaranth and map the genetic control and tissue-specific regulation of the betalain
pathway.

e Our improved genome annotation allowed us to identify causal mutations that lead
to a knock-out of red betacyanins in natural accessions of amaranth. We reveal the tissue-
specific regulation of flower color via a previously uncharacterized MYB transcription
factor, AhMYB2. Downregulation of AhMYB2 in the flower leads to reduced expression
of key betalain enzyme genes and loss of red flower color.

e Our improved amaranth reference genome represents the most complete genome
of amaranth to date and a valuable resource for betalain and amaranth research. High
similarity of the flower betalain regulator AhMYB2 to anthocyanin regulators and a
partially conserved interaction motif support the co-option of anthocyanin regulators for

the betalain pathway as possible reason for mutual exclusiveness of the two pigments.

3.2 Introduction

Coloring pigments fulfill various functions in plants, including UV protection and polli-
nator attraction ( , : , ). While anthocyanins
are commonly observed as red pigments, the functionally similar but biochemically dis-
tinct betalains function as pigments in many families of the Caryophyllales (

, ; , ; 7 ; : )-
Like anthocyanins, betalains have been associated with photoprotection, abiotic stress
resistance and antioxidant activity ( , ). It is noteworthy that no
plant species producing both anthocyanins and betalains has been identified, suggest-
ing a replacement of widespread anthocyanins by betalains in multiple lineages of the
Caryophyllales ( , ; , ). However, the tran-
sition and evolution of the mutually exclusive presence of these two pigment pathways
remains poorly understood.

Reference genome assemblies enable the identification of functional elements in genomes
and allow to understand the evolution of these elements ( , ). In particular,
high-quality gene annotations can give insights into gene families, biosynthetic path-
ways and provide an invaluable resource to study gene expression patterns and genotype-

phenotype associations. Still, the annotation and quantification of isoforms is challenging
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for computational annotation ( , ). The inclusion of full-length transcript se-
quencing data improves accuracy and provides information about splicing-variation (

, ; , ). Sequencing and assembling genomes are becoming com-
mon tasks and well-annotated reference genomes are available for most model plants.
However, these resources are still scarce for non-model species. As most betalain produc-
ing plants are non-model species, only few well-annotated reference genome sequences are
available ( , ; , ; , ), hindering the study
of the regulation of those pigments.

The anthocyanin biosynthesis pathway, as part of the flavonoid pathway, has been
studied in detail and is well understood despite its high complexity and tissue-specific
regulation (Fig. 3.1a; , ; , ; , ). Betalains
and particularly their transcriptional regulation on the other hand, have received far less
attention. Both tyrosine, as basis of the betalain pathway, and phenylalanine, as ini-
tial substrate of the anthocyanin pathway, are derived from the same initial substrate in
arogenate, but their downstream pathways are fundamentally different (

, ; , ). Betalain production only requires the activity
of CYP76AD and DODA (L-3,4-dihydroxyphenylalanine 4,5-dioxygenase) genes to pro-
duce yellow betaxanthins (Fig. 3.1b; , ; , , ;

, ; , ). The activity of specialised CYP76AD
enzymes and the subsequent glucosylation through glucosyltransferases allow the synthe-
sis of red betacyanins ( , ; , ; ,

; , ; , ; , ). Despite the characterization of
flavonoid and betalain pathway genes in different species ( , ; ,

; , ), understanding of the conservation and regulation of
both pathways remains limited.

Although the main enzymes of the betalain pathway have been identified in recent
years ( ; ; ; ; ; ; :

; , ), only few betalain regulators, including MYB transcription factors,
have been described ( ) : , , : , :

, ). MYB transcription factors are best known for their involvement in the
regulation of the flavonoid and anthocyanin biosynthesis pathway ( , ;
, ; , ; , ). The MYB transcription factors can
be classified into subfamilies based on the number of adjacent repeats of the MYB DNA-
binding domain ( , ). Further classification of the R2R3 subfamily
into conserved subgroups has been used to transfer experimentally validated regulatory
functions to different species ( , : , : ,

). Conserved subgroups participate in the regulation of the flavonoid biosynthesis
in Arabidopsis thaliana ( , ), grape ( , ), strawberry
( ) ) and many other plant species ( , : , :

, ). The MYB transcription factor that has been shown to regulate
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Figure 3.1: Annotation of the A. hypochondriacus genome v2.2. (a) Simplified schematics
of the general phenylpropanoid and flavonoid, and (b) betalain pathways. Colored pathway
genes were identified in the A. hypochondriacus genome. PAL (phenylalanine ammonium lyase),
C4H (cinnamate 4-hydroxylase), 4CL (4-coumarate:CoA ligase), CHS (naringenin-chalcone syn-
thase), CHI (chalcone isomerase), FNS (flavone synthase), F3H (flavanone 3-hydroxylase),
FLS (flavonol synthase), F3'H (flavonoid 3’-hydroxylase), F3’5’H (flavonoid 3’5’-hydroxylase),
DFR (dihydroflavonol 4-reductase), LAR (leucoanthocyanidin reductase), ANS (anthocyani-
din synthase), ANR (anthocyanidin reductase), DODA (L-3,4-dihydroxyphenylalanine 4,5-
dioxygenase), cDOPA5SGT (cyclo-DOPA 5-O-glucosyltransferase), Betanidin5GT (betanidin 5-
O-glucosyltransferase), Betanidin6GT (betanidin 6-O-glucosyltransferase). (c) Circos plot repre-
sentation of genome annotation v2.2 depicts gene density (blue) and repetitive element density
(green) calculated in 1 Mb windows along the genome. The genomic positions of general phenyl-
propanoid and flavonoid (purple) and betalain pathway genes (red) were annotated in the inner
track (colors as in a and b). Sample pictures of green and red colored amaranth accessions were

inserted into the centre.
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betalain biosynthesis in Beta vulgaris leaves was most similar to anthocyanin regulating
transcription factors from other species ( , ). This finding suggested
the co-option of anthocyanin regulating transcription factors for the regulation of the
chemically distinct but functionally similar betalain pathway ( , ;

, ). However, the genetic basis and evolutionary history of this co-option
remains unclear.

In this study, we generate a new reference genome for the betalain producing pseudo-
cereal crop, amaranth (A. hypochondriacus L.). The crop forms a species complex with
two other grain crops (A. caudatus and A. cruentus) and two wild relatives (A. hybridus
and A. quitensis), which share a complex domestication history ( )

; , ). We remove sequencing errors from the previous as-
sembly ( , ) and combine ab initio prediction and long-read isoform
sequencing data to create a new, highly complete genome annotation for grain amaranth.
We use this novel genome annotation to identify and annotate betalain and flavonoid
color pathway genes in the genome of A. hypochondriacus. To identify putative regula-
tors of these pigment pathways, we identify MYB transcription factors genome-wide and
functionally assign them into conserved subgroups. Using our phylogenetic analysis, we
identify multiple candidate MYBs for betalain pathway regulation in amaranth. We uti-
lize different crosses to map genomic regions regulating amaranth tissue color and identify
causal variants for color loss in a betalain pathway gene and the flower color regulator
AhRMYB2 on color QTLs. AhMYB2 has high similarity to anthocyanin regulators and
regulates multiple enzymes of the betalain pathway. Understanding the tissue-specific
regulation of betalain biosynthesis in amaranth can help to elucidate the evolution of this

novel pigment pathway and the mutually exclusive nature of betalains and anthocyanins.

3.3 Materials and Methods

3.3.1 Improving the A. hypochondriacus reference genome

We first corrected indel errors in the A. hypochondriacus L. reference assembly version
2.1 ( , ), using NextPolish ( , , Methods S3.1). To polish
the assembly, we used the publicly available whole-genome paired-end sequencing reads
from the second A. hypochondriacus genome assembly (Bioproject ID: PRINA290113,
SRA ID: SRR2106212) ( ) ). To prepare the whole-genome sequencing
(WGS) reads for genome polishing with NextPolish ( , ), we removed all
read pairs containing ambiguous bases using bbduk.sh from the BBTools suite v38.94
(https://jgi.doe.gov/data-and-tools/software-tools/bbtools/). We annotated
repetitive elements in the polished genome using Repeatmodeler v2.0.1 ( ,

, Methods S3.1). We identified organellar contamination within the assembly by
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mapping the B. vulgaris mitochondrial genome ( , ) and the A. hypochon-
driacus chloroplast genome ( , ) against the polished assembly using

minimap?2 v2.17 (Li, ).

3.3.2 Plant material and genome annotation datasets

To guide computational prediction and augment the ab initio gene prediction, we used
short- and long-read RNA sequencing data. Both short- and long-read RNA sequenc-
ing data stems from the same accession (PI 558499) that was used to generate the A.
hypochondriacus reference genome v2.1 ( , ). The short-read RNA-
seq data from eight different tissues and conditions from PI 558499 was obtained from
the publicly available dataset (BioProject Accession PRINA263128) generated by Clouse
et al. (2016). The RNA-seq dataset consisted of 352,557,994 reads spanning a total of
31.7 Gb (average of 3.97 Gb per tissue type, 90 base pair (bp) paired-end HiSeq Illumina
sequencing reads; ) ).

For the generation of long-read RNA sequencing data, material was harvested from
root, cotyledons, flower, pollen, and developing and mature seeds of A. hypochondriacus
accession PI 558499. Root tissue and cotyledons of approximately 20 seedlings were col-
lected 3 days after germination on wet filter paper. All other tissues were collected from
one single plant, grown under controlled short-day conditions. Night and day tempera-
tures were set to 19 °C' and 24 °C, respectively. Plants were grown at 60 % air humidity
under well-watered conditions. Leaf tissue was collected from a fully developed young
leaf at the beginning of flowering. Flower tissue was collected from unopened flowers at
the tip of the inflorescence. Pollen was collected by shaking the inflorescence inside a
paper bag during full bloom. Pollen collection was repeated three times within one week.
Developing seeds were extracted from the flower with forceps to avoid sampling flower
tissue. Approximately 20 young seeds were collected at full size, but still soft. Mature
seeds were fully ripe and stored before RNA extraction. All other samples were flash
frozen in liquid nitrogen and stored at -80 °C until RNA extraction. We extracted RNA
using the Invitrogen PureLink Plant RNA Reagent (Thermo Scientific™, Thermo Fisher
Scientific Inc., Massachusetts, USA) following the manufacturers protocol. PacBio iso-
form sequencing (Iso-Seq) was conducted by the West German Genome Center (WGGC)
using the extracted RNA samples from different tissues (Table S3.1S1).

3.3.3 Genome annotation

Iso-Seq circular consensus sequencing (CCS) reads were processed using Isoseq3 v3.3.0
(https://github.com/PacificBiosciences/IsoSeq; Table S3.2) and cDNAcupcake
v28.0.0 (https://github.com/Magdoll/cDNA_Cupcake) and corrected with the polished
reference genome sequence using SQANTI3 v4.2 ( , , Methods S3.2).

78


https://github.com/PacificBiosciences/IsoSeq
https://github.com/Magdoll/cDNA_Cupcake

To assess the effect of genome polishing on the assembly of full-length Iso-Seq transcripts,
we also processed the reads using the unpolished reference genome ( ) ).
We predicted open reading frames (ORFs) in the transcripts using CPC2 ( )

) and evaluated completeness of the transcript set using BUSCO ( , )
in protein mode. We used BRAKER2 v2.1.6 ( , ) for ab initio gene predic-
tion using the softmasked A. hypochondriacus genome assembly v2.2 (Methods S3.3 S3).
Since it was unlikely for real genes in the genome to be covered neither by RNA sequenc-
ing reads nor by protein alignments and these genes contributed only marginally to the
BUSCO score, we excluded predicted genes without external support from the annota-
tion. In order to combine the computational prediction of gene structures of BRAKER?2
with sequenced full-length transcripts, we used TSEBRA v1.0.3 ( , )
to select gene structure annotations from full-length transcripts and the BRAKER2 an-
notation based on their external support (Methods S3.4). We assessed completeness of

the genome annotation v2.2 using the annotated protein sequences as input for BUSCO

v5.2.2 ( , 2015).

Functional annotation of annotated protein sequences was carried out using eggNOG-
mapper v2.17 ( , ), Mercatord v.5.0 ( , )s
and Interproscan v5.56-89.0 ( , ), retrieving pathway and gene onthol-
ogy (GO) annotations (Methods S3.5). We identified betalain pathway genes using
BLAST ( ) ) searches with previously described betalain pathway genes (Ta-
ble S3.3, Methods S3.5). We used the flavonoid pathway identification pipeline KIPEs
v0.35 ( , ) and protein to genome alignments to identify candidate genes

of the flavonoid pathway (Methods S3.5). To identify MYB transcription factors, we
searched the predicted protein sequences of the A. hypochondriacus genome annotation
v2.2 for matches to the MYB DNA-binding domain HMM profile (Pfam ID: PF00249,
downloaded 11.01.2022) using HMMer v3.3.2 ( , ) and used the identified pro-
teins for phylogenetic analysis (Methods S3.5). We quantified gene expression in different
tissues using kallisto v0.48.0 ( ) ) with sequence based bias correction and
the previously described short-read datasets (Table S3.1).

3.3.4 Mapping betalain related quantitative trait loci

To map the genetic basis of tissue color differences in amaranth, we created two distinct
mapping populations. For the color regulator bulk segregant analysis (BSA), we used
an F9 mapping population created from a cross of PI 686465, which represents an F;
hybrid of PI 568125 and PI 568179 ( ) ), with PI 538323. For the biosynthesis
BSA, the Fy mapping population was created from a cross between PI 686465 and PI
576485. Because PI 686465 and PI 538323 were not homozygous lines, the mapping
populations might carry multiple haplotypes for functional loci. Plants were grown well-

watered at 60 % air humidity under controlled short-day conditions with night and day
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temperatures set to 19°C' and 24°C', respectively. For the regulator BSA, plants were
bulked (69 plants per bulk) based on flower color, however all plants produced red leaves.
For the biosynthesis BSA, plants were bulked (80 plants per bulk) based on whole plant
color and green plants never produced red coloring pigments. We extracted betalains from
leaves and flowers of the three parental accessions, using a modified protocol ( ,

; , ), and determined betalain content using photometric quantification
and liquid chromatography - mass spectrometry (LC-MS) analysis (Methods S3.6). We
extracted bulked DNA from the pools using the DNeasy Plant Pro Kit (Qiagen, Hilden,
Germany) using the manufacturers protocol. Extracted DNA was sequenced by the
Cologne Center for Genomics (CCG) on an Illumina NovaSeq 6000 platform in 150 bp
paired-end reads (Table S3.4). Sequencing quality was assessed using fastQC v0.11.9
( ) ). We mapped reads to the A. hypochondriacus reference genome v2.2
using bwa-mem?2 v2.2.1 (L1, ) and followed GATK v4.1.7 "best practices" (

, ) to call and filter SNPs. Only biallelic SNPs from the 16 largest Scaffolds
were included in the analysis and sites were filtered for a maximum of 5 % missing values
using veftools v0.1.16, resulting in a total of 4,367,544 SNPs ( , ). We
predicted the effect of called SNPs on protein coding genes using SnpEff v5.1d (

, ). We carried out BSA using the QTLseqR package ( )

) and increased the genome-wide false-discovery G’ threshold to 3.

To compare gene expression between the green and red bulks of both BSAs, we newly
bulked 29 plants of each bulk for the biosynthesis BSA and 24 plants from each bulk
for the regulator BSA. We extracted RNA from bulked flower tissue using the Invitro-
gen PureLink Plant RNA Reagent (Thermo Scientific™, Thermo Fisher Scientific Inc.,
Massachusetts, USA) following the manufacturers protocol. Sampled flower tissue was
immediately stored at —80°C' until RNA extraction. Sequencing libraries were created
using the TruSeq stranded mRNA preparation kit and sequenced by the CCG on a Il-
lumina NovaSeq 6000 platform in stranded 100 bp paired-end reads (Table S3.5). We

removed adapter sequences using trimmomatic v0.39 ( , ), evaluated se-
quencing quality using fastQC v0.11.9 ( , ), and quantified gene expression
using kallisto v0.48.0 ( , ). We defined a transcript per million (TPM)

threshold of 0.5 in at least one sample to define a gene as expressed.

To confirm the presence of the mutually exclusive non-synonymous and stop vari-
ants in the AhCYP76AD2 gene of green plants from the biosynthesis BSA, we Sanger
sequenced (LightRun, Eurofins Genomics) one individual with red leaves and four indi-
viduals with green leaves using primers SV4 and SV5 (Table S3.6). Sequencing results
were mapped to the AhCYP76AD2 genomic sequence and visualized using CLC DNA
Workbench 5.6.1 (QIAGEN).
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3.3.5 Cloning and overexpression of AhMYB2

We cloned ARMYB2.1 and AhMYB2.2 from cDNA of the flower tissue RNA sample of
PI 558499 also used for isoform sequencing (see above). We amplified AhMYB2 CDS
by PCR with primers SV1 and SV2 (Table S3.6) and assembled the final vectors, using
the pGGZ001, pGGA004, pGGB003, MYB isoforms in pGGC000, pGGD001, pGGEQ001
and pGGF008 modules of the green gate system ( , ). The two
resulting vectors were p35S:AhMYB2.1-GFP and p35S:AhMYB2.2-GFP. In addition, we

used p35S:mCherry-NLS as control for nuclear localisation.

For hairy root transformation, we co-transformed Agrobacterium rhizogenes AR1193
( , ) with the expression vectors and the pSoup plasmid ( ,
). We performed hairy root transformation according to Lota et al. (2013) with minor
changes. The A. rhizogenes cultures for hairy root transformation were grown on plates
for 2 days at 28°C. We scraped the bacteria from the plates using sterile loops and re-
suspended them in PIPES buffer ( ) ), using around 1.5 plates fully covered
with A. rhizogenes biofilm per mililiter of buffer. Seeds of PI 558499 were sterilized and
germinated on solid Murashige-Skoog-medium (MS) ( , ) with 1
% sucrose. We used a sterile 27 G needle dipped into the respective bacterial solution to
wound each 3-4 day-old seedlings hypocotyl several times. Agrobacterium-treated plants
were then grown in a growth chamber at 22°C with a 16/8 h light /dark cycle. Hairy roots
were evaluated visually for their color after 23 days. We evaluated GFP signal under the
Leica MZ16 F stereo microscope equipped with a DFC420 C camera and Leica 10447407
GFP long-pass filter to validate successful transformation. For the time series, we imaged
side branches of red hairy roots (expressing p35S:AhMYB2.1-GFP) 76, 78 and 80 days
after transformation. The images were taken using a Leica M165 FC stereo microscope
equipped with a DFC425 C camera and Leica 10447407 GFP long-pass filter. The Leica
EL6000 UV lamp attached to the stereo microscope was replaced between timepoint 2
and 3 of the time series, leading to slightly higher fluorescence intensity at the third
time point. Therefore we adjusted the exposure time for the GFP images from 6.5 ms
to 2.0 ms for the third time point. We adjusted the brightness of the GFP images with
Fiji ( ) ), using the same parameters for all images of the series. We
extracted betalains from transformed and wild-type like root tissue of the same plant 84
days after transformation and performed relative quantification of betalain content using
LC-MS analysis (Methods S3.6).

To study the sub-cellular localisation of AhMYB2, we bombarded leek epidermal cells
with DNA-coated gold particles following Pietsch (2022). We coated gold particles simul-
taneously with p35S:mCherry-NLS and either p35S:AhRMYB2.1-GFP or p35S:AhMYB2.2-
GFP to evaluate nuclear localisation. We analyzed the bombarded leek cells after 24 to 30
hours under Leica DMRE microscope with a DFC7000 T camera using the AHF F36-504
mRFP (for mCherry) and AHF F46-002 EGFP (for GFP) filter cubes.
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3.4 Results

3.4.1 Improved A. hypochondriacus reference genome

A high-quality reference genome sequence is a prerequisite for numerous types of analyses.
To improve the available A. hypochondriacus genome assembly and remove indel errors
we polished the genome using 38.8 Gb of Illumina reads ( , ). After
filtering of reads with ambiguous basecalls, 384,876,330 reads with length of 100 bp
remained. Genome polishing resulted in a length increase of 105,049 bp (from 403,889,442
bp to 403,994,491 bp) of the polished reference genome compared to the unpolished
reference genome ( , ). In total, 56.91 % (229,915,110 bp) of the
assembly were classified as retroelements (20.57 %), DNA transposons (4.86 %), or simple
repeats and low complexity regions (3.08 %; Table S3.7). These elements were distributed
across the genome with increased density in regions with lower gene content (Fig. 3.1c).
We further identified and annotated regions with organellar sequence similarity (Fig.
53.1). These regions could have resulted from erroneous assembly or could be the result
of transfer into the genome ( , ).

In order to improve the annotation with full-length transcript sequencing evidence, we
performed PacBio isoform sequencing of seven different tissues of the amaranth reference
accession (PI 558499, Table S3.1 S1, Notes S3.1). The assembled Iso-Seq transcrip-
tome showed high reported completeness, which was further increased by reference-based
correction using the polished reference genome (BUSCO completeness of 90.7 % and
90.8 %, respectively (Table S3.8). Reference-based correction using the unpolished ref-
erence genome strongly decreased the reported BUSCO score, from 90.6 % to 74.6 %
complete, instead (Table S3.8). For a total of 43,245 transcript sequences that were pre-
dicted to be coding before and after reference-based ’correction’ using the unpolished
genome, 35.1 % (15,194) differed in predicted ORF length after correction. While 12,289
transcripts had longer predicted ORFs without ’correction’, 2,805 were predicted with
longer ORF after ’correction” with the unpolished reference genome. In contrast to that,
only 10.1 % of transcripts differed in predicted ORF length after correction using the
polished genome.

We combined the BRAKER2 genes that were at least partially supported by sequenc-
ing evidence with the predicted coding sequence of the full-length transcripts into the new
genome annotation v2.2 using TSEBRA ( , ). Our final genome annota-
tion has 23,817 annotated genes of which 99.12 % locate to the first 16 Scaffolds (Table 3.1,
Notes S3.2). In comparison to the genome annotation of A. cruentus (89.8 % complete)
and the previously published genome annotation v2.1 (80.7 % complete), the genome
annotation v2.2 shows a strong increase in completeness with a BUSCO score of 98.0 %
complete (Table S3.8). We were able to assign genes into 5,460 of 5,783 (94.41 %) of

available Mercator bins of conserved biological processes and included functional annota-
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tions for 20,946 genes (95.56 %) from at least two sources (Fig. S3.2). These annotations
will allow the effective use of the A. hypochondriacus reference genome for quantitative

genetic analysis including genome wide association studies and molecular work.

Table 3.1: Comparison of genome annotation statistics between the A. cruentus genome (

, ), the published A. hypochondriacus genome v2.1 ( , ) and the
A. hypochondriacus genome annotation derived from this study (v2.2). Coding sequence (CDS)
and exon statistics for both previously published genome annotations were published in Ma
et al. (2021). We calculated the BUSCO score using annotated protein sequences with identical
parameters for all three genome annotations. Only the reported percentage of complete BUSCO
genes (single copy and duplicated) is displayed.

A. cruentus A. hypochondriacus v2.1 ~A. hypochondriacus v2.2

Protein coding genes 25,477 23,883 23,817
Total isoforms 25,477 23,883 28,074
BUSCO score 89.8 % 80.7 % 98.0 %
Mean CDS length (bp) 1,141 1,066 1,258
Mean exons per gene 4.86 4.87 5.39
Mean exon length (bp) 235 219 233

Color pathways in the A. hypochondriacus genome

To identify candidate genes for the betalain pathway, we carried out BLAST searches
using the sequences of previously characterized pathway genes of different species against
our annotated A. hypochondriacus protein sequences. For the CYP76AD query genes,
two main candidate genes were identified, one gene as best hit for CYP76AD1 from B.
vulgaris and CYP76AD2 from A. cruentus and one gene as best hit for CYP76ADS5 and
CYP76AD6 from B. vulgaris (Table S3.3). For DODA1, two different genes were identi-
fied as candidates. The candidate gene more similar to the B. vulgaris gene was located
next to the candidate gene for CYP76AD1 and CYP76AD2 on Scaffold 16 (Table S3.3).
Since multiple betalain pathway genes underwent gene duplication and neofunctional-
ization ( , ), we performed phylogenetic analysis of the multiple
CYP76AD and DODA candidate genes with previously described betalain pathway genes
(Table S3.9 and Table S3.10). We termed the identified CYP76AD genes AhCYP76AD2
and AhRCYP76ADS5 for clustering with the CYP76AD a-clade and f-clade, respectively
(Fig. S3.3). Phylogenetic analysis of identified DODA candidate genes indicated that
both belonged into the DODA a-clade with potential DODA activity (Fig. S3.4). Ac-
cording to their relationship to BvDODA«1, which is involved in betalain biosynthesis
( , ), and BvDODA«2, which displayed only minor DODA activ-
ity in planta and in vitro ( , ), we termed the two DODA candidates
ARDODAa1 and AhRDODAa2. We further identified three different glucosyltransferases
(AhcDOPAS5GT (cyclo-DOPA 5-O-glucosyltransferase), AhBetanidin5GT (betanidin 5-
O-glucosyltransferase) and AhBetanidin6GT (betanidin 6-O-glucosyltransferase)) based

on the published sequences from A. hypochondriacus and Amaranthus tricolor (Table
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S3.3). We found strong expression of AhCYP76AD2 and AhDODA«1 especially in the
red flower of PI 558499, as well as in root and stem tissue (Fig. S3.5). The expres-
sion patterns of glucosyltransferase genes differed between tissues. While AhcDOPASGT
showed constitutive expression in all assessed tissues, AhBetanidin5GT and AhBetani-
din6GT were most strongly expressed in flower and leaf, respectively (Fig. S3.5). We
identified candidate genes for all main betalain pathway genes in the genome annotation
and annotated their genomic location.

The second major coloring pigment pathway we annotated was the flavonoid biosyn-
thesis pathway that in other species includes the anthocyanin production. We identified
flavonoid pathway genes using KIPEs ( , ) and found copies of most
flavonoid pathway genes in amaranth (Table S3.11). However, no candidates for CHI2
(chalcone isomerase), F3’5’H (flavonoid 3’5’-hydroxylase), FNSI (flavone synthase) and
ANS (anthocyanidin synthase) could be inferred using KIPEs. We identified multiple
gene copies displaying all conserved residues for the general phenylpropanoid pathway
genes PAL (phenylalanine ammonium lyase), 4CL (4-coumarate:CoA ligase), and C4H
(cinnamate 4-hydroxylase) as well as for F8’H (flavonoid 3’-hydroxylase). Since the ANR
(anthocyanidin reductase) candidate gene had low sequence similarity to known homologs
and missed conserved residues, we defined the gene as missing in amaranth (Table S3.11).
Classification into metabolic pathways using Mercator supported all genes identified by
KIPEs, except for additional F8’H candidates, and similarly inferred F8°5’°H, ANS and
ANR to be missing. We additionally searched for candidate genes for which we had not
found candidates using KIPEs through alignment of flavonoid pathway proteins to the
amaranth genome sequence (Methods S3.5). We identified an unannotated locus with
high similarity to ANR genes on Scaffold 9 at position 21,774,236 to 21,777,354, which
however had no annotation support from computational and long- read annotation. In
contrast, we found high similarity of the annotated gene AHp021795 to ANS proteins
from other species and added it as ANS candidate gene. In comparison to the alignment
of ANS sequences of other species, AHp021795 contained an additional predicted intron
which might indicate potential pseudogenisation. We found the general phenylpropanoid
pathway genes to be strongly expressed in most tissues (Fig. S3.6). However, the early
flavonoid pathway gene CHS (naringenin-chalcone synthase) was mainly expressed in
flower and water-stressed tissue (Fig. S3.6), possibly limiting the production of later

flavonoid compounds in other tissues.

3.4.2 Location and conservation of the color regulating MYB

transcription factor family

MYB transcription factors are involved in the regulation of key plant processes, including
anthocyanin and betalain pigment biosynthesis ( , ; , ;

, ; , ). To identify potential regulators of the pigmentation
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pathways, we annotated MYB transcription factor genes in the genome of amaranth. In
total, we identified 82 R2R3 MYB candidate genes (92 total isoforms), three 3R MYB
candidate genes (three isoforms) and one 4R MYB candidate gene in the genome of
amaranth (two isoforms; Table S3.12). Similar to A. thaliana and rice (Katiyar et al.,
2012), most R2R3 MYB genes featured two (16 genes and isoforms) or three (60 genes and
isoforms) exons (Table S3.12). For instance, AHp022773 (AhMYB2) showed a conserved

gene structure with three exons but two different isoforms (AAMYB2.1 and AhMYB2.2)
lead to different proteins and could add functional variation.
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Figure 3.2: Neighbour-joining phylogenetic tree based on multiple sequence alignment of the
R2R3, 3R and 4R MYB protein sequences of A. hypochondriacus (blue), A. thaliana (grey;
Stracke et al., 2001) and B. vulgaris (yellow; Stracke et al., 2014). Bootstrap values from 1000

replicates, MYB subgroup assignments and functional classifications for subgroups were anno-
tated in the phylogeny.

Out of the 86 identified MYB genes (R2R3, 3R and 4R), 67 could be assigned to estab-
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lished subgroups using phylogenetic analysis (Fig. 3.2; , ; ,

). The identified 3R and 4R MYB genes clustered together with the 3R and 4R MYB
genes of A. thaliana and B. vulgaris, respectively (Fig. 3.2). The conserved functions
of subgroups across distant taxa enabled us to functionally assign MYBs to processes
like stress responses, developmental processes or metabolite biosynthesis (Table S3.12).
No amaranth MYBs were classified into the subgroups S6 (anthocyanin biosynthesis),
S12 (glucosinolate biosynthesis), S15 (epidermal cell development) and S19 (stamen de-
velopment; Fig. 3.2). Multiple MYB subgroups are involved in the regulation of color
pathways. We classified four amaranth MYBs (AHp000789, AHp002277, AHp007908
and AHp009452) into subgroup S4, involved with transcriptional repression of different
branches of the phenylpropanoid pathway ( ) ). The amaranth MYBs
AHp002686 and AHp017689 were classified into the early flavonoid pathway regulator
subgroup S7. AHp018270 and the seed color regulation candidate AmMYBII (

, ) were grouped into subgroup S5 involved with proanthocyanidin regulation.
No amaranth or B. vulgaris MYBs were classified into the anthocyanin biosynthesis sub-
group S6, but the betalain regulator BvMYBI1 (Bv_ jkkr; , ) was
grouped together with three amaranth MYBs (AHp022773, AHp016530 and AHp016531)
next to A. thaliana subgroup S6. The amaranth MYBs were assigned to the BvMYB1-
clade, potentially associated with the regulation of betalain biosynthesis ( ,

). As candidate betalain pathway regulators, we named the transcription factors
AhMMYB2 (AHp022773), ARMYBS3 (AHp016530) and AhRMYB/ (AHp016531). While
we observed only low expression of AhMYB3 and AhMYB/ across all tissues, the two
isoforms of AhMYB2 were strongly expressed in flower tissue (Fig. S3.7).

Different flavonoid pathway regulating MYB proteins require the formation of the
MBW protein complex with two additional transcription factors (bHLH and WDR) to
carry out their function (L1, ). The interaction between MYB proteins and the
bHLH interaction partners for flavonoid pathway regulation is mediated by a conserved

, )-

In contrast to anthocyanin regulators, the betalain regulating BuMYBI has lost this

interaction motif in the R3 domain ( ) ;

interaction motive and functions without known interaction partners ( ,

). We therefore evaluated the presence of the conserved bHLH-interaction motif
(ID/E]Lx2|R/K]x3LxsLx3R) in all identified amaranth MYBs. Similar to inferences in
other plant species ( , ; , ), we detected the motif
in the MYB domain in two out of four genes of S4 (AHp002277 and Ahp009452), and both
genes of S5 (AmMYBI1 and AHp018270), indicating potential interaction with bHLH
proteins and transcriptional regulation through the MBW complex. A slightly altered
bHLH-interaction motif in which a conserved leucine residue was replaced by the biochem-
ically similar isoleucine (|D/E]|Lx2|R/K]x3LxgIxsR) was found in two A. hypochondriacus
MYBs, AHp009565 from the AtMYBb5-clade and AhMYB2.1 from the BvMYB1-clade.
The motif differentiates AhMYB2.1 from other BvMYBI1-clade proteins, in which the
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first residues of the motif are not conserved.

3.4.3 Mapping pigment biosynthesis pathway genes

Identifying the evolutionary changes that impact color variation within populations is
essential to understand the mutual exclusive nature of anthocyanins and betalains. To
study the genetic basis of tissue color and its regulation in amaranth, we conducted two
bulk segregant analyses (BSA) from different initial crosses (Fig. 3.3a). We quantified tis-
sue color in the parental accessions and found high betacyanin content (e.g.,amaranthin)
in red samples, whereas betaxanthin content was low in all assessed tissues and accessions
(Figs 3.3, S3.8). In the biosynthesis BSA, 80 green (no red pigmentation in any visible
tissue) and 80 red (red in all visible organs) plants were sequenced in two pools (Fig 3.3a).
A comparison of allele frequencies between bulks identified a large QTL on Scaffold 16,
from 1.1 mb to 14.4 mb (from 1,080,628 bp to 14,358,251 bp; Fig. 3.4a,b). The two be-
talain pathway genes AhCYP76AD2 and AhDODA« 1 were located on the QTL between
the two peaks and represent likely candidate genes for loss of coloration (Fig. 3.4b). We
quantified gene expression from bulked flower tissue for the green and red bulks of both
BSAs using RNA sequencing. However, gene expression levels for AhCYP76AD2 and
AhRDODA«1 were similar between the red and green bulk of the biosynthesis BSA (Fig.
S3.9).
To identify functional variants which could lead to color loss, we used SnpEff (

, ) to annotate the effect of each variant which segregated in at least one
of the two bulks. We searched betalain pathway genes for segregating "high impact’ vari-
ants and identified missense variants and a stop-gain variant in the AhCYP76AD2 gene
(Fig. 3.4c) that we previously annotated as the most likely functional homolog for this
enzyme. While most annotated variants occurred at similar frequencies in both bulks,
two missense variants (F to I, T1258A and L to F, A1263T) and the stop gain variant
at C1387T, all located on exon 2, differed strongly in relative allele depth between the
two bulks (Figs 3.4d, S3.10). The SNP C1387T was monomorph for the reference allele
in the red bulk of the biosynthesis BSA (allele depth of 0/24), but the alternative allele
occurred at intermediate frequency in the green bulk (allele depth of 16/26). Similarly,
the reference alleles of T1258A and A1263T were monomorph in the red bulk but the
alternative alleles were found at intermediate frequency (relative allele depth 17/40 and
16/38, respectively) in the green bulk. The QTL included two peaks at 3.2 mb (3,205,818
bp) and 7.4 mb (7,425,588 bp) with a decreased G’ value in between, which nonetheless
did not go below the significance threshold (Fig. 3.4b). A potential explanation might
be the presence of multiple causal variants in the bulks, given their multi-parent origin
(see Methods).

