Aus dem Institut fir Pflanzenbau und Pflanzenziichtung
der ChristiarAlbrechtsUniversitat zu Kiel

Quantitative Trait Loci (QTL) mapping and genome-wide
transcriptome analysis to identify agronomically important genes
in quinoa (Chenopodium quinoa

Dissertation
zur Erlangung des Doktorgrades
der Agrar und Ernéhrungswissenschatftlichen Fakultat

der ChristiarAlbrechtsUniversitat zu Kiel

vorgelegt von

Nathaly Fernanda Maldonado Taipe
aus Quito, Ecuador

Kiel, 2022

Dekan:Prof. Dr. Karl H. Muhling
1. Berichterstatter: Prof. Dr. Christian Jung

2. Berichterstattefrof. Dr. Daguang Cai
Tag der miundlichen Prifung9.06.2022



Published with the permission of the Faculty of Agricultural and Nutritional Sciences



Table of Contents

I 1T o 1T = LT 11 o T [F]ox 1o o 1R PP 1
1.1. Quinoa botany, diversity, and importance..............c.cevvvrvimmmeeeeeereeeeeiieiinneenas 1
1.2. Worldwide quinoa cultivation and breeding..........cccccveveeiiiieecis 2

1.3. Flowering time regulation and photoperiod response in the modelAsaiidopsis
L1 F= 1= 1 = PP PPUPPRRRRR 2

1.4. Flowering time regulation anchptoperiod response in quinoa and related spedies
1.5. QTL mapping as a tool for unraveling the genetic basis of agronomiogilyrtant

L= 1L <P PPPPPPPP 5
1.6. Next-generation sequencing enables the generation ofduglity genetic maps and
identification of QTLwith high preciSion................ouuviiiiiccci e 6
1.7. Whole transcriptome sequencing as a tool to unravel flowering time regulation in
(o3 (0] o = USSR 7
1.8. Increasing genetic variation for quinoa breeding............cccccoooviiccceeei e 9
1.9. Hypotheses, objectives, and scientific qQUESLIONS...........ccccevviivieeciviiiccieeenn. 10
2. High-density maping of QTL controlling agronomically important traits in quinoa
(Chenopodium qUINOBVIIIA.) .......coooiiiieee e e e e e e e e e e e e e 11
2 R AN o 1] 1 - (o SRS 11
P2 | 1 (0 To [ [ (o] o RO U PP URUR RPN 11
pZZ TR /1= 1 o o £ P PUPPRPNS 12
2.3.1. Plant material and growth conditions...............ccoooviiiieeeiiii e 12
2.3.2. Phenotypic evaluation..............cooiuiiiiiiiiieniiii e 12
2.3.4. Whole-genome sequencing and bioinformatics............cccoeeveeiiieecininnnnnnnn. 13
2.3.5. Linkage map CONSIIUCTION.......cceiiiiiiiiiiiiieeee e eeeeaeeee e 14
2.3.6. QTL mapping and pleiotropy analySiS...........cccceevviiiiiieeeiii e, 14
2.3.7. EPIStaSIS @NAIYSIS......ccttiiiiiiiiiiiieii i 14
2.3.8. Candidate gene identification and haplotype analyses...............ccccovee-... 15
2.3.9. Heritability estimates and statistical analySiS..........ccccccovviiiiieeneiiinneenenn. 15
2.4, RESUIS ...ttt s 15
2.4.1. Segregation and phenotypic analysis padRd k populations...................... 15
2.4.2. Sequencing thexfpopulation revealed millions of SNPs...........ccccovviinnie 17
2.4.3. Construction of digh-density linkage map...........cooooviiiiiiiiieen s 19

2.4.4. QTL mapping, pleiotropic loci identification, and epistasis calculation...19
2.4.5. ldentification of putative candidate genes controlling agronomically important

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

A TR B 1 1Yol 0 £-15 (0] o FEUT T T TR P TP ORTRR 27



2.6.  ACKNOWIEAGEMENTS......eeiiiiiiiiiiie e e et e s e e e e e e e e s amees s s e e e e e e e e e e e eeeeeeeenenenns 30

2.7, REMBIENCES.....cci ittt errer e e e e e e e e e e e e e e e ananr e e e e aeeaaas 30
2.8.  SupplenBntary Data..............couuuuiuumiiccreeeeeeiir e erenr e e e e e e 34
3. Leaf and shoot apical meristem transcriptomes of quiGbarfopodium quingan
response to photoperiod andmglaevelopment............ccoooviiiiiiiiiceeiiiii e 37
TNt o1 = Vo RS 37
3.2, INTrOAUCTION. ...ttt e et e e e e e e e e e e e e e s s e e e e e eeeas 37
3.3. Matefials and MethOds............uuuuiiiiii e eeereee e 38
34, RESUIS....uviiiiiiiiiiiiiiieie e eees e AL
3.4.1. The transition of the shoot apical meristem into a floral meristem...........: 41
3.4.2. TranscCriptomMe SEQUENCING. .. .uuuuuiieeeeeeeeeeeeeeeiieie e e e e e e e eeeeaeeeeeeesrnnneaeaeeeaeeeeens 41

3.4.3. ldentification of differentially expressed genes regulating flowering time.42

3.4.4. Functional annotation aradassification of the DEGS.............cccvvvviiiiiicenee. 46
3.4.5. Co-expression analysis of the DEGS.......ccouvviiiiiiiiiiieiceeeeeeeee 47
3.4.6. Validation of RNAseq pipeline by RTPCR..........ccoiiiiiiiiiiiieeeee e 49
G T I 1S o1 U 1S [0 o 51
3.6.  ACKNOWIEAGMENTS......cciiiiiiiiiiiie e erre e e e e e e e e e e e e e e eaneeas 54
3.7, REIBIENCES......oiiiieiiiieii et e e e e e e ettt et eres e e e e e e eeeeeeeeeeeeesssssmmmeeeeeeesnnees 54
3.8. Supplementary data........cccooeeeeiiiiiiiiieeei e 60
4. Agrobacteriumamediated transformation exXperiments...........cccoovvvviiicccee e 63
g R [ 01 (o o (U o3 1 o] o PP ROTPR 63
4.2. Materials and Methods...........coooi i 63
4.2.1. Plant Material..........ooooiiiiiiieees e eenea e e e e e e e 63
4.2.2. Plant transformation and vitro cultivation.................ooevvvvuviicccneeeeeeeiennnnns 64
4.2.4. DNA isOlation and PCR...........uuuiiiiiiiiiiiiieeeiiiiieieieiee et e e eeree e e e e e e 66
G TR = TS | £ PSP 66
4.3.1. Regeneration of whole plants from quinoa callus...............cccooovieeee e 66
4.3.2. Agrobacteriummediated transformatian...........ccccooeeeiiiiiiccc 70
N B 1Yol 11 o] TP 73
T S = (=] (=7 o o == T 74
4.6. Supplementary Data.............ccoeviiiiiiiiieeee e ereers e eeaan e eea L O
5. ClOSING ISCUSSION.......uuuiiiiiiiiiiiiiiiiieeeiiieeeieeieeeeee e e e e e e e s s smmeeaeeaeeeeesssssssssnnsinnnsssssssnd 1
5.1. Two pleiotropic QTL were found in two different environments..................... 78
5.2. Histologic and transcriptomic changes towards elucidating quinoa flowering
(=T U1 F= 1o o USSP 78
5.3. Quinoa appears recalcitrantAgrobacteriuramediated transformatian............. 80



5.4. QTL mapping and transcriptome analysis provided breeding perspectives for quinoa

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

6. SUIMIMIAIY...uiiiitiieeiiie et eee e e et e e et e e e et e e e ea e e et st e e e e et e e amnneeaa e e eanneeeann s 83
7. ZUSAMMENTASSUNG ....teeeiiiiiiiiiiiie ettt mmne e e an e e 84
S T Y o] o = o o [ USSP 85
8.1. Supplementary TabIES.............uuiiiiiiiiiiieeei e 85
8.2.  SUuppleMENLArY FIQUIES........ccvuuiiiiiiiiii s et e e e e e e e s emmmas s e e e e e e e e e eaaes 102
9. REIBIBINCES. ...ttt ee e et eeeearraraae 130
10. Supplementary data 0N CD/DVD............uuuuuiiiiiiiieeee e errnn e 138
11. Curriculum Vitae and PUbliCatiONS........coooieiiiiiiiiiiieeee e 139
I O I O U ¢ To 0 (U0 Y = TSP 139
0 2 Vo] o= 11 o] o 139
12. Pubications and declaration of own contribution................cccvvvieemnniiiiiivivinnnnnee. 141
13. ACKNOWIEAGEMENTS.. ...ttt eee bbb eeer e e e e e e e e e e e e e e e e s s e as 144



List of Abbreviations

°C

%
AFLPs
AGL15
AP1
AP2-1

B. Vulgaris

BAP
BBM
BBX19
bHLH
BIC1
BLAST
BTC1
Bv
C.quinoa
C. rubrum
ca.

cm

cM

(6{0)
COL

Cq
CRISPR
CRY1
CRY2
das
DEG
DNA
DTF
DTM
ECV

EF
ELF3
ELF5
ERF113
ET

FAO

FC

FIP1
FLC
FLD
FLM

FRI

Celsius

Percent

Amplified fragment length polymorphisms
AGAMOUSLIKE 15

APETALA1

APETALA21

Beta vulgaris

6-Benzylaminopurine

BABY BOOM

DOUBLE BBOX TYPE ZINC FINGER9
basic helix loopi helix

BLUE-LIGHT INHIBITOR OF CRYPTOCHROMES 1
Basic Local Alignment Search Tool
BOLTING TIME CONTROL 1

Beta vulgaris

Chenopodium quinoa

Chenopodium rubrum

Circa

Centimeters

centimorgans

CONSTANS

CO-like genes

Chenopodium quinoa

Clustered regularly interspaced short palindromic repeats
CRYPTOCHROME 1
CRYPTOCHROME 2