Since the RNA-seq data had higher coverage of AhCYP76AD2 than the whole genome

sequencing data, we investigated the presence and absence of the three variants in RNA-
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Figure 3.3: Quantification of betalain content for parental A. hypochondriacus accessions used
in mapping.(a) Representative leaf and flower images for parent plants, with PI 576485 and
PI 686465 generating the biosynthesis bulk segregant analysis (BSA) population and PI 538323
and PI 686465 generating the regulator BSA population. (b-c) Photometric quantification of
betacyanin (red) and betaxanthin (yellow) content of (b) leaf and (c) flower tissue (mg betalains
per g fresh weight), with black bars denoting mean values. (d-e) Relative quantification by LC-MS
of amaranthin (betacyanin) content in (d) leaf and (e) flower tissue. (f-g) Relative quantification
by LC-MS of vulgaxanthin IV (betaxanthin) content in (f) leaf and (g) flower tissue. Statistical
analysis was conducted using ANOVA and significant differences (p<0.05) in betaxanthin or
betacyanin content between accessions within tissues were denoted using compact letter display.
There were no significant differences in total betaxanthin content between accessions in leaf and
no significant differences in vulgaxanthin IV content between accessions in leaf or flower.
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seq data from the bulked floral tissue of additional red and green colored pools from
the same cross. To resolve AhCYP76AD2 haplotypes, we considered only read pairs
which covered at least one of the non-synonymous variants and the stop variant C1387T.
Inspection of read pairs originating from the green bulk revealed that either the alternative
alleles of the non-synonymous variants (T1258A and A1263T) or the alternative allele of
the stop variant C1387T were found in all read pairs from the green bulk (Fig. 3.4e).
The presence of alternative alleles at T1258A and A1263T and at C1387T was almost
mutually exclusive in green plants, with only two reads containing alternative alleles at
C1387T and one of the missense variants. In contrast to this, less than half of all read
pairs covering the AhRCYP76AD2 variants in the red bulk featured either alternative
allele at T1258A, A1263T and C1387T (Fig. S3.11), consistent with heterozygous allele
frequencies at these variants. Sanger sequencing of four individuals from the green bulk
and one individual from the red bulk confirmed the presence of mutually exclusive alleles
in the sampled green bulk (Fig. S3.12). Together, this suggests that we mapped two
functional haplotypes that both disrupt the first enzyme in the betalain pathway, leading

to loss of red betacyanins in the whole plant.

Flower-specific regulation of betalain enzymes by AhMYB2

We further intended to identify tissue-specific regulators of betalain pigmentation in ama-
ranth. Therefore, we conducted a second BSA from a different initial cross and pooled
69 plants based on red or green flower color (Fig. 3.3a). All plants from both pools
had red leaves and hence could produce betalains (Fig. 3.3). In the regulator BSA, we
identified a QTL for flower color at the beginning of Scaffold 16 up to 5.2 mb (1-5,244,109
bp; Fig. 3.5a,b). We found the newly annotated betalain pathway regulator candidate
AhMYB2 to be located at the center of the QTL (Fig. 3.5b). While AhCYP76AD2 and
AhDODA« 1 were also covered by the QTL, we did not find large effect mutations differ-
ing between pools and both pools did synthesise red betalains in leaves (Fig. 3.3). We
did not identify any ’high impact’ mutations in AhMYB2, but whole RNA sequencing of
flower tissue from pools of diverging flower color individuals revealed a strongly reduced
gene expression of both annotated AhMYB2 isoforms in green flowers compared to red
flowers (Fig. 3.5¢c). This indicates that the loss of AhMYB2 expression is associated with
the loss of flower color. Comparison of betalain pathway enzyme gene expression revealed
reduced expression levels of AhCYP76AD2 and AhDODA«1 in green flowers (Figs 3.5¢,
53.9). Notably, we did not detect expression of AhCYP76AD5 and downstream betalain
pathway gene expression did not differ between red and green flowers, indicating that
reduced AhCYP76AD2 and AhDODA«1 gene expression caused betalain loss in green
flowers (Figs 3.5¢, 3.1b). We found similar expression of flavonoid pathway genes between
red and green flowers with low expression of DFR (dihydroflavonol 4-reductase) possibly

limiting the accumulation of later flavonoid compounds (Fig. S3.13). Given the differ-
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ence in flower color between pools in the regulator BSA (Fig. 3.3), strong expression of
AhMYB2 only in flower tissue (Fig. S3.7) and the correlation of its expression with that
of two betalain pathway genes, AhMYB2 likely represents a flower-specific regulator of
the betalain pathway (Fig. 3.5¢).

The protein sequences of the AhMYB2 isoforms AhMYB2.1 and AhMYB2.2 differed
only by four additional residues in AhMYB2.2, stemming from an earlier start of exon 3
(Fig. 3.5d). The additional residues in AhMYB2.2 disrupt the conserved R3 domain and
the bHLH-interaction motif, which might impair the function of this isoform. To func-
tionally validate AhMYB2 as regulator of the betalain pathway, we overexpressed both
isoforms in transgenic hairy roots in amaranth and investigated their cellular localisation
in leek (Fig. 3.6a-g). As expected for transcription factors, both isoforms were localised
in the nucleus (Fig. 3.6¢,f). In contrast to AhMYB2.2, overexpression of AhMYB2.1 re-
sulted in red coloration of emerging roots, but never in the tip of the root (Fig. 3.6a-d).
Transgenic roots showed increased amaranthin accumulation compared to wild-type like
roots, validating the suggested involvement of AhRMYB2.1 in betalain pathway regula-
tion (Fig. S3.14 S14). Roots accumulated betalains within 2 days in new tissue, while
GFP signal was visible immediately and along the whole transgenic roots (Fig. 3.6d). In
AhMYB2.1, we identified a slightly altered version of the bHLH-interaction motif com-
pared to that found in anthocyanin regulators, in which a conserved leucine residue was
replaced by isoleucine (|D/E|Lx2|R/K|x3LxslxsR; Fig. 3.5d). Presence of the motif dif-
ferentiates AhMYB2.1 from other BvMYB1-clade proteins, in which the first residues are
not fully conserved (Fig. 3.5d). Apart from the conserved motif, AhMYB2.1 diverged
from A. thaliana anthocyanin regulators at several functionally important sites in the R3
domain (alignment positions 88, 89, 95, 101, 114 and 128, Fig. 3.5d, methods S3.5). To
assess the effect of amino acid differences between the A. thaliana anthocyanin regulator
PAP1 (AtMYBT75), the betalain regulators AhMYB2.1 and BvMYBI, and a mutated
BvMYBI1 (mutBvMYB1) with restored ability to interact with EGL3 ( ,

) on interaction capacity with heterologous bHLH proteins, we performed pairwise
prediction of protein folding and protein interactions of the MYBs with the known A.
thaliana PAP1 bHLH interaction partners EGL3, GL3 and TT8 ( ,

) using CollabFold ( , , Fig. S3.15, Methods S3.5). For all MYBs,
interacting residues were mainly predicted in the R3 MYB domain described to mediate
the bHLH-interaction ( , ). For the interaction prediction of EGL3

and GL3 with PAP1, AhMYB2.1, and mutBvMYB1 we found the prediction of m-cation
interactions to EGL3 residue F124 and GL3 residue F128 and hydrogen bonds to EGL3
residue S123 and GL3 residue S127, which might stabilize an interaction and which were
not predicted for BvMYBI1 (Fig. S3.15). For the MYB-TTS8 prediction, we found the
prediction of w-cation interactions to TT8 residue F123 in PAP1, AhMYB2.1 and mut-
BvMYBI, whereas BvMYB1 was predicted with ionic interactions not predicted in the
other MYB genes. Presence of the altered bHLH-interaction motif in AhMYB2.1 and
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similarity of predicted interaction residues to the known bHLH-interactor PAP1 could
indicate retained ability of AhMYB2.1 to interact with bHLH proteins.

3.5 Discussion

3.5.1 High quality reference genome annotation for func-

tional genomics

We improved the available reference genome of A. hypochondriacus ( ,

) by genome polishing and subsequent genome annotation. While the A. hypochon-
driacus assembly was highly contiguous with 16 chromosome-scale Scaffolds, even single
nucleotide insertions or deletions in coding sequences could have a large impact on gene
prediction through frame shifts. The increased completeness of our genome annotation
v2.2 compared to the previous annotation likely stems from the removal of a large num-
ber of small insertions and deletions in the previous assembly, which impaired protein
prediction. Higher similarity of long-read transcript sequences to the polished reference
genome and higher overall annotation completeness after genome polishing demonstrates
the successful removal of small errors in the assembly (Table S3.8). By using the polished
genome for genome annotation and adding additional full-length transcript sequencing
data, we were able to produce the most complete genome annotation of amaranth to
date ( , : , ; , : , ) and
included the annotation of multiple isoforms for 3,484 genes (Table 3.1).

Alternative splicing is involved in regulatory processes and greatly expands on the
coding capacity of eukaryotes through the production of alternative isoforms ( ,
; , ). Our full-length transcript sequencing data allowed for
accurate annotation of different splice variants in grain amaranth. These alternative
splice variants will enable future functional studies on isoform-specific gene expression, as
shown for the newly annotated AhMYB2 gene for which we found one stronger expressed,
and functional splice variant (Figs 3.5¢, 3.6). This splicing variation potentially allows for
additional functions or differential regulation of the gene in other organs ( ,
; , ). While we were able to annotate multiple isoforms for over
three thousand genes, additional isoform sequencing in further tissues and accessions will

be needed to represent the complete splicing variation in the species.

The reported completeness of the new genome annotation is comparable in accuracy to
well annotated model plant genomes ( , ). It represents a valuable resource
that will allow more accurate studies of regulatory processes and support functional

genetics and future breeding efforts in amaranth.
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Figure 3.6: Functional validation of ARMYB2 as betalain regulator. (a-c) Over-expression of
ARMYB2.1 in A. hypochondriacus hairy roots, (a) bright-field and (b) GFP-channel show GFP-
tag signal and red pigmentation phenotype. (c) Nuclear localisation of p35S:AhMYB2.1-GFP
in leek epidermins after co-bombardment with p35S:NLS-mCherry. (d) Time series images of
growth of transgenic roots expressing p35S:AhMYB2.1-GFP in bright-field (top row) and GFP
channels (bottom row). Images of growing roots were taken in two day intervals. (e-g) Over-
expression of AhMYB2.2 in A. hypochondriacus hairy roots, (e) bright-field and (f) GFP-channel
show GFP-tag signal but no red coloration. (g) Nuclear localisation of p355:AhMYB2.2-GFP in
leek epidermins after co-bombardment with p355:NLS-mCherry. (c, g) Subplots show bright-field
(top left), mCherry (top right), GFP (bottom left) and merged (bottom right) channels.
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3.5.2 Conservation of the flavonoid and betalain pigment

pathways in amaranth

While betalains and anthocyanins appear to be mutually exclusive, the flavonoid pathway
upstream of anthocyanin production is reported to be intact in betalain producing species
and loss or downregulation of only specific anthocyanin genes appears to have led to the
loss of anthocyanins in the Caryophyllales ( , ; , ). To
study the conservation of the flavonoid pathway in amaranth, we identified and annotated
genes of the general phenylpropanoid and flavonoid pathway using our improved genome
annotation. We found no close homolog of FNS1, corresponding to previous reports of
FNS1 homologs being frequently absent outside of Apiaceae species ( , ;
, ). The amaranth genome did not contain a F8’5’H homolog, which
is absent in various plant species (Table S3.11; , ). The low
similarity of the annotated ANS candidate gene to sequences from other species and the
unannotated locus with ANR similarity might necessitate molecular validation in the
future. Still, we found the flavonoid pathway to be generally conserved in amaranth and
annotated candidate genes for the key enzymatic reactions.
While the genes of the betalain pathway have been identified in different amaranth
species in previous studies ( , : , : ,
), no comprehensive annotation of the pathway in A. hypochondriacus was avail-
able that would enable candidate gene association in mapping studies (Table S3.3). The
characterization of functional betalain genes was complicated by multiple ancient gene
duplications in the Caryophyllales, which gave rise to specific CYP76AD and DODA lin-
eages involved in betalain production ( , : , ).
Phylogenetic analysis showed that AhCYP76AD2 and AhDODA«1 belong to their re-
spective a-clades and are likely functioning in betalain biosynthesis (Figs S3.3, S3.4;
, : , ). In contrast to AhCYP76AD2, Ah-
CYP76ADS from the CYP76AD [-clade is likely only capable to catalyze the conversion

of L-DOPA to cyclo-DOPA ( , ). Similar to previous reports, we
found ARCYP76AD2 and AhDODA«1 to be co-localized on a conserved betalain locus
on Scaffold 16 (Fig. 3.4b; , ; , ). The biosynthesis

BSA identified this locus to be associated with red plant pigmentation (Fig. 3.4), further
supporting the involvement of the locus in betacyanin biosynthesis. We identified mu-
tually exclusive alleles in the AhCYP76AD2 gene, associated with complete loss of red
tissue color (Fig. 3.4). Studies on loss of anthocyanin meditated flower color show that,
while functional (loss-of-function in pathway genes) and regulatory mutations (leading to
e.g. gene downregulation in specific tissues) occur at comparable frequencies, regulatory
mutations leading to color loss appear to be preferentially fixed in natural populations,
likely because of pleiotropic effects of pathway genes in vegetative tissue (

, ; , ). In our population, betalain pathway genes showed
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even higher expression in the green bulk compared to the red bulk (Fig. S3.9). Since
betalain genes were still expressed in green tissue, causal mutations for the loss of tissue
color likely led to a knock-out of ARCYP76AD2 (Fig. 3.4). While the knock-out allele at
C1387T shows high evidence to lead to a loss of AhCYP76AD2 function and the loss of
betacyanin biosynthesis, the missense alleles at T1258A and A1263T might lead to the
loss of function by changed protein folding or through the replacement of functionally
important residues (Fig. 3.4c,d). The presence of independent functional mutations and
the complete lack of red color might indicate dispensability of betacyanin production, at
least in individual populations. Studies on the fitness effect of betacyanin loss and the
prevalence of knock-out mutations and their possible pleiotropic effects on plant fitness
in natural amaranth populations are currently lacking.

We identified conserved patterns in the betalain and flavonoid pathways through the
annotation of pathway genes in the improved gene atlas. Loss of anthocyanin production
in amaranth could result from loss-of-function in anthocyanin biosynthesis or transport.
Especially late flavonoid pathway genes like ANS represent targets for functional valida-
tion in future studies. However, even a potential loss-of-function in anthocyanin genes
does not have to be causal for mutual exclusiveness, since e.g., previous downregula-
tion or replacement of anthocyanin genes would remove selective constraints to maintain
the genes. Since other flavonoids can still be synthesised in betalain producing species
( , ), the emergence of betalain biosynthesis alone is likely not sufficient to
explain total replacement of anthocyanins and the observed mutual exclusiveness of the
pigments across the large phylogenetic range of the Caryophyllales. To understand the
subsequent order of the rise of mutual exclusiveness between betalains and anthocyanins,
it might be important to understand the regulation of both pathways in the same study

system.

3.5.3 ARMYBZ2 is a flower-specific regulator of the betalain
pathway

Despite the characterisation of the betalain biosynthesis pathway in recent years (

, ; , ; , ) and the identification of few reg-
ulators ( , : , : ) ; ) )
knowledge about tissue-specific regulation of the pathway is limited. We identified the
amaranth flower color regulator AhMYB2 in our regulator mapping population (Fig. 3.5).
Strongly reduced gene expression of AhMYB2, as well as of the betalain pathway genes
AhCYPT76AD2 and AhDODA«1 in green flowered plants of the regulator BSA (Fig. 3.5¢)
leads us to propose AhMYB2 as transcriptional regulator of the early betalain pathway.
While we annotated two different AhM Y B2 isoforms and both showed reduced expression
in green flower in the regulator BSA, an insertion in the conserved MYB domain leaves
only AhMYB2.1 capable of inducing betalain accumulation (Figs 3.5d, 3.6). Flavonoid
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pathway regulating MYB transcription factors commonly control tissue-specific pigment
accumulation and frequently determine specificity of the MBW complex ( ,

: , : , ). While BuMYB1 was shown to regulate
) ) its ortholog ARMYB2

regulates betalain biosynthesis in flower, instead. Similar to the tissue-specific regulation

the betalain pathway in B. vulgaris leaves (

by flavonoid pathway MYBs, other BvMYB1-clade proteins might represent regulators
in other tissues. While we did not observe high expression for AhRM YB3 and AhRMYB/
in any sampled tissue (Fig. S3.7 S7), the genes might be active in different conditions
or genotypes and should be targets of characterization in future studies. The identifi-
cation of AhMYB2 as flower-specific color regulator improves the understanding of the
tissue-specific regulation of the early betalain pigment pathway.

The flavonoid pathway in plants is regulated by conserved subgroups of MYB tran-
scription factors ( , ; , : , ). We found the
conservation of phenylpropanoid pathway (S4), early flavonoid pathway (S7) and proan-
thocyanidin (S5 and AtMYBb5-like) MYB regulators in amaranth, in accordance with the
conservation of the flavonoid pathway enzymes (Fig. 3.2, Table S3.12). Clustering of Ah-
MYB2 with the betalain regulator BvMYB1 next to anthocyanin MYBs (S6) supports
the proposed neofunctionalization of former anthocyanin regulators for betalain path-
way regulation (Figs 3.2, 3.5, Table S3.12; , ; ) ).
While MBW complex interaction is conserved in S6 anthocyanin regulators across species
( ) ; ) ), the ability to interact with bHLH proteins in
the MBW complex might have been lost in the betalain regulator BVMYBI1 (

, ). In contrast to other A. hypochondriacus and B. vulgaris BvMYBI1-clade
MYBs ( , ), AhAMYB2.1 includes an altered version of the conserved
bHLH-interaction motif in the R3 domain (Fig. 3.5d) and we predicted 7-cation inter-
actions to bHLH residues shared among AhMYB2.1 and the known bHLH-interactors
PAP1 and mutBvMYB1 but not BvMYBI1 (Fig. S3.15), which might indicate retained
potential for bHLH-interaction in AhMYB2.1. While overexpression of AhMYB2.1 alone
was sufficient to induce red color accumulation in the transformed roots, expression of
potential interaction partners in the root cannot be excluded. However, the potential
bHLH-interactions and their potential functional relevance for AhMYB2.1 -mediated be-
talain accumulation needs further investigation, especially when considering reports of
loss of the EGL3/GL3 bHLH-lineage in the Amaranthaceae ( , ). Fur-
ther characterization of AhMYB2.1 in future studies could help to elucidate its capacity

to interact with heterologous or native bHLH proteins.

3.5.4 The rise of mutually exclusive pigment pathways

Within the Caryophyllales, betalain producing clades are intermixed with anthocyanin

producing lineages, leading recent studies to propose multiple evolutionary origins of be-
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talains ( , ; , ). Despite this polyphyletic origin of
betalain production, the biosynthesis of betalains and anthocyanins appears to be mutual
exclusive in all plants ( ) ). A deregulated form of the arogenate
dehydrogenase gene has been suggested to have enabled the shift from anthocyanins to be-
talains, by increasing carbon flux of the common substrate arogenate towards the betalain
precursor tyrosine and thereby decreasing the availability of phenylalanine for flavonoid
(including anthocyanin) production ( , ; , ).
Yet, changes in substrate availability cannot sufficiently explain the mutual exclusiveness
of the two pigments, since many other flavonoids are still readily synthesised in betalain
producing species ( , ). Both, expression differences in anthocyanin biosyn-
thesis genes and loss of anthocyanin transport and flavonoid pathway genes contribute to
prevent anthocyanin production in betalain species ( , ; ,

). Such regulatory or functional changes of anthocyanin genes can explain how si-
multaneous production of both betalains and anthocyanins is never observed, but not the
evolutionary reason for the alternation. Step-wise models of the shift from anthocyanin
to betalain biosynthesis commonly include intermediate phases with both anthocyanin
and betalain production and only later loss of the functionally equivalent anthocyanins
( , ). A potential key to explain the mutual exclusiveness might be to
focus instead on the common components utilized by both pathways, which includes the
MYB regulators ( , ). Previous studies found orthologs of anthocyanin
MYBs in betalain producing species unable to activate expression of genes required for
anthocyanin biosynthesis ( , ; , ). The co-option of
MBW complex interacting anthocyanin MYBs into betalain regulation, followed by loss
of key residues for bHLH-interaction could have relieved anthocyanin genes of their key
transcriptional regulators ( , ; , ; ,

). In this context, the altered bHLH-interaction motif identified in AhMYB2 could
represent an interesting intermediate step in the proposed regulator shift. Further char-
acterization of AhMYB2 and other betalain regulators might help to understand the
co-option of former anthocyanin regulators into the regulation of the novel betalain pig-
ment pathway, the molecular prerequisites for this change and the mutual exclusiveness

of the two pathways.
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Fig. S8 Photometric and LC-MS quantification of betalain pathway metabolites for bulk
segregant analysis (BSA) A. hypochondriacus parental genotypes

Fig. S9 Gene expression of A. hypochondriacus betalain pathway genes in flower tissue
in green and red bulks of regulator and biosynthesis bulk segregant analyses (BSAs)
Fig. S10 Segregating variants called from A. hypochondriacus whole-genome sequencing
data in the biosynthesis BSA and their relative allele depth for the AhCYP76AD2 gene
Fig. S11 Missense and stop alleles in AhCYP76AD2 from RNA-seq reads of A. hypochon-
driacus red flower tissue

Fig. S12 Sanger sequencing of AhCYP76AD2 from biosynthesis bulk segregant analysis
(BSA) individuals

Fig. S13 Relative gene expression in transcript per million (TPM) of identified A.
hypochondriacus flavonoid pathway genes in red and green flowers

Fig. S14 Relative quantification of amaranthin content from transgenic A. hypochondri-
acus hairy roots

Fig. S15 Prediction of protein-protein interactions of selected MYB and bHLH proteins
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3.12.1 Supplementary methods

Methods S1: Genome polishing and masking of repetitive elements

To prepare the downloaded reference genome for genome polishing, we removed stretches
of ambiguous bases, usually located at the beginning or end of scaffolds, using a cus-
tom script (https://github.com/T-Winkler/Ahyp_v2_2_publication.git). Ambigu-
ous bases were merged back into the genome after genome polishing. We ran two cycles of
polishing using the two NextPolish core modules, k-mer score chain and k-mer count (

, ). Before each polishing module, we mapped reads using bwa-mem2 v2.2.1
(L, ) and processed bam files using Samtools v1.13 ( , ). After genome
polishing, we masked the polished genome for repetitive elements in order to prepare the
computational gene prediction, using Repeatmodeler v2.0.1 ( , ) with the
-LTRStruct option to create a database of repetitive elements from the polished assem-
bly. We reclassified repetitive elements using RepeatClassifier v2.0.4 ( , )
and used the repetitive element database to annotate repeats in the polished reference
genome using Repeatmasker v4.1.1 ( , ) with the -e rmblast option. We soft-
masked the polished genome using bedtools v2.29.2 ( ) ) maskfasta
with the repetitive element annotation to generate the A. hypochondriacus genome as-
sembly v2.2. To identify genomic regions showing mapping bias, we mapped the above
described whole-genome sequencing reads to the polished reference genome using bwa-
mem?2 v2.2.1 (Li, ) and calculated read depth using Samtools v1.13 ( , ).
We identified organellar contamination within the assembly by mapping the B. vulgaris
mitochondrial genome ( , ) and the A. hypochondriacus chloroplast genome
( , ) against the polished assembly using minimap2 v2.17 (L1, ) with

the asm10 and asmd presets, respectively.

Methods S2: Assembly of full-length Iso-Seq transcripts

Circular consensus sequence (CCS) reads were processed using Isoseq3 v3.3.0 (https:
//github.com/PacificBiosciences/IsoSeq; Table S3.2). After primer removal and de-
multiplexing of the CCS reads, poly-A tails were trimmed and artificial concatemers were
removed using Isoseq3 refine to create a set of full-length non-concatemer (FLNC) reads
(requiring FL reads to include a poly-A tail >= 20 bp). We combined the FLNC reads
from all sequenced tissues using Samtools v1.13 ( ) ) merge. We clustered
full-length non-concatemer reads of the seven different tissues into a set of high quality
isoforms with predicted accuracy > 0.99 using Isoseq3 cluster. We mapped the clustered
high quality isoforms to the polished A. hypochondriacus reference genome using min-
imap2 v2.17 (L, ) with the splice:hq preset and the —secondary=no and -uf options.
In order to remove redundant sequences, we collapse the mapped high quality isoforms

into unique isoforms using the collapse isoforms by sam.py script of cDNAcupcake

115


https://github.com/T-Winkler/Ahyp_v2_2_publication.git
https://github.com/PacificBiosciences/IsoSeq
https://github.com/PacificBiosciences/IsoSeq

v28.0.0 (https://github.com/Magdoll/cDNA_Cupcake). Only mapped high quality iso-
forms with a coverage of > 0.95, identity > 0.9, an identical intron chain and maximum
3" and 5’ end differences of 1000 bp were collapsed into unique full-length transcripts. We
obtained the number of clustered high quality isoforms supporting each unique full-length
transcript and filtered possible 5’ degraded transcripts with the ¢cDNA cupcake scripts
get_abundance_post_collapse.py and filter away subset.py.

We used SQANTI3 v4.2 ( , ) for quality control of the unique
isoforms as well as potential sequencing error correction. SQANTI3 uses the genomic po-
sitions of the mapped unique full-length transcripts to correct possible sequencing errors
using the reference genome sequence ( , ). We predicted the coding
potential of the corrected transcript sequences as well as putative open reading frames
(ORFs) in the sequences using CPC2 v1.0.1 ( , ). Transcripts classified
as protein-coding were required to be labeled "coding" with positive ORF integrity. To
estimate the completeness of the generated transcripts, we used BUSCO ( ,

) to compare the predicted protein sequences of the transcripts to the embryophyta
orthoDBv10 dataset (-] embryophyta_odb10 option), consisting of 1614 conserved single
copy orthologs. Protein-coding transcripts were used to supplement the computational

genome annotation.

Methods S3: Computational genome annotation using BRAKER2

In a first run, we used as protein database 3,536,219 protein sequences from 117 Viridiplan-
tae species from orthoDB v10 ( , ), as well as the protein sequences
of Amaranthus cruentus ( ) ), as external evidence to guide the annota-
tion. We used this preliminary run of BRAKER2 to guide mapping of the RNA-seq
dataset described above to the reference genome v2.2 (Table S3.1). Quality control of
downloaded fastq files was done using FastQC v0.11.9 ( , ). We indexed
the polished reference genome using STAR v2.7.8a ( , ) with the
following settings: sjdbOverhang 89, genomeSAindexNbases 13. We mapped the RNA-
seq reads to the indexed genome using the STAR v2.7.8a ( , )
with default settings, using the protein-based BRAKER?2 annotation as splice-junction
database. To generate the final computational gene annotation, we ran BRAKER2 with
reference genome v2.2, using as external evidence both the protein database as well as the
previously mapped short-read RNA sequencing reads. After computational annotation
of the polished genome, we extracted protein and coding sequence (CDS) fasta sequences
from the BRAKER2 annotation using the AUGUSTUS script getAnnoFastaFromJoin-
genes.py ( , ), filtering out all predicted genes with internal stop codons.
We divided the predicted genes into three subcategories based on the amount of external
support using the selectSupportedSubsets.py script of BRAKER2 ( , ).

The predicted genes were classified as "full support" if all introns of multi-exons genes
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were supported by external evidence (protein or RNA-seq alignments) or if both start and
stop codon were supported by external evidence in the case of mono-exon genes. Genes
were classified into the "any support" subset, if at least one intron or start or stop codon
were supported by external evidence. Otherwise, predicted genes were classified into the

"no support" subset.

Methods S4: Combining full-length transcripts and computational an-

notation

We used the supported dataset of predicted genes and the annotation file of external sup-
port hints from the BRAKER2 gene prediction together with the genomic positions of the
coding sequence of the full-length transcripts, as predicted by CPC2, and the available
long-read configuration file as input for TSEBRA. We used gffread v0.12.7 (

, ) with the -M and -K options to discard redundant gene models, removing
all genes which were fully contained in another gene model, to generate the genome anno-
tation v2.2. We manually corrected the annotation of the AmMYBI1 gene (AHp014591)
based on alignment of previous complementary DNA (¢cDNA) Sanger sequencing results
(generated from the dark seeded accession PI 604581) to the polished reference genome
using minimap2 v2.17 (L, ). In order to estimate the completeness of the genome
annotation v2.2, we used the annotated protein sequences as input for BUSCO v5.2.2
( , ) with the Embryophyte reference set (-l embryophyta_odb10 option).
For each annotated isoform of the genome annotation v2.2, we assessed support by assem-
bled Iso-Seq transcripts using gffcompare v0.12.6 ( , ). To compare
the annotation completeness with the previously published genome annotations of A.
hypochondriacus and A. cruentus, we submitted the annotated protein sequences from
the two genome annotations to BUSCO v5.2.2 using the same parameters as detailed
above. We visualized the genome annotation in a circos plot using the circlize R package
( , ), calculating gene and repetitive element density in 1 Mb windows along

the genome.

Methods S5: Functional annotation

We additionally annotated sequences using Interproscan v5.56-89.0 ( , )
retrieving pathway and GO-term annotations. We identified betalain pathway genes using
BLAST ( , ) searches with previously described betalain pathway genes (Ta-
ble S3.3). Searches were carried out against the annotated amaranth protein sequences
using BLAST -+ v2.9.0-2, requiring a high-scoring query coverage of 80% (gcov_hsp_ perc
80) and using the best hit as candidate sequence. For phylogenetic analysis of the candi-
date sequences, we aligned the amaranth CYP76AD and DODA protein sequences with
sequences of other species (Table S3.9 and S3.10) using Clustal Omega v1.2.4 (

, ) with default settings and constructed neighbour joining phylogenetic trees
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using ClustalW v2.1 ( , ) with 1000 bootstrap replicates. We used
the flavonoid pathway identification pipeline KIPEs v0.35 ( , ) to iden-
tify candidate genes of the flavonoid pathway. Amaranth genes were defined as candidate
genes if they included all of the conserved residues defined by KIPEs. If no candidate
sequence with all conserved residues could be identified, instead the amaranth gene with
the highest percentage similarity and less than three missing conserved residues was de-
fined as candidate gene. For each pathway gene not identified by KIPEs, we searched
for candidate sequences through alignment KIPEs bait sequences against the amaranth
genome using BLAST+ v2.9.0-2 ( , ) and exonerate v2.4.0 with the percent
50 option ( ) ). Few amaranth genes represented the best candidates
for multiple different flavonoid pathway genes (e.g. F3’H and F3’5’H shared the best
candidate in AHp017497.1). Since these ambiguous candidate genes could be assigned to
specific flavonoid pathway genes with high confidence (displaying all conserved residues),
we defined the genes CHI2, F3’5°’H and FNSI to be missing in amaranth.

To identify potential MYB transcription factors, we searched the predicted protein
sequences of the A. hypochondriacus genome annotation v2.2 for matches to the MYB
DNA-binding domain HMM profile (Pfam ID: PF00249, downloaded 11.01.2022) using
HMMer v3.3.2 ( , ). We filtered matching domains based on score (> 25), align-
ment length (> 20 amino acids) and accuracy (> 0.8) and divided genes with matching
domains into the R2R3, 3R and 4R subfamilies based on the number of adjacent repeats of
the MYB domain using a custom script. Domains were considered adjacent, if they were
located within 15 amino acids of one another. To assign the identified MYB transcription
factors to their established subgroups, we aligned amaranth MYB protein sequences with
the MYB proteins of A. thaliana ( , ) and B. wulgaris ( ,

) using Clustal Omega v1.2.4 ( , ) with default settings. We con-
structed a neighbour joining phylogenetic tree with 1000 bootstrap replicates from the
Clustal Omega multiple sequence alignment using ClustalW v2.1 ( , ).
MYB proteins were assigned to subgroups based on the subgroup assignment of the closest
A. thaliana homolog, as reported by Dubos et al. (2010) and Li et al. (2016). For am-
biguous placement in the phylogeny, additionally the subgroup assignment of the closest
B. vulgaris homolog was considered ( , ). For A. thaliana subgroup S8,
we considered the classification also used by Tombuloglu (2020). We identified potential
bHLH-interacting MYB transcription factors by searches in the protein sequence using
the conserved sequence motif (|[D/E]Lxa|R/K]|xsLxe¢LxsR), described by Zimmermann
et al. (2004). To investigate their sequence conservation, we aligned subgroup S6 antho-
cyanin regulators and BvMYB1-clade proteins using ClustalOmega with default settings.
In addition to the bHLH-interaction motif, we annotated residues required to restore
bHLH-interaction in BvMYB1 through site-directed mutagenesis ( , ),
residues where amino-acid exchanges resulted in temperature-sensitive defects of the in-

teraction capacity of PAP1 with bHLH proteins ( , ) and residues

118



where amino acid exchanges resulted in enhanced activation of the ANS promoter by
Caryophyllales MYBs ( , ). To assess the effect of amino acid exchanges
in the R3 interaction domain on bHLH-interaction, we performed pairwise prediction of
protein-protein interactions of the S6 anthocyanin regulator PAP1 (AtMYB75) and the
BvMYBIl-clade MYBs AhMYB2.1 and BvMYB1 with three known A. thaliana bHLH
interaction partners of PAP1 (EGL3, GL3 and TT8) using ColabFold v1.5.2 (

, ) on COSMIC? ( , ) and visualized interacting residues in
the MYB R3 domain using iCn3D ( , ).

Methods S6: Betalain quantification

We performed photometric quantification and quantified individual metabolites (ama-
ranthin and betanin (betacyanins), vulgaxanthin IV (betaxanthin), and betalamic acid)
using liquid chromatography - mass spectrometry (LC-MS) from the same samples with
at least 3 replicates per tissue per accession (4 for leaves of PI 576485, 8 for leaves of PI
538323, 3 for leaves of PI 686465, 3 for flower of PI 576485, 8 for flower of PI 538323 and 3
for flower of PI 686465). We performed additional photometric quantification from 5 leaf
samples of PI 576485, 2 leaf samples of PI 538323 and 4 leaf samples of PI 686465, as well
as b flower samples of PI 576485, 2 flower samples of PI 538323 and 5 flower samples of
PI 686465. To confirm AhRMYB2.1 as betalain regulator, we sampled wild-type like and
transgenic (expressing p35S:AhMYB2.1-GFP) roots from the same plant (two plants in
total) and extracted betalains for LC-MS analysis. To quantify extracted betalains, we

, 2001).