Days after sowing

Differentially expressed gene
Deoxyribonucleic acid

Days to flowering

Days to maturity

Environmental coefficient of variation
Early-flowering phenotype

EARLY FLOWERING 3

EARLY FLOWERING 5

ETHYLENERESPONSIVE TRANSCRIPTION FACTOR 113

Eigentrait

Food and Agriculture Organization
Fold change

FRIGIDA INTERACTING PROTEIN
FLOWERING LOCUS C
FLOWERING LOCUS D
FLOWERING LOCUS M

FRIGIDA



FRL
FT
FTIP3
FTL
FUL
FWA

GA
GA

Gb
GBS
GCV
Gl

GO
GWAS

hz
HD3
HY5
IBA
InDel
ISSRs
kb
KEGG
I

LD

LF
LFY
LG
LHY
INncCRNA
LOD
m
maf
MAS
Mb
MET1
mg
min
mMiRNA
MM
mMS
MRNA
MS
NB

FRI-like genes

FLOWERING LOCUS T
FTINTERACTINGPROTEIN 3
FT-like genes

FRUITFULL

FLOWERING WAGENINGEN
grams

Genetic advance
Gibberellicacids

Giga basepair

Genotyping by sequencing
Genotypic coefficients of variation
GIGANTEA

Gene Ontology

GenomeWide Association Study
hours

Heritability

HEADING DATE 3
ELONGATED HYPOCOTYL 5
Indole-3-butyric acid

Insertion and deletions
Inter-simple sequence repeats
Kilobase pair

Kyoto Encyclopediaf GenesandGenomes
Liters

Long day

Late-flowering

LEAFY

Linkage group

LATE ELONGATED HYPOCOTYL
Long norrcodingRNA
Logarithm of odds

Meters

Minor allele frequency
Marker-assistedgelection

Mega basepair
METHYLTRANSFERASE 1
milligrams

minutes

micro RNA
Modulemembership

modified Murashige and Skoog
messenger RNA

Mildew susceptibility
Night-break



NGS
PCR
PCV
PD
PE
PEBP
PH
PHYA
PHYB
PL
PPT
QTL
RAD
RAPD
RFT1
RIL
RIN
RNA
RNA-seq
RNPs
ROS
RRS
Rt-qPCR
RUG3

SAAT
SAM
SC
SD
SEP3
Skim-seq
SN
SNPs
SOC1
SPL
SSRs
SUF4
SVD
SW
TKI1
TKW
TPS9
TSAR2
TSF
TSL

Nextgeneration sequencing

Polymerase chain reaction

Phenotypic coefficients of variation

Panicle density

Pair end

Phosphatidyl ethanolamis@nding proteins
Plant height

PHYTOCHROME

PHYTOCHROME B

Panicle length

Phospinotricin

Quantitative trait locus
Restrictionsite-associategenomic DNA
Random amplified polymorphic DNA
RICEFLOWERING LOCUS T 1
Recombinant inbred line

RNA integrity number

Ribonucleic acid

RNA-sequencing

Ribonucleoproteins

Reactive oxygen species
Reduceedrepresentation sequencing
Realtime quantitative PCR

RCC1 DOMAINCONTAINING PROTEIN 3
seconds
SonicatiorAssistedAgrobacteriummediated gene Transfer system
Shoot apical meristem

Saponin content

Short day

SEPALLATA

Skim sequencing

Seed number per plant

Singlenucleotide polymorphisms
SUPPRESSOR OF CONSTANS OVEREXPRESSION 1
SQUAMOSA PROMOTER BINDING PROTHINE
Simple sequence repeats

SUPPRESSOR OF FRI 4

Singular value decomposition

Seed weight per plant

TSLKINASE INTERACTING PROTEIN 1
Thousand kernel weight
TREHALOSEPHOSPHATASE/SYNTHASE 9
TRITERPENE SAPONIRIOSYNTHESIS ACTIVATING REGULATOF
TWIN SISTER of FT

TOUSLED

Vi



VCF
VE

VG
VIGS
VP

w

WES
WGCNA
WGRS
WRKY13
WUS2
T

ZTL

€ mol

Variant calling format

Environmental variance

Genotypic variance

Virus-induced gene silencing
Phenotypic variance

Week

Whole-exome sequencing

Weighted Gene GexpressiorNetworkAnalysis
Whole-genome resequencing

WRKY TRANSCRIPTION FACTOR 13
WUSCHEL 2

Zeitgeber time

ZEITLUPE

micromoles

VIi






General introduction

1. General introduction

1.1. Quinoa botany, diversity, and importance

Quinoa Chenopodium quino®illd.) is a pseudocereal native to the Andean region of South
America.Along with potato and maize, quinoa is one of the three npagacolonial
domesticated crop3his crop is still one of thenajor staple foods the Andean territory

and, among other uses, #iseds are used to make flour, soup, ceesrl alcoho(Peteson

& Murphy, 2015) Besides, quinoa igrown for animal consumption and medicinal
purposesTraditionalquinoa processing and products evolved and are being adopted into
novel food processing and modern food products, such as puffed quinoa, noodieadgnd
to-eat productgAngeli et al., 2020)

Botanically,quinoa is a dicotyledonous annual species from the fafmgranthaceae

which includes other economically important species such as sugaBeégi/(lgari3.

Qui noads st e m withdmancheswitls doloraahanding froonrwhite, yellow, or
light brown to red. It can grow up to 3 m and its leaves can be rhomboidal or triangular with
entire, dentateor serrate marginGgacobson et al., 202XQuinoa inflorescence is a panicle

and hasoth hermaphrodite flowers and female floweFsis crop is a predominantly self
pollinatedspeciesvith varying rates of crosgollination (10 17%) andsome cultivars are
male sterile (partially or in all the flower§)Vard, 1998)

C. quinoashows a broad genetic variatiavhich is reflected in its extensive distribution and
adaptation to biotic and abiotic stresses. In South Amejieapa grows from 20 °N in
Colombia to 40 °S in Chile and Argentina, and from sea level to over 4,00Qudelti

(Garcia, Condori, & Del Castillo, 20153puinoaexhibits resistance to insects and diseases, as
well as tolerance to frost, droughnd salinity(Vita et al., 2021)Hence because oits great
adaptability to extreme climatic and soil conditionsnga can be grown on marginal lands

not currently suitable for oth@najor cropgAlandia, Rodriguez, Jacobsen, Bazile, &

Condori, 2020)

Thephysicochemical, nutritionaand functional properties of quinoa seeds make them ideal
for human consumptiofhis crop has been called a pseudocereal because, unlike cereals, its
seeds have high protein contdntsineand eight of the other essential amino acids are

present in quinoa seeds in balanced amaivhésini & Melini, 2021). Thereforethis crop is
considered a "functional food" thedntributes to human nutrition and lowers the risk of

several diseasdali, 2019), andpresents a great potential to improve world food security
(Alandia et al., 2020)

Quinoa is an allotetraploid species (2n = 4x = 86%h a genome size of 1.465 Gb, that

resulted from a spontaneous hybridization event between two diploid species approximately
3.3 to 6.3 million years ag@arvis et al., 2017)n terms of genetic variabilitythis cropis
classified as an oligocert species that has a wide center of origin in the Andean region and
has undergone multiple diversification rou(Beargava & Srivastava, 2013 enotypes have
been selected by ancient people according to their particular ecological environments and
usedover time. This process resulted in five main ecotypes at a continental scale, each with
its diversity subcenter. In addition, there remseneralwild species and relatives in South
America(Bazile, Fuentes, & Mujica, 2013)

Germplasncollectionsprovide a unique genetic resource hoeedingorogramsThe quinoa
genebank network covers 30 countries and holds 16,422 accessions of the quinoa species and
its wild relatives(C. quinoa, Chenopodium album, Chenopodium berlandieri, Chenamodi
hircinum, Chenopodium petiolarandChenopodium murajeGenebanks in the Andean

region conservever88% of the quinoa and its wild e | a accegsoigRojas et al., 2015)

The largest seed bank is the Bolivian National Collection at the Fundacién para la
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Promocion e Investigacion de Productos Andinos (PROINf#prises 4,312 quinoa
accessions preserved unaersituconditions(FAO, 2010)

1.2. Worldwide quinoa cultivation and breeding

Quinoa production, trade, and consumption across the world have grown rapidly in recent
decadedecause odhigh consumer demand for healthy, nutritious, and gitress food
productsConsequently161,415 tons of quinoa were produced worldwid20a9 as

compared to 32,435 tons in 1961; the harvested area increased from 52,555 ha in 1961 to
184,585 ha in 201@Ahmadzai, 2020; FAO, 2021Quinoacultivation has transcended
continental boundaries, being now present in Europe, Aftiwd Asia.Thenumber of
quinoaproducingcountries increased from eight countries in 1980 to 95 countries in 2015.
Moreover,because opopulation growth and growing demand for nutritious, heakling
glutenfree foods, quinoa productipas well as quinoa productioadilities,will keep on
increasing in the nedmture (Bazile, Jacobsen, & Verniau, 2016; FAO, 2021)

Despite the large history of this crop and the growing worldwide interest, quinoa breeding is
still in its infancy.In quinoa breeding, the maam s to develop higkyielding varieties with

high protein and low saponin contéAlandia et al., 2020; Bhargava, Shukla, & Ohri, 2006)
From an agronomic perspectitbis cropis being improved for short, ndsranching plants

with compact panicles and increastolerancéor abiotic and biotic stresses. In particular,
downy mildew Peronospora variabiliscan cause 90 percent yield reductions in susceptible
cultivars(Danielsen & Munk, 2004)mportantly, one of thprimary goalof quinoa

breeding is to change the seasonal timing of reproduction to create unique varieties that are
more suited to local conditions. Becatisis speciess primarily a shorday plant, it must be
adapted to longlay conditions when grown in temperatignates and high latitudes such as
Europe, North America, and Chi(@atirange et al., 2020)

1.3. Flowering time regulation and photoperiod response in the model plant
Arabidopsis thaliana

Yield potential is mainly determined by the flowering processeg;iwtonstitute the first
steptowardseed formation. Hence, improved understanding and subsequent modification of
the flowering processes, including flowering time, is essential tmditedevelopment of
breeding program&olicz, Steinfort, Arya, Singh& Bhalla, 2020) Unfortunately features

of photoperiod response and flowering time genes, as well as their asspathtedys,

remain elusive in quinoa. However, these genes and pathways have been comprehensively
studied in the model pla#trabidopsis haliana Hence, | madeseof the knowledge
establishedor Arabidopsisto present brief overviewof the flowering time regulation
mechanismgFigurel).

A complex network of genes engaged in many regulatory mechanisms, including
photoperiod, vernalization, circadian clock, gibberellin, autonomous, and plant aging,
influence the flowering piess(Mouradov, Cremer, & Coupland, 2002hese pathways
converge to regulate floral integrator genes, which combine the outputs and start floral
transition under favorable conditions.
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Figure 1. Simplified scheme of floweringrhe regulation inA. thaliana Genes involved in photoperiod (orange
boxes), age (green boxes), autonomous (yellow boxes), gibberellin (heowinyernalization (light blue)
pathways are shown. Grey boxes represent the main floral integrators. Genes acting at the mesistitirare
purple. Solid and dotted linshiowdirect or indirect regulation, respectively. Black arrows and retidsshow
positive or negative regulation, respectively. Modified friosijten et al.(2018)

In A. thaliang the circadian clock genegnse the photoperiod and coordinate the expression
of CONSTANSCO), a zinc finger transcription factoh CO-dependent transgptional

activation ofFLOWERING LOCUS TFT) takes place in the leaf tiss(alverde et al.,

2004) COtranscription depends on the activity of a protein complex formealGANTEA

(Gl) andZEITLUPE(ZTL). ZTL is attached to ahromophore and perceives light signals
(Andrés & Coupland, 2012Phytochromes, on the other hand, act upstream of these genes
and playfundamental roles iphoto perceptionf the environmental lightred/farred light
absorbing phytochromeg§)Vickland,Battu, Hudson, Diers, & Hudson, 201Fpllowing,
BLUE-LIGHT INHIBITOR OF CRYPTOCHROMESRBIC1) acts as an inhibitor of plant
cryptochromes by binding @RYPTOCHROME ZCRY3J (Wang et al., 2016)}urthermore,

a very recent representative of floweringrpaiors responding to lorgay conditions is
TREHALOSEPHOSPHATASE/SYNTHASKETPS9. This gene probably accelerates the
floral transition by activating T expressior{Tian et al., 2021)

The longdistance florigenic signal is conveyed by moving FT from leaves via vascular
tissues to the shoot apical meristem. FT, togetherSItRPRESSOR OF
OVEREXPRESSION OF CONSTANSOC), activatesthe meristem identity gené&EAFY
(LFY), APETALAL(APL), SEPALLATAISEP3, andFRUITFULL (FUL), indicating that
transition of the vegetative meristem into a reproductive meristem has $Blttexd!, Dally,
& Jung, 2015)In the meristem tissue, another group of ggregsa role. For instance,
AGAMOUSLIKE 15(AGL15H, acts asaflowering repressof Ad a mc z y k , Leht.
Fernandez, 2007yhile FT INTERACTINGPROTEIN 3FTIP3)is required fothe
maintenance of inflorescence SAMSsu et al., 2018)Besides TOUSLED(TSL)function is
required in the floral meristem ftine correct initiation of floral organ primordi@&oe, Rivin,
Sessions, Feldmann, & Zambryski, 1993)

Shi
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In the vernalization pathwaffLOWERING LOCUS QFLC) is one of the major flowering
repressor genes ArabidopsigMichaels & Amasino, 1999FRIGIDA (FRI) is a major
upstream element &fLC, and together, they contribute to a large proportion of flowering
time variation in winteilannual ArabidopsiéShindo et al., 2005Another gene playing a role
in this pathway iSEARLY FLOWERING EELF5), whichacts asanFRI repressor causing
early flowering(Noh, Bizzell, Noh, Schomburg, & Amasino, 200&p continue, the
autonomous pathway controls flowering time in parallel to the vernalization pathway.
Although muliple genes have been identifiad beingnvolved in this pathway, their role in
flowering converges to regulationsifC (Wu, Fang, Zhu, & Dean, 2020yorinstance,
FLOWERING LOCUS FLD) acts in this pathway byepressingFLC; thus, promoting
flowering. Besideghe autonomous and vernalization pathwélys,age pathway mechanism
also affects floral transition. In this pathway, miREsl miR172 are important factors. With
age, miR156 abundance decreases, while miR172 abundareasesThereis an inverse
relationshippetweertSQUAMOSA PROMOTER BINDING PROTHINKE (SPL) expression
patterns andthiR156, whichshowsthatSPLis regulated by miR156/17&Zhou et al., 2013)
As the plants get older, the synchronized regulationiBNA156, miRNA172 andSPLs
promoteflowering (Luo, Guo, & Li, 2013)

A group of hormones (gibberellic acids) also promote Arabidopsis flowering. Theveeare
130 described gibberellic acids (GA), of which GA1, GA3, GA4, GA5, and GAG6 are
associated with flowerinfyamaguchi, 2008)For instance, it is known that artificial GA3
treatment restores the&l expression irmutants showing delayed floweringecause othe
suppression df T (Galvao, Horrer, Kittner, & Schmid, 201Additionally, DELLA proteins
arean importanpart of the gibberellin pathway since they are involved irrG&diated=T
regulation. These proteins can bindXO directly to suppress its esgssion and are degraded
by a complex containing GMMurase, Hirano, Sun, & Hakoshima, 200BELLA proteins

are involved irregulatingthe floral meristem identity genes indirectly throl®fAL(Bao,

Hua, Shen, & Yu, 2020)

1.4. Flowering time regulation and photoperiod response in quinoa and
related species

Quinoais primarily a shorday plant, which makes it difficult to grow in temperate and-high
latitude environment@Patirange et al., 2020)herefore, a better knowledge of photoperiod
response and flowigrg time can help quinoa adapt to various conditions by adjusting the
seasonal timing of reproduction. However, up to date, little is known about the regulation of
these processes in quinoa.

Regardingy u i nrespanse to photoperiod, it is known thatigalts originating from the
tropics present major sensitivity to photoperiod and longer vegetative phasedéshort
behavior), while cultivars from the Altiplano of Peru and Bolaralsea level of southern
Chile are the least sensitive to photopeaod have the shortest vegetative phase-faayral
behavior)(Risi, Galwey, Wickens, Haqg, & Day, 198%® recent study byratirange et al.
(2020)showed that 276 different quinoa accessidapictsubstantial differences
photoperiod sensitivity, where shalay, longday, and dayneutral behavior could be found
However, most quinoa accessions (67.39%) depicted-dhgitbehavior and only 7.6% were
defined as longlay accessions.

Thegeretics behindC. quinoaphotoperiod response and flowering tivebeenan object
of only afew studies. Relevant conclusions from those studies includeguiraia
FLOWERING LOCUS TFT) andTWIN SISTERomologsare involved in flowering
regulation under sheday conditions (SD). These conclusions were made basedsdito
analysis of targets of longprnrcodingRNA (IncRNA) after night break (NB) under SD and
expression analyses under §Eatiranage et al.021; Wu et al., 2021An NB under SD
causes downegulation of CONSTANSike (COL), LATE ELONGATED HYPOCOTYL
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(LHY), EARLY FLOWERING @ELF3), andELONGATED HYPOCOTYL (Y5 homologs
and upregulation oPHYTOCROME APHYA andCRYPTOCHROME{CRY ) homolas
(Wu et al., 2021)BesidesCOL homologswere associated with flowering time variation
under long days (LD{Patiranage et al., 2021)

Floweringtime regulation has been studied in other members @lle@opodiungenus.

Chenopodium rubrupra shortday species, has three homolog&®f CrFTL1, CrFTL2, and

CrFTL3. From these, onlZrFTL1was required for flowering to begin, operating as a single

floral activatof Ch &b, Kol 8S, Ol son, & Gtorchov§, 2008
Chsghb, Kol §8S, Ha gk ov.dortheSmore@henGpodiumdidifalivraid 2 0 1 4)
Chenopodium suecicynwo near relatives of the diploid progenitors of quin@ghrecently

been examined fd¥fT homologs. Under SD, i€@. suecicunandC. ficifolium, expression

analysis revealed a link betweEfL1 and floral inductiol Gt or c ho v § Fimalty, al . , 2
in a segregatingFpopulation ofC. ficifolium, markertrait associations with flowering time,

plant height, and the number of branches were identifiednfartholog oFTL1 (Subedi,

Neff, & Davis, 2021)

Floweringtiming in Beta vulgaris aquinoarelatedAmaranthaceaspecies, has been
analyzed extensively. To flowds, vulgaris unlike quinoa, requires vernalization followed
by exposure to LDMutasaGottgens et al. (2010pund that, as a direct response to LD,
plants containing the dominaBtallelebehave as annlsa Contrarily, homozygous recessive
plants atheB locusact like biennials and require vernalization to bolt and floweso
Arabidopsishomologous oFLOWERING LOCUS TFT) drive the flowering process B.
vulgaris BvFT2promotes flowering whil8vFTL inhibits it. BvFT1downregulation is
critical for the vernalization respongRin et al., 2010)Iin addition,theBOLTING TIME
CONTROL IBTC]) andthe DOUBLE BBOX TYPE ZINC FINGER9 BvBBX19)
genesalso take part in the flowering regulation pathwagudar beetBvBTC1s function is
to promote early bolting by repressiBgFT1(Pin et al., 2012)ComplementarilyBvBBX19
may act together witBvBTC1similarly to CONSTANSCO) in A. thaliana(Dally, Eckel,
Batschauer, Hoft, & Jung, 2018)

1.5. QTL mapping as atool for unraveling the genetic basis of agronomically
important traits

QTL is a statistical method, which attempts to explain genetic variation in complex traits by
linking phenotypic andenotypic datgMyles & Wayne, 2008)Therefore, it is a useful tool

to unravel the genetic mechanisms of important agronomical traits, such as flowering time in
crops. The basis of QTL mapping liesfinding significant differences between the groups
conceerning the trait of intereskor this purpose, molecular markers are used to partition the
mapping population into different genotypic groups. When the phenotypic means of the
genotypic groups differ significantly, it indicates that the marker is linede QTL

(Collard, Jahufer, Brouwer, & Pang, 2005)

The most used method for detecting QTL is interval mapping. Within this method, simple
interval mapping considers intervals between adjacent pairs of linked markers along
chromosomes to examine for QTihile composite interval mapping combines interval

mapping with linear regression on markers located outside the interval under consideration, as
covariates. By using composite intermapping the residual variation is reduced and the

power and precisioaf QTL detection are improvedander & Botstein, 1989; Zeng, 1994)

QTL mappingconsiderdothmarker genotypes and phenotypic data from a segregating
population. QTL analysis in plants is generally based on populations that segregate for
different trais, such asFor backcross population§hese populations are relatively
uncomplicated to build for seffollinating species (difficulties when crossing parental lines
may arise) and are considered the simplest type of mapping pop(@ditard etal., 2005)
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However, the use ofzfpopulations is limitedbecausehey cannot be assessed as replicates
given thateach plant is genetically uniq{®ingh & Singh, 2015)In this scenario, the use of
phenotypic data from succeeding generations, such, aarFconsiderably improve the
accuracy of QTL detectioWith an increased number of individuals studied in the

Fs generationthe environmental variance is reduced. Hence, by combinipgdnotypic
data with E genotypic data, QTL can be detected witbager precisioiZhu, Huang, &
Zhang, 2007)

In quinoa, few mapping stlies are available up to dafiéhe betalain color locus was mapped
by Jarvis et al. (2008For this purposea genetic map constructed with 2difple sequence
repeats (SSR)omprising38 linkage groups (LGs) and covering 913 wléls usedLater,
Cervantesand van Loo (201 7tudied 94 individuals froranF. population from a cross

bet ween O0Cari na Re d-bitter). QTLtfor aolor)floneenngtimé,Aarndl as 6 ( n
yield-related taitswere reportedBased on a linkage map constructed with 1,076 SNPs,
Cervantes and van Loo (201@tated two major QTL, one for days to flower bud appearance
on chromosome Cq6B, and another for seed characters on chromosomé igaketected

135 QTL,most of them for color traitTL were detectetbr each of the spectral bands of
each color of seeds and lealgsmeasuring theolor wavelengthsf different samples.
Moreover, another linkage map constructed Witil78 SNPs (KASPar genotyping) from

two RIL populationss available This mapcomprise29 linkage groups spanning 1,404 cM
(Maughan et al., 2012Themost recent quinoa linkage map Jarvis et al. (200&)ombined

the map fromMaughan et al. (2012yith two new linkage maps. The resultingp contains
6,403 markers on 18 linkage groups spanning 2,034 centimorgans (cM).