We sampled around 30 mg of flower or leaf tissue or around 10 mg of root tissue and

modified a previously described extraction method ( , ;

immediately stored plant material in liquid nitrogen. Flower tissue was sampled from
the tip of the inflorescense, leaf tissue from the tip of the youngest fully developed leaf.
We homogenized plant material in liquid nitrogen and extracted betalains in a two step
procedure. Betalains were extracted on a shaker in HoO for 60 min at 8 °C, afterwards
samples were centrifuged at 16,000 g for 10 min at 4 °C. After centrifugation, the super-
natant was transferred to a new tube and methanol and chloroform were added in a ratio
of 1:1:2 HyO:methanol:chloroform to separate residual chlorophyll from extracted beta-
lains. For usage as internal standard in LC-MS measurements, we added 10 pM sinigrin
to methanol in the previous step. Extracts were incubated on a shaker for 10 min at 8
°C and centrifuged again at 16,000 g for 10 min at 4 °C. We collected betalains from the
upper aqueous phase for quantification using photometry and LC-MS.

For photometric quantification of betacyanin and betaxanthin content, we measured
absorption of the extracts at 536 nm (As3¢) and 480 nm (Aygp), respectively. We converted
Assg to betacyanin content using the molar extinction coefficient € = 60,000 M~ em™!
( , ) and the molecular weight of amaranthin (726.6 g mol~!). To correct for

betacyanin absorption at 480 nm, we adjusted our estimation of betaxanthin absorption
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using the formula A, = Asg0 — ’%’iﬁ ( , ). We converted Ap, to betaxanthin
content using the molar extinction coefficient € = 48,000 M~! em~! ( ,
) and the molecular weight of vulgaxanthin IV (324.333 g mol™!).

LC of plant extracts was performed on the Dionex UltiMate 3000 UPLC system
(Thermo Scientific, Germering, Germany) using a C18 XSelect@® HSS T3 (2.5 pm,
3.0x150 mm) column (Waters, Drinagh, Ireland) at a flow rate of 0.35 ml/min. The
mobile phase consisted of water/0.1 % formic acid (solution A) and methanol/0.1 %
formic acid (solution B). The 35-min gradient conditions were as follows: 0-3 min 1 % B
(v/v), 3-20 min linear gradient to 40 %, 20-25 min linear gradient to 99 % B, 25-30 min
99 % B, 30-33 min linear gradient to 1 % B and 33-35 min 1 % B. MS spectra data were
acquired using a maXis 4G QTOF-instrument (Bruker Daltonics, Bremen, Germany)
equipped with an electrospray ion source. Betalains were analyzed in positive ion mode
with following source settings: capillary voltage: 3.5 kV, nebulizer pressure: 1 bar, dry
gas flow: 8 1/min, dry temperature: 200 °C. Metabolite identification was achieved from
full-scan MS data (mass range m/z 50-1000 m/z) using the DataAnalysis (version 6.0)
software (Bruker, Bremen, Germany). Retention time of betalains was confirmed by com-
parisons to the literature. Peak areas of respective compounds using the extracted ion
chromatograms were determined with QuantAnalysis (version 6.0) software (Bruker, Bre-

men, Germany). Betaxanthin and betacyanin amounts were normalized against sample

Metabolite area )
Internal standard area’/®

fresh weight and the internal standard (M etabolite relative area =
We conducted statistical analysis of betalain content differences between samples within
tissue using ANOVA.

3.12.2 Supplementary notes

Notes S1: Improvement of the grain amaranth reference assembly

In order to improve the annotation with full-length transcript sequencing evidence, we
performed PacBio isoform sequencing of seven different tissues of the amaranth reference
accession (PI 558499, Table S3.1). A total of 5,306,288 CCS reads across the seven
different tissues were generated, resulting in a total of 163,587 high-quality transcript
sequences after filtering and clustering (Table S3.2). Of these high-quality transcripts,
94.23 % (154,949) could be uniquely mapped to the polished reference genome and were
further collapsed into 53,638 unique isoforms. We further filtered possible 5’ degraded
sequences and corrected sequences according to the polished reference genome, resulting
in a set of 52,468 transcript sequences from 22,165 loci. Out of these, a total of 42,835
transcripts from 18,593 genes were predicted as coding with intact ORF. Correction of
long-read transcript sequences using the polished reference genome resulted in a minor

increase in reported BUSCO completeness from 90.7 % to 90.8 % (Table S3.8).

To evaluate the effect of genome polishing on long-read ’error correction’, we mapped
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HQ long-read clustered isoforms from all tissues to the unpolished reference genome and
collapsed the mapped isoforms using identical settings as above. Genome-based correction
of long-read transcripts is expected to increase transcript accuracy by correcting possible
sequencing errors in the long-reads with the reference genome sequence. A decreased ac-
curacy of transcripts after genome-based correction instead indicates sequencing errors in
the assembly not present in the transcripts. We 'corrected’ the sequences of the collapsed
isoforms using the unpolished reference genome and predict ORFs in both the uncorrected
and corrected isoforms. For a total of 43,245 transcript sequences that were predicted
to be coding before and after correction using the unpolished reference genome, 35.1 %
(15,194) differed in predicted ORF length. While 12,289 transcripts had longer predicted
ORFs without 'correction’, 2,805 were predicted with longer ORF after 'correction’ with
the unpolished reference genome. ORFs of transcripts with differential ORF predictions
before and after ’correction’ differed by an average of 140 amino acids. SQANTI based
correction of long-read transcripts using the unpolished reference genome strongly de-
creased the reported BUSCO score from 90.6 % to 74.6 % complete (Table S3.8). The
large difference in BUSCO score and predicted ORF length between Iso-Seq data and
unpolished genome indicate that the unpolished reference genome sequence included in-
dels that disrupted the previous annotation. In contrast to that, reference genome based
correction using our polished assembly resulted in an increase in reported BUSCO com-
pleteness from 90.7 % to 90.8 % (Table S3.8) with only 10.1 % of transcripts differing in
predicted ORF length after correction. These results demonstrate the successful removal
of sequencing errors from the reference genome through genome polishing and the positive

impact for gene annotation.

Notes S2: Annotation of the polished A. hypochondriacus reference

genome increases completeness of annotated genes

In addition to the long-read RNA annotation, we predicted protein-coding genes in the
polished reference genome using BRAKER2 ( , ) with external evidence
in the form of a protein database and short-read RNA sequencing reads from eight dif-
ferent tissues (Table S3.1). Computational gene prediction resulted in a total of 32,604
predicted gene isoforms, 67.5 % (22,012) with full support, 21.5 % (7,013) with partial
support and 11 % (3,579) without external support. We excluded all predicted isoforms
without support from RNA sequencing or protein alignments. The filtered computational
annotation included 29,025 annotated isoforms from 25,405 genes with a BUSCO score
of 97.9 % complete (Table S3.8).

After combination of BRAKER2 and Iso-Seq annotations, we found the complete
intron chain of 20,959 (74.66 %) annotated isoforms to be supported by full-length tran-
scripts from long-read sequencing data, indicating high-quality of the annotation. As

expected, regions with high repeat content show less annotated genes (Fig. 1c). While
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the number of predicted genes was comparable to the previously published annotation
( , ) and lower than the number of predicted genes from A. cruentus
( , ), the mean CDS length and exon number was slightly increased (Table
1). While the previous A. hypochondriacus genome annotation included only a single
primary isoform for each gene, our genome annotation v2.2 includes multiple annotated

isoforms for 3,484 genes, resulting in a total of 28,074 annotated isoforms.
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3.12.3 Supplementary tables

Table S3.1: Summary of tissue of origin, read count, and source of long-read and short-read RNA
sequencing data used to generate the A. hypochondriacus genome annotation v2.2. For long-read
data, the number of reads refers to circular consensus sequencing (CCS) reads. For short-read
data, the number of reads refers to read pairs.

Tissue Sequencing type Reads Uniquely Source
mapped (%)

Pollen long-read 637,760 - this study
Root long-read 752,123 - this study
Root short-read 22,656,771 93.13 Clouse et al. (2016)
Cotyledons long-read 928,752 - this study
Cotyledons short-read 22,291,775  89.50 Clouse et al. (2016)
Flower long-read 691,694 - this study
Flower short-read 21,501,431 94.93 Clouse et al. (2016)
Leaf long-read 478,352 - this study
Leaf short-read 22,045,070 94.28 Clouse et al. (2016)
Developing seed long-read 371,693 - this study
Developing seed short-read 21,768,342 96.31 Clouse et al. (2016)
Mature seed long-read 1,445914 - this study
Mature seed short-read 22,242,512 92.17 Clouse et al. (2016)
Stem short-read 22,162,620 95.61 Clouse et al. (2016)
Water-stressed tissues short-read 21,610,476 95.37 Clouse et al. (2016)
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Table S3.2: Number of PacBio Iso-Seq circular consensus sequencing (CCS) and full-length non-
concatemer (FLNC) reads for all sequenced A. hypochondriacus tissues. We combined the FLNC
reads from all tissues before clustering FLNC reads into a set of high-quality isoforms from all
tissues.

CCS reads FLNC reads HQ clustered

Root 752,123 734,212
Cotyledon 928,752 895,195
Flower 691,694 676,684
Leaf 478,352 467,382
Pollen 637,760 624,434
Developing seed 371,693 363,574
Mature seed 1,445,914 1,404,972
Combined 5,306,288 5,166,453 163,587
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Table S3.3: Summary of BLAST results for betalain pathway genes. GenBank or Uniprot entries
for query genes are noted alongside their original publication. For each query, the best hit in the
annotated A. hypochondriacus protein sequences and the percentage identity as reported by blast
is displayed. DODA (L-3,4-dihydroxyphenylalanine 4,5-dioxygenase), cDOPA5SGT (cyclo-DOPA
5-O-glucosyltransferase), Betanidin5GT (betanidin 5-O-glucosyltransferase), Betanidin6GT (be-
tanidin 6-O-glucosyltransferase).

Pathway gene  Query GenBank Query Uniprot Reference Query species Best hit Percentage identity
CYP76AD1 - C76AD_BETVU Hatlestad et al. (2012) B. wvulgaris AHp023148 84.14
CYP76AD2 HQ656025.1 - Hatlestad et al. (2012) A. cruentus AHp023148 99.80
CYP76AD5 - AOAOUL1YLX5 BETVU Sunnadeniya et al. (2016) B. vulgaris AHp000674 83.43
CYPT76AD6 - AOAOU1YJAO_BETVU  Sunnadeniya et al. (2016) B. vulgaris AHp000674 82.16
DODA1 HQ889614.1 - Casique-Arroyo et al. (2014)  A. hypochondriacus AHp010386 100.00
DODA1 - DOD1U_BETVU Hatlestad et al. (2012) B. vulgaris AHp023147 78.10
cDOPA5SGT KJ136018.1 - Casique-Arroyo et al. (2014).  A. hypochondriacus AHp007219 100.00
BetanidinbGT KJ136017.1 - Casique-Arroyo et al. (2014)  A. hypochondriacus  AHp001663 99.79
Betanidin6GT KP174812.1 - Zheng et al. (2016) A. tricolor AHp005940 92.96

125



Table S3.4: Statistics for whole-genome sequencing data used in the bulk segregant analyses
(BSAs). The number of read pairs generated for the green and red bulks of both BSAs and the
percentage of read pairs uniquely mapped to the polished A. hypochondriacus reference genome
is displayed.

Sample Reads Uniquely mapped (%)
green bulk regulator BSA 59,471,388 98.29
red bulk regulator BSA 68,365,577 98.62
green bulk biosynthesis BSA 63,069,713 98.03
red bulk biosynthesis BSA 71,253,748 97.99
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Table S3.5: Statistics for RNA sequencing data generated from bulk segregant analysis (BSA)
bulks. Number of read pairs before and after adapter trimming for short-read RNA-seq data
generated for gene expression quantification in pooled green and red flower tissue of regulator
and biosynthesis BSA. The data was generated from pooled A. hypochondriacus flower tissue of
24 plants from each bulk of the biosynthesis BSA and 29 plants from each bulk of the regulator

BSA.
Sample Reads Trimmed reads
green bulk regulator BSA 25,960,085 25,940,297
red bulk regulator BSA 25,423,535 25,404,128
green bulk biosynthesis BSA 38,659,017 38,560,213
red bulk biosynthesis BSA 25,718,709 25,673,931
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Table S3.6: List of primers used in the study.

Name Function Sequence

SV1 forward primer AhMYB2 amplification ggggacaagtttgtacaaaaaagcagge
ttaatgctacaaacatttgtatccacac

SV2 reverse primer AhMYB2 amplification  ggggaccactttgtacaagaaagetgget
taatactccteecctaaaattgacaac

SV4 AhRCYP76AD2 genotyping gcctaaagatgeacaaatacteg

SV5 AhCYPT6AD2 genotyping tcaatgcctaagggatggaatg
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Table S3.7: Repetitive element content of the polished A. hypochondriacus genome assembly
v2.2. Denoted are the classified type of repetitive element with the proportion of genome covered
by that class.

Classification Genome covered [bp] Genome covered |%]
DNA /CMC-EnSpm 4,098,198 1.01
DNA/MULE-MuDR 5,723,062 1.42
DNA /PIF-Harbinger 1,168,228 0.29
DNA /TeMar-Stowaway 1,239,206 0.31
DNA /Zisupton 800,423 0.2
DNA /hAT-Ac 2,943,534 0.73
DNA /hAT-Tagl 254,129 0.06
DNA /hAT-Tip100 1,342,775 0.33
RC/Helitron 2,071,001 0.51
LINE/CRE 1,014,983 0.25
LINE/L1 8,821,523 2.18
LINE/Penelope 21,568 0.01
LINE/R1 18,480 0
LINE/RTE 504,828 0.12
LINE/RTE-BovB 2,580,488 0.64
LTR 163,433 0.04
LTR/Copia 39,486,653 9.77
LTR/Cypsy 19,135,979 4.74
LTR/Pao 50,089 0.01
LTR/Unknown 10,497,276 2.6
SINE/5S 76,086 0.02
SINE/U 39,697 0.01
SINE/tRNA 697,466 0.17
SINE/tRNA-CR1 38,625 0.01
rRNA 21,280 0.01
tRNA 30,256 0.01
Low complexity 937,694 0.23
Simple repeat 11,495,793 2.85
Unknown 114,642,357 28.38
Total sum 229,915,110 56.91
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Table S3.8: BUSCO score summary of different data sets against the Embryophyta reference
set. Iso-Seq full-length non-concatemer (FLNC) reads were mapped against the unpolished or
polished A. hypochondriacus reference genome and corrected using the unpolished or polished
reference genome sequence. For Iso-Seq transcript sets, BUSCO was run in protein mode using
predicted open reading frames. For genome annotations, BUSCO was run in protein mode on
predicted protein sequences.

Dataset Species Data source Complete Complete Complete Fragmented Missing
(single copy)  (duplicated)

Genome annotation v2.1 A. hypochondriacus Lightfoot 80.7 78.5 2.2 8.8 10.5
et al. (2017)

Genome annotation A. cruentus Ma et al. 89.8 87.2 2.6 2.5 7.7
(2021)

Iso-Seq transcripts A. hypochondriacus this study 90.7 58.9 31.8 2.0 7.3

(uncorrected)

Iso-Seq transcripts A. hypochondriacus  this study 90.8 57.3 33.5 14 7.8

(corrected)

Iso-Seq transcripts A. hypochondriacus  this study 90.6 58.7 31.9 2.0 7.4

(unpolished genome, uncorrected)

Iso-Seq transcripts A. hypochondriacus this study 74.6 46.7 27.9 11.0 144

(unpolished genome, corrected)
Braker2 annotation
Genome annotation v2.2

. hypochondriacus  this study 97.9 80.9 17.0 0.8 1.3
. hypochondriacus  this study 98.0 83.4 14.6 0.7 1.3

PN
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Table S3.9: Sequences used for phylogenetic analysis of A. hypochondriacus CYP76AD genes.
Species, gene name and GenBank accession of input genes for phylogenetic analysis.

Species Gene name GenBank accession
Amaranthus cruentus AcCYP76AD2 AET43291.1
Arabidopsis thaliana AtCYPT76C2 NP 182081
Basella alba BaCYP76AD13  AJD87469

Bougainvillea peruviana BpCYP76AD1-1 BCD59210
Bougainvillea peruviana BpCYP76AD1-2 BCD59211
Bougainvillea peruviana BpCYP76AD1-3 BCD59212
Bougainvillea peruviana BpCYP76AD2 BCD59213

Beta vulgaris BvCYPT76AD1 AET43290
Beta vulgaris BvCYP76AD5 AJD87473
Beta vulgaris BvCYP76AD6 AJD87474
Chenopodium quinoa CqCYP76AD1 XP 021769302
Mirabilis jalapa MjCYP76AD3 AET43292
Mirabilis jalapa MjCYP76ADT AJDS&7463
Mirabilis jalapa MjCYP76AD15  AJD87471
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Table S3.10: Sequences used for phylogenetic analysis of A. hypochondriacus DODA genes.
Species, gene name and GenBank accession of input genes for phylogenetic analysis. DODA

(L-3,4-dihydroxyphenylalanine 4,5-dioxygenase).

132

Species

Gene name

GenBank accession

Beta vulgaris

Beta vulgaris

Beta vulgaris

Chenopodium quinoa

Mirabilis jalapa
Mesembryanthemum crystallinum
Mesembryanthemum crystallinum

BvDODA«l1l
BvDODA«?2
BvDODAS
CqDODAlal
M;jDOD
McDODA«1
McDODAS

MN153194
MN153195
MN153198
XP_ 021769303
AB435372.1
MN136225
MN136227




Table S3.11: Summary of A. hypochondriacus flavonoid pathway candidate genes. Displayed are
candidate gene names from genome annotation v2.2 alongside the percentage similarity, the per-
centage of conserved residues and the number of missing conserved residues as reported by KIPEs.
Missing pathway genes (defined by having no unique candidate genes or three or more missing
conserved residues) were marked with asterisks and defined as unidentified in A. hypochondria-
cus. We added the ANS candidate gene identified by protein to genome alignments to this table.
PAL (phenylalanine ammonium lyase), C4H (cinnamate 4-hydroxylase), 4CL (4-coumarate:CoA
ligase), CHS (naringenin-chalcone synthase), CHI (chalcone isomerase), FNS (flavone synthase),
F3H (flavanone 3-hydroxylase), FLS (flavonol synthase), F3'H (favonoid 3’-hydroxylase), F3’5'H
(flavonoid 3’5’-hydroxylase), DFR (dihydroflavonol 4-reductase), LAR (leucoanthocyanidin re-

ductase), ANS (anthocyanidin synthase), ANR (anthocyanidin reductase).

Pathway gene

Candidate gene

Percentage similarity Percentage conserved residues

Missing conserved residues

PAL
PAL
C4H
C4H
C4H
4CL
4CL
CHS
CHI1
CHI2*
F3'H
F3'H
F3'H
F3'H
F3'H
F3'5'H*
FNS1*
F3H
FLS
DFR
LAR
ANS
ANR*

AHp012752
AHp021980
AHp013217
AHp022384
AHp022382
AHp014409
AHp020962
AHp004305
AHp009962
no candidate
AHp017497
AHp022122
AHp003152
AHp022120
AHp022123
no candidate
no candidate
AHp006454
AHp008991
AHp009303
AHp017409
AHp021795
AHp001635

79.49
79.40
81.06
80.66
72.71
64.73
65.36
79.78
59.97
68.15
36.88
38.80
37.24
25.78

79.68
62.03
61.99
57.70

37.14

100.0
100.0
100.0
100.0
100.0
100.0
100.0
94.29
100.0
100.0
100.0
100.0
100.0
100.0

100.0
100.0
96.43
100.0

86.96

O OO O OO

O OO 1 1 OO0 OO

w
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Table S3.12: MYB transcription factors identified in A. hypochondriacus. Genes were assigned into subgroups based on their phylogenetic placement in
comparison to A. thaliana and B. vulgaris MYBs. Subgroup functions were assigned according to conserved subgroup functions.

Gene name Gene id Transcript id Scaffold Start End Strand Subfamily Protein length Exon number Subgroup Functional assignment
- AHp000437 AHp000437.1 Scaffold 1 4347523 4351157 + R2R3 270 3 S16 Photomorphogenesis
- AHp000789 AHp000789.1 Scaffold 1 10090637 10092364 + R2R3 255 2 S4 Repressors of phenylpropanoids, sinapate, lignin
- AHp001699 AHp001699.1 Scaffold 1 29115865 29116587 + R2R3 241 1 S22 Defense, stress response
- AHp001699 AHp001699.2 Scaffold 1 29115865 29116656 + R2R3 239 2 S22 Defense, stress response
- AHp002277 AHp002277.1 Scaffold _1 35637528 35639576 - R2R3 272 2 S4 Repressors of phenylpropanoids, sinapate, lignin
- AHp002664 AHp002664.1 Scaffold _2 1693532 1697261 + R2R3 274 3 S2 Abiotic stress response, flower morphogenesis
- AHp002686 AHp002686.1 Scaffold _2 1885905 1892082 - R2R3 317 3 ST Flavonol, flavonoid pathway
- AHp002839 AHp002839.1 Scaffold _2 3368079 3370731 + R2R3 322 3 S1 Defense, stress response
- AHp003887 AHp003887.1 Scaffold _2 26854106 26855787 + R2R3 309 3 S14 Axillary meristem, root growth
- AHp003952 AHp003952.1 Scaffold _2 27861374 27862381 - R2R3 336 1 S22 Defense, stress response
- AHp004623 AHp004623.1 Scaffold _2 34693851 34698394 - R2R3 454 12 - -
- AHp005058 AHp005058.1 Scaffold _3 3408139 3411828 + R2R3 359 4 S21 Cell wall, lignin, axillary meristem
- AHp005110 AHp005110.1 Scaffold _3 3994528 4000152 + R2R3 454 12 - -
- AHp005488 AHp005488.1 Scaffold _3 8254983 8258030 + R2R3 269 3 S20 Defense, stress response
- AHp005948 AHp005948.1 Scaffold _3 14823654 14827853 - R2R3 307 3 - -
- AHp006062 AHp006062.1 Scaffold _3 18197344 18199249 - R2R3 171 4 S24 -
- AHp006213 AHp006213.1 Scaffold _3 24208195 24209124 + R2R3 310 1 S22 Defense, stress response
- AHp006562 AHp006562.1 Scaffold 4 605153 607206 + R2R3 316 3 S1 Defense, stress response
- AHp006562 AHp006562.2 Scaffold 4 605153 608233 + R2R3 178 4 S1 Defense, stress response
- AHp007248 AHp007248.1 Scaffold 4 11044442 11046030 + R2R3 359 3 S10 -
- AHp007516 AHp007516.1 Scaffold _4 18919997 18922556 + R2R3 540 3 S18 Anther devlopment, stress response
- AHp007516 AHp007516.2 Scaffold _4 18919997 18922556 + R2R3 535 3 S18 Anther devlopment, stress response
- AHp007908 AHp007908.1 Scaffold _4 24322377 24324732 - R2R3 296 3 S4 Repressors of phenylpropanoids, sinapate, lignin
- AHp008229 AHp008229.1 Scaffold _4 27535327 27540827 - R2R3 353 3 S18 Anther devlopment, stress response
- AHp008229 AHp008229.2 Scaffold _4 27535327 27540827 - R2R3 375 4 S18 Anther devlopment, stress response
- AHp008229 AHp008229.3 Scaffold _4 27536451 27540827 - R2R3 310 2 S18 Anther devlopment, stress response
- AHp008362 AHp008362.1 Scaffold _5 579584 581724 + R2R3 223 4 S14 Axillary meristem, root growth
- AHp008362 AHp008362.2 Scaffold _5 579584 581724 + R2R3 345 3 S14 Axillary meristem, root growth
- AHp008410 AHp008410.1 Scaffold _5 1052626 1053435 - R2R3 270 1 S22 Defense, stress response
- AHpO008675 AHp008675.1 Scaffold _5 4050096 4052532 + R2R3 348 2 S21 Cell wall, lignin, axillary meristem
- AHp009283 AHp009283.1 Scaffold _5 19207042 19209867 + R2R3 301 3 S9 Trichome branching, petal morphogenesis
- AHpP009452 AHp009452.1 Scaffold _5 21916376 21917921 | R2R3 315 3 S4 Repressors of phenylpropanoids, sinapate, lignin
- AHp009484 AHp009484.1 Scaffold 5 22269940 22274870 + R2R3 305 3 S3 Phenylpropanoid pathway, lignin
- AHp009565 AHp009565.1 Scaffold _5 23545578 23547934 + R2R3 348 2 AtMYB5-like Development, proanthocyanidin biosynthesis
- AHp009926 AHp009926.1 Scaffold 6 2944929 2948000 + R2R3 330 3 - -
- AHp010652 AHp010652.1 Scaffold_6 17732890 17739448 - R2R3 974 4 - -
- AHp010658 AHp010658.1 Scaffold 6 17860532 17862437 + R2R3 420 3 S13 Mucilage, lignin, stomatal closure
- AHp011052 AHp011052.1 Scaffold _6 22330077 22334786 - R2R3 411 2 S16 Photomorphogenesis
- AHp011153 AHp011153.1 Scaffold _6 23290312 23291464 - R2R3 300 2 S18 Anther devlopment, stress response
- AHp011578 AHp011578.1 Scaffold _7 10152532 10155066 - R2R3 334 3 - -
- AHp011578 AHp011578.2 Scaffold 7 10153374 10155066 - R2R3 334 2 - -
- AHp011866 AHp011866.1 Scaffold _7 16613289 16616126 + R2R3 314 3 S20 Defense, stress response
- AHp012381 AHp012381.1 Scaffold _7 23842541 23847434 + R2R3 254 3 S16 Photomorphogenesis
- AHp012382 AHp012382.1 Scaffold _7 23851791 23855945 - R2R3 289 3 S16 Photomorphogenesis



Gene name Gene id Transcript id Scaffold Start End Strand Subfamily Protein length Exon number Subgroup Functional assignment

Gel

- AHp012383 AHp012383.1 Scaffold 7 23881163 23885856 + R2R3 250 3 S9 Trichome branching, petal morphogenesis
- AHp012732 AHp012732.1 Scaffold _8 3120126 3122087 + R2R3 375 3 S14 Axillary meristem, root growth
- AHp013131 AHp013131.1 Scaffold _8 6814523 6815510 + R2R3 255 3 S17 -
- AHp013326 AHp013326.1 Scaffold _8 9237650 9242324 - R2R3 403 3 - -
- AHp013775 AHp013775.1 Scaffold _8 16914029 16918169 - R2R3 411 3 S25 Embryogenesis, seed maturation
- AHp014406 AHp014406.1 Scaffold _9 12055158 12058160 + R2R3 350 3 S14 Axillary meristem, root growth
- AHp014458 AHp014458.1 Scaffold _9 12904501 12907181 - R2R3 242 3 S14 Axillary meristem, root growth
AmMYBI1 AHp014591 AHp014591.1 Scaffold _9 14711535 14714080 + R2R3 283 4 S5 Proanthocyanidin biosynthesis
- AHp014665 AHp014665.1 Scaffold _9 15476010 15477107 - R2R3 366 1 - -
- AHp015175 AHp015175.1 Scaffold _9 20978046 20979995 - R2R3 392 3 S11 Defense, stress response
- AHp015176 AHp015176.1 Scaffold _9 20993200 20994999 - R2R3 359 3 S11 Defense, stress response
- AHp015766 AHp015766.1 Scaffold 10 12455733 12458734 + R2R3 351 3 S1 Defense, stress response
- AHp015766 AHpP015766.2 Scaffold 10 12455733 12458734 } R2R3 341 3 S1 Defense, stress response
- AHp015783 AHp015783.1 Scaffold 10 12825187 12827217 - R2R3 452 3 S9 Trichome branching, petal morphogenesis
- AHpO16111 AHp016111.1 Scaffold 10 16835722 16838292 - R2R3 325 3 S14 Axillary meristem, root growth
- AHp016387 AHp016387.1 Scaffold 10 20282177 20286204 + R2R3 406 2 S23 -
- AHp016456 AHp016456.1 Scaffold 10 21051032 21053433 + R2R3 318 4 - -
AhMYB3 AHp016530 AHp016530.1 Scaffold _10 21762621 21764924 - R2R3 216 3 BvMYBI-like Betalain biosynthesis
AhMYB4 AHp016531 AHp016531.1 Scaffold _10 21780565 21783050 - R2R3 228 3 BvMYBI-like Betalain biosynthesis
- AHp016620 AHp016620.1 Scaffold _10 22596330 22599342 - R2R3 341 2 S16 Photomorphogenesis
- AHp017558 AHp017558.1 Scaffold 11 17970779 17972903 + R2R3 293 3 S1 Defense, stress response
- AHpO017657 AHp017657.1 Scaffold _11 18887019 18889370 - R2R3 289 3 S20 Defense, stress response
- AHp017658 AHp017658.1 Scaffold _11 18908562 18910154 - R2R3 248 3 S20 Defense, stress response
- AHp017689 AHp017689.1 Scaffold _11 19220858 19226127 - R2R3 341 3 ST Flavonol, flavonoid pathway
- AHp017915 AHp017915.1 Scaffold 11 21654178 21657013 - R2R3 362 3 - -
- AHp017946 AHp017946.1 Scaffold 11 22019498 22021190 - R2R3 294 3 S25 Embryogenesis, seed maturation
- AHp017979 AHp017979.1 Scaffold _12 139570 144579 - R2R3 358 3 - -
- AHp018270 AHp018270.1 Scaffold 12 3175247 3177848 - R2R3 188 3 S5 Proanthocyanidin biosynthesis
- AHp018383 AHp018383.1 Scaffold 12 4698125 4699671 - R2R3 346 2 - -
- AHp018492 AHp018492.1 Scaffold 12 5906028 5907870 - R2R3 306 2 S8 Lignin
- AHp018627 AHp018627.1 Scaffold 12 7669283 7672257 + 3R 513 7 3R -
- AHp019036 AHp019036.1 Scaffold 12 15482171 15486341 - R2R3 356 3 S21 Cell wall, lignin, axillary meristem
- AHp019040 AHp019040.1 Scaffold 12 15614348 15629179 + 4R 900 13 4R -
- AHp019040 AHp019040.2 Scaffold 12 15614348 15629179 + 4R 902 13 4R -
- AHp019088 AHp019088.1 Scaffold _12 16532558 16544063 + 3R 541 7 3R -
- AHp019259 AHp019259.1 Scaffold 12 20323254 20324899 + R2R3 313 2 - -
- AHp019341 AHp019341.1 Scaffold _12 21674277 21675477 - R2R3 335 3 - -
- AHp019341 AHp019341.2 Scaffold 12 21674277 21675477 - R2R3 325 3 - -
- AHp020198 AHp020198.1 Scaffold _13 17051563 17053916 + R2R3 259 3 S17 -
- AHPp020524 AHp020524.1 Scaffold 13 20104457 20106612 - R2R3 284 3 S1 Defense, stress response
- AHp020968 AHp020968.1 Scaffold _14 12366084 12368376 - R2R3 285 3 S14 Axillary meristem, root growth
- AHp021016 AHp021016.1 Scaffold 14 13270874 13277249 + R2R3 412 3 S25 Embryogenesis, seed maturation
- AHp021152 AHp021152.1 Scaffold 14 14968799 14969911 - R2R3 371 1 - -
- AHp021566 AHp021566.1 Scaffold 14 19210847 19212496 - R2R3 381 3 S11 Defense, stress response
- AHp021567 AHp021567.1 Scaffold 14 19222097 19225148 - R2R3 381 3 S11 Defense, stress response
- AHp021873 AHp021873.1 Scaffold 15 1897249 1899908 - R2R3 278 3 S17 -
- AHp022482 AHp022482.1 Scaffold 15 10193355 10194334 + R2R3 260 3 S17 -
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Gene name Gene id Transcript id Scaffold Start End Strand Subfamily Protein length Exon number Subgroup Functional assignment
- AHp022746 AHp022746.1 Scaffold 16 532237 533511 - R2R3 274 3 - -
AhMYB2 AHp022773 AHp022773.1 Scaffold _16 988734 991447 + R2R3 236 3 BvMYBI-like Betalain biosynthesis
AhMYB2 AHp022773 AHp022773.2 Scaffold 16 988734 991447 + R2R3 240 3 BvMYBI-like Betalain biosynthesis
- AHp022995 AHp022995.1 Scaffold _16 3273279 3276051 - R2R3 422 2 S23 -
- AHp023085 AHp023085.1 Scaffold 16 4378346 4379815 + R2R3 243 2 - -
- AHp023286 AHp023286.1 Scaffold 16 7455684 7465379 - 3R 1017 11 3R -
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Figure S3.1: Organellar contamination in the A. hypochondriacus assembly. Total read depth
of whole genome sequencing data in 5 kb windows along Scaffold 10 region with mapping bias.
High read depth regions correspond partially to annotated chloroplast and mitochondrial regions
in the genome.
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Figure S3.2: Summary of the functional annotation of the A. hypochondriacus reference genome
v2.2. Overlap between functionally annotated genes using the annotation tools Interproscan (con-
sidering only genes with identified Pfam, PANTHER or CDD domains as annotated), eggNOG-
mapper and Mercator.
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Figure S3.3: Phylogenetic analysis of A. hypochondriacus CYPT6AD proteins with CYP pro-
tein sequences from other species. CYP76AD a-, §- and 7-clades are annotated in the align-
ment. Bootstrap values from 1000 replicates are depicted on the tree. The following se-
quences were used in the phylogeny, with GenBank accession in parenthesis: Amaranthus cruen-
tus: AcCYPT76AD2 (AET43291.1); Arabidopsis thaliana: AtCYP76C2 (NP _182081); Basella
alba: BaCYP76AD13 (AJD87469); Bougainvillea peruviana: BpCYP76AD1-1 (BCD59210),
BpCYPT76ADI1-2 (BCD59211), BpCYP76AD1-3 (BCD59212), BpCYP76AD2 (BCD59213); Beta
vulgaris: BvCYP76AD1 (AET43290), BvCYP76AD5 (AJD87473), BvCYP76AD6 (AJD87474);
Chenopodium quinoa: CqCYP76AD1 (XP_021769302); Mirabilis jalapa: MjCYP76AD3
(AET43292), MjCYP76AD7 (AJD87463), MjCYP76AD15 (AJD87471).
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Figure S3.4: Phylogenetic analysis of A. hypochondriacus DODA proteins with DODA pro-
tein sequences from other species. DODA «o- and p-clades are annotated in the align-
ment. Bootstrap values from 1000 replicates are depicted on the tree. The following se-
quences were used in the phylogeny, with GenBank accession in parenthesis: Beta vulgaris:
BvDODA«l (MN153194), BvDODA«@2 (MN153195), BvDODAS (MN153198); Chenopodium
quinoa: CqDODAlal (XP_021769303); Mirabilis jalapa: MjDOD (AB435372.1); Mesembryan-
themum crystallinum: McDODA«al (MN136225), McDODAS (MN136227).
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Figure S3.5:
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111.35

Relative gene expression in transcript per million (TPM) of identified A.
hypochondriacus betalain pathway genes in different tissues.
kallisto from short-read RNA sequencing data.

Quantification was done using
DODA (L-3,4-dihydroxyphenylalanine 4,5-

dioxygenase), cDOPASGT (cyclo-DOPA 5-O-glucosyltransferase), Betanidin5GT (betanidin 5-
O-glucosyltransferase), Betanidin6GT (betanidin 6-O-glucosyltransferase).
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Figure S3.6: Relative gene expression in transcript per million (TPM) of identified A. hypochon-
driacus flavonoid pathway genes in different tissues. Quantification was done using kallisto from
short-read RNA sequencing data. PAL (phenylalanine ammonium lyase), C4H (cinnamate 4-
hydroxylase), 4CL (4-coumarate:CoA ligase), CHS (naringenin-chalcone synthase), CHI (chal-
cone isomerase), F3'H (flavonoid 3’-hydroxylase), F3H (flavanone 3-hydroxylase), FLS (flavonol
synthase), DFR (dihydroflavonol 4-reductase), LAR (leucoanthocyanidin reductase), ANS (an-
thocyanidin synthase).
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Figure S3.7: Relative gene expression in transcript per million (TPM) of identified A. hypochon-
driacus MYB transcription factor genes in different tissues. Quantification was done using kallisto
from short-read RNA sequencing data.
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Figure S3.8: Photometric and LC-MS quantification of betalain pathway metabolites for bulk
segregant analysis (BSA) A. hypochondriacus parental genotypes. (a-b) Photometric quantifica-
tion of betacyanin (red) and betaxanthin (yellow) content of (a) leaf and (b) flower tissue (mg
betalains per g fresh weight), with black bars denoting mean values. (c-f) Relative quantification
by LC-MS of the betacyanins amaranthin (¢, d) and betanin (e, f) in leaf and flower, respec-
tively. (g-h) Relative quantification by LC-MS of betalamic acid as common chromophore of
betacyanins and betaxanthins in (g) leaf and (h) flower. (i-j) Relative quantification by LC-MS
of the betaxanthin vulgaxanthin IV in (i) leaf and (j) flower. Statistical analysis was conducted
using ANOVA and significant differences (p<<0.05) in betaxanthin or betacyanin content between
accessions within tissues were denoted using compact letter display. There were no significant
differences in total betaxanthin content between accessions in leaf and no significant differences
in vulgaxanthin IV content between accessions in leaf or flower.
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Figure S3.9: Gene expression of A. hypochondriacus betalain pathway genes in flower tissue in
green and red bulks of regulator and biosynthesis bulk segregant analyses (BSAs). Relative gene
expression in transeript per million (TPM) is displayed for A. hypochondriacus betalain pathway
genes and candidate regulators. ARCYP76AD5, AhRMYB3 and AhMYB/ had expression < 0.5
TPM in flower tissue in all samples and were excluded. DODA (L-3,4-dihydroxyphenylalanine
4,5-dioxygenase), cDOPASGT (cyclo-DOPA 5-O-glucosyltransferase), Betanidin5GT (betanidin
5-O-glucosyltransferase), Betanidin6GT (betanidin 6-O-glucosyltransferase).
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Figure S3.10: Segregating variants called from A. hypochondriacus whole-genome sequencing
data in the biosynthesis BSA and their relative allele depth for the AhCYP76AD2 gene. Top
row shows the relative depth of reference (blue) and alternative allele (red) for the red bulk, the
bottom row the relative depth for the green bulk. Middle part shows the exon structure of the
gene and all variants with their predicted effect compared to the reference genome (yellow: intron
variant, green: synonymous variant, dark blue: missense variant, purple: stop-gain variant).
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Figure S3.11: Missense and stop alleles in AhCYP76AD2 from RNA-seq reads of A. hypochon-
driacus red flower tissue. RNA sequencing read pairs from flower tissue of the red bulk of the
biosynthesis BSA covering at least one of the non-synonymous allele T1258A and A1263T po-
sitions and the stop allele C1387T position on the AhCYP76AD2 gene. Variant positions were
colored based on the assigned impact of the allele on a read on the translated protein.
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Figure S3.12: Sanger sequencing of AhRCYP76AD2 from biosynthesis bulk segregant analysis
(BSA) individuals. Sanger sequencing of AhCYP76AD2 (primer SV4) from A. hypochondriacus
individuals from biosynthesis BSA were mapped to the AhCYP76AD2 genomic sequence. (a-b)
One individual was chosen from the red bulk (top), the other four individuals were from the green
bulk. Positions differing from the reference genome were marked in red. (a) Positions of the two
missense variants T1258A and A1263T were marked with M, (b) the stop variant C1387T was

marked with S.
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Figure S3.13: Relative gene expression in transcript per million (TPM) of identified A. hypochon-
driacus flavonoid pathway genes in red and green flowers. Quantification was done using kallisto
from short-read RNA sequencing data generated from bulked flower tissue from the regulator
and biosynthesis bulk segragant analyses (BSAs). PAL (phenylalanine ammonium lyase), C4H
(cinnamate 4-hydroxylase), 4CL (4-coumarate:CoA ligase), CHS (naringenin-chalcone synthase),
CHI (chalcone isomerase), F3’H (flavonoid 3’-hydroxylase), F3H (flavanone 3-hydroxylase), FLS
(flavonol synthase), DFR (dihydroflavonol 4-reductase), LAR (leucoanthocyanidin reductase),
ANS (anthocyanidin synthase).
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Figure S3.14: Relative quantification of amaranthin content from transgenic A. hypochondriacus
hairy roots. Relative quantification by liquid chromatography - mass spectrometry (LC-MS)
of amaranthin (betacyanin) content in wild-type like (beige) and transgenic (red) hairy roots
transformed with p35S:AhMYB2.1-GFP. For quantification, both wild-type like and transgenic
hairy root tissue was sampled from two successfully transformed individuals.
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Figure S3.15: Prediction of protein-protein interactions of selected MYB and bHLH proteins.
Pairwise prediction of directly interacting residues in the R3 domain of A. thaliana PAP1 (At-
MYBT75), A. hypochondriacus AhMYB2.1, B. vulgaris BYMYBI1, and a mutated BvMYB1 (mut-
BvMYB1), with restored ability to interact with bHLH proteins (Hatlestad et al.; 2015), with the
known A. thaliana PAP1 - bHLH interaction partners EGL3, GL3 and TTS8. Protein residues
are represented by filled circles. The upper row of each prediction depicts MYB R3 residues
predicted as interacting, the lower row depicts bHLH residues predicted as interacting with the
R3 MYB residues. MYB residues corresponding to the bHLH-interaction motif in PAP1 were
marked in orange. Interactions between residues were colored according to the predicted interac-
tion type: grey, direct contacts/interactions; green, hydrogen bonds; light blue, salt bridge/ionic;
red, m-cation; dark blue, w-stacking.
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Chapter 4

Uncovering co-option and adaptation
of PAP1 for the regulation of the de
novo evolved betalain pathway in ama-

ranth

First published: unpublished

The identification of AhMYB2 as a positive transcriptional reg-
ulator described in the previous chapter showed the involvement of
the gene in betalain regulation. However, the understanding of the
mechanistic regulation of betalains by this transcription factor re-
quires the reconstruction of its binding and co-regulation with other
factors. Most transcription factors function in complexes, requir-
ing multiple different transcription factors to assemble and bind to
the target DNA to regulate the expression. The following chapter
combines yeast-two-hybrid, transactivation assays, and callus over-
expression lines to investigate the molecular control of the betalain
pathway by AhMYB2. Moreover, provide the presented RNA se-
quencing dataset previously unknown regulator candidates. This
chapter integrates in vitro, bioinformatic, and molecular approaches
for the betalain regulation in grain amaranth to study a fundamental

evolutionary question.
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4.1 Introduction

Betalains are a chemically distinct group of pigments that are functionally similar to
the ubiquitous phenylalanine-based anthocyanins (Figure 4.6b)( , ).
Betalains are only found within the Caryophyllales where they are mutually exclusive to
anthocyanins, i.e., entire families either produce anthocyanins or betalains but not both
( , ; ) ). Probably a mutation of the aragonate dehydro-
genase releasing it from feedback inhibition at the base of the Caryophyllales caused a shift
to more tyrosine-rich metabolism, enabling the evolution of the tyrosine-based betalains
( , ). Interestingly, the required enzymes for the betalain path-
way seem to have evolved four times independently ( , ; ,

). Yet, not much is known about the regulation of the betalain pathway. For the
amaranthaceae a MYB transcription factor homologous to AtPAP1 (PRODUCTION OF
ANTHOCYANIN PIGMENT 1), which regulates the anthocyanin pathway in A. thaliana
was identified for multiple species, including beetroot (BvMYB1)( , )
and grain (AhMYB2)( , ) and leafy amaranth (AtrMYB72)( ,

).

Thus, it is currently hypothesized that the betalain regulation might have been co-
opted from the anthocyanin regulation ( , : , :

, ). Anthocyanins are common across the plant kingdom ( , :

, ), and their regulation is well studied, uncovering a complex net-
work of transcription factors (TFs) to regulate pigmentation depending on tissue, devel-
opmental stage, and environmental signals ( , ; , ;

, ). In contrast, besides the identification of some TF genes, the mode of
action remains elusive for betalain-regulating TFs. However, for better understanding the
evolutionary co-option, it is key to reconstruct the mode of action of the newly evolved
TFs.
In this study, the molecular mode of action of TFs refers to the molecular steps required
for the activation of the pathway by the TF. This includes (i) how the pathway is mainly
regulated (transcriptionally, posttranscriptionally, or -translationally), (ii) which are the
main target genes for the regulation, (iii) does the TF bind to the promoters directly or is
the regulation indirect, and (iv) are other transcription factors required for the activation
of the pathway.
For anthocyanins ( , : , : , ;

, ) as well as for betalains ( , : , :

, ) it was shown that the expression of key TFs correlates with the expression of
the pathway genes, suggesting a mainly transcriptional control for both anthocyanins and
betalains. In many metabolic pathways, the first steps are the main targets of regulation
( , : , ). The results from Hatlestad et al.
(2015) who demonstrated that BvMYBI1 can bind to the promoter from the first two en-
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zymes of the pathway suggest that this seems to be the case for betalains, too. Moreover,
these results suggest that at least MYB transcription factors homologous to BvMYBI,
like AhMYB2, directly bind to the pathway promoters and do not regulate the pathway
only indirectly. MYB transcription factors regulating anthocyanins mainly function in
complexes with bHLH and WD 40 transcription factors (MBW complexes). In contrast,
a small-scale test by Hatlestad et al. (2015) and bioinformatic analysis by Pucker et al.
(2024) rather point to an MYB complex-independent regulation by BvMYB1 homologs.
Hence, while there are hypotheses for some aspects of the mode of action, most of them
have not been validated, and the complex formation as the main part remains unclear.
Due to the complexity, multiple different methods are required to tackle the different
aspects of the mode of action. We used stable transgenic A. hypochondriacus callus to
demonstrate AhCYP76AD2 and DODAa1 as main regulatory targets and transcriptional
control as the main regulatory strategy. We employed yeast-two-hybrid (Y2H) (

, ) to investigate the interaction of AhMYB2 with multiple class 11If bHLH
transcription factors from Arabidopsis thaliana and their homologs in amaranth. To test
for direct promoter binding, we adapted protoplast isolation, transformation, and the
transactivation assay for A. hypochondriacus and compared the results to the ones from
transactivation assays in A. thaliana protoplasts. Finally, results from RNA sequencing
on the stable transgenic A. hypochondriacus callus further supported our previous results
and enabled us to construct a valuable database for the identification of additional be-
talain (co-)regulators in grain amaranth. Albeit we could not reconstruct the complete
mode of action of AhMYB2, this study is the first systematic investigation for a betalain-
regulating TF in the Amaranthaceae, offering insights into the evolution and co-option of

a TF to new target genes.

4.2 Materials and Methods

All cloned plasmids and primers can be found in Supplementary Table S4.1 and S4.2,

respectively.

4.2.1 Callus transformation and phenotyping

The ARCYP76AD2 and AhCYP76AD5 CRISPR knockout plasmid and the empty vec-
tor control were cloned/taken from the CasCADE modular cloning system ( , )
as described by ( , ). The 35S:RUBY vector was cloned previously
by transferring the RUBY cassette ( ) ) to CPGE_VEC00113 (empty vec-
tor control). 35S:ARMYB2.1, 35S:ARMYB2.2 and 355:AhCYP76AD2 were cloned using
the GreenGate system ( , ). Cloning of 35S:ARMYB2.1 and
358:ARMYB2.2 coding sequences (CDS) into the entry vector is described in (
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, ). The respective expression vectors were cloned using the following Green-
Gate modules: pGGZ001, pGGA004, pGGBO003, the respective AhMYB2 CDS (no stop
codon) in pGGC000, pGGD001, pGGE001, and pGGF005. For 355:AhCYP76AD2, we
used cDNA from green leaves from AM-00332 (a cross between PI 686465 and PI 576485)
to amplify the CDS without a stop codon using primers SV6 and SV7 and cloned it
via Gibson cloning into pGGC000 from the GreenGate kit ( , )
The expression vector was then assembled using pGGZ001, pGGA004, pGGB001, Ah-
CYP76AD2 CDS in pGGC000, pGGD002, pGGE001, and pGGF005 modules. For plant
transformation, we obtained Agrobacterium tumefaciens (also named Rhizobium radiobac-
ter) GV3101 strains ( , ) harboring each one of the plasmids using elec-
troporation. For the GreenGate plasmids, Agrobacteria strains were co-transformed with
pSoup ( , 2000).

We did the callus transformation as previously described in ( , ). We
generally refer to all calli that were transformed with the same plasmid and that had been
subcultured multiple times as a callus line. For the phenotyping experiments, a subset of
12 (18 for the CRISPR knockout line) calli (each obtained from different callus explants
used for transformation) were selected per line. Each selected callus was then separated

into three parts: one transferred to fresh callus induction medium (full Murashige-Skoog

medium (MS) ( , )(with vitamins), 2 mg/1 2.4D, 0.5 mg/l BAP,
20 g sucrose, pH 5.8, 8 g/1 agar) ( , : , ), one
to betalain medium (full MS (with vitamins), 0.2 mg/1 NAA, 3 mg/1 BAP, 20 g sucrose,
pH 5.8, 8 g/l agar)( , : , ), and one part sampled with liquid

nitrogen and kept at -70°C. For the three pigmented lines (35S:RUBY, 355:AhMYB2.1,
and 35S:AhCYP76AD2) each 10 callus parts per color classification (yellow, mixed, and
red) were selected. The different pigmented parts were taken either all from one or
from different calli. Six calli were cultivated per plate; in the case of the pigmented
lines, two from each color class were on each plate. Plates with callus induction medium
were kept as before at 24°C in the dark ("non-inducing conditions"), while the betalain
medium plates were transferred to 24°C 16 h white light /8 h dark cycle ("inducing condi-
tions"). In total, 6 genetically different lines (empty vector (CPGE_VECO00113), MYB2.1
(CPGE_VEC00643), MYB2.2 (CPGE_ VEC00644), CYP67AD2 (CPGE_VEC00653),
RUBY (CPGE_ VEC00256), and the CRISPR line (CPGE_VEC00447)) on two different
conditions (callus induction medium and dark (non_inducing) and betalain medium and
light (inducing)) with an additional three color classes each (yellow, intermediate, and
red) for MYB2.1, CYP76AD2, and RUBY lead to a final 24 callus line x condition com-
binations. We phenotyped them after less than one day (d0), five days (d5), and ten days
(d10). For each phenotyping, we took overview pictures of all calli and scored all calli
manually with the binocular. For scoring, only healthy-looking parts of the callus were
considered. The coverage of the color as visible from the top was classified as follows: 0
= 0%, 1 = >0%, <10%, 2 = >10%, <50%, 3 = >50%, <90%, 4 = >90%, <100%. Color
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intensity as visible from the top was classified as 0 = yellow (no pigmentation), 1 = low, 2
= medium, and 3 = strong. Additionally, two representative calli of each line, condition,
and, if applicable, color subclass were imaged as close-ups under the camera-equipped
binocular (Leica MZ10F, equipped with a CoolLED pE-300'*® light source and a Leica
FLEXACAM C1 camera). After phenotyping at d10, we sampled a representative part
of each callus with liquid nitrogen and kept it at -70°C.
We analyzed the semiquantitative counting data (color coverage and color intensity) in R
( ) ) using functions from the base and from tidyverse ( )
). To obtain the frequency of each category, the total number of times each category
was noted for each line, condition, and, if applicable, color subclass and time point was
divided by the total number of the calli from this group. The data was visualized using
geplot ( ; )-
Images were first opened in Fiji ( , ) to add a scale bar and then
arranged, if needed, orientation adjusted, and the background manually removed using

PowerPoint.

4.2.2 Yeast-two-hybrid to test potential interactors of Ah-
MYB2

For each interaction investigated, we tested both reciprocal pairs (each transcription fac-
tor fused to the activation and the DNA-binding domain). All used vectors can be found
in Supplemental Table S4.1 and all tested combinations in Supplemental Table S4.3. Ah-
MYB2.1 and ARMYB2.2 CDS ( , ) were cloned first into pDONR201
and then into pAS and pACT using Gateway cloning (developed by Invitrogen/Thermo
Fisher Scientific) to obtain the final Y2H vectors.

Saccharomyces cerevisiae AH109 was used for all Y2H experiments. Y2H was done ac-
cording to the protocol from the AG Hiilskamp, University of Cologne (applying a mod-
ified yeast transformation from Gietz and Schiestl (2007)). We inoculated the main
cultures using 1 ml of the 10 ml YPAD (20 g/1 peptone, 10 g/l yeast extract, 100 mg/1
adenine, 20 g/1 glucose (added sterile after autoclaving), pH = 5.8) overnight culture,
and which was incubated at 30°C with 200 rpm. For every 30 yeast transformations,
we prepared two main cultures with 50 ml YPAD. Yeast cells were harvested when they
reached an optical density (ODgoo) of 0.6-0.8 by transferring them into 50 ml falcon tubes
and centrifuging for 5 min at 4000 rpm (Eppendorf 5910R). We removed the supernatant
and resuspended the pellet in 10 ml of 0.1 M lithium acetate (LiAc) to wash the cells.
Centrifugation was repeated, the supernatant discarded, and cells resuspended in yeast
transformation master mix (per one transformation: 240 pl of 50% polyethylene glycol
(PEG), 36 ul of 1 M LiAc, 10 pl of ssDNA (10 mg/ml boiled at 99°C for 10 min), and 61
nl sterile water). For each transformation, we added 350 pnl of the resuspended yeast to

the previously prepared 1.5 ml Eppendorf tube containing the respective DNA (around
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400 ng from each plasmid). The yeast was then immediately vortexed for 30 sec and in-
cubated for 40 min at 42°C. After incubation, we centrifuged the yeast for 30 sec at 6000
rpm, resuspended it in 100 pl sterile water, and plated 5 jl on synthetic dropout plates
lacking leucine and tryptophan (1.7 g/l yeast nitrogen base, 5 g/l ammonium sulfate,
dropout mix without leucine and tryptophan (SD-LW) (added after autoclaving), 100
mg/l adenine, 18 g/l agar, pH = 5.8). Plates were sealed with parafilm and incubated
upside down for 3-4 days at 30°C.

For the dropout, three colonies per transformation were picked and resuspended in one
well of a sterile round-bottom 96-well plate containing 100 ul sterile water. To prepare
a serial dilution, 10 pl of resuspension was added to another well with 90 nl of sterile
water. This was repeated another time to have a total of three different concentrated
resuspensions per construct. We dropped 5 pl of each of these on each one SD-LW and on
SD-LWH (SD plates lacking histidine) plates with 0, 5, 10, 15, and 20 mM 3-aminotriazol
(3-AT, dissolved in water, stored at -20°C). Plates were sealed with parafilm and incu-
bated at 30°C for 3 days. For analysis, plates were scanned using a flatbed scanner (Epson
Perfection V600 Photo). All Y2H experiments were repeated three times (transformation
and dropping). The tested TF combination was considered as interacting if the respective
yeast lines were growing at 15 mM 3-AT or higher for at least two out of the three rep-
etitions. The tested TF combination was considered as non-interacting if the respective
yeast lines were growing maximally at a 3-AT concentration of 5 mM in two out of three

repetitions.

4.2.3 Protoplast isolation

Protoplast isolation was done according to the AG Zurbriggen (Heinrich Heine Univer-
sity Diisseldorf) protocol for Arabidopsis thaliana and, with slight modification, also for
amaranth (( , : , ) Urquiza-Garcia
et al., in preparation): For Arabidopsis thaliana Col-0 seeds were sterilized and sown on
a strip of Whatman paper in squared Petri dishes containing SCA agar. For Amaran-
thus hypochondriacus P1558499 seeds were sterilized and sown on solid 4 MS with 20 g/1
sucrose (see 4.2.1). A. thaliana seedlings were kept at long days (16 h white light/8 h
dark cycle) at 21°C for 12-14 d until harvest. Amaranth seedlings were kept for 5 days
at 24°C in the dark until moved to light (16 h white light/8 h dark cycle) at 24°C for
another 6 d before harvest. For harvesting, we cut the A. thaliana shoots with a sterile
scalpel and collected them in 6 ml of MMC buffer (10 mM MES, 40 mM CaCly-H20 in
ddH50 adding mannitol until 550 mOsm, adjusted to pH 5.8, sterile filtered). Amaranth
seedlings were harvested with sterile forceps and scissors and collected in 2 ml of MMC.
To assess protoplast yield, we weighed the plates with MMC before and after harvest.
For A. thaliana, 2.6-5.4 g, and for amaranth, 0.4-1.2 g fresh weight were used per digest.

Harvested tissue we then manually cut with sterile one-time-use scalpels for around 4-6
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min per digest before transferring them to a fresh Petri dish containing the remaining
MMC for a total volume of 10 ml. Per digest, around 2 ml of enzyme solution (a mix of
5% cellulase Onozuka R10 and 5% macerozyme R10 in MMC buffer) was added, plates
gently swirled, sealed with parafilm, wrapped with aluminum foil, and incubated at 21°C
for 15.0-17.3 h. The digest solution was pipetted up and down four times using a 25 ml
serological pipette to release the protoplasts after the incubation time. Afterwards, we
cleared the solution through a 70 pM filter on an angled 50 ml Falcon tube. To dilute the
enzyme solution, we filled up the final volume through the filter to 50 ml using MMC.
The suspension was subsequently carefully centrifuged for 20 min at 100 g with an accel-
eration and deceleration of 1, and the supernatant was removed using a vacuum pump,
leaving only about 1-2 ml. After gently fully resuspending the pellet by rotating the tube,
we added 10 or 20 ml of MSC buffer (10 mM MES, 0.4 M sucrose, 20 mM MgCls-6H20,
467 mM mannitol, pH 5.8, sterile filtered), depending on the amount of protoplasts ex-
pected. For lower amounts of protoplasts (e.g. only one square Petri dish of A. thaliana
seedlings), 10 ml was used, and for higher amounts (e.g. two square Petri dishes of A.
thaliana seedlings), 20 ml of MSC. The homogenous resuspension was then divided into
one (if 10-12 ml total volume) or two (if 20-22 ml total volume) round-bottom 15 ml
tubes. To obtain two phases, we first inverted the tubes and then carefully overlayed the
resuspension with 3 ml of MMM (15 mM MgCly, 5 mM MES, 467 mM mannitol, pH
5.8, sterile filtered) using double-tip pipetting. Centrifugation at 80 g for 10 min with an
acceleration and deceleration of 1 caused viable protoplasts to accumulate at the inter-
phase as a visible layer. Per interphase tube, we collected 1.5 ml of protoplasts from the
interphase in a fresh round-bottom tube containing W5 (150 mM NaCl, 125 mM CaCls,
5 mM KCI, 2 mM MES, 5 mM glucose, pH 5.7, sterile filtered). Wide-open tips were used
for pipetting protoplasts. If two interphase tubes were prepared per sample, then proto-
plasts were collected in 9 ml of W5; if only one interphase tube was used, then only 7 ml
of W5 was added to the collection tube. The centrifugation and collection are repeated
once to maximize protoplast yield. Note that for amaranth, green and red protoplasts
are obtained. The red protoplasts tend to float above and sometimes are not restricted
to the interphase. To increase the compactness of the interphase for amaranth, only 2 ml
of MMM can be added for the first centrifugation, and 1 ml of W5 can carefully be added
on top of the MMM for the second centrifugation. We then counted the protoplasts using
a Fuchs-Rosenthal chamber (0.200 mm, 0.0625 mm?).

4.2.4 Protoplast transformation and transactivation assays

All transactivation assay plasmids were cloned with Gibson. More information about the
cloned promoter fragments and their sequences can be found in supplements (Supplemen-
tal Table S4.4 and Appendix S3.1). The used backbones (pmz824, pep602, pep602 sw)
were linearized with primers CPGE_PRMO00659 and CPGE_PRMO00660 for pmz824
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and primers CPGE_PRMO00661 and CPGE_PRMO00662 for pep602 and pep602 sw.
We amplified the AtPAP1 CDS without a stop codon from BP311 ( , ) us-
ing primers CPGE_PRMO01190 and CPGE_PRMO01192 and cloned it in pmz824. The
AtDFR promoter fragment we amplified from A. thaliana Col-0 genomic DNA (gDNA) us-
ing primers CPGE _PRMO01193 (position from Guo et al. (2023)) and CPGE _PRM01194
(position from He et al. (2021)) and cloned it in pep602. The BuMYB1 sequence
as published by Hatlestad et al. (2015) was synthesized and amplified with primers
CPGE_PRMO01111 and CPGE_PRMO01113 without a stop codon and inserted it in
pmz824. We amplified BuCYP76AD1 from B. vulgaris Bull’s Blood gDNA using primers
CPGE_PRMO01187 and CPGE_PRMO01189 and inserted it into pep602. AhMBY2.1
cDNA was obtained as described in Winkler et al. (2024), amplified with primers
CPGE_PRMO00663 and CPGE_PRMO00664, and cloned into pmz824. The AhCYP76AD2
promoter fragment we amplified with primers CPGE_PRM00681 and CPGE _PRMO01196
from gDNA of A. hypochondriacus PI 558499. The synthetic positive controls (Poly-
GEN, Urquiza-Garcia et al., in preparation) we cloned using Golden Gate ( ,
). The guides were obtained by amplification of the universal template (pUU017)
with the specific oligos (guide selection done as described in (Vollmer et al. (2026) sec-
tion S3.1, oligos designed with sbPolyGEN (Urquiza-Garcia et al., in preparation)). The
guide cassette was cloned via Golden Gate in the entry vector (pUU385), which was
subsequently used to assemble the final plasmid (CPGE_VEC01022) with the modules
GB0037 and GB0223 in the backbone pdgb3alphal. We designed the guides to tar-
get the AhcDOPAS5SGT promoter, which was amplified using CPGE_PRMO00672 and
CPGE_PRMO00673 primers from gDNA of A. hypochondriacus PI 558499 and cloned
in the pep602 sw backbone, yielding CPGE VEC01029. For the PolyGEN synthetic
positive control, CPGE_VEC01029 and CPGE_VEC01022 were co-transformed with
GB2047 carrying the dCas9 activator. Plasmids used for protoplast transformation were
extracted from FEscherichia coli using the NucleoBond Xtra Midi Kit (MACHEREY-
NAGEL, Diiren, Germany) for high purity.
Protoplast transformation and measurement were done according to the AG Zurbriggen
protocol for Arabidopsis thaliana (Heinrich Heine University Diisseldorf) and, with slight
modification, also for amaranth (( , : ,
) Urquiza-Garcia et al., in preparation): We adjusted the protoplast density to 500
protoplasts per pl for A. thaliana and 250-600 per pl for amaranth (depending on the
total yield, 500 was not always possible) by centrifuging for 10 min at 100 g with an
acceleration and deacceleration of 1, removal of the supernatant via vacuum pump, and
resuspension in the respective amount of MMM. For transformation, DNA was pipetted
in sterile 6-well plates. We used 10 pg of DNA from each plasmid (one for the reporter
and one with the transcription factor). Total DNA content per transformation was kept
the same for each sample by using stuffer plasmids (35:GFP or using AtEIN3 as an un-
related transcription factor), and total volume was fixed to 20 pl (filled up with MMM
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if required). 100 pl protoplasts were then added per sample and mixed with the DNA
by pipetting up and down. After around 5-15 min of incubation time, we collected the
protoplasts at the edge of the wells to form a half-moon. For transformation, we added
120 pl of PEG solution (40% (w/v) PEG4000, 400 mM D-mannitol, 100 mM CaCly)
dropwise using double-tips. After 8 min, we added 120 pl of MMM and 2x 720 nl of
W5 (+50 mg/1 ampicillin) and carefully pipetted up and down a few times to stop the
reaction and release the PEG stress. Plates were then sealed with parafilm, wrapped in
aluminum foil, and incubated at 21°C for 21-23 h before measuring.

For measurement of the luciferase expression, we carefully resuspended the protoplasts
if sedimented and pipetted 80 ul of each into white, flat-bottom 96-well plates. Both
luciferases were measured separately on different protoplast aliquots in different 96-well
plates. For A. thaliana, 4 or 6 replicates per luciferase (so either 8 or 12 wells in total
split into two 96-well plates) and for amaranth, 4 replicates per luciferase were prepared.
Due to the low signal intensity, amaranth protoplasts were concentrated by centrifuging
for 10-20 min at 80 g with an acceleration and deceleration of 1 and removing 900 pl
of supernatant. The protoplast pellet we then carefully resuspended in a small volume
to be just enough for the 8 replicates. Directly before measuring in the plate readers
(Berthold Centro XS3 LB 960 microplate luminometer), we added 20 pl/well of the re-
spective luciferase substrate: firefly (0.47 mM d-luciferin (Biosynth AG), 20 mM tricine,
2.67 mM MgSO4-7TH20, 0.1 mM EDTA-2H50, 33.3 mM dithiothreitol, 0.52 mM adeno-
sine 5’-triphosphate, 0.27 mM acetyl-coenzyme A, 5 mM NaOH, 264 ntM MgCO3-5H>0
in HoO, pH 8) or renilla (0.472 mM coelenterazine stock solution in methanol, diluted
directly before use, 1:15 in PBS). Light signal was recorded at 29 time points over a
course of 20 min.

We analyzed the luciferase measurements in R ( ) ) using functions
from the base and from tidyverse ( ) ). First, the mean of all 4-6 repli-
cates was calculated and, if applicable, normalized by the second 35S-expressed luciferase
(i.e., by dividing and multiplying by 100) per tested combination for each transactiva-
tion experiment separately. To combine data from multiple independent transactivation
assays, we normalized each of the replicate means by the respective only reporter (only
stuffer, but no binding TF) sample to obtain one value per transactivation assay per
tested treatment combination. An overall mean was then subsequently calculated us-
ing these normalized means from each transactivation assay. For statistical analysis, we
used the multcomp package ( , ): do (Model =
cld (emmeans (aov (mean_measurement_norm ~ TF, data=.), "TF",

adjust="tukey"), alpha=.05, Letters=letters)) and for visualization

ggplot2 ( , )-
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4.2.5 Mammalian cell culture

ARMYB2.1 was recloned in pJS174 using CPGE_PRMO01050, CPGE_ PRMO01051,
CPGE_PRMO00659, CPGE_ PRMO00664 for expression in mammalian cells. We used
a shorter ALCYP76AD2 promoter, which we amplified with CPGE_PRMO00681 and
CPGE_PRMO00682 and cloned it in pep602. For mammalian cell culture, Chinese ovary
hamster (CHO-K1, ACC 110; DSMZ Braunschweig, Germany) cells were cultivated in
Ham’s F12 medium at 37°C. Transfection was done using polyethylenimine (PEI; Poly-
sciences Inc. Europe, Hirschberg, Germany; no. 23966-1) with 50000 cells in 500 pl
per well in 24-well plates seeded 24 h before, according to the AG Zurbriggen (Heinrich
Heine University Diisseldorf) protocol. For the transfection, we mixed 0.75 pg of DNA
with 2.5 pg of PEI, both diluted to a total volume of 50 pl with OptiMEM (Gibco),
and after vortexing, incubated at room temperature for about 15 min. The resulting
100 pl of this mix were added dropwise per well. To reduce toxicity, we exchanged the
medium after 4-5 h. 24 h after transfection, the cells were lysed and firefly luciferase was
measured as described for protoplasts. We analyzed firefly luciferase measurements in R
( , ) using functions from the base and from tidyverse ( ,

). No normalization was possible, as 35S:renilla is not expressed in mammalian
cells. We did the statistical analysis grouped using the multcomp package (

, ): do (Model = cld(emmeans (aov (measurement ~ TF, data=.),
"TF", adjust="tukey"), alpha=.05, Letters=letters)) and visualized the
results using ggplot2 ( ) ).

4.2.6 RNA sequencing of transgenic callus

Six callus line x condition combinations were selected for RNA-seq: EV inducing,
EV_non_inducing, MYB2.1 non _inducing (red color class), MYB2.2 non_inducing,
CYP76AD2 non_inducing (red color class) and RUBY non_inducing (red color class).
Each 4 calli were selected randomly, but preferring healthy-looking calli and taking care
that not all selected calli were cultivated on the same plate. Frozen callus samples were
ground with a pestle and mortar. We aliquot roughly 100 mg of ground tissue for RNA
extraction with the RNeasy Plat Mini kit (Qiagen, Venlo, Netherlands) according to the
manufacturer’s protocol with minor modifications. As a first step, we added 450 pl of
Buffer RLT (with freshly added 10 pl $-Mercaptoethanol) to the ground samples and
vortexed for around 20 sec. Samples were transferred to the shredder column and cen-
trifuged for 2 min at 21,000 rcf. We transferred the supernatant to a fresh tube, mixed
it with 210 pl ethanol (analytical grade), and loaded it on the spin column. After 15 sec
centrifugation with 8000 rcf, 350 ul RW1 buffer was used to wash the column with 15
sec centrifugation with 8000 rcf. To digest remaining gDNA we added 80 pl of DNase
incubation mix (freshly prepared 70 pl buffer RDD and 10 pl DNase I stock solution) the
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column and incubated it for 15 min at room temperature. The column was then washed
again with 350 nl RW1 buffer and 15 sec centrifugation at 8000 rcf. As a final washing
step, we washed the column twice with 500 pl RPE buffer, first with 15 sec at 8000 rcf,
then with 2 min and 8000 rcf. The remaining buffer was removed by centrifuging for 1
min at 21.000 rcf before the column was transferred to a fresh tube. For elution we added
20 pl of RNase-free water, followed by centrifugation for 1 min at 8000 rcf. For maximal
yield, elution was repeated a second time with a 5 min incubation at room temperature
with the RNase-free water before the centrifugation. Centrifuging at higher speed for
the elution led to slightly higher impurities at A230, without significantly increasing the
yield. Final extracted RNA was kept on ice or at -20 °C for short-term handling and
stored at - 70 °C. For RNA-seq, the in total 24 RNA samples were sequenced on an
IMlumina NovaSeq X Plus platform in 150 bp paired-end reads.