1.6. Next-generation sequencing enables the generation of high-quality
genetic maps and identification of QTL with high precision

The relative abundance and codominant natu&S#ts have caused them to be extensively

used across a wide range of crops for genetic mapping and diversity studies over the last few
decades. Other markers used for the same purpose were random amplified polymorphic DNA
(RAPD), intersimple sequence repis (ISSRs), and amplified fragment length

polymorphisms (AFLPs). These markers, however, provide a relatively low coverage of the
genome; require large amounts of gel electrophoresis, aretinsiming, and have a high
cost(Huang et al., 2009With nex-generation sequencing (NGS) and sifgleleotide
polymorphisms (SNPs) markers, these problems have been addressed to a large extent
(Kumar et al., 2021)

Among NGS approaches, reduaggresentation sequencing (RRS) signifies-tmst and

effective geotyping. The RRS approaches use restriction digestion, ligation of adaptors,
and/or pooling of DNA samples as previous steps to sequencing. Later, an adaptor containing
barcode sequences can be used to isolate sequenced reads from different indsaual
bioinformatics toolsExamples of RRS are genotyping by sequencing (GBS) and restriction
site-associategenomic DNA (RAD). RAD sequencing is a method to sequence DNA next to
restriction sites (Baird et al., 2008). Like RAD sequencing, GBS relies vitties enzymes

to generate a reduced representation of the genome for sequencing. However, the GBS library
preparation protocol involves more thamerestriction enzyme and requires less DNA
(Kyriakidou, Tai, Anglin, Ellis, & Stromvik, 2018Differentfrom RRS techniques, skim
sequencing (Skirseq) avoids the complexity reduction step. In Skex,theentire genome

is sequenced with low depth. Besides, Skimg involves genotyping of large populatioos
address the limitations related to missing dKtle et al., 2015). These large populations are
sequenced in depths from ~0.01x to ~8.0x and poputatsed algorithms, which often need
information from the parental lines, are usedtf@imputation of missing data. In terms of

costs, Skimseq is les expensive than standard GBS; but the bioinformatic analysis required

is more thorougl{Tablel). This approach has a wide range of downstream applications and
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has been used in several crgpable2). For exampleTong et al. (20213equenced the
whole genome of 381 pedigree populations at 1.8x depth. By this approach, they identified 43
QTL for six agronomical traits in tobacco.

Table 1. Comparison between stdard geotypingby-sequencing and SkisequencingBased orKumar et al.
(2021)andKyriakidou et al. (2018)

Genotyping by sequening Skim-sequencing
Cost per sample High Low
SNP discovery rate High Low to moderate
Restrictionenzyme Required Not required
Analysis of complexity| Moderate High
Ref_erer_lpe genome Not essential Essential
availability
. Low genome coverage witl
More coverage of genome with | . .
Genome coverage hi ; high resolution on a whole
igh resolution i .
population basis
Imputation Optional Critical
Applications De novo SNPs discovery and genetic mapping

1.7. Whole transcriptome sequencing as a tool to unravel flowering time
regulation in crops

A transcriptome is a collection of all messenger RNA (mRNA) molecules expressed by an
organism. Transcriptomesemblies provide a powerful tool for higiroughput research that
enables efficient screening and selection of differentially expressed genes (DEGS) in a
specific experimental setting (Byrne, Cole, Volden, & Vollmers, 2019; Koboldt, Steinberg,
Larson, Wison, & Mardis, 2013). In nemodel plants, such as quinoa, combining
transcriptome sequencing and differential expression analysis can provide a sensitive and
efficient analysis of gene expression changes in complex processes such as flowering time
regulaion, where many genes interplay (Golicz et al., 2020).

A current limitation of transcriptome sequencing is that the read length of the sequencers is
too short to capture entire transcripts from end to end. Hence, incomplete fragments of
transcripts mudbe computationally assembled into fldhgth isoforms. For this purpose,

there are two strategies: first, performuig novoassembly using powerful algorithms (e.g.
Trinity, rnaSPAdes)(Bankevich et al., 2012; Grabherr et al., 20 5Econdgenomeguided
transcriptome assemblies (e.qiffinks, SringTie) (Pertea et al., 2015; Trapnell et al., 2010)
The advantage afe novaassembly relies on resolving alternative transcript features (e.qg.
splicing variants). Howevede novaassembly algathms have key drawbacks. For instance,
when a transcript has two alternative splice sites too far apart (~1000 bp), no algorithm will
connect those two events. Although computational methods that take this into account have
been developed, they still castrdetect high complex isoform mixtures. On the other hand,
genomeguided assembly is more accurate in terms of annotated genes assembly. Conversely,
not all gene isoforms are detected by this me(Kauohitz et al., 2015)
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Table 2. Investigations showing diverse Skim sequencing applications in a wide range of crops using varied

plantmaterials

Application | Crop Plant . Number of Coveragé | Reference
material variants or bases
Genome Finger | o0 ~1,366million 0.05 Hatakeyama
assembly | millet bases 0.91x | etal (2018)
Evolutionary | \ypeqr {390 ~234 million SNPs| 3.80¢ | 210y etal.
studies accessions (2020)
4,188 to 6,404 .
Cotton égiti(?lslzgs SNPs and 312 to ~3.0 I(_Zlgig)l
P 745 InDels
Variant ?a;t?]’ K ow
discovery in Gamma Cieslak
mutants irradiated 11 newly 2.20 : '
Banana . ; Nielen,
Novaria discovered InDels 3.47X
: Ingelbrecht,
cultivar :
and Till
(2018)
) 203 rice _ . Wang et al.
enome Rice varieties 2,3 million SNPs 1.5aX (2016)
- ~2 million SNPs, Voichek
Wide 246 . . )
L Tomato . InDel, inversions > 6X ( and Weigel
Association accessions | ) 2020
T anocstons o
) ~35 million S, oiche
(GWAS) Maiz #?gslnbred InDel, inversions > 6X ( and Weigel
and translocations (2020)
RILs Ma et al
Rice O. nivarax 181,957SNPs ~2.83X '
Indica (2016)
RILs Korani et al
Peanut | Middleton x | 67,000 SNPs 0.5X (2021) '
Sutherland
Backcrossing Tong et al
Tabacum| BC4F3 24,142 SNPs ~1.00 (20291) '
population
QTL RILs
mapping Maize | X178 x 20,000SNPs 0.03 | Wangetal.
(2018)
HuangC
RILs Kale et al
Chickpea| ICC 4958 x | 53,223SNPs ~0.7 (2015) '
ICC 1882
Six R 4,408 to 6,704 _ Fang et al.
Soybean populations | SNPs 1.0 (2019)
120F; Wei et al.
Pepper ndividuals 171,199 SNPs 8.00X (2020)

RIL: recombinant inbré line.

tAverage number of reads per individual, accession, variety or line, multiplied by read length and divided by

genome size.
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In recent years, transcriptome sequencing and differential expression analysiglbdte
unravelthegenetic mechanism behitige flowering time regulation of several crops. For
instance, a recent study in cotton generated transcriptomes for ealdyeafiolwering

varieties at different developmental stages. After differential expression axgpEssion
analyses, 46 candidate genes regulating the cotton floral bud differentiation were identified.
From these, functional analysis of one candidate tgEht the construction of a new
flowering time regulatory pathway in cott@@heng et al., 2021A further example is given

for rapeseed. In this crop, leaf transcriptome analysis under vernalized anernalized
conditions provided novel evidenceraofunctionalization of flowering time regulators

(Shah et al., 2018Dn the other hand, the transcriptome profile of a rice transgenic line
helped to unravel circadian clock genes delaying rice flowering time in an expressioen level
dependent mannehltogether, these studies show the utility of transcriptome analysis to
unravel flowering mechanisms in crofhsu et al., 2018)

By publishing the reference genome of quifdarvis et al., 2017}ranscriptional studies

became possible. As a result, sevesakarchers have already used this technology for a
variety of studies. A recent experiment examined salt stress respotisesits of two

quinoa cultivars (QQ056 and 37TES) by transcriptome angl$kis& Gu, 2020) Besides,

Wu et al. (2019¥tudiedthe transcriptome of the =L cultivar to understand how

inflorescences developloreover researchers recently produced transcriptome data as part of
a study to understand the inhibition of quinoa seed germination by exogenous abscisic acid
(Wu et al., D20)

1.8. Increasing genetic variation for quinoa breeding

Genetic analysis tools such as QTL mapping and transcriptome sequencing offer a first
insight into the genetic mechanisms of a targeted biological process. However, scaling up to
investigae the function of major genes regulating these processes is essential. For this aim,
crop transformation is the ultimate tool to provide evidence of the function of such genes.
Apartfrom the utility of crop transformation agool for functional analysist can also be

used forthedirect introduction of useful genes into important crops; thus, supplying new and
genetically diverse plant materials to breeding progr@€ashavareddet al, 2018)

The introduction of novel genes into the nuclear genomdwefse plant species can be
accomplished using several methods that have been proven Atabley these methods,
delivery systems are the most employ&tpresent, there are two classes of delivery systems:
nonbiological systems and biological syste(Bsrbani, Farajnia, Toorchi, Zakerbostanabad,
& Noeparvar, 2008)Nonbiological systems encompa$sr instance, particle bombardment,
sonicationand eéctroporation. Meanwhile, the biological systems include transformation by
a viral vector and\grobacteriuramediated transformatioAgrobacteriuramediated
transformation is preferred for several crops since it reports higher transformation efficiencies
than nonbiological systems and signifies a stable transformgi@shavareddy et al., 2018)
Agrobacteriuramediated transformation can be carried out by cocultivation with explant
tissue;thus,requiring a weHlestablishedissue culturédbased regenerati@ystem. Another
possibility isin plantatransformation, which delivers the foreign genetic material through
Agrobacteriundirectly to the target plant tissue, abolishing the need for tissue culture.
Examples ofn plantatransformation include vacuum ihfation, thetransformation of
germinating seedsand floral dippingClough & Bent, 1998; Feldmann & David Marks,

1987)

In quinoa, there are several repantssuccessfuin vitro regeneration of shoots from different
quinoa explants, where direct as well as indirect organogenesis have been studied.
Investigated tissues fam vitro culture include cotyledon and hypocotyl, as well as callus
produced from roat(Hesami & DaneshvaR016; Hesami, Naderi, & Yoosefzadeh
Najafabadi, 2018; Telahigue & Toumi, 201Dark conditions were claimed to be appropriate
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for callus regeneration from hypocotyl and different concentrations of Murashige and Skoog
(MS) medium in different concentratisf plant growth regulators have been tegkézsami

& Daneshvar, 2016BesidesHesami et al. (2018gported a shooting rate of 93.33%
(percentage of regenerated shoots from the total number of exphantsgyh direct
organogenesis using cotyledonande explants MS medium supplemented with 2.0 mg/l 6
benzyl amino purinéBAP).

Despite the several reports on quimoaitro regeneration, there is only one report about
quinoa transformatiorKomari (1990)tested four differenfA. tumefacienstrains o infect
leaf disks, callusand cell suspension cultures. The DNA isolated from selective
transformants was analyzed by Southern hybridizatiomnasitcome Komari (1990)
reported on transgenic cells in the suspensigtureonly. However, all attempt®
regenerate plants from these cells warsuccessful

Notwithstandingarecent VirusMediated transient expression technique (VIGS) protocol
offers an alternative for functional studies given the ladkasfsformation protocols for
quinoa(Ogata etl., 2021) Ogata et al. (202Xlaimed thatheapple latent spherical virus
can induce gene silencing of quinoa. They carriedt@sgilencing of genes involved in
betalain productionTheyclaimed that the apple latent spherical vicasld betransmitted to
the progeny of quinoa plants.

1.9. Hypotheses, objectives, and scientific questions

| present my studin three chapters. In the first chaptesjmed to map QTL for
agronomically important traits. For thasém, | used k and Kk segregating popgations grown

in the greenhouse and field, respectively. In the second chapter, | aimed to identify genes
differentially responding to photoperiod and involved in flowering time by transcriptome
analysis. For this purpose, | usbe shoriday accessio®-12082 and the dageutral
accession P614886.Finally, in the third chapter, | aimed to investigate the feasibility of
Agrobacteriumamediated transformation in quinoa.

Overall, | aimed to answer the following questions:

1. Which QTL control flowering time, @aturity, plant height, panicle length, thousand
kernel weightand seed yield in quinoa?

2. When is the flowering initiation stage in quinoa accessions underddpdnd long

day conditions?

Is the flowering time differently regulated under skiay and lag-day conditions?

Do the candidate genes for photoperiod sensitivity express differently between

photoperiodsensitive and insensitive genotypes?

5. Can quinoa be transformed by #grobacteriummediatedransformation system?

ko
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2. High-density mapping of QTL controlling agronomically important
traits in quinoa (Chenopodium quinoa Willd.)
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2.1. Abstract

Quinoa is a pseudocereal originating from the Andean rediespitequinoa’s long
cultivation history, genetianalysis of this crop is still in its infancWe aimed to localize
QTL contributing to the phenotypic variation of agronomically important traits. We crossed
the Chilean accession-BI14889 and the Peruvian accession CHEIS, which depicted
significant dfferences in days to flowering, days to maturity, plant height, panicle length,
thousand kernel weight (TKW), saponin content, and mildew susceptibility. We observed
sizeable phenotypic variation acrosgkants and gfamilies grown in the greenhousedan
the field, respectively. We used Sksaq to genotype the Bopulation and constructed a
high-density genetic map with 133,923 SNPs. Fifteen QTL were found for ten traits. Two
significant QTL, common in Fand k generations, depicted pleiotropy for ddp flowering,
plant height, and TKW. The pleiotropic QTL harbored several putative candidate genes
involved in photoperiod response and flowering time regulation. This study presefitst
high-density genetic map of quinoa that incorporates QTIséweral important agronomical
traits. The pleiotropic loci can facilitate markassisted selection in quinoa breeding
programs.

2.2. Introduction

Quinoa Chenopodium quino®illd.) is a pseudocereal native to the Andean region of South
America. It is an allotetraploid species (2n = 4x = 36), with a genome size ef.b@%&b

(Jarvis et al. 2017)Quinoa is characterized by its broad genetic variation and adaptation to
biotic and abiotic stresses. It exhibits resistance to insects and diseases and tolerance to frost,
drought, and salinity. Furthermore, quinoa seeds have outstanding physicochemical,
nutritional, and functional properties for human consumption. Due to thepeeusialities,

quinoa is considered an option to improve world food sec(4igndia et al. 2021)

Quinoa cultivation has transcended continental boundaries and it is present in Europe, Africa,
and Asia(Alandia et al. 2020)However, substantial breediefforts are still needed to

explore all quinoa qualities and to expand its cultivation worldwide. Quinoa breeding aims for
short, noAbranching plants with a compact panicle, as well as increased tolerance to abiotic
and biotic stresses. Nevertheless, itiiain breeding objective in quinoa remains to be the
development of higlyielding varieties andn temperate regions and high latitudes of Europe,
North America, and China, the adaptation to lolag conditiongMurphy et al. 2018;

Patiranage et al. 20R1Thus, for breeding quinoa, a better understanding of the molecular
regulation of flowering time and ddgngth responsiveness is essential since yield potential

and local adaptation are largely determined by these processes.

Despitebeing a domesticataemtop, quinoa has not yet reached its full potential but molecular
and genetic technologies may help change this situ@glandia et al. 2021)in this scenario,
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QTL mapping is useful to understand the genetic basis of quantitativeThetase of
seqiencing technologies and computational analysis has made QTL detectioneakien.
sequencing (Skirseq),genomes are sequenced at low coverage and sequence variants are
called after mapping to a reference genome. Later, imputation is performed bagsatetc
linkage. Due to the large size of linkage blocks, Skeq is a suitable method for genotyping
F> and R segregating populatior{&olicz et al. 2015; Kumar et al. 2021)

To date, only a fewC. quinoalinkage maps are available. The first quitiokage map was
constructed using 216 SSR (simple sequence repeats) markers using a recombinant inbred line
(RIL) population. The map consisted of 38 linkage groups (LGs) covering 913aMs et

al. 2008) Another linkage map contained 14,178 SNPs (K&Sf&notyping) mapped in two

RIL populations. This map consisted of 29 LGs spanning 1,408Maghan et al. 20127

recent linkage map hiarvis et al. (2017ombined the map fromdlaughan et al. (2012yith

two new linkage maps. The resulting map corgd,403 markers on 18 LGs spanning 2,034
centimorgans (cM). A few studies have attempted to identify loci for agronomically important
traits in quinoa so faCervantes and van Loo (20%idgntified QTL for color, flowering

time, and yielerelated traitsising an Epopulation of 94 individuals from a cross between
6Carina Redd6 (bitt erhitterdld vatkety)s theydided adinkdge mapt | a s 6
constructed with 1,076 SNPs and localized two major QTL, one for days to floral bud
appearance on opbmosome Cg6B, and another one for seed characters on chromosome

Cqg2B. In addition, a recent genomwade association study with 2.9 million markers

uncovered significant markérait associations for days to flowering, days to maturity, plant
height, and anicle length on chromosome Cq®@Ratirange et al. 2020)

In this study, we aimed to create a higmnsity linkage map and localize QTL for
agronomically important traits. A higthensity linkage map was constructed with an F
population from a cross betwea Chilean and a Peruvian accession. Agronomic traits were
assessed in the population and thesfjeneration derived thereof. We mapped a number of
highly significant QTL and we identified candidate genes within the QTL confidence
intervals. Molecular rarkers tightly linked to the QTL can be helpful for mar&ssisted
selection in quinoa breeding programs.

2.3. Methods

2.3.1. Plant material and growth conditions

The Chilean quinoa accession@14889 (seed parent; seed code 171115) was crossed with
the Peruvian inted line CHEN109 (pollen parent, seed code 17087%applying hot water
emasculatiofEmrani et al. 2020)The k plant was selfed to give rise to thegepulation

(seed codel90031) The k population (seed code$91203191562)consisting of 334

families, was produced by selfing plants Supplementary Tabl#). A total number of 336

F> individuals and 10 plants of each parent were growi8iom pots from March to October

2019 in a greenhouse under led@y conditionsn Kiel, GermanySeeds were harvested from
August to October 2019 hree hundred thirtjour Rz families and their parental lines were
mechanically sowim a plantto-row schene in the field in 202010.0°E 54.3°NAchterwehr,
Germany)One hundred fifty seeds were soimrtwo-meter single rows (one cm sowing

depth) with 50 cm spacing between rows under a complete randomized block design with two
blocks. Mechanical weeding waarried out four weeks after sowing using a row crop

cultivator and hand weeding was performed five and seven weeks after sowing. Thinning was
performed six weeks after sowing, aiming at 20 plants per row distanced at 10 cm.

2.3.2. Phenotypic evaluation

The following traits were assessed in both populations: days to flowering (DTF), days to
maturity (DTM), plant height (PH), panicle length (PL), panicle density (PD), saponin content
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(SC), and thousand kernel weight (TK\(®upplementary Tabl2). Mildew susceptibility

(MS) was recorded only in thespopulation in the field, whilseed weight per plant (SW)

and seed number per plant (SKgre recordednly in the B population. h the Etrial, 336
individual plants and 10 plants of each parental line were phenotyped. In the field, ten plants
per block and family and the parental lines were phenotyped (a total of 6,720 plants). Plants
with significant biotic stress damage in tield (e.g., insect damage) were excluded from
phenotyping $upplementary Tabl&). We carried out phenotyping at different BBCH stages,
which were defined b 0 s a Z u n i g aAddittonaldyto.verify e@etic/sg¢gregation

in the k& generationwe phenotyped red ayigmentation in all 336 individuals.

2.3.3. DNA isolation and PCR

We verifiedgenetic segregatidoy molecular marker analysikeaf genomic DNA was

isolated from 48 plants and 194 plants by the standard CTAB meth@brebski et al.,

1997) We used thénDel marker JASS53upplementary Tabl@) (Zhang et al. 2017)

Polymerase chain reaction (PCR) and agarose gel electrophoresis were carried out following
the details pesented irBupplementary Tablé

For wholegenome sequencingie sampled young leaves from 33gpkants at BBCH 22 and
freezedried them. We extracted DNA from thesaamples by a modified protocol of the
GenomicMicro AX Blood Gravity kit (A&A Biotechnology GdanskPoland) The
modifications to the protocol include a starting sample quanti®) ehg ofgroundsample
treated withB0O plof lysis bufferfor 30 min Additionally, RNasetreatment was performed
10 pl RNase A solution (6 mg RNase A in 600 ul of watéfe verified the quality of the
isolated DNA by agarose gel electrophoresis (0.8%, 60 V, 60 min).