4.2.7 Differential expression analysis

We trimmed adapter sequences from the reads using Trimmomatic v0.39 ( ,
) using the ILLUMINACLIP module with the following settings: TruSeq3-PE-2-
GGGGG.fa:2:30:10. We performed quality control of the trimmed sequencing reads us-
ing FastQC v0.12.1 ( , ). Next, we mapped the trimmed reads to the A.
hypochondriacus reference genome v3 ( ) ) using STAR v2.7.11b (
, ) with default settings. We quantified fragments based on the exon an-
notation, only counting read pairs for which both reads were aligned using featureCounts
v2.1.1 (

required genes to have at least 10 assigned fragments in at least three samples to be in-

, ). To exclude very lowly expressed genes from the analysis, we

cluded in the analysis. We performed differential expression analysis using DESeq2 (

, ) for pairwise comparison between conditions and the empty vector control
(EV_non_inducing) and considered genes with absolute logfold2 change > 1 and false
discovery rate < 0.01 to be differentially expressed.

4.2.8 Data analysis and candidate identification

Data analysis was done in R ( , ) using functions from the base and
from tidyverse ( , ), including tidyr ( , ) and dplyr
( , ). If required, we used openxlsx ( , ) to
import the data. For visualization, we used, besides ggplot ( , ), pheatmap
( , ) for the construction of heatmaps (and ggplotify (Y1, ) to save them),
ggvenn (Yan, ) for Venn diagrams, and UpSetR ( ) ) for upset graphs.

The source of the sequences used for the logoplot (5 for anthocyanin and 6 for betalains)
and for the R2R3 domain comparison in the overall discussion are listed in Supplemental

Table S4.5. The logoplot we did using ggseqlogo ( , ) with the custom color
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scheme from Walker-Hale et al. (2025) only exchanging #2aT7fff with #3D6DB5 for better
color matching.

To identify the anthocyanin pathway genes, we identified conserved amino acid sequences
based on the literature and used them as bait to find homologous proteins in the set of
all proteins based on the A. hypochondriacus genome annotation v3 ( , ).
A list of all identified amaranth anthocyanin genes and the used conserved amino acid
sequences can be found in Supplementary Table S4.6. Note that no candidate was iden-
tified for F3’5’H, as already observed by Pucker et al. (2024). With the same approach,
we identified ADT and ADR genes (Supplementary Table S4.7).

To identify TF classes, functional annotation was added using the current A. hypochondri-
acus annotation found on https://amaranthgdb.org/downloads.html (version 3, (

) )). Genes belonging to the investigated TF classes we found based on the
presence of the respective TF class or domain name in either the "Description" or in
the "PFAMs" column. To obtain an estimation of all TF genes expressed, we made
a subset from the total data set by selecting for the presence of the GO-Term for TF
(GO:0003700) and complementing it, if required, with the TFs identified by classes that
are not in the GO-term filtered list. The estimation of all differentially expressed genes we
obtained by filtering this subset for only differentially expressed genes. Enrichment of cer-
tain TF classes in the pool of all genes, which are differentially regulated in at least one
sample, we did using chisqg.test () and chisqg.posthoc.test (data, method
= "bonferroni", round = 6) from the chisq.posthoc.test package ( , ).
To find cis-elements in the AhCYP76AD2 and AhDODAal promoters, we used the 2 kb
upstream of the 5’UTR and the 5’UTR as input sequences (2125 bp and 2064 bp respec-
tively) and submitted them in December 2025 to Plant CARE (https://bioinformatics.
psb.ugent.be/webtools/plantcare/html/)( ) ) PlantPAN4.0
(https://plantpan.itps.ncku.edu.tw/plantpand/promoter_analysis.php, with all
available species at this time)( , ) and PLACE (https://www.dna.affrc.
go.jp/PLACE/?action=newplace)( , ). The position and the associated TF
class or description from all database results were combined in one Excel list, noting the
respective database. In R, all motives that were on the exact same position identified
from the same database were considered as duplicates and removed. Subsequently, to
facilitate the removal of duplicates stemming from the identification of the same motive
by different databases, we summarized the TF description and subclasses to fewer TF
classes (WRKY, TATA-box, bHLH, AP2/ERF, B3/ARF, bZIP/Homeodomain, MADS-
box, MYB, Zinc finger, GATA, NAC/NAM, CAAT-box; and all remaining were classified
as "others"). Duplicated TF motifs belonging to the same class with the same or over-
lapping position (irrespective of the database it was identified from) were then removed
manually. Potential LOB transcription factor binding sites we additionally identified
manually by searching for the known LOB element ((G) CGGC (G)/(C) GCCG (C))
( , ) and for CATTTAT, which was identified as a binding site for an A.
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thaliana LOB TF ( ) ). Identified motives from selected TF classes
from the final list were then visualized using ggplot ( , ).
For phylogenies, we imported and handled sequencing data using Biostrings ( ,

) and seqinr ( , ). Either lists of all TFs from certain species were
used from PlantTFDB version 5.0 (https://planttfdb.gao-1lab.org/index.php)(

, )(for ERF') or were created by filtering a list of all proteins from selected species
using the respective PFAM domain with vmatchPattern("WRKYGQK?", total prot data)
(for WRKY). A. thaliana data was downloaded from TAIR (https://www.arabidopsis.
org/download/list?dir=Proteinsy,2FAraport1l_protein_lists) and A. hypochondri-
acus data from AmaranthGDB (https://amaranthgdb.org/downloads.html) ( ,

). For WRKY, we additionally included AtrWRKY42 ( , ) as a com-
parison. Multiple sequence alignment we did with msa ( ) ) with
the default settings, which uses ClustalOmega ( , ). To get the distance

matrix (dist.aa(as.AAbin (alignment_all_WRKY)) ) and to construct the phylo-
genetic tree (nj (dist_matrix_all WRKY)) we used ape ( , )

based on the multiple sequence alignment. We plotted the trees using ggtree ( ,

).

4.3 Results

4.3.1 AhCYP76AD2 is the main target for the regulation of
the betalain biosynthesis
To start the elucidation of the downstream signaling of AhMYB2, we first aimed to

identify the main regulatory target of the betalain pathway. Since the expression of Ah-
CYP76AD2 and AhDODAa1 was highly correlated with the betalain pigmentation and

AhMYB2 expression ( , ), both were good candidates. The first com-
mitted step in a metabolic pathway is often important for the regulation of the pathway
( , ; , ). Thus, we chose AhCYP76AD2 to

test as a potential (main) target of the betalain pathway regulation. We make use of
our established and very efficient callus transformation method (see 4.2.1) to produce a
stable transformed A. hypochondriacus callus line that overexpresses AhCYP76AD2. We
compared its pigmentation to an empty vector (EV) control, observing that 66 of 67 calli
of the AhCYP76AD2 overexpression line showed different degrees of red pigmentation,
while none of the 46 empty vector control calli had any red pigmentation in the dark.
These results suggest that indeed AhCYP76AD2 seems to be the main target to
regulate the activation of the betalain biosynthesis, since overexpression of AhCYP76AD2
(thus escaping the endogenous transcriptional regulation) is sufficient to activate the

pathway.
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4.3.2 In contrast to anthocyanins, betalains seem not to be

regulated in MBW complexes

To characterize AhMYB2 and as a starting point to decipher its molecular mode of func-
tion, the protein sequence was analyzed. The phylogeny from ( , ) Fig-
ure 3.2 shows that the closest homologs of AhMYB2 from B. vulgaris are BvMYB1 and
Bv_ralf, where the first was shown to regulate the betalain pathway positively (

, ) (close up in Figure 4.1a). The closest A. thaliana homologues are AtPAP1,
AtPAP2, AtMYB113, and AtMYB114, which regulate the flavonoid pathway in MBW
complexes. To evaluate the probability of AhMYB2 interacting with bHLHs, required
to form MBW complexes, its protein sequence of the R3 domain was compared to the
generally conserved PAP1 sequence from anthocyanin- and betalain-producing species
(Figure 4.1b)(for a more comprehensive conserved PAP1 R3 domain sequence analysis,
see Pucker et al. (2024)). Additionally, the sequence was compared to the one from At-
PAP1, which is known to interact with bHLHs and BvMYBI1, where experiments suggest
that it does not interact with bHLHs. The comparison showed that most of the R3
domain is conserved across both anthocyanin- and betalain-producing species, including
AhMYB2 and BvMYBI1. However, both AhMYB2 and BvMYBI1 have, respectively, six
and seven amino acids altered in the analyzed 40 amino acid long R3 domain. When con-
sidering the 20 amino acids that were identified or proposed to be important for bHLH
interaction, notably, most of the altered amino acids (5 from each) are in the potential
bHLH interaction regions. Nevertheless, the majority of the potential bHLH interac-
tion residues are still conserved in both AhMYB2 and BvMYBI, leaving it unclear if
they generally can interact with bHLHs or not. Thus, we performed a yeast-two-hybrid
(Y2H) experiment ( , ) to test it experimentally and compared it
to the literature-reported interaction of the A. thaliana homologues (TRANSPARENT
TESTA 8 (TT8), TRANSPARENT TESTA GLABRA 1 (TTG1), Figure 4.1¢c,d). Ah-
MYB2 did not interact with AhTT8 (Figure 4.1c, supplemental Figure S4.1). Moreover,
AhTT8 and AhTTG1a did not show interaction, further supporting the hypothesis that
AhMYB2 does not act in an MBW complex. As AhMYB2 showed autoactivation, indi-
cating strong transactivation ability, all combinations were repeated with a version that
has a 12 bp insertion that abolishes the transactivation activity. To clarify which version
was used in the experiments, we refer to the full-length functional gene (—=AhMYB2)
as AhMYB2.1 and the 12 bp insertion variant with abolished transactivation activity as
AhMYB2.2. Using AhMYB2.2, we could confirm the results of AhMYB2.1 and find a
weak homodimerization of AhMYB2.

To further confirm the hypothesis that AhMYB2 can’t interact with bHLHs, we tested
the interaction of AhMYB2 with additional clade IIIf bHLH transcription factors (Figure
4.2, Supplemental Figure S4.2). We choose AtMYC1, AtTT8, AtGL3 (GLABRA3), and
AtEGL3 (Enhancer of GLABRA3), which were all shown to interact with AtPAP1 and
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Figure 4.1: AhMYB2 seems, in contrast to his homologue AtPAP1, not to form MBW complexes.
Phylogeny showing the closest related homologs of B. vulgaris and A. thaliana from AhMYB2
(data from (Winkler et al., 20241) Figure 3.2)(a). Comparison of the amino acid sequence of the R3
domain of AtPAP1, AhMYB2.1, and BvMYBI1 (b). Sequence logos show the conserved sequence
of PAP1 proteins from anthocyanin (blue) and betalain (purple) species. Residues shown or
proposed to be involved in bHLH interaction are indicated by black (important) and grey (not
relevant) symbols below (data from (Pucker et al., 2024; Hatlestad et al., 2015; Zimmermann
et al., 2004; Sakuta et al., 2021)). Squares indicate conservation of the anthocyanin PAP1 amino
acid sequence, and trlangles indicate deviations from the conserved sequence. Y2H data from
the A. hypochondriacus homologues AhMYB2, AhTTS, and AhTTGla (c¢). AhMYB2.1 is the
full-length gene, while AhMYB2.2 has a 12 bp insertion in the R3 domain, which abolishes
the autoactivation. For each interaction were both reciprocal combinations tested, i.e., once
as fusion with the GAL4 activation domain (AD) on the first gene and fusion of the GAL4
DNA binding domain (BD) on the second gene and once vice versa. Summarized interactions of
AhMYB2 with AhTT8 and AhTTGla and, as a comparison, the AtPAP1 MBW complex in A.
thaliana(information from literature, e.g., summarized by Zhang and Schrader (2017))(d). Red
beet, A. thaliana and amaranth icons are from BioRender.
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to be part of MBW complexes in A. thaliana (e.g., summarized by Zhang and Schrader
(2017)). In contrast to AtPAP1, AhMYB2 could not interact with any of the tested
bHLHs (no results for AtGL3 as it had slide autoactivation). Supporting our hypothesis
that the ability to interact with (clade I1If) bHLHs was lost in AhMYB2.

]

Rep1_15 mM 3AT AtTTG1-BD ALTT8-BD AtGL3-BD AtEGL3-BD AtMYC1-BD
-Leu-Trp  -Leu-Trp-His -Leu-Trp -Leu-Trp-His -Leu-Trp -Leu-Trp-His -Leu-Trp -Leu-Trp-His -Leu-Trp -Leu-Trp-His
AMB2LAD TEK M NS (EANTEEEEE (AN [ O )
AvyB22-A0 (TR BN (MBS [ WE./ P (W DD [/

o3 )

Legend:

b

TF MYB bHLH

No test possible due to autoactivation

Figure 4.2: Y2H experiments found no interaction of AhMYB2 with any of the tested A. thaliana
clade IIIf bHLH transcription factors (a). Summarized interactions of AhMYB2 with clade IIIf
bHLHs from A. thaliana and, as a comparison, of AtPAP, for which the information is from the
literature: e.g., summarized by Zhang and Schrader (2017) (b). A. thaliana and amaranth icons
are from BioRender.

4.3.3 Betalain MYBs seem to require another transcription
factor to stabilize the DN A-binding

Our Y2H data suggest that AhMYB2 has transactivation ability and that it seems not to
interact with bHLH transcription factors. To test if AhMYB2 can bind to the pathway
promoters directly and, if yes, to which and how strongly, we performed transactiva-
tion assays in protoplasts (Figure 4.3a). By fusing the transcription factor of interest
with VP16 (a viral activator domain), we could exclude variability due to differences in
the transactivation activity and only test for binding to the potential target promoter.
First, as a positive control, we showed activation of the A. thaliana dihydrofiavonol 4-
reductase (AtDFR) promoter by AtPAP1-VP16 in A. thaliana protoplasts, replicating
the previously shown results (Guo et al., 2023; He et al., 2021)(Figure 4.3b). Next, we
tested whether AhMYB2.1-VP16 can bind to the AhCYP76AD2 promoter, but observed
only weak and nonsignificant activation in protoplasts of A. thaliana (Figure 4.3c). We
excessively tested other possible explanations for the lack of binding. We could rule
out missed ATG-adjacent cis-elements as we cloned the AhCYP76AD2 promoter until
the ATG and we could rule out secondary structure of the promoters, and blockages of
the cis-elements by A. thaliana transcription factors by using a synthetic positiv con-

trol (PolyGEN, Urquiza-Garcia et al. in preparation) specific for an amaranth promoter

172



(Supplementary Figure S4.3c) Thus, we hypothesized that perhaps in planta binding
of AhMYB2 requires an additional transcription factor specific to betalain-producing
species to stabilize the binding, which is lacking in A. thaliana protoplasts. To test this
hypothesis, we established the protoplasting, transformation, and transactivation assay
in A. hypochondriacus. However, also in A. hypochondriacus protoplasts we could not
detect significant binding of AhMYB2.1-VP16, maybe caused by the low signal strength
in the amaranth protoplasts. We repeated the test with BvMYB1, which was shown
to upregulate the betalain pathway in planta and to bind to the BvCYP76AD1 pro-
moter in yeast-one-hybrid (Y1H) ( , ). In line with our hypothesis,
we could see binding of BvMYB1-VP16 in A. hypochondriacus, but not in A. thaliana
protoplasts (Figure 4.3d). To conclude, we could not prove binding of AhMYB2 to the
ARCYP76AD2 promoter, but our transactivation data with the similar BvMYB1 tran-
scription factor suggests that betalain-regulating transcription factors might require an

additional transcription factor to stabilize the binding in planta.

4.3.4 AhMYB2 induces betalain accumulation by upregu-
lating AhCYP76AD2 and AhDODAal but lost the

ability to regulate flavonoid pathway genes

We validated AhMYB2.1 as a positive regulator of the betalain pathway in grain ama-
ranth ( ) ) and identified AhCYP76AD2 as the key target for the be-
talain regulation (see section 4.3.1). Although most likely, we did not yet confirm that
AhMYB2.1 is regulating the betalain pathway by upregulating AhCYP76AD2. More-
over, our Y2H data showed that AhMYB2.1 seems not to interact with bHLHs and form
MBW-complexes (section 4.3.2), but our transactivation data suggests that AhMYB2.1
still requires (a) yet unknown additional partner(s) for sufficient DNA binding (section
4.3.3). Betalain biosynthesis is strongly regulated by environmental signals, including
light, but also by internal signals, especially phytohormones. This enables control of
the betalain pathway activity by cultivating tissue of amaranth either in conditions that
induce betalain pigmentation (“inducing conditions”; high cytokinin and low auxin con-
centration in light) or not (“non-inducing conditions”, low cytokinin and high auxin in
dark). To test the involvement of AhMYB2.1 in the environmental betalain regulation,
to prove upregulation of AhCYP76AD2 by AhMYB2.1, and to find potential candidates
that co-regulate the betalain pathway in grain amaranth with AhMYB2.1, we produced a
set of transgenic A. hypochondriacus calli, which we analyzed for their pigmentation and
transcription in both inducing and non-inducing conditions. Our set of transgenic callus
lines is centered around an AhRMYBZ2.1 overexpression line and, as a comparison, one
overexpressing AhMYB2.2, an insertion mutant abolishing the transcriptional activation

activity of AhMYB2. To disentangle the effect of strong overaccumulation of betalains,
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Figure 4.3: Transactivation assays in protoplasts indicate that a transcription factor specific
for betalain species is required to stabilize the binding of betalain pathway-regulating MYBs.
Schematic overview of the constructs and the protocol used for the transactivation assays in pro-
toplasts (a). Grey indicates promoters and terminators, and purple translated sequences; faded
parts are fixed, while the dark color highlights the parts that were specific for each tested combi-
nation. For each assay, one effector construct (with the transcription factor (TF) of interest) and
one reporter construct (with the potential target promoter) were co-transformed in protoplasts.
Transactivation assay in A. thaliana protoplasts with AtDFR and AtPAP1-VP16 showed an ac-
tivation of the promoter (b). Transactivation assay with AhCYP76AD2 and AhMYB2.1-VP16
showed no significant activation of the promoter neither in A. thaliana nor A. hypochondriacus
protoplasts (c). Note that renilla was used as readout as it showed stronger luminescence in ama-
ranth protoplast than firefly (pep602 sw backbone). No normalization with firefly was possible
for AhMYB2-VP16 as a deletion in the firefly cassette in a plasmid used in some assays abolished
the firefly signal in these. Transactivation assay with BuCYP76AD1 and BvMYB1-VP16 showed
a slight significant deactivation of the promoter in A. thaliana and a significant activation of
the promoter in A. hypochondriacus protoplasts (d). Luminescence data was averaged across 4-6
protoplast aliquots from one experiment and normalized by the respective control (same reporter
but a non-binding effector, dashed grey line). Data from 2-4 independent experiments are shown;
a black line indicates the overall mean. Significant deviation from the respective control was
tested with ANOVA with a significance threshold of 0.05. CMVmin = minimal promoter from
the cauliflower mosaic virus, FF = firefly, REN = renilla. Red beet, A. thaliana, amaranth, plate
and plate reader icons are from BioRender.
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we also produced a RUBY line containing the expression cassette from He et al. (2020)
with a CYP76AD2, DODAI, and a glucosyltransferase gene from different species. We
complemented the set with an empty vector control, one line just overexpressing the
first enzyme of the pathway (AhCYP76AD2), and a TO heterogenic knockout line (Ah-
cyp76ad2; the line was transformed with a CRISPR cassette targeting AhCYP76AD2
and AhCYP76ADS5, see Vollmer et al. (2026)).

RUBY_r AhMYB2.1_r  AhMYB2.2_r AhCYP76AD2_r Ahcyp76ad2
Coverage:

0 no red color
1 little red color

2 medium red color
B 5 highred color
. 4 full red color

.
Non-inducing

Intensity:

0 no red color
1 faint red color
. 2 medium red color

B : dark red color
| i

Figure 4.4: The influence of genetics and the environment on the betalain pigmentation in trans-
genic A. hypochondriacus callus. The top panel shows the result after ten days (d10) in non-
inducing conditions, and the bottom panel shows the result under inducing conditions. For
RUBY, AhMYB2.1, and AhCYP76AD2 lines, only the results of the red lines are shown. The
pictures show one representative callus per line, while the graph shows the data of all 10-18 calli
assessed per line. The coverage of the color as visible from the top was classified as follows: 0 =
0%, 1 = >0%, <10%, 2 = >10%, <50%, 3 = >50%, <90%, 4 = >90%, <100%. Color intensity
as visible from the top was classified as 0 = yellow (no pigmentation), 1 = low, 2 = medium, and
3 = strong. The scale bar in the image represents 2 mm. RNA symbol in the upper left corner
of the image indicate callus lines used for RNA sequencing.

Inducing

I

Three lines (RUBY, AhMYB2.1, and AhCYP76AD2) showed strong betalain accu-
mulation; however, there were variations in the amount of colored tissue per callus (pen-
etrance) and the intensity of the red color (expressivity). To verify that the coloration
is stable and to reduce the heterogeneity of the callus lines, we split up these three lines
further into a mostly yellow, a mostly red, and an intermediate line. The coloration
proved to be stable, but the yellow lines tend to get more red over time. Due to the
growth on the selection medium, we could assume the successful transformation of all
callus parts. However, different parts of the same callus could arise from independent
transformation events leading to differences in copy number or silencing. Moreover, calli
could show heterogeneity with different metabolic or developmental stages in different

callus parts. Both might explain the color variation we observed in the primary grown
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transgenic callus. Those 10-18 calli from each callus line were then transferred to both
non-inducing and inducing conditions and phenotyped at day zero (d0), day five (d5),
and day ten (d10) by taking overview pictures of all plates, taking close-up pictures with
a camera-equipped binocular, and manual semiquantitative counting using the binocular
(details in 4.2.1). Additionally, samples were taken at d0 and d10.

Betalain production is suppressed in dark and high auxin condition, but
AhMYB2.1 can still activate the production

Generally, the betalain production is suppressed in dark and high auxin conditions (non-
inducing conditions) and activated by light and high cytokinin conditions (inducing condi-
tions), as shown by the empty vector control (Figure 4.4). As expected, we could observe
a strong coloration of AhMYB2.1 but not AhMYB2.2 overexpressing callus, in line with
our previous experiments in hairy roots ( , )(Figure 4.4). Interestingly,
the callus lines overexpressing AhMYB2.2 were less red-colored, having less color coverage
and intensity, than the empty vector control (Figure 4.4). We showed that the transac-
tivation ability is abolished in AhMYB2.2 (Figure 4.1c), but the rest of the protein is
identical to AhMYB2.1, meaning that it should still be able to bind to DNA. One could
speculate that this causes AhMYB2.2 to be a dominant negative regulator as it blocks the
cis-element and prevents binding of activating transcription factors ( , ).
It had been demonstrated in mammalians that dominant negative transcription factor
mutants with altered activation domains can have severe effects, in some cases causing
stronger phenotypes than null mutants ( , ). While RUBY lines had
nearly the same coloration as the AhMYB2.1 lines, the AhCYP76AD2 overexpression
lines were slightly less strongly colored (Figure 4.4). All three lines were colored irrespec-
tive of the environment, suggesting that the environmental regulation mostly controls
the transcription of AhCYP76AD2. Since deregulating AhCYP76AD2 transcription by
transgenically overexpressing it is sufficient to overcome the suppression by the dark and
high auxin condition (see section 4.3.1). However, the slightly lower coloration of the
AhCYPT76AD line indicates that regulation of more than just AhCYP76AD?2 is required
for high betalain production. This supports our hypothesis that AhMYB2.1 upregulates
the betalain production by increasing AhCYP76AD2 and AhDODAal expression. The
callus line expressing a CRISPR cassette targeting AhCYP76AD2 (and AhCYP76ADS,
see Vollmer et al. (2026)) had a reduced coloration in inducing conditions, underlining
the importance of AhCYP76AD2 for the betalain pigmentation. The pigmentation was
not completely abolished, since the selection with hygromycin only enabled the selec-
tion of transgenic tissue but not for successful editing, thus causing callus tissue that
is heterogenetic in terms of the AhCYP76AD2 and AhCYP76ADS5 alleles. To validate
our observation and investigate the transcriptional betalain regulation in more detail,

we selected 6 lines (marked in Figure 4.4 in the upper left corner) for RNA sequencing
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(RNA-seq).

AhMYB2.1 has more influence on the transcriptome than just activating
the betalain pathway, but less compared to the non-endogenous RUBY

or the environment

The environment (different phytohormones in the media and light) had by far the strongest
effect on overall gene expression (Figure 4.5a). With 1203 unique differentially ex-
pressed genes (DEGs), clusters EV _inducing and next RUBY non inducing with 629
DEGs furthest away from both the AhMYB2.1 and the AhCYP76AD2 overexpression
callus lines (Figure 4.5a, b). With overall only 109 and 300 DEGs, the influence on
gene expression in the AhCYP76AD2 and AhMYBZ2.2 overexpression lines was only
low. The biggest overlaps of DEGs are between the RUBY and AhMYB2.1 overexpres-
sion lines, RUBY non_inducing and EV _inducing, and MYB2.1 non_inducing and
EV _inducing. Considering that these are the three samples with a significantly higher
amount of DEGs, is this observation not surprising. The low number of differentially
expressed genes in CYP76AD2 non_inducing suggests that the transcriptional activa-
tion of the endogenous betalain pathway and the subsequent accumulation of betalains
has a rather low effect on the global transcriptome. In contrast, the strong expression
of all three required betalain pathway enzymes by non-endogenous genes in the RUBY
cassette caused many times more DEGs than observed in CYP76AD2 non_inducing or
even MYB2.1 non_inducing. Raising the question of what could explain the strong ef-
fect of RUBY on the transcriptome if high betalain production per se seems to have only
little influence on the global transcriptome. The strong effect of RUBY on the transcrip-
tome, even in a betalain-producing species, might explain why other phenotypes besides
coloration (e.g., stunted growth ( , ; , )) were reported in
many species transformed with the RUBY cassette. Only 10 genes were differentially

expressed in all five samples.

Also, light and cytokinin activate the betalain pathway by upregulat-
ing AhCYP76AD2 and DODAal but do not require upregulation of
AhMYB2.1

Investigating the expression of the betalain pathway genes in all samples solidified pre-
vious results and verified multiple hypotheses (Figure 4.6a). Firstly, the data show the
successful and strong overexpression (around 600-1000 times higher compared to control)
of AWRMYB2.1, AhMYB2.2, and AhCYP76AD2 by the 35S promoter in the respective
transgenic lines, validating the Agrobacterium-mediated stable transformation and the
functionality of the 355 promoter in grain amaranth. The upregulation of AhCYP76AD2
in EV_inducing confirms the observation that AhCYP76AD2 is the main target for reg-
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Figure 4.5: Overview of RNA-seq results from transgenic A. hypochondriacus callus showing the
influence on gene expression of both environmental and transgenic-caused activation of betalain
production. Heatmap showing relative expression of all expressed genes in all samples compared
to the control (EV_non_inducing)(a). Logfold2 values were row-normalized to highlight the
difference between samples within each gene, red indicating higher and blue indicating lower
expression. Upsetplot showing the overlap of differentially expressed genes compared to the
control (EV_non_inducing) between different samples (b).
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ulation, i.e., its expression is usually kept low to prevent betalain biosynthesis and is
upregulated if the betalain production is induced. Moreover, the significant upregulation
of AhCYP76AD2 and AhDODAal in the MYB2.1 non inducing verifies that MYB2 is
upregulating both genes and thus inducing betalain accumulation. As the upregulation
of AhCYP76AD2 and AhDODAal could only be observed in MYB2.1 non_inducing,
but their expression remained unchanged in MYB2.2 non_inducing, indicates that the
R3 domain of MYB2.1 is required for the upregulation. That AhDODAal1 is not upreg-
ulated in the ARCYP76AD2 overexpression line excludes that it only gets upregulated
indirectly by higher activity of the AhCYP76AD2 gene, but that both genes are directly
upregulated by MYB2.1. Interestingly, AhMYB2 is not upregulated in EV _inducing,
suggesting that other transcription factors (TFs) are responsible for the betalain accu-
mulation induced by light and phytohormones. Since also in the environmentally induced
betalain accumulation both AhCYP76AD2 and AhDODAa1 were upregulated, this sug-
gests that both genes get generally regulated together. This might hint at a co-regulator
of AhMYB2 that is also involved in the environmental regulation of the betalain path-
way. To better estimate the redirection of the aragonate metabolisms to betalains we
assessed the expression of all betalain and flavonoid genes in the MYB2.1 non_inducing
line (Figure 4.6b). The upregulation of AhCYP76AD2 and AhDODAal increases the
flow from tyrosine to the betalain precursors. However, one of the two ADHa copies
got significantly downregulated, which might reduce the flux from aragonate to tyrosine.
Flavonoid genes were not differentially regulated in the MYB2.1 non_inducing line ex-
cept for one potential CHS gene, which had a very low base-level expression. Despite its
evolutionary origin from PAP1 and other anthocyanin regulator MYBs, AhMYB2 is thus
highly specific and has lost the ability to regulate the anthocyanin pathway genes.

No transcription factor class is significantly enriched or depleted in the

set of differentially expressed genes in MYB2.1 non _inducing callus

As afirst step to find candidates for potential MYB2 co-regulators, we checked the number
of genes from the main transcription factor classes in the entire data set with all expressed
genes and the subset containing all genes that are differentially regulated in at least one
of the samples (Figure 4.7a). All included main classes together covered most of the TFs
found (86% and 82% in the expressed genes and in the DEGs, respectively). A chi-square
test identified only IAA transcription factors as significantly enriched in the combined
DEGs of all samples. No significant enriched or deleted TF class was found in the chi-
square test comparing only the MYB2.1 non _inducing DEGs compared to all expressed
genes. The overlap of differentially expressed TFs mostly mirrors the one for all DEGs:
most unique differentially expressed genes have EV _inducing, RUBY non _inducing,
and MYB2.1 non_inducing, and the largest overlaps are between the pairs of each of

them (Figure 4.7b). The presence, location, and distribution of potential binding sites of
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Figure 4.6: Expression of betalain pathway genes in environmentally or transgenically in-
duced betalain accumulation in A. hypochondriacus callus. Heatmap showing the expression
of betalain pathway genes as logfold2 values compared to the control (EV_non inducing)
(a). Differentially expressed genes of each sample are marked with asterisks. Note the high
expression of AhMYB2 and AhRCYP76AD2 in the respective transgenic overexpression cal-
lus lines. Overview of the betalain and flavonoid pathway indicating the differential expres-
sion of the associated enzyme genes in the MYB2.1 non_inducing transgenic callus line (b).
Genes that are upregulated compared to the control are highlighted in orange, downregulated
genes are blue, and genes that are not differentially regulated are gray. The enzymes involved
in the final steps of anthocyanin production (black) were not investigated for differential ex-
pression. ADT (aragonate dehydratase), PAL (phenylalanine ammonium lyase), C4H (cinna-
mate 4-hydroxylase), 4CL (4-coumarate:CoA ligase), CHS (naringenin-chalcone synthase), CHI
(chalcone isomerase), FNS (flavone synthase), F3H (flavanone 3-hydroxylase), FLS (flavonol
synthase), F3H (flavonoid 3-hydroxylase), F3’5’H (flavonoid 3’5’-hydroxylase), DFR (dihy-
droflavonol 4-reductase), LAR (leucoanthocyanidin reductase), ANS (anthocyanidin synthase),
GTs (glucosyltransferases), OMTs (O-methyltransferases), RTs (rhamnosyltransferases), ACTs
(acetyltransferases), ADH (aragonate dehydrogenase), DODA«al (L-3,4-dihydroxyphenylalanine
4,5-dioxygenase, o linage), cDOPA5GT (cyclo-DOPA 5-O-glucosyltransferase), Betanidin5GT
(betanidin 5-O-glucosyltransferase), Betanidin6GT (betanidin 6-O-glucosyltransferase).
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selected main transcription factor classes were predicted for the AhCYP76AD2 (Figure
S4.4a) and AhDODAal promoter (Figure S4.4b) using web tools (see 4.2.8). Binding
sites for many main transcription factor classes were found in both promoters, suggesting

potential (co-)regulation by other transcription factor classes.
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Figure 4.7: Comparison of differentially expressed transcription factors (TFs) and the frequency
of main TF classes between samples. Number of genes from main transcription factor classes in
the data set containing all expressed genes and in the set containing only differentially expressed
genes (DEGs) from all samples or in MYB2.1 non_inducing (a). Overrepresentation of certain
classes was tested with a chi-square test, finding only TAA transcription factors significantly
overrepresented in the set of all DEGs, indicated by the asterisk. Venn diagram showing the
overlap of differentially expressed TFs across all samples (b).

Not the homolog of Atr WRKY/42-2 and AtTTG2, but several other
WRKY transcription factors are differentially expressed in
MYB2.1 non inducing callus

Except for AhMYB2 and its homologs AtrMYB72 from A. tricolor (Xue et al., 2025)
and BVvMYBI from B. vulgaris (Hatlestad et al., 2015) is only AtrWRKY42-2 from A.
tricolor (Yang et al., 2023) reported to regulate betalains in plants belonging to the be-
talain origin 2 (according to Pucker et al. (2024)). Thus, we took a closer look at the
WRKY transcription factors from amaranth and their differential expression in the dif-
ferent samples (Figure 4.8a). Regarding the differential expression cluster EV _inducing
and MYB2.1 non_inducing closest to each other, as most of the differentially expressed
WRKY genes get similarly up- or downregulated in both samples. To find closely re-

lated WRKY genes and, as a comparison, the closest homologs from A. thaliana and
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AtrWRKY42, we extracted all WRKY genes from A. hypochondriacus and A. thaliana
and constructed a phylogenetic tree (Figure 4.8b). Most differentially expressed genes
in EV_inducing and MYB2.1 non inducing can be found close to each other in the
phylogeny: AHq024477 and AHq017085 form a tip in the phylogeny, and both got down-
regulated in both EV _inducing and MYB2.1 non_inducing. Their next closely related
neighbors in the tree are AHq000664 and AT1G80840, where AHq000664 was also differ-
entially regulated in both EV _inducing and MYB2.1 non_inducing. However, different
from AHq024477 and AHq017085, AHq000664 got upregulated. All three genes had the
same direction also in all other samples. The same pattern of similar expression and high
sequence similarity is also the case for AHq001528 and AHq000417, who both got upreg-
ulated in EV _inducing and MYB2.1 non_inducing and, to a much lesser extent, in the
other samples. Their closest homolog in A. thaliana is AT3G58710, a clade Ile WRKY
involved in thermomorphogenesis. Additionally, AHq016908 and AHq022840 got sim-
ilarly regulated in both EV inducing and MYB2.1 non_inducing, while AHq018915,
AHq010170, and AHq004776 got downregulated in MYB2.1 non_inducing but (not
significantly) upregulated in EV _inducing. Notably, AHq018915 and AHq016908 both
have an altered WRKY domain (WRKYGQK, the glutamine was replaced by glutamic
acid or lysine, respectively). Interestingly, the homolog of AtrWRKY42-2 ( ,

)/AtTTG2 (AT2G37260) ( , )/PH3 ( , ), which
were shown to influence betalain, protoanthocyanin, and anthocyanin pigmentation, re-

spectively, AHq005364, was not differentially expressed in any of the samples.