2.3.4. Whole-genome sequencing and bioinformatics

Whole-genomesequencing libraries were constructed using the protoddhyi et al. (2015)

and normalized for equimolarity using a BioTec Synergy HTC multimode plate reader. The
library was sequenced by Illumina NovaSeq PE150. We aimed to ~1x coverage per sample of
whole-genome sequences of theifdividuals (Skimseq). The genome sequences of both
parentsCHEN-109andPI1-614889 were already available with a coverage of 7.45x and

8.00x, respectivelyPatirange et al. 2020\Ve trimmed raweads with Trim_galore v 6.4
(parametersq 301 fastqci paired)(Krueger 2015)sorted and indexed them with

SAMTOOLS 1.10(Li et al. 2009)and deduplicated them with MarkDuplicates (parameter
REMOVE_DUPLI CATES = TRUE {(Bomadinstitute 20Pd)QAitg D v 2 .
control was done withFastQC and MultiQC by removieads containing N > 10% (N
represents the percentage of the nucleotides that cannot be determined) and a quality base
filter of Qscore <=5 (over 50% of the total bas®’e mapped the reads tetuinoa

Reference Genome QQ74_V2 (CoGe Genome ID: id60716). We called variants using
HaplotypeCaller irERC GVCF modéPoplin et al. 2017)Markers were named as

Achr omosome number _ EHilR s2B4598T)Wekaepsonly horooaygouy e . g .
loci within each parent and considered only SNPs with a minimum base quality of 30
(minQ=30) and minor allele frequency (maf): 0.1. Then, we imputed the missing data by
FSFHap (maf: 0.1 MaxMissing: 0.8; Window: §@®warts et al. 2014 After imputation, we
appled the following filters: miralleles: 2; masalleles: 2 maxmissing: 0.3; maf: 0.1.
Finally, we transformed the data to a pafieased format (.abh) by usitige GenosToABH
plugin from TASSEL(Glaubitz et al. 2014 using the codeA: pollen parent, B: esed parent,
H: heterozygousWe performed quality control of the imputed data in .abh format by
segregation distortion and percentage of missing(@&&lgenotypeR R packagéireuscher
and Furuta 2016)T'he bioinformatics pipeline is illustrated Supplementary FiguréA.
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2.3.5. Linkage map construction

First, we performed final filtering of thexpopulation Supplementary Figur&B). We

excluded Eplants with more than 30% missing data. Only markers present in more than 302

Fopl ants and fitting a 1:2:1 (U=0.05) segrega
excluded Aidentical o individuals with >95% s
genetic map by MSTMa@Nu et al. 2008ith the following parameters: Kosambi function,

cut-off p-value = 109, no_map_dist: 15, no_map_size: 2, missing_threshdldMarkers

with an esti mat ed -04 e@vmwere clusterediint biesnFinally, ®e 1. 00 E
performed several analyses for quality control of our genetic map. To begin with, we checked
segregation distortion and estimathd number of crossovers addublecrossover following

the guidelines given broman (2010)In addition, we analyzed parental allele frequencies

and collinearity of our linkage map with the physical map. Moreover, we used a heatmap of

our linkage map to look for switched allel&¥e used LinkageMapViewR, ASMapR, and

R/qtl for quality control of the genetic m@Broman et al. 2003; Ouellette et al. 2018; Taylor

and Butler 2017)

2.3.6. QTL mapping and pleiotropy analysis

We carried out QTL mapping by composite interval mapping using the software package
R/qtl version 1.4& (HaleyKnott with forward selection to three markers and a window size
of 10 cM)(Broman and Sen 2009y he threshold for the logarithm of odds (LOD} &

significant QTL declaration was calculated by 1000 permutations of the gewioi@e

maximum LOD. The 98and 99" percentile of this distribution were used asgeaome

wide LOD thresholds (5% and 1% LOD thresholds). The confidence intervals weutated
using the 95% Bayes credible interval method. QTL effects were calculated with the nearest
markers as the phenotypic differences between marker genotypes. The percentage of
phenotypic variation explained by each QTL (R?) was estimateldiy d r-omgQTL-at-a

ti meo analysis. A simple additive model for
the multiple imputation method and the Hakeyott regression. When a putative pleiotropy
was observed, it was confirmed the gtlpvl R package, andraultiple trait QTL analysis

was performedTian et al. 2016)After confirmation of pleiotropy, pleiotropic sites were
analyzed as single multitrait QTkdanone.mvn)itobtain Bayes intervals and R? values.

2.3.7. Epistasis analysis

A genomewide epistasis atysis was performed to describe how alleles influence each other.
For this purpose, we uséltecape R packag@yler et al. 2013)To facilitate the analysis in

terms of computational time, the software decomposed the phenotypes matrix into eigentraits
(ET) by singular value decomposition (SVD). Then, we selected the two ET capturing the
highest total variance among the traits to perform a paisegae of the variants (SNPs).

From this scan, the software found interactions between alleles (epistasible apdstatic

models were combined across ET to find allelic effects on the phenotypes included in the
ETs. Positive and negative allelic effects refer to the reparametrized coefficient (either <0 or
>0) from the pairwise regression as describedydgr et al. (2013) Ultimately, the results of

this analysiglescribe how alleles influence each other, in terms of enhancement (positive
coefficient) and suppression (negative coefficient), as well as how gene variants influence
phenotypesThe results of this analysis were plotted as heatni&psontribution tohe

phenotypes was estimated for all bins of our genetic map, and heatmaps were constructed
with 1,000 randomly selected markers. Effect calculations were performed in reference to the
seed parent (F814889) allele.
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2.3.8. Candidate gene identification and haplotype analyses

We retrieved annotated genes from the reference genome within the regions of the confidence
intervals of each QTL to explore possible candidate geg#drom QQ74_V2; CoGe

Genome ID: id60716We selected preliminary candidate genesgugie UniProt

Knowledgebase database (UniProtKB)géne was considered a candidate when a related
function to the identified QTL was already described in other plant species. Then, we
searched for variants (SNPs and InDels) within the parental sequEraresthis search, we

kept homozygous genes and gave preference to those variants with a putative effect on the
function of the encoded protein. Following, we evaluated the haplotype of the selected
variants in the Fpopulation, as follows: we clusterecethhenotypes according to the
corresponding genotype at the variant site; later, we perfornegis t s ( U=0. 05) t o
DTF, PH, and TKW among the created clusters. To further evaluate the phenotypic effect of
the variants, we useghole-genome sequen@rand phenotypic data of 310 quinoa

accessions grown in a twaeear experiment in Kiel, Germany. This dataset comprises 2.9

million high confidence SNP and 414,891 InDel I@@atirange et al. 2020\Ve followed the

same procedure as for the haplotype eatodn in the Epopulation. We assigned letters for

each allele to describe the genotypes (&@\;1 homozygousA:A> heterozygous). A

complete description of the nomenclature is giveBupplementary Tablg

2.3.9. Heritability estimates and statistical analysis

The phenotypic (W), genotypic (\&), environmental variances £)/ and the broad sense

heritabilities (R) were estimated using Bata(Falconer 1996)The heritability values were

classified as low (below 30%), medium {80%), and high (above 60%) as suggested by

Johnson et al. (1955Genotypic coefficients of variation (GCV), phenotypic coefficients of

variation (PCV), environmental coefficients\ariation (ECV), and genetic advance with a

selection intensity of 5% (GA) were calculated as describe®ifgh and Chaudhary (1977)

I n addition, phenotypic correlation coeffici
between the FandFs populations were estimated using the phenotypic value of egallaft

and the average value of eacifamily.

The mean of eachsFamily or parental line was used to estimate the corresponding phenotypic
value. The percentage of transgression was defisgbde number of plants with a phenotypic
value exceeding the mean value of the superior parent or below the mean value of the inferior
parentdivided by the total number of phenotyped plants for the corresponding trait. We
performed# e st s ( Uted sighificant differencee between phenotypic values of the
parental lines.

2.4. Results

2.4.1. Segregation and phenotypic analysis of F2 and Fz populations

We verified the expected 1:2:1 genetic segregation inilpegpulation by two approaches:
phenotyping oftie red axil pigmentation (complete dominance of red color over green color)
(Simmonds1971)and molecular marker analysis. We phenotyped red axil pigmentation in
all 336 k individuals while genotyping was carried out for 48 individuals. Likewise, the
expected segregation in the generation (3:2:3) was verified by molecular markénse

hundred ninetsfour plants were genotyped from 20 randomly selectddrhilies
(Supplementary TabléandSupplementary Figurg).

Both populations, Fand R, exhibited a vast phenotypic variation under field and greenhouse
conditions Supplementary Figur®). Moreover, substantial transgressive segregation was
found for all traits Table3). The highest transgression percentage was found for TKi\e

F2> generation. On the other hand, heritabilities ranged between 38.02 and 91.06% with TKW

15



Chapter 2
exhibiting the highest heritability value (91.06%). Besides, DTF, DTM, PD, and MS showed

high heritability (79.77 to 82.99%) while PH and PL exhibited modédratitability (38.44%
and 38.02%, respectively)able4). Importantly, only34.9% of the~; plants reached

maturity before harvesting in the fieldhus,fewer plantsverephenotyped for DTM in thesF
population(Supplementary Tabl®).

Table 3. Results from the quinoa populations grown in theeghouse ( and the field (k) and their parental

lines. DTF: days to flowering, DTM: days to maturity, PH: plant height, PL: panicle length, PD: panicle density,

TKW: thousand kernel weight, SW: seed weight per plant, SN: seed number per plédapsain content, MS:
Mildew susceptibility. NA: data not available due to {ataturity genotype.

Populatiory Meanz SD - . Transgression
Character Sarent 5019 5020 Minimum | Maximum (30)
CHEN-109 61+22 72132 - - -
DTF PI-614889 76+1° 96+4° - - -
F, 69+5 - 55 87 29.17
Fs - 82+9 67 77 14.63
DTM CHEN-109 177+7° NA - - -
PI-614889 110+28 12944 - - -
F 137114 - 110 194 11.91
Fs - 15249 123 165 NA
CHEN-109 151.40+7.06 | 164.74+27.56 - - -
PH (cm) PI-614889 83.90+6.0¢ | 137.11+13.98 - - -
F. 136.3+£20.63 - 83.00 193.00 22.02
Fs - 163.14+27.85 50.00 265.00 66.49
CHEN-109 37.20+4.32 32.3746.74 - - -
PL (cm) PI-614889 16.30+£2.49 29.47+9.4F - - -
F. 24.07+6.14 14.00 50.00 8.33
Fs 32.85+10.4 10.00 80.00 76.31
CHEN-109 3.00+0.0¢ 1.051£0.23 - - -
PD PI-614889 5.00+0.00 2.68+0.58 - - -
F 3.61+1.49 - 1 7 14.88
Fs - 2.49+1.05 1 5 77.17
CHEN-109 2.00+0.14° 1.52+0.08 - - -
PI-614889 2.44+0.38 2.64+0.03 - - -
TKW (9) ) 2.75+0.49 1.18 3.91 77.97
Fs 2.62+0.29 1.58 3.45 48.17
CHEN-109 1.07+0.28 - - - -
SW (g) PI-614889 5.90+0.88 - - - -
) 4.10+1.48 - 0.06 7.22 13.29
CHEN-109 633161 - - - -
SN PI-614889 2,432+328 - - - -
) 14691471 - 51 3,251 6.25
CHEN-109 6.84+0.20° 6.5+2.12° - - -
sc PI-614889 3.20£1.09 2.00£0.0¢ - - -
) 5.68+4.22 - 2.00 24.00 47.02
Fs - 12.618.28 2.00 30.00 57.97
CHEN-109 - 2.95+0.23 - - -
MS PI-614889 - 2+0.642 - - -
Fs - 2.34+0.69 1 3 59.42

Different letters*’indicate significant differences between parental lines in each y£201B; R:2020) (ttest,
U=0.05) .
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Table 4. Statistical parameters calculated for eight phenotypic characters measuredsipdpal&tion. \é:
phenotypic variance, ¥ genotypic variance, ¥ environmental variance, PCV: phenotypic coefficient of
variation, GCV: genotypic coefficient of variation, ECV: environmental coefficient of variattobydadsense
heritability, GA: gendc advance as percentagetivdmean. DTF: days to flowering, DTM: days to maturity,

PH: plant height, PL: panicle length, PD: panicle density, TKW: thousand kernel weight, SC: saponin content,
MS: Mildew susceptibility.