To conclude, the RNA-seq data validated AhCYP76AD2 as the main regulatory tar-
get for the regulation of the betalain pathway and that MYB2 is activating the betalain
pathway by upregulating AhCYP76AD2 and AhDODAal expression. Moreover, indicate
the gene expression data from EV _inducing that MYB2 is not involved in the betalain
pathway activation by light and phytohormones (i.e., auxin and cytokinin). Addition-
ally, did the gene expression analysis of flavonoid genes in the MYB2.1 non_inducing
transgenic callus lines suggest that, despite evolutionary origins from flavonoid regulators,

AhMYB2 now precisely targets the betalain pathway genes and not the flavonoid genes.

4.4 Discussion

We previously identified AhMYB2 as the first positive transcriptional regulator of the
betalain pathway in grain amaranth. However, how AhMYB2 is regulating the beta-
lain pathway in grain amaranth remained unknown. Thus, the goal of this study was
to reconstruct the molecular mode of action by combining in vivo experiments in grain
amaranth with high-throughput molecular experiments in heterologous organisms. Using
stably transformed A. hypochondriacus callus we could validate that AhRCYP76AD2 is
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Figure 4.8: Differentially expressed WRKY transcription factors in environmentally or trans-
genically induced betalain accumulation in A. hypochondriacus callus and the closest related
A. thaliana homologues from all WRKY transcription factors in A. hypochondriacus. Heatmap
showing the logfold2 values from WRKY transcription factors, which are differentially regulated
in at least one sample (a). Differentially expressed genes of each sample are marked with asterisks.
Phylogeny of all A. hypochondriacus (red) and A. thaliana (green) WRKY transcription factors
and additionally, the only published WRKY transcription factor involved in betalain regulation
in amaranth, AtrWRKY42 (blue)(b). Genes differentially expressed in MYB2.1 non_ inducing
transgenic callus lines are highlighted with asterisks. Note that the DEGs AHq018915 and
AHq016908 are not included in the tree, as they have an altered WRKY domain (WRKYGQK,
the glutamine was replaced by glutamic acid or lysine, respectively).
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the main regulatory target of the betalain pathway both in tissue-specific regulation by
AhMYB2 and in environmentally regulated betalain accumulation by light and phytohor-
mones. However, the environmental regulations seem not to require AhMYB2. We could
confirm that AhMYB2 is increasing the betalain production by activating AhCYP76AD2
and AhDODAa1 expression. AhMYB2 has transactivation ability but could not interact
with various bHLH transcription factors in Y2H. Transactivation assays in protoplasts
suggest that AhMYB2 might bind to its target promoter directly but require an addi-
tional betalain-specific TF to stabilize the DNA binding. Finally, we performed RNA-seq
to obtain a valuable database for the identification of additional (co-)regulators of the

betalain pathway in grain amaranth.

4.4.1 AhMYB2 regulates the betalain pathway by control-
ling the transcription of AhCYP76AD2 and AhDODAa1

The first or an early enzyme is the point of regulation in many metabolic pathways
( , : , ). The expression of AhCYP76AD2
and AhDODAal, the first two enzymes of the betalain pathway, correlates with betalain
levels in multiple species ( , : , )(Figure 3.5). Nev-
ertheless, it was not yet demonstrated that the transcriptional control of AhCYP76AD2
is the main mechanism for regulation of the betalain biosynthesis. Stable overexpres-
sion of AhCYP76AD2 in grain amaranth induced strong coloration (Figure 4.4), indi-
cating that overwriting the transcriptional downregulation of AhCYP76AD2 is sufficient
to activate the betalain biosynthesis pathway. Both AhMYB2-mediated and light- and
phytohormone-mediated induction of the betalain pathway lead to a higher expression of
AhCYP76AD2 and AhDODAa1 (Figure 4.6a). Thus, our results clearly suggest that the
tissue-specific (AhMYB2) and at least some environmental (light) and internal signals
(phytohormones) regulate the betalain production by controlling the transcription of Ah-
CYP76AD2. This is in line with the regulatory network controlling anthocyanin biosyn-
thesis in anthocyanin-producing plants: Tissue-specific accumulation of anthocyanins is
achieved by spatial control of transcription factor expression, which in turn regulates
the expression of the genes encoding for the pathway enzymes ( , ;

, : , : , ). Likewise, do light-induced and
phytohormone-mediated regulation of anthocyanin accumulation act via controlling ei-
ther the expression of pathway genes directly or by regulating transcription factors, which
in turn influence the expression of pathway genes ( , ). Besides
the evidence for a transcriptional control of AhCYP76AD2, many enzymes are regulated
biochemically and/or by post-transcriptional or -translational modification. For PAL,
the first enzyme of the anthocyanin pathway, it was shown that its activity is regulated
by phosphorylation and ubiquitination ( , : , ) and

biochemically by its product, cinnamic acid. Moreover, multiple microRNAs (miRNAs),
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especially the conserved miR156/157b, are known to regulate anthocyanin biosynthesis
post-transcriptionally ( , ). Similarly, it was shown in H. undatus that
Hmo-miR156/157b expression correlates with fruit ripening and influences the expression
of SQUAMOSA promoter binding protein-like (SPL) transcription factors, which interact
with betalain regulators in pitaya ( , ). Post-transcriptional silencing by
small RNAs was shown for CYP76AD in bougainvillea ( , ). Thus, future
studies need to investigate the possibility of post-translational modifications on enzyme
activity, post-transcriptional silencing, and biochemical feedback loops being involved in

betalain regulation.

4.4.2 AhMYB2 seems different from its anthocyanin ho-

mologs, not acting in MBW complexes

MYB transcription factors regulating the anthocyanin pathway are well known to func-
tion mainly in MBW complexes. To test if this also applies to the homologous AhMYB2,
we performed Y2H with the A. hypochondriacus homologs of AtTT8 and AtTTG1. With
neither the bHLH nor the WD40 transcription factor, we found interactions with Ah-
MYB2 or each other (Figure 4.1d). A comparison of the conserved residues of the R3
domain in betalain and anthocyanin PAP1 homologs indicated that both AhMYB2 and
BvMYBI have a partially altered bHLH domain (Figure 4.1b). We additionally tested
multiple A. thaliana bHLH from the clade I1If, which are all involved in MBW complexes,
but could not find any interaction with AhMYB2, suggesting that AhMYB2 might have
lost the ability to interact with (clade I1If) bHLH transcription factors. This is in line
with the observation from Hatlestad et al. (2015), who tested the interaction of AtEGL3
and BvMYBI1 and could detect interaction only after mutating 6 residues of BvMYB1
that differed from AtPAP1. Fitting to this observation was AHq020375, the closest ho-
molog of AtMYC1, not expressed in any callus sample investigated in section 4.3.4 and
barely expressed in any tissue except for a low expression in mature seeds (tissue-specific
RNA-seq data set from Clouse et al. (2016) with annotation from Graf et al. (2025), for
details see section 3.4 and Supplementary Table S3.1 of Winkler et al. (2024)). Similarly,
AHq013577, the closest homolog of AtTT8, was only expressed lowly in seeds and not
in any other tissue ( , ; , ) and was also not differentially
regulated in any callus sample. Moreover, the homolog of AtEGL3 and AtGL3 seems
to have been lost in the whole Amaranthaceae ( ) ). Nevertheless, Ah-
MYB2.1 showed strong autoactivation in Y2H, indicating transactivation ability. That
the activation of the pathway can be uncoupled from the interaction in the MBW com-
plex was also shown for a few flavonoid-regulating MYBs that activate the pathway genes
independently of the MBW complex ( , : , :

, ). Interestingly, all three have altered R2R3 domains ranging from a

few amino acids to a deletion of half of the R3 domain. To conclude, our Y2H data
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provide an important piece of evidence to the hypothesis that AhMYB2 kept its function
in activating the enzyme’s gene expression, but without the involvement of a class IIIf
bHLH transcription factor. It could be speculated that this evolved to uncouple betalain-
regulating AtPAP1 homologs from the MWB complex. Thus avoiding pleiotropism with
anthocyanin, trichome, root hair, and mucilage regulation, which is controlled by MBW

complexes involving PAP1 interacting class IIIf bHLH transcription factors (

) ) ) ) ) )

4.4.3 AhMYB2 requires additional betalain-specific tran-
scription factors for efficient DNA binding

Motivated by the transactivation ability of AhMYB2.1 in Y2H and to test for direct bind-
ing to the AhCYP76AD2 promoter, we performed transactivation assays in protoplasts.
The positive control using AtPAP1-VP16 caused stronger reporter expression compared
to the background in A. thaliana protoplasts (Figure 4.3b), indicating binding of AtPAP1
to the AtDFR promoter as demonstrated previously ( ) ; ) ).
In contrast, for AhMYB2.1-VP16 and the B. vulgaris homolog BvMYBI1-VP16, we could
not detect significant activation in A. thaliana protoplasts (Figure 4.3c,d). Since we used
a positive control for the assay in each experiment, we could exclude technical issues
with the assay. Results with a synthetic positive control (Urquiza-Garcia et al., in prepa-
ration) specific to an amaranth promoter suggest that the promoters are not blocked
by other plant transcription factors and are generally accessible (Supplementary Figure
S4.3c). While we only hypothesize that AhMYB2 can directly bind to the AhCYP76AD2
promoter, was direct binding of BvMYB to the BuCYP76AD1 and BuDODA1 promot-
ers already validated in yeast-one-hybrid (Y1H) ( , ). It was thus
surprising that we could not detect binding in A. thaliana protoplasts. However, after
implementing the transactivation assay in A. hypochondriacus protoplasts, we could de-
tect binding of BvMYB1-VP16 to the BuCYP76AD1 promoter. We thus hypothesize
that betalain-regulating PAP1 homologs might require co-regulators specific to betalain-
producing plants to stabilize the DNA binding in planta. Supporting our hypothesis,
a preliminary test in mammalian cells showed a small, non-significant activation of the
AhCYP76AD2 promoter by AhMYB2-VP16, suggesting binding but with low efficiency
(Supplementary Figure S4.3b). Compared to the highly optimized A. thaliana proto-
plast system, the signal strength in A. hypochondriacus protoplasts was much lower,
which might explain why we could not detect significant binding of AhMYB2.1-VP16
even in A. hypochondriacus protoplasts. Further optimizing the transactivation assay
in A. hypochondriacus protoplasts should increase the sensitivity and thus the probabil-
ity of detecting weak binding. Similarly, it might help to increase the amount of effector
DNA used for protoplast transformation to increase sensitivity for weakly binding TF. To

conclude, although our transactivation assay data suggest direct binding of AhMYB2.1
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to AhCYP76AD2 depending on betalain-specific co-regulators, we were unable to prove
it. Thus, additional studies are required, using an optimized A. hypochondriacus proto-
plast transformation protocol for transactivation assays or other methods, e.g., Y1H, to

validate promoter binding in vivo.

4.4.4 Candidate transcription factors for (co-)regulation of

the betalain pathway in amaranth

The transactivation assay data suggested that AhMYB2 requires a betalain-specific co-
regulator for efficient DNA binding. This is highly probable, as many MYB transcription
factors act in complexes with other TFs ( , ; ) ). Ac-
cording to BAR (https://bar.utoronto.ca/eplant/), there were already 64 proteins,
mostly TFs, found that AtPAP1, a homolog of AhMYB2 in A thaliana, interacts with.
Besides the MBW complex, many other transcription factors from various classes were
shown to influence transactivation activity from certain PAP1 homologous MYBs (see
section below, e.g., ( , : , : , : ,

, ). Combining the Y2H results, the RNA-seq data, and the literature, we se-
lected four TFs (Table 4.1) representing diverse classes as the most promising candidates

to co-regulate the betalain pathway in grain amaranth with AhMYB2:

A promising TF class for AhMYB2 co-regulators is the plant-specific
APETALA2/Ethylene-Responsive element binding Factor (AP2/ERF) family, charac-
terized by the presence of one or two APETALA2 (AP2) domains (

, ). In A. thaliana it was shown that AtERF4 and AtERFS8 are in-
volved in light-induced anthocyanin regulation ( , ). However,
direct interaction of AtERF4 and AtERF8 with AtPAP1 or AtPAP2 was not investi-
gated ( , ). In pear blue light-induced Pp4ERF24 and Pp12ERF96
were shown to interact directly with PpMYB114 and increase its upregulation of an an-
thocyanin pathway gene, thus probably playing a role in the light-induced anthocyanin
regulation ( , ). Similarly, does PpPERF3 interact with PpMYB114 and in-
crease its upregulation of several anthocyanin pathway genes ( , ). In apple,
MAdERF38 was shown to interact with the apple PAP1 homolog MdMYBI1, influencing
its DNA-binding strength ( , ). MdERF38 expression is strongly drought
responsive, and it is thus thought that MAERF38 mediates the drought-dependent upreg-
ulation of anthocyanin biosynthesis in apple ( ) ). Besides MAERF38, it had
been shown that MAERF1B interacts with MAMYB1 (and other anthocyanin-regulating
MYBs), although for this ERF it is hypothesized that it regulates anthocyanin expres-
sion by regulating the expression of other MYB anthocyanin-regulating TFs ( ,
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). Also for litchi and citron, ERFs were identified that influence the expression of
anthocyanin pathway genes, but interaction with PAP1 homologs was not tested (

, ; ) ). Several AP2/ERF transcription factors were differentially
expressed in the transgenic callus lines (Supplemental Figure S4.7). Four AP2/ERF
genes were upregulated in MYB2.1 non_inducing: from these, AHq018982 was only
differentially regulated in MYB2.1 non inducing, and AHq017795 was additionally also
upregulated in EV _inducing (Supplemental Figure S4.7). The closest A. thaliana ho-
molog of AHq018982 is AT1G64380 (AtERF61), which is not characterized yet. Based on
its phylogenetic classification, AtERF61 could be involved in drought response but was
also shown to be upregulated upon elicitor treatment ( , ; ,

). The expression of AHq018982 was rather low across tissues (<6 transcripts per
million (TPM)), being highest in leaves, flowers, and water-stressed tissue ( )

; ) ). Additionally, four AP2/ERF genes were downregulated in
MYB2.1 non_inducing, including the neighboring genes AHq019220 and AHq019221,
which were both upregulated, albeit not significantly, in EV _inducing (Supplemental
Figure S4.7). Sequence-wise, they are closely related to Pp4ERF24 and Pp12ERF96 and
cluster also not far away from MdERF1B (Supplemental Figure S4.10). Both had the
highest expression in flowers (13.62 TPM and 22.60 TPM for AHq019220 and AHq019221,
respectively) but were also expressed in root and stem (> 5 TPM), which are the three
main expression domains of AhLCYP76AD2 and AhDODAal. The closest homolog of
MdERF38 is AHq019203, which was downregulated in all callus samples, but significantly
only in MYB2.2 non_inducing and RUBY non inducing (Supplemental Figures S4.7
and S4.10). AHq019203 also had the highest expression in flowers, but only with 7.76
TPM, and had in no other tissue an expression of 5 TPM or higher ( , ;

, ). Since ERFs had been found to influence PAP1 homolog-mediated an-
thocyanin regulation in diverse species, ERFs are promising candidates for an AhMYB2
co-regulator. However, most of these ERFs do not cluster close to each other in the
phylogeny, hampering the identification of specific A. hypochondriacus candidate ERF
genes (Supplemental Figure S4.10). Based on the combination of the literature with the
RNA-seq data from various tissues and transgenic callus, are AHq019220 and AHq019221

among the best candidates.

Another class of TF, which was shown to be involved in anthocyanin regulation in
various species, are bZIP (basic region/leucine zipper) transcription factors ( ,

; , ). A characteristic of bZIP TF is an a-helix that contains a
basic N-terminal region for DNA binding and a leucine-zipper region at the C-terminal
for dimerization ( , ). bZIP TFs were found in all eukaryotes but have
expanded in plants ( ) ; , ). One interesting
bZIP gene identified in the RNA-seq data set is AHq004055. The closest A. thaliana
homolog is AT1G75390 (AtbZIP44), which belongs to the lowly characterized subclass
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S, which might be involved in carbohydrate demand/supply balancing ( ,

). However, the closest homolog for both in apple is MdbZIP44, which was demon-
strated to mediate ABA-induced anthocyanin regulation by increasing the DNA-binding
of MAMYBI1 and thus the upregulation of anthocyanin pathway genes ( , ).
Similarly, it was shown in grapes that UV-light-induced VvibZIPC22 increases the trans-
activation of PAP1 homologs (VviMYBF1 and VviMYBPAI) of anthocyanin pathway
genes when cotransformed ( ) ). AHq004055 was significantly down-
regulated in MYB2.1 non_inducing but not differentially expressed in any other investi-
gated callus line (Supplemental Figure S4.8). The expression of AHq004055 across tissues
was rather low (<16 TPM), but highest in flowers, reaching a moderate expression of 25
TPM ( ) ; , ). VvibZIPC22 belongs to the grape C sub-
class of bZIP transcription factors, which corresponds to the S subclass in A. thaliana,
and thus belongs to the same class as MdbZIP44 and AHq004055 ( ,

). Subclass S bZIPs from A. thaliana are known to form heterodimers with subclass
C bZIPs; this interaction network seems to be highly conserved and is hypothesized to
regulate diverse (metabolic) pathways dependent on the plant energy level ( ,

: ) ). One potential amarnath subclass C bZIP is AHq008107,
which was not differentially expressed in any investigated callus line (Supplemental Fig-
ure S4.7) but was highest expressed in flowers, albeit only with 13 TPM. A bZIP TF is
hence a promising candidate for an AhMYB2 co-regulator. Based on the homology, are
AHq004055 and, as a potential heterodimerization partner, AHq008107, good candidates.

Another promising TF class are plant-specific WRKY transcription factors, which
could be identified by the presence of one or two WRKYGQK domains at the N-terminus

and a zinc-finger-like domain at the C-terminus ( , ). For Arabidopsis
thaliana ( , : ) ), Brassica napus ( , ),
petunia ( , ), grape ( , ), kiwifruit ( , ),
and apple ( , ), WRKY transcription factors were found to be involved in

anthocyanin pathway regulation. Moreover, a WRKY TF is the only other TF class
reported for betalain regulation in amaranth besides MYB ( ; ). For the
wound-induced MdWRKY40 in apple, it was shown that it interacts directly with the
PAP1 homolog MAMYB1 and increases its DNA binding and thus upregulation of an-
thocyanin pathway genes ( ) ). In contrast, for AtTTG2 in A. thaliana it
was demonstrated that it interacts with the MBW complex only via AtTTGI1, not the
MYB transcription factor, but similarly amplifying the transactivation of the MBW com-

plex ( , ; , ). Likewise, VWWRKY26 in grape (
, ), PH3 in petunia ( , ), and potentially also WKRY44 in
kiwifruit ( , ) seem to regulate anthocyanin production by interacting with

the WD40 TF of the anthocyanin-regulating MBW complex and increasing its transac-
tivation strength. Also, the identified WRKY TF from A.tricolor, AtrWRKY42-2 is the
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homolog from AtTTG2 ( , )(Figure 4.8b, At2G37260). However, the clos-
est homolog of AtTTG2 in A.hypochondriacus is AHq005364, which was not differentially
expressed in any of the investigated callus lines (Figure 4.8), nor was it highly expressed
in any tissue (max 8 TPM in young seeds) ( , ; , ). In
contrast, the closest homolog of MAWKRY40 is AHq000664, which was significantly up-
regulated in all callus lines except the non-colored MYB2.2 non inducing (Figure 4.8)
and was highest expressed in flowers and leaves with 14 and 25 TPM. Moreover, we found
multiple predicted binding sites for WRKY transcription factors in the AhCYP76AD2
and AhDODAal upstream regions (Supplemental Figure S4.4). Thus, WKRY TFs and
especially AHq000664 are promising candidates as an AhMYB2 betalain co-regulator in

grain amaranth.

NAC TFs (named after NO APICAL MERISTEM (NAM), ARABIDOPSIS TRAN-
SCRIPTION ACTIVATOR FACTOR 1/2 (ATAF1/2), and CUP-SHAPED COTYLE-
DON (CUC2)) represent another plant-specific family of transcription factors that are
involved in anthocyanin regulation in various species. TF belonging to the NAC fam-
ily can be identified by the highly conserved N-terminal NAC domain, which mediates
dimerization, DNA binding, and specificity, while the C-terminal part is important for
the biological function, often containing a transactivation domain ( , ).
NAC TFs were reported to be involved in anthocyanin regulation in many species; how-
ever, most of them showed or implied that the regulation is achieved by regulating the
expression of PAP1 homologs or other anthocyanin-regulating TFs ( , ;

, ; , , ). While others did not test the interaction with
PAP1 proteins or their promoter ( , ; , ; ,
; ) ; , ). Nevertheless, there are a few NAC proteins
that have been demonstrated to regulate the anthocyanin pathway by interacting with a

PAP1 homolog and increasing their transactivation of anthocyanin pathway genes (
, ; , ; , ; ) ). Two of them (VrNAC25

in mung bean ( , ) and MdNAC42 in apple ( , )) are both
homologs of A thaliana AtNAC025, while the other ones are homologous to AtNAC097
(MdNAC14-Like, ( , )) or AtNAC019 (MdANAC33, ( , )). The

homolog of AtNACO025 in A. hypochondriacus is AHq022750, which was highly upregu-
lated in MYB2.1 non_inducing but not in any other callus line (Supplemental Figure
54.9). Regarding the tissue-specific expression, it was highest expressed in young and
mature seeds (291 and 115 TPM, respectively), followed by flowers with 25 TPM, while
there was nearly no expression in all other investigated tissues (<1 TPM) ( ,

; , ). Furthermore, were multiple potential binding sites for NAC
transcription factors predicted in the AhCYP76AD2 and AhDODAa1 upstream regions
(Supplemental Figure S4.4). Thus, NAC TFs and in particular, AHq022750, are promis-
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ing candidates as AhMYB2 betalain co-regulators.

Besides the four above-described TF families, there are also members from other TF
families known to regulate anthocyanins in some species. teosinte branched1/cycloidea/
proliferating (TCP) TFs, identified by having a TCP domain containing a non-canonical
bHLH motif ( , ), were found to be involved in anthocyanin regulation in
A. thaliana and apple ( , ; , ; , ;

) ). AtTCP3 had been shown to interact with several R2R3-MYBs involved
in MBW complexes (but not with the bHLH or WD-TF in the complex), including At-
PAP1, and enhance the transactivation of anthocyanin pathway genes ( ,

). In apple it was demonstrated that the high-light-regulated MdTCP46 interacts
with MAMYB1 and increases the binding to anthocyanin pathway genes, thus increasing
their upregulation ( , ). In an apple relative, MhTCP4, which belongs to
a different TCP subclass than MdTCP46, was found to regulate anthocyanin pathway
genes directly, possibly independently from PAP1 homologs ( , ). Ama-
ranth homologs of AtTCP3 were generally very lowly expressed and not differentially
regulated in any callus sample. One homolog of MdTCP46, AHq018501, was signifi-
cantly downregulated in MYB2.2 non _inducing and in none of the investigated tissues
expressed with more than 7 TPM ( , ; , ). In summary,
also considering the inability of AhMYB2 to interact with bHLHs, TCP TFs seems less
promising as AhMYB2 betalain co-regulators.

The brassinosteroid-response-TF, AtBZR1, was demonstrated to interact with AtPAP1
and increase its activation of anthocyanin pathway genes important for the low-nitrogen-
induced anthocyanin accumulation ( , ). However, in apple, it was shown
that MABZR1 interacts with other TFs to repress anthocyanin ( , ; ,

). The amaranth homolog of AtBZR1 is AHq009144, which was not differentially ex-
pressed in  any callus sample, albeit  the  highest upregulated in
MYB2.1 non_inducing and moderately expressed across tissues with a peak of 36 TPM
in flowers ( , ; , ). The tissue expression pattern would fit
a betalain regulator, but due to the mixed results in literature, AHq009144 is rather a
low-priority candidate.

For many species, MADS-box (named after MINICHROMOSOME MAINTENANCE1
(MCM1, Saccharomyces cerevisiae), AGAMOUS (AG, Arabidopsis thaliana), DEFICIENS
(DEF, Antirrhinum majus), and SERUM RESPONSE FACTOR (SRF, Homo sapiens))
transcription factors were found to be involved in anthocyanin regulation. However, for
most of them, this appears to be independent of the MBW complex or was not investi-
gated ( : ; : ; : ; , ; ,

; , ; , ). Only a handful of MADS-box TFs were found or

are implicated to regulate the expression of PAP1 homologs ( , ;

, ; , ), and only AcMADS68 from kiwifruit was shown to interact
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with PAP1 homologs directly and increase the transactivation of anthocyanin genes of
the MBW complex ( , ). Hence, there is the possibility that MADS-box
TFs are involved in betalain regulation, but probably not by directly interacting with
AhMBY2.1.

Moreover, JASMONATE ZIM-DOMAIN (JAZ) TFs are known to interact with PAP1
homologs, but only have a repressive function and are thus not candidates for positive
AhMYB2 co-regulators ( , ).

Table 4.1: Selected top candidates for AhMYB2 co-transcription factors for the regulation of the
betalain pathway in grain amaranth. Selection was done based on literature, previous results,
and RNA-seq data; see methods 4.2.8.

candidate | TF class | A. thaliana Why selected

homologue(s)
AHq019220 | ERF/AP2 | AT4G17490, Significantly downregulated in
and ATG5H5G47230 | MYB2.1 _non_ind. and AHq019221
AHq019221 and also in MYB2.2 non_ind.. Closely

AT4G17500, related to Pp4ERF24 and Ppl2ERF96
AT5G47220 which were shown to interact with Pp-
MYB114 and increase its upregulation of
an anthocyanin pathway gene in pear (

, 2019).

AHq004055 | bZIP AT1G75390 Upregulated in MYB2.1 non_ind. Clos-
est homolog of MdbZIP44, which is shown
to interact with MdMYBI in apple, influ-
encing the binding to anthocyanin struc-
tural genes ( , ).

AHq000664 | WRKY AT1G80840 Upregulated in all except
MYB2.2 non_ind. Closest homolog
of MAWRKY40, which is shown to inter-
act with MdAMYBI1 in apple, influencing
the binding to anthocyanin structural

genes ( ) ).

AHq022750 | NAC AT1G61110 Upregulated only MYB2.1 non ind.
Closest homolog of MANAC42, which is
shown to interact with MAMYBI in apple,
influencing the binding to anthocyanin
structural genes ( , ).

This literature review does not cover all possible PAP1 homolog-interacting TFs found
across all plant species, as there are more TFs from smaller TF families that were found
in only one or a few species (e.g., He et al. (2021)). Nevertheless, all major TF classes
reported to be involved in anthocyanin or betalain regulation were investigated to identify

the most promising candidates for AhMYB2 co-regulators. As the next step, potential
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co-regulators need to be tested for interaction (e.g., via Y2H) with AhMYB2 and if they
increase the transactivation of AhCYP76AD2 if co-transformed with AhMYB2 (e.g., in
transactivation assays).

The biggest limitation of the reported approach is that all candidates have been
selected due to their reported involvement in anthocyanin regulation, assuming that if
betalain-regulating PAP1 homologs have been co-opted from the anthocyanin pathway,
co-regulators might have been co-opted as well. This approach risks missing TFs that had
been recruited from other pathways or evolved de novo. Future studies should include
additional unbiased methods like co-immunoprecipitation to identify potential betalain-

regulating TFs that are not homologous to anthocyanin regulators.

We previously identified AhMYB2 as a positive transcriptional regulator of the beta-
lain pathway in amaranth. However, the molecular mode of how AhMYB2 activates the
betalain pathway remained elusive. Using transgenic A. hypochondriacus callus we could
demonstrate that the betalain pathway seems to be mainly regulated by controlling the
transcription of the first enzyme, AhCYP76AD2. RNA-seq validated that AhMYB2 up-
regulates the expression of AhCYP76AD2 and AhDODAal. For efficient transactivation
of AhCYP76AD2, AhMYB2 seems to require an additional betalain-specific co-regulator.
Different from the anthocyanin regulation, which requires the formation of MBW com-
plexes, AhMYB2 does not interact with class IIIf bHLH TFs or the homolog of AtTTG1
in Y2H. This suggests that, albeit AhMYB2 has been co-opted from the anthocyanin
regulation, the molecular mode of action and the target genes are different to its homolog
AtPAP1 and had been adapted for the betalain regulation.

This study focused on the AhMYB2-mediated transcriptional regulation of the beta-
lain pathway in grain amaranth. However, for the anthocyanin pathway, it was shown
that also posttranscriptional regulation (e.g., via miRNAs) and posttranslational regula-
tion (e.g., phosphorylations, ubiquitinations) play an important role (reviewed by Khan
and Abbas (2023); Zhang et al. (2025¢) ). For instance, does the COP1/SPA complex
regulate the stability of AtPAP1 and AtPAP2 in a light-dependent manner ( ,

). Liet al. (2016) demonstrated that the phosphorylation of AtPAP1 by AtMPK4
increases its stability and is required for the full function of AtPAP1 in upregulating
anthocyanin pathway genes. Posttranscriptional and posttranslational regulation were
beyond the scope of this study but should be considered when further unraveling the
betalain regulation. Future studies could investigate the protein stability of AhMYB2 in
various conditions, but the absence of the typical VP motif in AhMYB2 suggests rather
not a regulation by COP1/SPA.

Our results suggest that co-option of PAP1 for the betalain pathway changed the mode
of action from involving the MBW complex to a yet unknown betalain-specific TF. It

could be speculated that this enabled specific targeting of the betalain instead of the
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anthocyanin pathway. Moreover, independence from the MBW complex probably con-
tributed to reducing pleiotropy, leaving other MBW complex-regulated pathways, in-
cluding protoanthocyanin-, mucilage-, trichome-, and root hair-regulation, unaffected.
Generally, our study demonstrated that the betalain regulation seems to be more com-
plex than previously thought ( , ). Understanding the interplay of
co-opted, adapted, and potential new evolved regulations in the betalain regulator net-
work might improve our understanding of the evolutionary flexibility of gene regulatory

networks.
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4.9 Supplement

Supplemental Figure 1 — Results of all tested yeast-two-hybrid combinations of set 1.
Supplemental Figure 2 — Results of all tested yeast-two-hybrid combinations of set 2.
Supplemental Figure 3 — Transactivation assay in mammalian cells and synthetic pos-
itive control for amaranth promoter in protoplast.

Supplemental Figure 4 — Presence, location, and distribution of predicted binding
sites of main transcription factor classes across the CYP76AD2 promoter and DODAal
promoter.

Supplemental Figure 5 — Expression of aragonate dehydratase (ADT) and aragonate
dehydrogenase (ADH) genes in environmentally or transgenically induced betalain accu-
mulation in A. hypochondriacus callus.

Supplemental Figure 6 — Expression of flavonoid pathway genes in environmentally or
transgenically induced betalain accumulation in A. hypochondriacus callus.
Supplemental Figure 7 — Expression of differentially expressed AP2/ERF transcrip-
tion factors in environmentally or transgenically induced betalain accumulation in A.
hypochondriacus callus.

Supplemental Figure 8 — Expression of differentially expressed bZIP transcription fac-
tors in environmentally or transgenically induced betalain accumulation in A. hypochon-
driacus callus.

Supplemental Figure 9 — Expression of differentially expressed NAC transcription fac-
tors in environmentally or transgenically induced betalain accumulation in A. hypochon-
driacus callus.

Supplemental Figure 10 — Phylogeny of all A. hypochondriacus (red), A. thaliana
(green), and M. domestica ERF transcription factors.

Supplemental Table 1 — Plasmids used in this study.

Supplemental Table 2 — Primers used for cloning.

Supplemental Table 3 — Tested yeast-two-hybrid combinations.

Supplemental Table 4 — Information about the promoters used for protoplast trans-
activation assays.

Supplemental Table 5 — Sources of the used PAP1 homolog sequences from different
species

Supplemental Table 6 — Identified amaranth anthocyanin pathway genes and the con-
served amino acid sequences used for identification.

Supplemental Table 7 — Identified amaranth aragonate dehydratase (ADT) and arag-
onate dehydrogenase (ADHa) genes and the conserved amino acid sequences used for
identification.

Appendix S1 - DNA sequences of the promoters used for protoplast transactivation

assays.
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Figure S4.3: Transactivation assay in mammalian cells and synthetic positive control for amaranth
promoter in protoplast. Schematic overview of the constructs and the protocol used for the
transactivation assays in mammalian cells and for the PolyGEN synthetic positive control (a).
Grey indicates promoters and terminators, and purple translated sequences; faded parts are
fixed, while the dark color highlights the parts that were specific for each tested combination.
For mammalian assays, one effector construct (with the transcription factor (TF) of interest) and
one reporter construct (with the potential target promoter) were co-transformed. For PolyGEN
synthetic positive control, three plasmids were co-transformed: one to constitutively express the
dead Cas9 activator, one carrying a UBI10 promoter with an intron containing the polycistronic
guide cassette and mCherry and one with the respective reporter construct for which the guides
have been designed. Transactivation assay in CHO cells with the shorter AhCYP76A D2 promoter
and AhMYB2.1-VP16 showed a non-significant activation of the promoter (b). Note that the
data is only based on one experiment. Transactivation assay in A. thaliana or A. hypochondriacus
protoplasts with the AhcDOPASGT promoter and a synthetic positive control designed to target
the promoter (PolyGEN, Urquiza-Garcia et al. in preparation) showed binding and activation
in both species (only in amaranth significant) (c). Luminescence data was averaged across 4-6
protoplast aliquots from one experiment and normalized by the respective control (same reporter
but a non-binding effector, dashed grey line). Data from 1-5 independent experiments are shown;
a black line indicates the overall mean. Significant deviation from the respective control was
tested with ANOVA with a significance threshold of 0.05. CMVmin = minimal promoter from
the cauliflower mosaic virus, FF = firefly, REN = renilla, SV40 = simian virus 40 promoter and
polyadenylation signal (pA), UBI10 = ubiquitin 10 promoter and intron. Hamster, A. thaliana
and amaranth icons are from BioRender.
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Figure S4.4: Presence, location, and distribution of predicted binding sites of main transcription
factor classes across the CYP76AD2 promoter and DODAal promoter. Only the predicted
binding sites of WRKY, MYB, bZip/Homeodomain, AP2/ERF, NAC/NAM, bHLH and LOB
are shown. For both CYP76AD2 (a) and DODAal (b) the 2 kb upstream region from the
transcriptional start site (T'SS) and the 5’untranslated region (UTR) were taken for the analysis.
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Figure S4.5: Expression of aragonate dehydratase (ADT) and aragonate dehydrogenase (ADH)
genes in environmentally or transgenically induced betalain accumulation in A. hypochondriacus
callus. Heatmap showing the expression of all found ADT and ADH genes of all samples as
logfold2 values compared to the control (EV non inducing). Differentially expressed genes

(DEGsS) of each sample are marked with asterisks.
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Figure S4.6: Expression of flavonoid pathway genes in environmentally or transgenically in-
duced betalain accumulation in A. hypochondriacus callus. Heatmap showing the expression
of all found flavonoid pathway genes of all samples as logfold2 values compared to the control
(EV_non_inducing). Note that the found DFR homolog (AHq009850) was not expressed in any
of the callus samples and that we did not find a candidate gene for F3’5’H. Differentially ex-
pressed genes of each sample are marked with asterisks. PAL (phenylalanine ammonium lyase),
C4H (cinnamate 4-hydroxylase), 4CL (4-coumarate:CoA ligase), CHS (naringenin-chalcone syn-
thase), CHI (chalcone isomerase), FNS (flavone synthase), F3H (flavanone 3-hydroxylase), FLS
(flavonol synthase), F3'H (flavonoid 3’-hydroxylase), F3’5’H (flavonoid 3’5’-hydroxylase), DFR
(dihydroflavonol 4-reductase), LAR (leucoanthocyanidin reductase), ANS (anthocyanidin syn-
thase).
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Figure S4.7: Expression of differentially expressed AP2/ERF transcription factors in environ-
mentally or transgenically induced betalain accumulation in A. hypochondriacus callus. Heatmap
showing the expression of all identified AP2/ERF transcription factors that are differentially ex-
pressed in at least one sample as logfold2 values compared to the control (EV_non inducing).
See section 4.2.8 for more details on how AP2/ERF transcription factor genes were identified.
Differentially expressed genes (DEGs) of each sample are marked with asterisks. AP2/ERF
(APETALA2/Ethylene-Responsive element binding Factor).
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Figure S4.8: Expression of differentially expressed bZIP transcription factors in environmentally
or transgenically induced betalain accumulation in A. hypochondriacus callus. Heatmap showing
the expression of all identified bZIP transcription factors that are differentially expressed in at
least one sample as logfold2 values compared to the control (EV_non_inducing). See section
4.2.8 for more details on how bZIP transcription factor genes were identified. Differentially
expressed genes (DEGs) of each sample are marked with asterisks. bZIP (basic region/leucine

zipper).
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Figure S4.9: Expression of differentially expressed NAC transcription factors in environmentally
or transgenically induced betalain accumulation in A. hypochondriacus callus. Heatmap showing
the expression of all identified NAC transcription factors that are differentially expressed in at
least one sample as logfold2 values compared to the control (EV_non inducing). See section
4.2.8 for more details on how NAC transcription factor genes were identified. Differentially
expressed genes (DEGs) of each sample are marked with asterisks. NAC (named after NO
APICAL MERISTEM (NAM), ARABIDOPSIS TRANSCRIPTION ACTIVATOR FACTOR 1/2
(ATAF1/2), and CUP-SHAPED COTYLEDON (CUC2)).

222



Homologof LcERF25

#* Homolog of LcERF1
Homolog of PpERF3 | I
A N

Homolog of LcERF37

1225

Homolog of LcERF22
%,
%,

Homologs of
Pp4ERF24 and
Pp12ERF96

ERFA
INERFS

*

\ Homolog of citERF33
Homolog of citERF32

Figure S4.10: Phylogeny of all A. hypochondriacus (red), A. thaliana (green), and M. domestica
ERF transcription factors. Genes differentially expressed (DEGs) in MYB2.1 non_ inducing
transgenic callus lines are highlighted with black asterisks, and DEGs of the other sample with
grey asterisks. Homologous amaranth genes of known anthocyamn regulating ERFs from other
bpemes ( : ; ; ; ; :
, , ) were found by BLAST (https: //blast ncbi.nlm.
nih.gov/BlaSt.cgl) Note that the DEGs AHq017795, AHq005962, AHq003890, AHq024724,
AHq005634, AHq005973, and AHq024461 are not included in the tree, as they were not part of
the ERF data set from PlantTFDB. AHq005634, AHq003890, and AHq024724 are in the AP2
data set, and AHq005962 is in the RAV data set from PlantTFDB. AHq017795 and AHq005973
are classified as AP2-like TF homologs to AtANT (AT4G37750). Lastly, for AHq024461, it is not
clear why it is not included in the Plant TFDB database, but the A. thaliana homolog AT5G25190
can be found in the tree.
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4.9.2 Supplementary Tables

Name

Table S4.1: Plasmids used in this study

Description

Source

CPGE_VEC00113

empty vector control

DNA cloning service

CPGE_ VEC00447

AhRCYP76AD1 and
CRISPR knock-out vector

AhCYPT76ADS5

Vollmer et al. (2026)

CPGE_ VEC00256

355:RUBY

Gabriele Buchmann

CPGE_VEC00594

pZ001

Lampropoulos et al.
(2013)

CPGE_ VEC00599

pGGA004

Lampropoulos et al.
(2013)

CPGE_VEC00602

pGGB001

Lampropoulos et al.
(2013)

CPGE_ VEC00508

pGGC000

Lampropoulos et al.
(2013)

CPGE_VEC00617

pGGDO002

Lampropoulos et al.
(2013)

CPGE_ VEC00623

pGGE001

Lampropoulos et al.
(2013)

CPGE_ VEC00632

pGGF005

Lampropoulos et al.
(2013)

CPGE_ VEC00604

pGGB003

Lampropoulos et al.
(2013)

CPGE_VEC00616

pGGDO001

Lampropoulos et al.
(2013)

CPGE_VEC00509

pGGC_AhMYB2.2

Winkler et al. (2024)

CPGE_ VEC00510

pGGC ARMYB2.1

Winkler et al. (2024)

CPGE_ VEC00647 | pGGC _AhCYP76AD2 this study
CPGE_VECO00643 | 35S:AhMYB2.1 GFP _hyg this study
CPGE_VEC00644 | 35S:AhMYB2.2 GFP _hyg this study
CPGE_VEC00653 | 35S:AhCYP76AD2 this study

CPGE_VEC00638

pSOUP (helper plasmids for GreenGate
plasmids)

Hellens et al. (2000)

CPGE_ VEC00826

BP311

Zhang (2018)
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CPGE_ VEC00896

pDONR201 AhMYB2.2

this study

CPGE_VEC00897

pDONR201 AhMYB2.1

this study

CPGE_VEC00881

PAS

Harper et al. (1993)

CPGE_ VEC00900

pAS AhMYB2.1

this study (Linda
Marie Treder)

CPGE_ VEC00899

pAS_ AhMYB2.2

this study (Linda
Marie Treder)

CPGE_VEC00903 | pAS_ AhTTS8 Julio Martinez
CPGE_VEC00904 | pAS _AhTTGla Julio Martinez
CPGE_VEC00905 | pAS AtTTS Julio Martinez
CPGE_VEC00946 | pAS AtGL3 Andrii Zinchenko
CPGE_VEC00947 | pAS AtEGL3 Andrii Zinchenko
CPGE_VEC00948 | pAS_AtMYC1 Andrii Zinchenko
CPGE_VEC00906 | pAS AtTTG1 Julio Martinez
CPGE_VEC00882 | pACT Harper et al. (1993)

CPGE_VEC00902

pACT AhMYB2.1

this study (Linda
Marie Treder)

CPGE_ VEC00901

pACT AhMYB2.2

this study (Linda
Marie Treder)

CPGE_VEC00907 | pACT_ALhTTS8 Julio Martinez
CPGE_VEC00908 | pACT AhTTGla Julio Martinez
CPGE_VEC00909 | pACT AtTTS Julio Martinez
CPGE_VEC00949 | pACT AtGL3 Andrii Zinchenko

CPGE_VEC00950

pACT AtEGL3

Andrii Zinchenko

CPGE_VEC00951

pACT AtMYC1

Andrii Zinchenko

CPGE_ VEC00910

pACT AtTTG1

Julio Martinez

CPGE_VEC00513 | pmz824 Miiller et al. (2014)

CPGE_VEC00514 | pep602 Estefania Pavesi
(Pavesi et al. in
preparation)

CPGE_VECO01025 | pep602 sw this study

CPGE_VEC00960

pJS078 (stuffer)

Jonas Schon

CPGE_ VEC00979

pmz824 AtPAP1 vpl6-NLS

this study
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CPGE_VECO00980 | pep602 AtDFR-1132bp this study
CPGE_VEC01024 | pep602 AHp023148 UTR_2125bp sw | this study
CPGE_VEC00518 | pmz824 AhMYB2.1 vpl6 this study
CPGE_VEC00977 | pep602 BvCYP76AD1 BB _551bp this study
CPGE_VEC00888 | pmz824 BvMYB1 vpl6-NLS this study
CPGE_VEC00829 | pJS174 AhMYB2.1-VP16 this study
CPGE_VEC00527 | pep602 AHp023148 1966bp this study

CPGE_VEC00828 | pJS174 Jonas Schon

CPGE VEC01022 | pdgb3alphal PTG-UBI-cDOPA5GT- this study
NOS mCherry

CPGE_VECO01029 | pep602 AHp007219 1158bp sw this study

CPGE_ VEC00953

GB2047 (Cas9m4-TALx6-VP128)

Selma et al. (2019)

CPGE_ VEC00932

pdgb3alphal

Vazquez-Vilar et al.
(2017)

CPGE_ VEC00931

pUU017

Urquiza-Garcia et al.
i preparation

CPGE_ VEC00929

GB0223

Vazquez-Vilar et al.
(2017)

CPGE_ VEC00930

GB0037

Vazquez-Vilar et al.
(2017)

CPGE_VECO01018

pUU385

Urquiza-Garcia et al.
m preparation

CPGE_ VEC01020
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Table S4.2: Primers used for cloning

Primer Sequence (5¢- 3°) Purpose
SV6 tggtctcaggetecggatecatgtttaatcat | amplification of Ah-
ttcatcatggataatgcaacce CYP76AD2 for  cloning
i t t t
SV7 cggtctcactgaggtaccatgectaagggat 1 erecusate  enihy - vector

ggaatgatttcaag

pGGCO000

CPGE_ PRM00659

cgegegegtacgaaaaac

CPGE_ PRMO00660

getgtgttgtcatatgegteg

backbone (pmz824) amplifica-
tion for Gibson cloning of the
transactivation plasmids

CPGE_PRMO00661

gatgctagcecctatataagcagaget

CPGE_PRMO00662

gtttaaacttcgaagcetttttgcaaaagec

backbone (pep602) amplifica-
tion for Gibson cloning of the
transactivation plasmids

CPGE_PRMO01190

cgcatatgacaacacaccatggagggttcgt
cca

CPGE_PRMO01192

tttcgtacgegegegatcaaatttcacagtet
ctccatcgaaaag

amplification of AtPAP1 for
Gibson cloning of the transac-
tivation plasmids

CPGE_PRMO01193

caaaaagcttcgaagtttaaacttcaccaga
attttgctaacgcaatg

CPGE PRM01194

gcttatatagggctageategattgtgetttg
ggaaagattcaactatgtatg

amplification of the AtDFR
promoter for Gibson cloning
of the transactivation plas-
mids

CPGE PRMO1111

cgcatatgacaacacaccatgtaccagcaga
atagtgaaactggt

CPGE PRMO01113

tttecgtacgegegegtgeccacaagttcacaa
catcaaaat

amplification of BuMYB1 for
Gibson cloning of the transac-
tivation plasmids

CPGE_PRMO01187

caaaaagcttcgaagtttaaacgttgttcata
taaggttaggaaaaaaaaaatcgtttgt

CPGE_PRMO01189

gcttatatagggctageategeatgtgatagt
ggatcctagagaaagg

amplification of the Bw-
CYP76AD1 promoter for
Gibson cloning of the trans-
activation plasmids

CPGE_PRM00663

cgcatatgacaacacaccatgctacaaacat
ttgtatccacactgaac

CPGE_ PRMO00664

tttttegtacgegegegatactectecectaa
aattgacaacc

amplification of AhMYB2 for
Gibson cloning of the transac-
tivation plasmids

CPGE_PRMO00681

caaaaagcttcgaagtttaaactgattttga
atactttagatctagagcctaaaaatagagg

tg

CPGE_PRMO01196

gcttatatagggcetageatetttttttttaaat
aaatagtactacaaattaaataagaagaaa
aaag

amplification of the Ah-
CYP76AD2 promoter for
Gibson cloning of the trans-
activation plasmids
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CPGE PRM01324

gaacaataacccgtggteceege

CPGE_PRMO01325

geegtgtaatgagettggaatggatettegat
cceg

CPGE_PRMO01326

tctagtcgaaatggaagacgccaaaaacata
aagaaagg

CPGE_PRMO01327

ccaagctcattacacggcegatcttteege

CPGE_PRMO01328

gtctteccatttecgactagaatagtaaattgta
atgttgtttgttgtttgttt

CPGE_PRMO01329

cgaagtcatgctagegecagege

CPGE_PRMO01330

gaccacgggttattgttcatttttgagaacte
gctcaacgaacgatttga

CPGE PRMO01331

ggcgctageatgacttcgaaagtttatgatee
agaacaaagga

to construct pep602 sw using
gibson cloning

CPGE_PRMO01050

ggtggaattcgatecgggac

with CPGE_PRMO00664 am-
plify AhRMYB2.1 for gibson
cloning of the mammalian
transactivation plasmids

CPGE_PRM01051

cggatcgaattccaccatgetacaaacatttg
tatccacactgaac

with CPGE_PRMO00659 am-
plify the backbone (pJS174)
for Gibson cloning of the
mammalian transactivation
plasmids

CPGE_PRMO00682

gcttatatagggetagcatcagtagtgeatg
gacaatgtatggctatgtgttgattct

with CPGE_PRMO00681
amplify part of the Ah-
CYP76AD2 promoter for
Gibson cloning of the
transactivation plasmids

PBC_PRMO00183

ttgaagacttggcaaacaaagcaccagtggt
ctagtggtag

CPGE_PRMO01162

ttgaagacttaaggtcactgecaccageeggg
aatcg

CPGE_PRMO01163

ttgaagacttccttgaagattaatgggtttta
gagctagaaatagcaagttaa

CPGE PRMO01164

ttgaagacttgaccggttctcacggtttgeac
cagcegggaateg

CPGE_PRMO01165

ttgaagacttggtcactgttttagagctagaa
atagcaagttaa

CPGE_PRMO01166

ttgaagactttccaatgcaccageecgggaat
cg
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CPGE_PRM01167

ttgaagactttggaaaatgaccaccattagtt
ttagagctagaaatagcaagttaa

PBC_ PRMO00184

ttgaagacttaaactgcaccageecgggaatc
gaac

CPGE_PRMO00672

caaaaagcttcgaagtttaaactaatcaaga
agatcaatttcgagcataaattaaaatgga

CPGE_PRMO00673

gcttatatagggetagceatcaattagtaatta
atcattatgattttgaaatcactatcaaaaga
t

amplification of the

Ahc-

DOPA5GT promoter for Gib-
son cloning of the transactiva-

tion plasmid
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Table S4.3: Tested yeast-two-hybrid combinations. Genes in the pAS backbone have the binding
domain (BD) and genes in the pACT backbone have the activation domain (AD). - indicate the
empty pAS or pACT backbones included as additional controls to test, e.g., for autoactivation.
Nr. 1 and 26 functioned as negative controls, and nr. 27 and 28 as positive controls.

Combination | pAS (BD) pACT (AD)
1 - -

2 - ARMYB2.1
3 - ARMYB2.2
4 - ARTTS

5 - AhRTTG1a
6 ARMYDB2.1 -

7 ARMYB2.1 ARMYB2.1
8 ARMYB2.1 ARMYB2.2
9 ARMYB2.1 ARTTS

10 ARMYB2.1 ARTTG1a
11 ARMYB2.2 -

12 AhMMYDB2.2 AhRMYDB2.1
13 ARMYB2.2 ARMYB2.2
14 ARMYDB2.2 ARTTS

15 AhRMYB2.2 ArRTTG1a
16 ARTTS -

17 ARTTS ARMYB2.1
18 AhTTS ARMYB2.2
19 ARTTS ARTTS

20 ARTTS ArRTTG1a
21 AhTTGl1a -

22 ARTTG1a ARMYB2.1
23 ArRTTG1a ARMYDB2.2
24 AhTTGl1a AhTTS

25 AhTTG1a ArRTTG1a
26 AtTTG1 AtTTG1

27 AtTTG1 AtTTS

28 AtTTS AtTTG1
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29 AtTTS AtTTS

30 AhRMYB2.1 AtTTG1

31 ARMYB2.1 AtTTS

32 ARMYB2.1 AtGL3

33 AhRMYB2.1 AtEGL3
34 ARMYB2.1 AtMYC1
35 ARMYB2.2 AtTTG1
36 AhRMYBZ2.2 AtTTS

37 ARMYB2.2 AtGL3

38 ARMYB2.2 AtEGLS3

39 AhRMYBZ2.2 AtMYC1
40 AtTTG1 ARMYB2.1
41 AtTTG1 ARMYB2.2
42 AtTTS ARMYB2.1
43 AtTTS ARMYB2.2
44 AtGL3 ARMYB2.1
45 AtGL3 ARMYB2.2
46 AtEGLS3 AhRMYB2.1
47 AtEGLS3 ARMYB2.2
48 AtMYC1 ARMYB2.1
49 AtMYC1 ARMYB2.2
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Table S4.4: Information about the promoters used for protoplast transactivation assays. Start and
end position each refers to the number of base pairs upstream of the ATG, e.g., the AhCYP76AD2
promoter fragment includes the 2125 bp upstream of the ATG, while for the BvCYP76AD1
promoter fragment, the 112 bp directly upstream of the ATG were excluded.

Gene name Species Accession length | start | end Plasmid

ARCYP76AD2 | Amaranthus P1558499 2125 0 2125 | CPGE_VEC01024
hypochondriacus

ARCYP76AD2 | Amaranthus PI1558499 1966 159 2125 | CPGE_VEC00527
hypochondriacus

AhcDOPAS5SGT | Amaranthus PI1558499 1158 257 1415 | CPGE_VEC01029
hypochondriacus

BvCYP76AD1 Beta vulgaris Bulls Blood | 551 112 663 CPGE_VECO00977

AtDFR Arabidopsis thaliana Col-0 1132 18 1150 | CPGE_VEC00980
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Table S4.5: Sources of the used PAP1 homolog sequences from different species. Associated gene
IDs or NCBI database identifiers are listed in square or round brackets, respectively.

Gene name

Species

Source

AhRMYB2 Amaranthus hypochondriacus | Winkler et al. (2024) [AHp022773.1|

BuMYB1 Beta vulgaris Hatlestad et al. (2015) (JF432080)

AmMYB1 Amaramthus tricolor Liyang et al. (KUb57504.1)

PgPAP Portulaca grandiflora Sakuta et al. (2021)

BaPAP Basella alba Sakuta et al. (2021)

MzPAP Mammillaria zeilmanniana Sakuta et al. (2021)

DcaPAP.1 Dianthus caryophyllus one of the two proteins with "LPGRTA"
in the aminoacid sequence from the
genome assembly from Yagi et al. (2014)
[Dca7400.1]

DcaPAP.2 Dianthus caryophyllus one of the two proteins with "LPGRTA"
in the aminoacid sequence from the
genome assembly from Yagi et al. (2014)
[Dca21863.1]

VoMYBA1 Vitis vinifera Deluc et al. (2008)

MdMYBI1 Malus domestica (NP _001315777.1)

AtPAP1 Arabidopsis thaliana TAIR [AT1G56650]

AhMYBL1 Amaranthus hypochondriacus | Graf et al. (2025) [AHq015545.1]

MdMYB9 Malus sieversii Wang et al. (2018)

AtTT2 Arabidopsis thaliana TAIR [AT5G35550]
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Table S4.6: Identified amaranth anthocyanin pathway genes and the conserved amino acid se-
quences used for identification. An underscore in the amino acid sequence denotes a not (highly)
conserved position. PAL (phenylalanine ammonium lyase), C4H (cinnamate 4-hydroxylase), 4CL
(4-coumarate:CoA ligase), CHS (naringenin-chalcone synthase), CHI (chalcone isomerase), FNS
(flavone synthase), F3H (flavanone 3-hydroxylase), FLS (flavonol synthase), F3'H (flavonoid 3’-
hydroxylase), F3’5’H (flavonoid 3’5’-hydroxylase), DFR (dihydroflavonol 4-reductase), LAR (leu-
coanthocyanidin reductase), ANS (anthocyanidin synthase), ANR (anthocyanidin reductase).

234

Gene name

Amaranth gene ID

conserved sequence

PAL AHq023130 ASGDLVPL
AHq013529

CyH AHq013989 RMAIPLL
AHq023561
AHq023562

4CL AHq015354 SSGTTGLPK
AHq022113

CHS AHq004516 GGTVLRL
AHq005467

CHI1 AHq010547 LAGAG RGL

F3'H AHq018419 IPFGAGRR_CAG
AHq013437

DFR AHq009850 GRY S TI

F3H AHq006686 SRLSIATF

FLS AHq009470 RMSW_VF

LAR AHq018329 ICCNSIA

ANS AHq022939 ALGVEAHTD

FNS1 AHq012652 GQHMAVNYYP



Table S4.7: Identified amaranth aragonate dehydratase (ADT) and aragonate dehydrogenase
(ADHu) genes and the conserved amino acid sequences used for identification.

Gene name

Amaranth gene ID

conserved sequence

ADHa

AHq014860
AHq021764

GFGNFCGQF

ADR

AHq000099
AHq000240
AHq000371
AHq001397
AHq001604
AHq022626

I L KIESR
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4.9.3 Appendix

Appendix S1: DNA sequences of the promoters used for protoplast
transactivation assays. Promoter fragment of AtDFR was based on the primer
position from Guo et al. (2023) (forward primer) and He et al. (2021)(reverse

primer).

AhCYP76AD2:

TGATTTTGAATACTTTAGATCTAGAGCCTAAAAATAGAGGTGGGCGTTTAA
TAGAGTCTTAGACCCATTATCATCTTTGAGTGTATGTCATGGTCAAAATAA
AAAAAGAAATAATTCAATGGGATGAATTAAAAGGAAAAATAAAGCTAATTC
ATAGTTATGTACAAAGAATGATTGACATTATTGATGATTAAtgattataatgtagaaa
tagctttttctaggeatggeeggecectatatattttggggeectgggegaaatagtacaatagggececttttecttttectttate
atttataatctatgtggacgttctccaactattaattttgettttttgacatgggaccttgagegacageceectettgeecacecet
taggectgectctgGACTTCTAGGCTATCAAAGAAAAAATTAGACAAAATGCACAAT
AGCAAATAACGTGGCCAAATCTTCCTTCACCCACTTCTTCTCTTCCAAAACA
AATGTATGACACTCATCTTTTAATGTCCCCTCAACCGTTGCTCTCGAATCTA
ACATAGAGGAACTTTCCCATTAGTTTAGACTTTTTAGAGTAGACCAATTGCC
AAATTCTGTAGACGGGTGTAATTATCTACGTTTGTTGCCTTGTAATGATCG
TAATTTTAACTATATGCTTGTCACCGTTTCTTTCCAAAAAATAACTAATCTC
AAAAATCTATTGATATAACTATAAAAAACATTTCAAATTAAATTCCAAAATA
TTGAAACTCAAATTGAATAATTAATGTGCTAAAATTGCCTAAAAATTATATT
TGATTTATATAAAAGATTAAACCCAAACAATAGGAATATTGGCAAAAACTT
TatacttccttegtttcataatacttgetactgagtgtgatatgttgtatcgaaattgtcaatatcagtaAAACGGAGA
AAATAAGAACGAAATAAGTCAGCATTGCTTCAATCATTAAACCCAACTGCCA
TGTAAACCCATGTCGAATATCCTTCATCGGTTGCCTCTTAATCTCATACTTC
ATAATCAATAAAGCACCGACAAATTCTATatcatacattacacaagaagcttggaaaattttaagt
gtcacaatttaagagagtttgtcaactagaacttatttataggctatagaaaaatgacttgtcaattgatcttgatcaattttte
taccattaaaatatctttgacaaacatttatttatagtcaaattaagtaaataagataatatactgecagaatatattgttgata
atttctaaaaatagagttaatttatacataaaactatcaaaattgagtgttttcactgcaaaatatcactgattttttttcttaat
atcatatgtttatatatatatagatactaaaaaaccgtgegttgeaacggatttctacactaCTACTAGTATTAAA
TTGAACACTATTTGTTTCTCGATCGGTGTTCGTTATAATATCTCTAAAAAAC
TAATACAATTTAATATTGATGAATTTTTAACCAAGTGATTCGAGTCTCGCCC
AGCCTCTCCAGGTCAAAATCAATGGTGTTGCCATTGATACAATGCGACATA
ACTTACAGGTCATCTCAAGCCGAGCTATATGGGTTTACGGGTCATGGCTTG
CTTGACGGGTCATGTCTAAGAACtagttgtgagacaatctctattagactgacataatagattacaate
ttaaagtaatcaatttttacaatttttaaataatcacttttatagtcttaaaatgatcgettataaTAAATAACATTA
CATCATTTTGCGCTGTTTTTCTCTTTCTTGACTTTTATTTTTGATGGACCCC
ACTATAGATTTTATAATTAAATTATCAAAAATATCCAGTATCTACACACTGC
AGTGTACACCAAATTTATTATCTTCATATAACACTCTAGAATCAACACATAG
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CCATACATTGTCCATGCACTACTCCTATATAAAAAGACTAAATGAGCCTAAA
TAAGCACACATCAACAGTTCTTTTTTCTATATATATCGCCTCATAACTTCTA
TAATTTCCTTATATATTATTTAAATGCTTTACTTTTTTCTTCTTATTTAATT
TGTAGTACTATTTATTTAAAAAAAAA

AhCYP76AD2 1966 bp:
TGATTTTGAATACTTTAGATCTAGAGCCTAAAAATAGAGGTGGGCGTTTAA
TAGAGTCTTAGACCCATTATCATCTTTGAGTGTATGTCATGGTCAAAATAA
AAAAAGAAATAATTCAATGGGATGAATTAAAAGGAAAAATAAAGCTAATTC
ATAGTTATGTACAAAGAATGATTGACATTATTGATGATTAAtgattataatgtagaaa
tagctttttctaggeatggeeggecectatatattttggggeectgggegaaatagtacaatagggececttttecttttectttate
atttataatctatgtggacgttctccaactattaattttgettttttgacatgggaccttgagegacageceectettgeecacect
taggectggctctgGACTTCTAGGCTATCAAAGAAAAAATTAGACAAAATGCACAAT
AGCAAATAACGTGGCCAAATCTTCCTTCACCCACTTCTTCTCTTCCAAAACA
AATGTATGACACTCATCTTTTAATGTCCCCTCAACCGTTGCTCTCGAATCTA
ACATAGAGGAACTTTCCCATTAGTTTAGACTTTTTAGAGTAGACCAATTGCC
AAATTCTGTAGACGGGTGTAATTATCTACGTTTGTTGCCTTGTAATGATCG
TAATTTTAACTATATGCTTGTCACCGTTTCTTTCCAAAAAATAACTAATCTC
AAAAATCTATTGATATAACTATAAAAAACATTTCAAATTAAATTCCAAAATA
TTGAAACTCAAATTGAATAATTAATGTGCTAAAATTGCCTAAAAATTATATT
TGATTTATATAAAAGATTAAACCCAAACAATAGGAATATTGGCAAAAACTT
TatacttccttegtttcataatacttgetactgagtgtgatatgttgtatcgaaattgtcaatatcagtaAAACGGAGA
AAATAAGAACGAAATAAGTCAGCATTGCTTCAATCATTAAACCCAACTGCCA
TGTAAACCCATGTCGAATATCCTTCATCGGTTGCCTCTTAATCTCATACTTC
ATAATCAATAAAGCACCGACAAATTCTATatcatacattacacaagaagcttggaaaattttaagt
gtcacaatttaagagagtttgtcaactagaacttatttataggctatagaaaaatgacttgtcaattgatcttgatcaatttttc
taccattaaaatatctttgacaaacatttatttatagtcaaattaagtaaataagataatatactgcagaatatattgttgata
atttctaaaaatagagttaatttatacataaaactatcaaaattgagtgttttcactgcaaaatatcactgattttttttcttaat
atcatatgtttatatatatatagatactaaaaaaccgtgegttgeaacggatttctacactaCTACTAGTATTAAA
TTGAACACTATTTGTTTCTCGATCGGTGTTCGTTATAATATCTCTAAAAAAC
TAATACAATTTAATATTGATGAATTTTTAACCAAGTGATTCGAGTCTCGCCC
AGCCTCTCCAGGTCAAAATCAATGGTGTTGCCATTGATACAATGCGACATA
ACTTACAGGTCATCTCAAGCCGAGCTATATGGGTTTACGGGTCATGGCTTG
CTTGACGGGTCATGTCTAAGAACtagttgtgagacaatctctattagactgacataatagattacaate
ttanagtaatcaatttttacaatttttaaataatcacttttatagtcttanaatgatcgettataaTAAATAACATTA
CATCATTTTGCGCTGTTTTTCTCTTTCTTGACTTTTATTTTTGATGGACCCC
ACTATAGATTTTATAATTAAATTATCAAAAATATCCAGTATCTACACACTGC
AGTGTACACCAAATTTATTATCTTCATATAACACTCTAGAATCAACACATAG
CCATACATTGTCCATGCACTACT
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AhcDOPA5GT:
TAATCAAGAAGATCAATTTCGAGCATAAATTAAAATGGATTCCTTCAAGAA
GATCAATTTCTTCTTGTGGTTGCTTTTACTTGATTCTGATGGTTTGATATTT
TTGCATTTAACAGTCTTCATACCAAGGAAAAAAATGGAAGAGAGAAAATAA
ACTCTCTTCATGAATGGAAGACAGAGAACATAAGAGAGAGATGAATCGTCC
GAAGAACAATTTGAGAAACCTAAAATTTTCCCAGAACATTTCCCCCCAGATA
CAATTGGGTACTACATCACACTATTAGTTAACTTTTTATGGGCTTAATGATT
TCCATCTAATCCAAACATTCAACTCAAGCTGTATTATTCAAGCAATTTTAAG
GAGTAAACAATTTGAGAAACCTAAAATTTGTAAAGAATTCTAAAATCAAAC
ACTGCAAAAAGTTCGACTAAGAGTAAAGAAGTCGCCTCAATTCCTTGAAAC
ATCACCCTTAAATAGCACTAACACTATAAAAAAAATGCAGCATTAAGTTCTT
TTACATTTTTCAAATATTACTGCCTTTTTTATGAATTTACTACCTTATGTAA
TTTCGGAAAAGTTTTTCCTTCGTAATTCCAAACTTATGATTTTGCCATATTT
GACTGTCGATTCCAGCAGTTTCTCTCCTTCTTTCTTGAATTTCTGGGTTATG
GCTTGGATTGGGAATCTCTCTGGGTatttggtattctttgattagagttcttgaaaagggaaaagaaa
tctagagtttggactttagagagtttgggtctttgaagattaatggtgactttgaagattaatggaggatgaagaggattaag
aggatgaagaagaaggaggaagaggataaagatgtgaagaggatgaagaaattaaattaaaaaaaggaaaaagaaaaaa
aaactcaaaaaaaaaaaaagtaaaatcaggaaaaaagaaagtcaaaggtcattttgetggtcaacggtgagaaccggtcac
ttggeegtaatggtggtcattttcaaaagttggtggctgecaattcataaaaaaaaaacttgeggetgtaattcacaaaacgac
caaactttgaggctgtaattcacaaaaaattctttttattatttttt AATCTTTTGATAGTGATTTCAAAA
TCATAATGATTAATTACTAATT

BvCYP76AD1:
GTTGTTCATATAAGGTTAGGAAAAAAAAAATCGTTTGTTTGTTTTTACCAA
GGACCTTGGGTTCAATGGTATGACTTCTTATCTCCCACACGAGAAACCAAA
GTTCAAATCTTAATGGAAGCAAAATTTCAATATTCTTGGGAAGAAGGGGGT
TGAGACTTGTTGGGCCTCTGGGTAAGCAGCCCAAAGAAAATTCATCTTATC
AGGGGTTTTCGAATGGGGCCAAAAAGAATAAAAAAAATACAAGGTTAGGAA
AAAAAAGGTGGTGAAGCACCTCATTGGAGAAATAGGAAGAACTTACATATA
CAAAGGGAATAAATAGTAGCAAGCAATAAAAAAATTTGGAATTAAAAAAAA
TTGGTAGTATATAAATTATGAGAGAGGGATTGTGATTTTTACATCAGCACT
ACTATGTGCAAATGCATAAATTTAATTCAGATACTCTTTTTAAAAATATTAT
ACTGTCCATTCTTTTAACCCCCCAAAAAAAAAAAAAAAAACTGTCGTAATAC
ACCATTTAATTCCTTTCTCTAGGATCCACTATCACATGC

AtDFR:
ttcaccagaattttgctaacgcaatgecaattgaatagagaacgaagatttctagtggttgaagaagaagaaggagagetttg
aagtattcttctetetetgegtegagetcaaacgtggtggtggactacaccaaagacgettggettactttgtetetetgtttgg
aggagagtcaaaattaagctgacctcttctctacgtettacgacacaacaaattgaaaataaaagagttttattgattctgtgt
tttagaatccacgtggacgaggtaaccaccacgtgttatttcttactttatgagattaagtgattcactgtecttctaattttatt
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ttattttctttgegaaaactggaaataaataaatttttgaaaacaatattttaacatatcaattatttttataataattcgtgaa
ataataatgaaaaagctgacatgggacacaattggataattacatcttttaaagttttagtttatgtattttatgtaaatgetta
taatatttagattgcaataaatctagaagtcatatttataaattaatatgttttataattttacaattttgtaataagaaactect
aattcataaatctaaaaatataaacatatttttcatttaagettttccataatttataattattttaggtgtetgatttttagattt
caattaaaattaaaaatattatttaagtaaaatgtatttctgtatatattctatcaaaatgttagtttgtttagacaaattttgat
ttatttcgtaaaagtggetggggaacaaaaacaaaaacaaactgaactgaagtcacccacacgtctcaccaaacaaatcgaa
gtcaacgtatttcacccaccggtacaacaacaaaatacacacctaaggaaataataaaatcaacttaccagattgttacgtac
cacacatctctttagtecttegtcaaccaacgtteeccacgtgettetecggttggtactcacgtgaceggeagettetegttett
attatctgttttcttcaataacgattcataatctctagtgtettatttataatgtcttcacatcacaaagatttgtaccgaacata

catagttgaatctttcccaaageacaatc

239



4.10 Supplementary references

J. An, X. Zhang, S. Bi, C. You, X. Wang, and Y. Hao. The ERF transcription factor
MAERF38 promotes drought stress-induced anthocyanin biosynthesis in apple. The
Plant Journal, 101(3):573-589, Feb. 2020. ISSN 0960-7412, 1365-313X. doi: 10.1111/
tpj.14555. URL https://onlinelibrary.wiley.com/doi/10.1111/tpj.14555.