Parameter | DTF | DTM PH PL PD MS TKW SC
Vp 72.54| 81.01] 775.68| 108.15| 1.10 0.48 0.02 8.28
Vg 60.20| 64.62| 298.20] 41.11] 0.90 0.40 0.02 7.22
Ve 12.34| 16.39/477.49] 67.03] 0.20 0.08 0.002| 1.06
PCV (%) | 10.34] 5.94| 17.07| 31.66| 42.06] 41.67 5.70] 22.81
GCV (%) 9.42] 5.30] 10.59| 19.52| 38.12 37.93 5.44| 21.30
ECV (%) 4.26| 2.67| 13.39] 24.93| 17.78 17.26 1.70| 8.16
h? (%) 82.99| 79.77| 38.44] 38.02| 82.14| 82.85| 91.06] 87.19
GA (%) 17.68] 9.76| 13.52| 24.79| 71.16 71.12| 10.70| 40.97

Then, we calculated correlations between all evaluated traits wehirs. The highest
correlation was found betowe@n6®DTFPe@&s @HO$ Pe
(Figure2). Both traits, PH and DTF, were significantlyroelated with DTM. Furthermore,

DTF showed a high negative correlation with TKW érd E) and with SN and SW (only

F2). In general, taller plants flowered later, reached maturity later, and depicted a reduction in
the yield traits values, while shortdapts flowered earlier, reached maturity earlier, and
showed higher values for the yielelated traits. Additionally, significant correlations for

DTF, DTM, PH, PD, and PL between thgdfants grown under greenhouse conditions and
their i progenies werealculated, with the highest values for DTF (0.73) and PH (0.66).
Surprisingly, SC showed a | ow correlation

2.4.2. Sequencing the F2 population revealed millions of SNPs

We sequenced the genomes of 33pl&nts, the parents of the families grown in the field.
Skim-Segby lllumina NovaSeq PE15@sulted in a total data output of 4.98 million raw PE
reads on average per individual (~1.07x coverayéyeads passed the quality base filter
requirement (@core<=5), and 0.0053% of the raw data were removed due to a high number
of nucleotides that could not be determined (N>10%)

Seventeen million SNPs were obtained after mapping and variant ¢&lliggjementary
Figured). First, these SNPs were filtered by maf: 0.1 and minQ30, producing a data set of 4
million high-quality SNPs with a high percentage of missing data (~86Updlementary
Figureb). After imputation, the proportion of missing data was reduced from ~86.0% to
~11.0%. Following the next filtering steps, we obtained a set of 249,744 tality biallelic
SNPs with 4.2% mssing data$upplementary Figur@), 21.2% homozygous markers for the
pollen parent allele, 26.5% homozygous markers for the seed parent allele, and 52.3%
heterozygous markerkigure3). We used this set of markers for genetic map construction.
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Figure 2. Correlation betweephenotypic traits measured inthegrd cpop ul ati ons.
correlations between;nd kpopulations. (B) Correlations between nine traits measured in ffapElation
(C) Correlations between eight traits measured in tip@pulation. In (B) and (C), bivariate scatter plots are

shown below the diagonal, histograms on the diagonal, and the Pearson correlation above theDidgonal

(A)

days to flowering, DTM: days to maturity, PH: plant height, PL: panicle length, PD: pasitséy] TKW:
thousand kernel weight, SW: seed weight per plant, SN: seed number per plant, MS: Mildew susceptibility, SC:

saponin content
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Figure 3. F:individualbgenotype frequencieebomozygoudor the CHEN-109 parenéal allele, heterozygous
andhomozygousdor the P+614889parertal allele

2.4.3. Construction of a high-density linkage map

Ahead of genetic map construction, thepbpulation sequences were cleaned based on our
quality criteria Two plants were removed due t80% missing dataupplementary Figure

6A), and 15,933 markers were removed because they were missing from >10% of the
population Supplementary FiguréB). Another 99,898 markers were removed because they
did not segregate in the expected 1:2:1 manner. No plants had to be removed due to high
(>95%) sequence similarity to anothergfant(Supplementary FigurgéC). Asanoutcome of

our final filtering, 334 E plants were used to construct a genetic map with 133,913 markers,
resulting in an average density of one marker per ~8.97 Kb. The resultirigc geap

consists of 21 linkage groups (LG), with the chromosomes 5B, 6B and 8B split into two LGs
each Table5, Supplementary Tablé). Moreover, the linkage map has an average density of
~ 88 markers per cM, where one cM corresponds to ca. 0.83iiplementary Figur@).

For further steps, we created 5,219 bO4ns
cM were clustered into.

wh e

2.4.4. QTL mapping, pleiotropic loci identification, and epistasis calculation

We mapped)TL for ten agronomically important traitssing phenotypic data of 334 F

plants and 328 FHamilies, which had passed our quality cheSkplementary Figur@).

Fifteen QTL were identified, ranging from one to three QTL per ffable6). We found

pl eiotropy at seven QTL, pelod Kdgorebmedr e named
Supplementary Figurel). Two QTL (pleio4.1andpleio14.]) were in common between F

and R, whereas six ansevenQTL were found only in FFor Fs populations, respectively.
Togetherpleio4.1landpleiol4.1explained 22.01% of the phenotypic variation for TKW, PH,
and DTF, being this the strongest effect observed among all (§ib20.1andpleio4.1

showed the highest additive and dominance effect, respectively.

W i
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Table 5. Summary statistics of the quinoa linkage map based plahkts derived from a cross between CHEN
109 and P¥614889. The physical size of each chromosome was taken from the reference genome QQ_74 (CoGe
Genome ID: id60716).

Chromosome Size Linkage group | Size (cM) No. of No. of bins
(Mb) markers

CqlA 57.1 1 8 2 11, ¢ 32
CqlB 71. 6 2 79 2, 3 18
Cg2A 53. 7 3 87 11, 31
Cqg2B 73.5 4 110 5, 6 34
Cqg3A 57.3 5 97 8, 8 34
Cq3B 72. 8 6 77 8,7 25
Cg4A 59. 3 7 114 9, 4 38
Cq4B 71.7 8 914 9, 6 36
CgbhA 64. 6 9 90 10, 32
Cq5B 78.0 10 22 1,1 10
11 32 2,4 12

Cgb6A 66.9 12 116 5,5 31
Cq6B 87. 2 13 2 4 1,9 11
14 25 87 10

Cq7A 57.6 15 51 3,8 20
Cq7B 75. 9 16 91 9,0 27
Cg8A 59. 2 17 104 12, ¢ 50
Cq8B 75. 0 18 7. 57 4 2
19 46 1,6 11

Cq9A 54.5 20 83 8,5 22
Cq9B 63.80 21 80.9 7,046 265
Total 1,200.71 - 1,520.1 133,913 5,218
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Figure 4. Collinearity between the linkage map constructed in this study and the physical map from the
reference genom@Q74_V2 (CoGe Genome ID: id60718he graphs were constructed with 133,913-non
binned markers.
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Table 6. Summary statistics of QTL mapping with thegpBpulationand 328 Efamilies. The trait acronyms are explained in the methods section. LG: linkage group; Chr: chromosome, R2:
estimated percentage of the phenotypic variance explained by the QTL.

. . Confidence Flanking R2 (%) i Effect? No. of
Trait Population | QTL name Interval (cM) markers LG Chr QTL Trait p-value Additive | Dominant gene$
. chr4_ 53552445,
DTF, PH, TKW pleio4.1 69.1064.44 chrd 50421644 4 Cqg2B 10.55 3.68E03 -7.17 8.74 104
Fand R chri2_8042206 22.01
pleiol4.1 8.9516.00 chr12__82045210 14 Cq6B 6.52 3.68E03 6.73 -3.17 178
. chrl7_4653672,
PH, PL, PD pleio20.1 10.3922.00 chrl7 38090534 20 Cq9A 10.86 | 10.86| 6.47E09 -9.13 -3.25 660
DTF, PH, PD, . chr4_ 53811433,
TKW pleio4.2 69.0064.59 chrd 50411615 4 Cq2B 12.44 | 12.44| 3.43E10 -6.79 7.68 110
chr3_17349205,
DTM . dtm3.1 35.6443.00 chr3_ 37087692 3 Cq2A 8.73 8.73 | 3.42E05 -0.58 0.32 470
3
ms4.1 1.687.00 chra_69599485, 4 Cq2B 0.38 0.264 -0.17 0.11 410
chr4_ 66031413
MS chr5_14713288 0.43
ms5.1 70.0076.69 chr5__9505959 5 Cq3A 0.06 0.955 -0.22 0.10 407
PD chrl4 1851842,
pd16.1 42.3244.72 chria 17111206 16 Cq7B 10.80 | 20.44 | 1.99E15 -0.28 0.03 47
DTF, DTM, PH,
PL, SW, SN, pleio4.3 59.6262.00 chra_53467737, 4 Cqg2B 16.21 | 16.21| 1.78E13 -3.21 0.41 88
TKW chr4_ 50761666
. chr7_2959770,
DTF, PH, PD, SW, pleio7.1 5.3220.00 chr7 3472874 7 Cq4A 10.97 | 10.97 | 5.02E09 -2.31 -1.31 56
chr6_12791379,
SN sn6.1 35.8937.54 chré 23647528 6 Cq3B 2.77 5.46 0.010 1.02 0.15 313
F chrl5 4808587,
TKW tkwl7.1 18.9823.78 chrl5 45144697 17 Cq8A 4.02 8.14 0.001 -0.96 -1.01 156
chr10_ 9590242,
sapl0.1 0.002.63 chrl0 8685894 10 Cqg5B 6.60 3.68E03 -1.51 -0.69 80
. chri2 5194791,
Saponin sapl3.1 14.6120.93 chri2 2345937 13 Cg6B 9.31 | 21.98 | 3.68E03 -1.39 -1.68 262
chrl5 5709440,
sapl7.1 2.2510.21 chr15 52868334 17 Cq8A 6.63 3.68E03 -1.43 0.60 365

aRelative to the P614889 allele
bGenes within the confidendeterval(retrieved from quinoa genome QQ_74 \&hGe Genome ID: id60716).
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Figure 6. Comparative QTL analysis to detect pleiotropic QTluvo tests were performed: (Anhevs.two QTL

and (B) one vs. Aind QTL. Tests were performed consi de
F, and k populations (top graphgieio4.]; bottom graphspleiol4.]). The black curve is the LOD score curve

for the singleQTL model, withthe estimated QTL location indicated by a black triangle. The blue and pink

curves are profileOD score curves for thisvo-QTL model. Dots indicate the LOD score for the traits

considering a singl®TL model.The LOD scores for each model were also caked and the difference

between these LOD scores is reported below the plots.