L. Deluc, J. Bogs, A. R. Walker, T. Ferrier, A. Decendit, J.-M. Merillon, S. P. Robin-
son, and F. Barrieu. The Transcription Factor VVMYB5b Contributes to the Regula-
tion of Anthocyanin and Proanthocyanidin Biosynthesis in Developing Grape Berries.
Plant Physiology, 147(4):2041-2053, Aug. 2008. ISSN 1532-2548. doi: 10.1104/pp.108.
118919. URL https://academic.oup.com/plphys/article/147/4/2041/6107699.

C. Graf, T. S. Winkler, P. J. Maughan, and M. G. Stetter. Domestication shaped the
chromatin landscape of grain amaranth. Nature Communications, 16(1):10407, Nov.
2025. ISSN 2041-1723. doi: 10.1038/s41467-025-66445-w. URL https://www.nature.
com/articles/s41467-025-66445-w.

Y. Guo, D. Li, T. Liu, Y. Li, J. Liu, M. He, X. Cui, Z. Liu, and M. Chen. Genome-
Wide Identification of PAP1 Direct Targets in Regulating Seed Anthocyanin Biosyn-
thesis in Arabidopsis. International Journal of Molecular Sciences, 24(22):16049, Nov.
2023. ISSN 1422-0067. doi: 10.3390/ijms242216049. URL https://www.mdpi.com/
1422-0067/24/22/16049.

J. W. Harper, G. Adami, N. Wei, K. Keyomarsi, and S. J. Elledge. The p21 Cdk-
interacting protein Cipl is a potent inhibitor of G1 cyclin-dependent kinases. Cell, 75
(4):805-816, Nov. 1993. ISSN 00928674. doi: 10.1016/0092-8674(93)90499-G. URL
https://linkinghub.elsevier.com/retrieve/pii/009286749390499G.

G. J. Hatlestad, N. A. Akhavan, R. M. Sunnadeniya, L. Elam, S. Cargile, A. Hembd,
A. Gongzalez, J. M. McGrath, and A. M. Lloyd. The beet Y locus encodes an an-
thocyanin MYB-like protein that activates the betalain red pigment pathway. Nature
Genetics, 47(1):92-96, Jan. 2015. ISSN 1061-4036, 1546-1718. doi: 10.1038/ng.3163.
URL http://www.nature.com/articles/ng.3163.

Y. He, X. Zhang, L. Li, Z. Sun, J. Li, X. Chen, and G. Hong. SPX4 interacts with both
PHR1 and PAP1 to regulate critical steps in phosphorus-status-dependent anthocyanin
biosynthesis. New Phytologist, 230(1):205-217, Apr. 2021. ISSN 0028-646X, 1469-
8137. doi: 10.1111/nph.17139. URL https://nph.onlinelibrary.wiley.com/doi/
10.1111/nph.17139.

R. P. Hellens, E. A. Edwards, N. R. Leyland, S. Bean, and P. M. Mullineaux. pGreen:
a versatile and flexible binary Ti vector for Agrobacterium-mediated plant transfor-
mation. Plant Molecular Biology, 42(6):819-832, Apr. 2000. ISSN 0167-4412, 1573-
5028. doi: 10.1023/A:1006496308160. URL https://link.springer.com/10.1023/A:
1006496308160.

T. Koyama and F. Sato. The function of ETHYLENE RESPONSE FACTOR genes in the
light-induced anthocyanin production of Arabidopsis thaliana leaves. Plant Biotechnol-
ogy, 35(1):87-91, 2018. ISSN 1342-4580, 1347-6114. doi: 10.5511/plantbiotechnology.
18.0122b. URL https://www. jstage.jst.go.jp/article/plantbiotechnology/35/

240


https://onlinelibrary.wiley.com/doi/10.1111/tpj.14555
https://academic.oup.com/plphys/article/147/4/2041/6107699
https://www.nature.com/articles/s41467-025-66445-w
https://www.nature.com/articles/s41467-025-66445-w
https://www.mdpi.com/1422-0067/24/22/16049
https://www.mdpi.com/1422-0067/24/22/16049
https://linkinghub.elsevier.com/retrieve/pii/009286749390499G
http://www.nature.com/articles/ng.3163
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.17139
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.17139
https://link.springer.com/10.1023/A:1006496308160
https://link.springer.com/10.1023/A:1006496308160
https://www.jstage.jst.go.jp/article/plantbiotechnology/35/1/35_18.0122b/_article
https://www.jstage.jst.go.jp/article/plantbiotechnology/35/1/35_18.0122b/_article
https://www.jstage.jst.go.jp/article/plantbiotechnology/35/1/35_18.0122b/_article

1/35_18.0122b/_article.

A. Lampropoulos, Z. Sutikovic, C. Wenzl, 1. Maegele, J. U. Lohmann, and J. Forner.
GreenGate - A Novel, Versatile, and Efficient Cloning System for Plant Transgenesis.
PLoS ONE, 8(12):e83043, Dec. 2013. ISSN 1932-6203. doi: 10.1371/journal.pone.
0083043. URL https://dx.plos.org/10.1371/journal . pone.0083043.

X. Liyang, L. Shengcai, B. Yu, L. Yan, L. Mi, C. Shunliang, Z. Xueli, X. Xiaoqing,
F. Xin, C. Chunzhen, C. Yukun, and L. Zhongxiong. Cloning and Expression Analysis
of Betalain-related Transcription Factor Gene AmMYBI1 in Amaranthus tricolor L.
Acta Botanica Boreali-Occidentalia Sinica, 36(6):1080-1090. URL xbzwxben/article/
abstract/20160602.

K. Miiller, D. Siegel, F. Rodriguez Jahnke, K. Gerrer, S. Wend, E. L. Decker, R. Reski,
W. Weber, and M. D. Zurbriggen. A red light-controlled synthetic gene expression
switch for plant systems. Mol. BioSyst., 10(7):1679-1688, 2014. ISSN 1742-206X, 1742-
2051. doi: 10.1039/C3MB70579J. URL http://xlink.rsc.org/?DOI=C3MB70579J.

J. Ni, S. Bai, Y. Zhao, M. Qian, R. Tao, L. Yin, L. Gao, and Y. Teng. Ethylene response
factors Pp4ERF24 and Pp12ERF96 regulate blue light-induced anthocyanin biosynthe-
sis in ‘Red Zaosu’ pear fruits by interacting with MYB114. Plant Molecular Biology, 99
(1-2):67-78, Jan. 2019. ISSN 0167-4412, 1573-5028. doi: 10.1007/s11103-018-0802-1.
URL http://link.springer.com/10.1007/s11103-018-0802-1.

M. Sakuta, A. Tanaka, K. Iwase, M. Miyasaka, S. Ichiki, M. Hatai, Y. T. Inoue, A. Ya-
magami, T. Nakano, K. Yoshida, and S. Shimada. Anthocyanin synthesis potential
in betalain-producing Caryophyllales plants. Journal of Plant Research, 134(6):1335-
1349, Nov. 2021. ISSN 0918-9440, 1618-0860. doi: 10.1007/s10265-021-01341-0. URL
https://link.springer.com/10.1007/s10265-021-01341-0.

S. Selma, J. M. Bernabé-Orts, M. Vazquez-Vilar, B. Diego-Martin, M. Ajenjo, V. Garcia-
Carpintero, A. Granell, and D. Orzaez. Strong gene activation in plants with genome-
wide specificity using a new orthogonal CRISPR/Cas9-based programmable transcrip-
tional activator. Plant Biotechnology Journal, 17(9):1703-1705, Sept. 2019. ISSN
1467-7644, 1467-7652. doi: 10.1111/pbi.13138. URL https://onlinelibrary.wiley.
com/doi/10.1111/pbi.13138.

M. Vazquez-Vilar, A. Quijano-Rubio, A. Fernandez-del Carmen, A. Sarrion-Perdigones,
R. Ochoa-Fernandez, P. Ziarsolo, J. Blanca, A. Granell, and D. Orzaez. GB3.0: a
platform for plant bio-design that connects functional DNA elements with associ-
ated biological data. Nucleic Acids Research, page gkw1326, Jan. 2017. ISSN 0305-
1048, 1362-4962. doi: 10.1093/nar/gkw1326. URL https://academic.oup.com/nar/
article-lookup/doi/10.1093/nar/gkw1326.

S. K. Vollmer, M. G. Stetter, and G. Hensel. First Successful Targeted Mutagenesis Using
CRISPR/Cas9 in Stably Transformed Grain Amaranth Tissue. Plant Biotechnology
Journal, page pbi.70590, Feb. 2026. ISSN 1467-7644, 1467-7652. doi: 10.1111/pbi.
70590. URL https://onlinelibrary.wiley.com/doi/10.1111/pbi.70590.

N. Wang, C. Qu, S. Jiang, Z. Chen, H. Xu, H. Fang, M. Su, J. Zhang, Y. Wang, W. Liu,
7. Zhang, N. Lu, and X. Chen. The proanthocyanidin-specific transcription factor

241


https://www.jstage.jst.go.jp/article/plantbiotechnology/35/1/35_18.0122b/_article
https://www.jstage.jst.go.jp/article/plantbiotechnology/35/1/35_18.0122b/_article
https://www.jstage.jst.go.jp/article/plantbiotechnology/35/1/35_18.0122b/_article
https://dx.plos.org/10.1371/journal.pone.0083043
xbzwxben/article/abstract/20160602
xbzwxben/article/abstract/20160602
http://xlink.rsc.org/?DOI=C3MB70579J
http://link.springer.com/10.1007/s11103-018-0802-1
https://link.springer.com/10.1007/s10265-021-01341-0
https://onlinelibrary.wiley.com/doi/10.1111/pbi.13138
https://onlinelibrary.wiley.com/doi/10.1111/pbi.13138
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkw1326
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkw1326
https://onlinelibrary.wiley.com/doi/10.1111/pbi.70590

MdMYBPAT1 initiates anthocyanin synthesis under low-temperature conditions in red-
fleshed apples. The Plant Journal, 96(1):39-55, Oct. 2018. ISSN 0960-7412, 1365-
313X. doi: 10.1111/tpj.14013. URL https://onlinelibrary.wiley.com/doi/10.
1111/tpj.14013.

T. S. Winkler, S. K. Vollmer, N. Dyballa-Rukes, S. Metzger, and M. G. Stetter. Isoform-
resolved genome annotation enables mapping of tissue-specific betalain regulation in
amaranth. New Phytologist, page nph.19736, Apr. 2024. ISSN 0028-646X, 1469-
8137. doi: 10.1111/nph.19736. URL https://nph.onlinelibrary.wiley.com/doi/
10.1111/nph.19736.

M. Yagi, S. Kosugi, H. Hirakawa, A. Ohmiya, K. Tanase, T. Harada, K. Kishimoto,
M. Nakayama, K. Ichimura, T. Onozaki, H. Yamaguchi, N. Sasaki, T. Miyahara,
Y. Nishizaki, Y. Ozeki, N. Nakamura, T. Suzuki, Y. Tanaka, S. Sato, K. Shira-
sawa, S. Isobe, Y. Miyamura, A. Watanabe, S. Nakayama, Y. Kishida, M. Ko-
hara, and S. Tabata. Sequence Analysis of the Genome of Carnation (Dianthus
caryophyllus L.). DNA Research, 21(3):231-241, June 2014. ISSN 1340-2838, 1756-
1663. doi: 10.1093/dnares/dst053. URL https://academic.oup.com/dnaresearch/
article-lookup/doi/10.1093/dnares/dst053.

G. Yao, M. Ming, A. C. Allan, C. Gu, L. Li, X. Wu, R. Wang, Y. Chang, K. Qi, S. Zhang,
and J. Wu. Map-based cloning of the pear gene MYB114 identifies an interaction with
other transcription factors to coordinately regulate fruit anthocyanin biosynthesis. The
Plant Journal, 92(3):437-451, Nov. 2017. ISSN 0960-7412, 1365-313X. doi: 10.1111/
tpj.13666. URL https://onlinelibrary.wiley.com/doi/10.1111/tpj.13666.

B. Zhang. FEvolutionary Analysis of MYBs-bHLH-WD/40 Protein Complexes Formation
and Their Functional Relationship in Planta. PhD thesis, Universitat zu Koln, May
2018.

J. Zhang, H. Xu, N. Wang, S. Jiang, H. Fang, Z. Zhang, G. Yang, Y. Wang, M. Su,
L. Xu, and X. Chen. The ethylene response factor MAERF1B regulates anthocyanin
and proanthocyanidin biosynthesis in apple. Plant Molecular Biology, 98(3):205-218,
Oct. 2018. ISSN 0167-4412, 1573-5028. doi: 10.1007/s11103-018-0770-5. URL http:
//link.springer.com/10.1007/s11103-018-0770-5.

C. Zhao, X. Liu, Q. Gong, J. Cao, W. Shen, X. Yin, D. Grierson, B. Zhang, C. Xu, X. Li,
K. Chen, and C. Sun. Three AP2/ERF family members modulate flavonoid synthesis
by regulating type IV chalcone isomerase in citrus. Plant Biotechnology Journal, 19
(4):671-688, Apr. 2021. ISSN 1467-7644, 1467-7652. doi: 10.1111/pbi.13494. URL
https://onlinelibrary.wiley.com/doi/10.1111/pbi.13494.

M.-G. Zhuo, T.-Y. Wang, X.-M. Huang, G.-B. Hu, B.-Y. Zhou, H.-C. Wang, and F. Ab-
bas. ERF transcription factors govern anthocyanin biosynthesis in litchi pericarp by
modulating the expression of anthocyanin biosynthesis genes. Scientia Horticulturae,
337:113464, Nov. 2024. ISSN 03044238. doi: 10.1016/j.scienta.2024.113464. URL
https://linkinghub.elsevier.com/retrieve/pii/S0304423824006216.

242


https://onlinelibrary.wiley.com/doi/10.1111/tpj.14013
https://onlinelibrary.wiley.com/doi/10.1111/tpj.14013
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.19736
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.19736
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dst053
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dst053
https://onlinelibrary.wiley.com/doi/10.1111/tpj.13666
http://link.springer.com/10.1007/s11103-018-0770-5
http://link.springer.com/10.1007/s11103-018-0770-5
https://onlinelibrary.wiley.com/doi/10.1111/pbi.13494
https://linkinghub.elsevier.com/retrieve/pii/S0304423824006216

Chapter &

Overarching Discussion

243



Evolution is the driving force, influencing all organisms fate on earth, from the first
cell to the complex organisms found today. The complex and highly diverse networks of
plant secondary metabolism represent a stunning demonstration of the abilities of evolu-
tion yet unmatched by human engineering. Deciphering secondary metabolism pathways
and reconstructing their evolution enable insights into general evolutionary principles.
The power of this approach has been documented in many publications (

). However, most research has focused on the evolution of whole pathways and their
enzymes, while the evolution of the associated regulation is still less understood (

, ) and has just recently come into focus ( , ;

, ). Considering the high importance of regulatory elements and
transcription factors for breeding, having a more profound understanding of regulatory
evolutionary principles has a high impact ( , ). This study focuses on re-
constructing the regulation of the de novo and repeatedly evolved betalain pathway in the
grain amaranth A. hypochondriacus. Betalains are chemically different but functionally
similar pigments that replaced the otherwise ubiquitous anthocyanins in most families
of the Caryophyllales ( ) ; , ; ,

; , ; , ). Their higher pH stability and
health benefits, e.g., antioxidant properties, make them of interest to the food industry
( , ). Since around 10 years ago, the core biochemical pathway, including the
two main enzymes CYP76AD and DODA1 as well as several glyceroltransferases, has
been identified ( ) ). In contrast, the regulation of betalains is
mostly unknown ( , )(see section 1.4). Following the current
hypothesis, was a defeedback regulation of the aragonate dehydrogenase at the base of
Caryophyllales key ( , ), while the enzymes evolved convergently
four times in the order ( , ; , ). Deciphering the molec-
ular betalain regulation in grain amaranth could pave the way to understanding how the
betalain regulation evolved. By comparing it to the regulation of the other betalain ori-
gins, it might provide a better understanding of how generally new regulatory networks

evolve.

We identified and verified AhMYB2 as the first positive transcriptional regulator in A.
hypochondriacus homologous to BYMYBI ( , ) and AtrMYB72 (

, ) in B. wvulgaris and A. tricolor (Chapter 3). We further demonstrated that
AhMYB2 activates the betalain pathway by upregulating the expression of the first two
enzymes of the pathway, AhCYP76AD2 and AhDODA«l (Chapter 4 section 4.3.4, Figure
4.6). While this was also shown for BvMYB1 and AtrMYB72 by RT-PCR (

, ; , ), is our RNA-seq data more comprehensive. Moreover,
does our RNA-seq data of transgenic callus tissue overexpressing AhCYP76AD2 reveal
that AhDODAwl is not upregulated by the higher expression of AhCYP76AD2, but
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that AhYMB2 is upregulating both genes (Chapter 4, section 4.3.4, Figure 4.6). Since
direct binding was shown for BvMYBI1 using Y1H ( , ) and in a
transactivation assay for AtrMYB72 ( , ), we expected to observe binding of
AhMYB2 to AhCYp76AD2. However, we were unable to prove direct binding of AhMYB2
to both promoters by transactivation assays in protoplast (Chapter 4 section 4.3.3). As
discussed in more detail in section 4.4.3 we hypothesize that a lack of visible binding in
our transactivation data is caused by the low signal strength in amaranth protoplasts
and a weak binding strength by AhMYB2 alone. It is well known that TFs, including

MYBs often function in complexes ( , : , ). AtPAP1,
an A. thaliana homolog of AhMYB2, can’t bind its target genes alone but requires its
partner bHLH and WD40 transcription factors ( ) ). Thus, it is

highly possible that AhMYB2 also requires an additional TF for efficient binding and
that alone the binding is too weak to be detected in our transactivation assay. This
is supported by our transactivation data for BvMYBI, showing that binding was only
found in betalain-producing A. hypochondriacus but not in the anthocyanin-producing
A. thaliana protoplasts (Chapter 4, Figure 4.3). We tested if AhMYB2 can interact
with bHLH TFs and the WD40 TF TTG1 homologous to AtPAP1 but could not find
any interaction in Y2H (Chapter 4, Figure 4.1 and 4.1). Hence, suggesting that during
co-option of AtPAP1 for the betalain regulation, new betalain-specific co-regulators have
evolved, while the interaction with the anthocyanin-regulating co-regulators has been lost.
This is an important update to the previous model that proposed that AtPAP1 homologs
like BYMYBI are regulating the pathway without co-regulators ( , ).
Our RNA-seq data set in combination with the conducted literature review for AtPAP1
homolog interacting TF across the angiosperms is a valuable starting point to identify
possible betalain co-regulators of PAP1 homologs like AhMYB2 (Chapter 4).

To conclude, our study found AhMYB2 as a positive transcriptional regulator of
the betalain regulation in grain amaranth, in line with previously identified MYB tran-
scription factors in the Amaranthaceae. However, while previous studies focused on the
identification of the TF, the studies performed in the frame of this thesis go further
and provide important insights into the molecular mode of action. Furthermore, so far
the investigation has been limited to the tissue-specific regulation of betalains, but the
comprehensive literature review in the introduction evinces the complex regulation of
betalains by diverse internal and external cues (1.3). Albeit not the focus of the stud-
ies, we found that AtMYB2 can override the repression of the betalain pathway by dark
and high auxin concentration or, rather, activate the pathway independent of light and
phytohormones (Chapter 4). Our RNA-seq data also show that light- and phytohormone-
mediated activation of the betalain pathway acts via the transcriptional upregulation of
AhCYP76AD2 and AhDODAu1, too, but differently to the anthocyanin regulation, in-
dependently of AhMYB2 (Chapter 4, Figure 4.6). Regarding the high similarity of the

regulatory pattern of anthocyanin and betalain regulation, it could be speculated that
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many signaling pathways involved in the anthocyanin regulation had been co-opted for
the betalain regulation. It will be of high interest to investigate which signaling pathways
are involved in the regulation of betalain by internal and external cues, if they were co-

opted, and how they had been integrated during the evolution of the betalain regulation.

The accumulating data about betalain regulation in the Amaranthaceae and the addi-
tional information about the molecular mode of action found in the studies of this thesis,
enabled to build a hypothesis about how AhMYB2 and other betalain-regulating PAP1

homologs might have evolved. PAP1 homologs are highly conserved for anthocyanin reg-

ulation across the plant kingdom (e.g., in monocots: ( , : , ),
and diverse dicots: ( , : , : , )). Although
there are also PAP1-independent regulations (e.g ( , )), it has been shown for
Arabidopsis ( , : , : , ) and apple ( , ,

) ) ) that PAP1 homologs often have a central role integrating signaling
pathways of multiple internal and external cues. Considering the functional similarity of
betalains and anthocyanins, one could expect an evolutionary advantage if the co-option
of PAP1 included a network of regulatory pathways already adapted to integrate various
internal and external signals. Co-option of PAP1 required the adaptation to new target
genes, which could either happen by trans mutations leading to a TF that recognizes a
different motif or by cis mutations causing the binding motifs to degenerate in the original
target promoter and to arise in the new target promoter. cis mutations are expected to
be evolutionarily more likely, as motifs are short and can arise with few mutations (

, ) and are mostly additive and less likely to be pleiotropic (

, ). In contrast, trans mutations are usually dominant/repressive and are more
likely to be pleiotropic ( ) ). Moreover, the (core) binding motif of
TFs is highly conserved for most TF classes ( , ). Nevertheless, there
is a varying degree of conservation with some TF families, such as C2C2 with a more
than 450 million-year-old conserved motif, while others show high diversity (e.g., C2H2)
or semi-conservation (e.g., MYB), which are thus more likely to evolve to bind to new
DNA sequences ( , ). Despite the common assumption that cis mutations
are more common, in the case of PAP1 homologs and the betalain regulation, there is
evidence that frans mutations had been important. According to Pucker et al. (2024)
there had been a duplication of PAP1 leading to two paralogs in ancestral Caryophyllales
species. In all betalain-producing species, only one of both copies was retained (PAP1a for
betalain transition 2, including BvMYB1 and AhMYB2, and PAP1f for the other three
betalain transitions) ( , ). We could hypothesize that in the ancestors
of betalain-producing lineages, one copy had been free to evolve to adapt to new target
genes. After adaptation to target betalains was the anthocyanin-regulating paralog lost,
maybe explaining the mutation exclusiveness of both pigments. The second observation

supporting the hypothesis of causal trans mutations, is that for both PAP1 paralogous
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lines, it was shown that the betalain PAP1 homolog can’t regulate anthocyanin genes,
neither endogenous nor the one from anthocyanin-producing species. Sakuta et al. (2021)
showed that PAP1 homologs from Portulaca grandifiora, Basella alba, and Mammillaria
zeilmanniana, all belonging to betalain transition 4, can’t activate the ANS promoter
neither from Arabidopsis nor the betalain-producing spinach. Similarly, our RNA-seq
data found no activation of the endogenous flavonoid pathway genes by AhMYB2 over-
expression (Chapter 4, Figure 4.6). We also did not observe any visible pigmentation
after transiently overexpressing AhMYB2 in N. benthamiana in line which Peng et al.
(2019) for AmMYB2. Finally, by comparing conserved amino acids in the R2 and R3 do-
mains for both PAP1 paralogs in betalain and anthocyanin-producing species, we found
betalain-specific amino acids for both paralogs (8 for PAP1lo and 5 for PAP1B) that are
not present in the closely related anthocyanin-producing Dianthus caryophyllus (Figure
5.1, see also the logoplot by Pucker et al. (2024) for the R3 domain only). Some of these
amino acids are close to residues that are known to be involved in DNA binding (3/8
for PAPla and 1/5 for PAP1, see Figure 5.1). It was previously shown that often the
residues surrounding the ones in direct contact with the DNA influence the specificity of
the bound DNA sequence ( ) ). For two of them and for two residues
that are not directly located to an already known DNA contact residue, it has even been
demonstrated that these residues can cause a switch in target genes if mutated together
with others, backing our hypothesis (Sakuta et al. (2021) for positions 47, 66, and 83
and Heppel et al. (2013) for position 90) (Figure 5.1). However, some betalain-specific
amino acids are also at or close by to residues involved in bHLH interaction (4/8 for
PAP1lo and 3/5 for PAP1p, see Figure 5.1), and could, as discussed in Chapter 4, section
4.4.2 explain the lost bHLH interaction. The lost bHLH interaction, at least shown for
one PAP1 paralogous line (BvMYB1 ( , ) and AhMYB2 by us), could
have multiple effects. On the one hand, it might have helped to reduce pleiotropy, as the
bHLHs are involved in trichome, mucilage, protoanthocyanin, and root hair regulation
too ( , ; , ). On the other hand, con-
tribute the bHLH in the MYB complex to DNA binding ( , :

, ), and might be able to draw it to the anthocyanin genes if still interacting
similarly as it was shown for the MYB protein P in maize, which was able to activate
additional promoters if mutated to interact with a bHLH TF known to be involved in reg-
ulating these genes ( ) ). The fact that the GL3/EGL3 gene lineage
has been completely lost in the species of the betalain transition 2 and, complementarily,
the MYC1 gene lineage in species of the betalain transition 3 supports a strong selection
against the interaction of PAP1 with class IIIf bHLH during betalain evolution (

). That two residues (at positions 12 and 83) had been altered in both PAP1

lineages, but to different amino acids, and that in at least two different betalain transi-

Y

tions, different class IIIf bHLH gene lineages have been lost, strongly hints at convergent

evolution. That both amino acids, which (potentially) play a role in DNA binding speci-

247



ficity as well as residues important for bHLH interaction, had been changed in both PAP1
lineages suggests that both traits (different TF binding site and lost bHLH interaction)
are important for the switch to new target genes. This is supported by the observation
that the mutated BvMYBI version of Hatlestad et al. (2015), despite having restored

bHLH interaction, is unable to activate the anthocyanin pathway in Arabidopsis (

, 2017).
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Figure 5.1: Comparison and conservation of the amino acid sequence of the R2 and R3 domains
of PAP1 genes in closely related anthocyanin and betalain species. The top panel represents
three protoanthocyanin regulators from betalain and anthocyanin species used as an outgroup
for the PAP1 gene lineage. The blue bar marks 3 sequences from anthocyanin regulating PAP1s
outside (2nd from the top) Caryophyllales and 2 copies from a PAP1 homolog of a Caryophyllales
species (3nd from the top). Each of the 3 PAP1 sequences from the PAPla gene lineage (4th
from top) and from the PAP1Pgene lineage (5th from top) are marked with purple. Note that
the three PAP1la sequences are from verified betalain regulators, while three PAP1B sequences
are from betalain-producing species but were not verified to regulate betalains. The third panel
from the bottom indicates residues that were found to play a role in bHLH interaction (black
diamond, data from Zimmermann et al. (2004); Hichri et al. (2010); Hatlestad et al. (2015)),
DNA binding (black 4-point star), or specificity (black 8-point star, data for both from Hichri
et al. (2010); Sakuta et al. (2021); Heppel et al. (2013)). Bottom panels show the conserved
(black), variable (grey), and specific (purple, blue, and brown for betalains, anthocyanins, and
protoanthocyanins, respectively; light color indicates that only in this group the residue is not
conserved) residues. Sequences from At (Arabidopsis thaliana), Ah (Amaranthus hypochondria-
cus), Md (Malus domestica), Dc (Dianthus caryophyllus), Bv (Beta vulgaris), Am (Amaranthus
tricolor), Pg (Portulaca grandiflora), Ba (Basella alba), and Mz (Mammillaria zeilmanniana).

In the course of this thesis, I implemented a range of valuable molecular, in-vitro,
and transcriptomic resources in the non-model, orphan crop grain amaranth, which will
facilitate future research and breeding. Today there is still no efficient and reproducible
protocol for regeneration of stably transformed grain amaranth, which strongly hampers
breeding and research of this versatile crop ( , , ). Thus,
represents our established efficient callus transformation protocol, a breakthrough that
enables the study of stable transformed amaranth tissue in high quantities (Chapter
2, 4). Using this as a foundation, we could, for the first time, demonstrate successful
targeted mutagenesis using CRISPR/Cas9 in amaranth, a key method in modern breeding
and research (Chapter 2, ( , )). Additionally, we adapted hairy root

transformation as a comparable, easy, and fast stable transformation method, speeding
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up gene function experiments drastically (Chapter 3, ( , )). Moreover,
we presented a protocol for isolation and, to our knowledge, the first protocol for the
transformation of A. hypochondriacus protoplast (Chapter 4). Although the protocol
requires further optimization, it represents a valuable starting point, putting cutting-
edge, high-throughput methods like single-cell omics for this orphan crop within reach.
We implemented hygromycin for efficient selection and demonstrated sufficient activity
of several promoters and terminators (promoters: AtUBQ10, AtU6-26, and PcUbijf-2;
terminators: OCS, E9, HSP18.2 and NOS) and high activity of the 35S promoter in
grain amaranth (Chapter 2, 3, 4). This paves the way to design efficient constructs for
transgene expression in grain amaranth. Furthermore, does the new A. hypochondriacus
genome assembly reach the quality of model organism reference genomes, lifting genomic
research to a new level (Chapter 3, ( , )). Complemented with the
generated RNA-seq dataset, this will significantly facilitate candidate selection, primer
design, and planning of future experiments. Together, the methods presented in this
thesis vastly extend the molecular toolbox for amaranth research, unlocking key state-of-

the-art methods for this orphan, non-model crop.

5.1 Conclusion

The scientific advancement in the last decade enabled to move from the simple identifi-
cation of genes to the reconstruction of whole gene regulatory networks. Engineering of
gene regulatory networks could be a powerful tool to breed crops that are better adapted
to the extreme conditions caused by climate change ( , ;

, ). Optimizing gene regulatory networks requires a deep understanding
of their structure and evolution, which we just started to elucidate. However, evolution-
ary studies need to investigate species across the tree of life beyond the limited number
of model species, but reports of functional evolutionary studies in non-model species are
scarce due to the lack of key molecular methods outside model species (

, ; , ). The studies presented in this thesis vastly extended the
toolbox for the non-model crop grain amaranth. We increased the available genomic re-
sources by providing a new assembly of the A. hypochondriacus genome with reference
genome quality (Chapter 3, ( , )) and a RNA-seq data set (Chapter 4).
We established various in vitro methods for endogenous overexpression and present the
first targeted mutagenesis using CRISPR/Cas9 in amaranth (Chapter 2, ( )

)). Additionally, we tested a protocol for protoplast isolation and presented the first
protoplast transformation protocol for amaranth (Chapter 4). The established methods
paved the way for functional studies in grain amaranth, representing the understudied
Caryophyllales. The probably four-times evolved betalain pathway, replacing the other-

wise ubiquitous anthocyanins in parts of the Caryophyllales ( , ;
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, ; , ), represents an optimal model to investigate
the evolution of gene regulatory networks for de novo evolved pathways. I present in this
thesis how we reconstructed the tissue-specific regulation of the betalain pathway in the
orphan crop grain amaranth by combining computational, molecular, and ¢n vitro meth-
ods. We showed that upregulation of the first enzyme in the pathway, AhCYP76AD2,
is sufficient for the induction of the betalain pathway. We then demonstrated that Ah-
MYB2, a homolog of the anthocyanin regulating AtPAP1, mediates the tissue-specific
betalain regulation by upregulating AhCYP76AD2 and AhDODAa1, the second enzyme
in the pathway in flowers. Extensive testing in Y2H proved that AhMYB2, similar to
what was suggested for BvMYB1, which regulated betalains in the closely related B.
vulgaris ( , ), is unable to interact with class IIIf bHLH TFs. How-
ever, while it was previously hypothesized that betalain-regulating PAP1 might function
alone ( ) ), does our transactivation data indicate that they require a
betalain-specific additional TF for efficient binding to the promoter. This TF is yet to
be identified, but our RNA-seq data enabled us to identify a list of promising candidates
for AhMYB2 co-regulators, including WRKY, AP2/ERF, bZIP, and NAC TFs. Finally,
comparing the amino acid sequence of the R2 and R3 domains of AhMYB2 and other
betalain-regulating PAP1 homologs ( , ; ) ; )

) led us to the discovery of multiple betalain-specific mutations. Combining our data
with published information, we could observe a strong indication that trans mutation
had been key during the evolution of the betalain pathway regulation. We propose that
amino acid changes in one of the two PAP1 copies in ancestral Caryophyllales species
( , ) lead to a loss of the bHLH interaction and to a shift of bound
DNA sequences together, achieving the regulation of a different set of genes. This thesis
combines the first systematic investigation of the mode of action of a betalain-regulating
TF in the Amaranthaceae, laying a strong foundation to reconstruct the evolution of the
betalain pathway regulation. Testing the binding and transactivation ability of AhMYB2
with mutation either restoring the bHLH interaction or the binding to the PAP1 binding
motif in heterologous assays will validate our hypothesis and might even provide gen-
eral insight into the flexibility and evolution of (MYB) transcription factor DNA binding
specificity. We found that light and cytokinin induce the betalain pathway similarly to
AhMYB2 by upregulating AhCYP76AD2 and DODAc1, but this appears to be indepen-
dent of AhMYB2. Future studies exploring how the range of internal and external signals
known to influence betalain accumulation are integrated (for instance, by capitalizing on
RNA-seq data sets from different conditions) could unravel if more than just PAP1 was
co-opted from the anthocyanin regulation. More data also about the other betalain ori-
gins could uncover general principles of how gene regulatory networks of de novo evolved

pathways evolve.
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