We performed @enomewide epistasis analysis to investigdiew alleles influence each
other in terms of enhancement and suppression and also examined how diffeliesnt
influence phenotypes (DTF, PH and TKWK&s the first step of this epistasis analysis, the
phenotype matrix was decompodsdsingular value decomposition (SVD) into eigentraits
(ET). Two ET captured 69.00% and 21.00% of the total variance amongHb,land TKW
and were selected to perform a pairwesan of the SNP$-{gure7A). Then, we constructed a
heatmapvhere 46,52% of the allelesthe gerome level had a minor simultaneous effect (>
1 or <1) on DTF, PH and TKW. Moreover, alleles located within the pleiotropic region
pleio4.1showed 252 significant interactions with other alleles in all LGs, except for LGs 14,
15 and 18. Interestingly, wedad that 96.82% of the alleles located withlaio4.1(source 4
in Figure7B) had suppressive interaction with other alleles at the genome level
(reparametrized coefficient <Oyloreover, while R614889 alleles gileio4.1(source 4 in

Fig 6B) had a negative effecdt @ TF and PH and a positive effect on TKW;624889

alleles apleiol4.1(source 14 irrFigure7B) had a positive effect on DTF and PH and a
negative eféct on TKW.Positive and negative SNP effects refer to the reparametrized
coefficient (either <0 or >0) from the pairwise regression as describ&gdyet al. (2013)
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Figure 7. Genomewide epistasis analysis and effects of alleles at genome level on days to flowering (DTF),

plant height (PH) and thousand kernel weight (TKW). (A) Decomposition of phenotypes into eigentraits (ET).

The olors of the heatmap correspond to the global variasotidn of each ET. (B) Heatmap showing

interactions between all paiof alleles athegenome level, resulting from a pairscan analysis. Every allele was
assigned as fAsourceodo and Atarget & f dheintérddien opexeryr scan an
allele (assigned as source) on the phenotypes involved in the pleiotropy is shown. The heatmap scale represents

the reparametrized coefficient calculated by the software and might be interpreted as the direction of the allelic

effect. Grey dts show marker pairs that were not included in the pairwise scan due to complete linkage.

Numbers at the x and y axes in white and grey boxes correspond to linkage groups.
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2.4.5. Identification of putative candidate genes controlling agronomically
important traits

We searched for candidate genes within the confidence intervals of all QTL. We reasoned that
trait-related SNPs could be found within or close to the genes contributing to quantitative
variation (quantitative trait genes, QTG). Altogether, 1,874 garere found within non
overlapping confidence intervals of fifte@TL (Supplementary Tablé). Nevertheless, we

focused on the QThleio4.1andpleiol4.1because of their pleiotropic effecia multiple

traits and because theyere common in £and k populations. Accordingly, the QTjleio4.1
andpleiol4.1contributed to the phenotypic variation of three traits: DTF, PH and TKW, and
282 genes weridentified within their confidence intervals.

Among the 282 genes described above, we found 41 genes with a previously described
function related to floweringgme, photoperiod, and yield regulation in other plant species.
Later, we compared the sequesioé these genes between both parents of the population
(Suppkmentary Tabl8). From all the SNPs and InDels that differed between the parents for
the ®lected genes, we chad®se that were homozygous for each parent and had a putative
effect on the function of the encoded protein. From 83 selected variants, we could identify
only seven SNPs in the sequencing data of th@opulation Supplementary Figurg2). To
assess the possible effects of the variants, we grouped plenEs according to the
corresponding Fgenotype at the variant locus areffpormed# ests (U=0.05) to
DTF, PH, and TKW between the groups. As result, nortkeohnalyzed varianexplained

the phenotypic variance observed for DTF, PH and TiSGpplementary Figurg?).

Afterward we usedavailablewhole-genome sequencing and phenotypic data of a quinoa
diversity set (310 quinoa accessions grown in ayear experiment in Kiel, Germany)

(Patirange et al. 202®) perform the same arnalis. Namely, we grouped the diversity set

based on the genotypes of thepBrents (eitheCHEN-109 or P1614889)at the variant locus

and performedt ests (U=0.05) to compare DTF,.AsPH, an
result, we observed several dfggant phenotypic differences for PH and/or TKW and/or

DTF when we grouped the quinoa diversity set based on the genotypes of our seed and pollen
parents $upplementaryigure13). Interestingly, a missense SNP variant 8t-KINASE
INTERACTING PROTEIN @'KI1) had simultaneous significant effects on DTF, PH and

TKW (Figure8). Accessions in the quinoa diversity set that carried tH&LRP889 genotype

(N1Ny) at chr12_81633685 flowered earlier, were shorter and showed higher TKW values than
those carrying the CHENI09 (N2N2) genotype. Furthermore, a frameshift variant and a
disruptive inframe deletion aDNA (CYTOSINE)-METHYLTRANSFERASE(MET1bH had
simultaneous significant effects on DTF, PH and TKW. Accessions in the quinoa diversity set
carrying the deletionral the frameshift variant (CHERO9 genotype) flowered later, were

taller and had lower TKW values than those accessions without the deletion and the
frameshift variant (R614889 genotype). A similar scenario was observed for a disruptive in
frame inseron atRICESLEEPER3yhere the accessions carrying the insertion (CHES
genotype) had higher values of DTF, PH and lower TKW valkigsi{e8).
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Figure 8. Evaluation of variant haplotypes using availalvlele-genome sequencing and phenotypic data of

310 quinoa accessiofBatiranage et al., 2020henotypic effects of haplotype variations within four candidate

genes are showTSL-KINASE INTERACTING PROTEIN(TKI1) (SNP: chri2_81633685)NA (CYTOSINE
5)-METHYLTRANSFERASE(MET1b (frameshift variant chr4_56534732)NA (CYTOSINE)-

METHYLTRANBERASE YMET1D (disruptive inframe deletion chr4_56534915), &1I@ESLEEPER3
(disruptive_inframe_insertion chr4_55091902). The variants genotypes correspond to, for ifgtdn@ayr

homozygous parent F814889),N:N. (heterozygous)N:N, (our homozygas parent CHENLO9) and are

described in Table S4. Significant differences between genotypes are shown by asterisks {t , U<0. 05 =x***
U<0.01=**, U<0.001=***)_ Ph e n dndifgrantcolodsaliTk dagsfto di f f er en't
flowering, TKW: thousand kernel weight.

2.5. Discussion

We exploited the recent advances in sequencing technologies and computational analysis
methods to localize QTL for agronomically important traits in quinoa. A-begtsity genetic
map was constructed with a segregatingdpulation, and 15 QTL were mapped with
phenotypic data from two segregating generations. Candidate genes underlying the
guantitative variation were identified within the QTL.

We calculated broadense heritabilities and genetic advance (GA) with &sefeintensity

of 5%, which resulteth moderate to high across all traits (excluding days to maturity).
Interestingly, the high heritability coupled with high GA observed for days to flowering,
panicle density and saponin content indicates that selenagrbe more effective for these
traits. Moreover, previous studies reported heritability values for days to flowering of 70.1%
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(two-year experiment with five quinoa genotypéal-Naggar et al. 20179nd 91.0% (quinoa
diversity set phenotyped fowo year$ (Patirange et al. 2020Jhe same studies calculated
heritabilities of 89.7% for TKW and 68.0% for panicle density. Thus, the stated values in our
study are in accordance with previous reports. Negksls Al-Naggar et al. (2019nd

Patirange et al. (2020¢ported values of 85.0% and 60.7% for plant height. Differently, in

our studythe traitsplant height and panicle length showed moderate heritability, both with
values of around 38%. A possibbepéanation is that the pollen parent showed a wide range
and large variability in plant height, resulting in lower estimates of heritability.

Our study considered Skiseq as a genome complexigduction method for constructing a
genetic map for quinodn our hands, genotyping by Skiseq wasffective forQTL

mappingand could be applied forrainor crop like quinoa, for which available resources and
commercial interesdrecurrently limited(Bondel and Schmid 2021\Ve showed, by several
quality contrds, that the challenge of calling higjuality heterozygous SNRt low

sequencing coverage (~1.07x) could be overcome by modifications to conventional
bioinformaticspipelines and imputation. Moreover, our results shothadvhole-genome
sequencing witltoverage as low as ~1.0x would be sufficient for QTL mapping. QTL
mapping using wholgenome lowcoverage sequencing has been successfully applied in
chickpea and tobacco. In these studies, RILs and backcross populations were sequenced with
depths from ca0.75 to 1.0x, and the number of markers for mapping ranged from ~4,000 to
~53,000(Kale et al. 2015; Tong et al. 202Rithough Skimseq was sufficient for

constructing a higlilensity genetic map, there are limitations to this methiost, there are
notools available for the accurate imputationrddels in & populations opolyploid crops.
Thus, further uses of our genotypic data are restricted only to SN@second important
drawback of this approads that the centromeric regions cannot be eately sequenced due

to their repetitive nature. However, these problems might be addressed shen by
development of more sophisticated bioinformatics tools for imput&lnaan et al. 2022)

Using Skimseq and phenotyping, we mapped 15 QTL for ten different traits with a wide
range ofexplained phenotypic variation (from 0.43% for MS to 22.01% for PH, DTF and
TKW) and a wide range of the contribution of individual QTL to the total phenotypic
variation (from 0.06% to 16.21%). QTL explaining the total phenotypic variance are
unreachable becausariation in quantitative traits is affected by many sreéitct QTL

(often undetectable) with additive and dominance effects, and@IILLinteractions
Importantly, n our study, the use of families in thedgeneration allowed plants of the same
family to be considered as replicates, allowing measurement of environmental variances and
thus, significantly increasing the power and precision of QTL detedicordingly,the
accuracy of our QTL analysis is supportedisy QTLsap10.1found for saponin content.
This QTL, which was previously reported in other stu@esvis et al. 2017; Patirange et al.
2020) harbors &RITERPENE SAPONIN BIOSYNTHESIS AGITING REGULATOR

2 (TSAR2 basic helix loopi helix (bHLH) transcription factonyhich likely controls the
production of antnhutritional triterpenoid saponins in quinoa seeds. HowexeQTL was
found for saponin content in the generation. This mightedbdue to the method, which was
used to phenotype saponin content in this generation. We bulked seeds from ten plants in the
field corresponding to onesFamily. From these bulks, we took samples of 20 seeds for
saponin analysis. Thus, bulked samples od&fds might not have been true representatives
of thousands of seeds fraan F3 family. Moreover, the relatively low correlation coefficient
between the saponin content measured ianld i generations might be alsaesult of the

low efficiency of this method for measuring the saponin content insthegulation. We
suggest measing the saponin content separately in multiple single plants of eyéayniy

to obtain more accurate values for this traitin F

We consider the common QTL amongaifd k populations, which depicted pleiotropy, as
the most relevant QTL in our studihese QTL, explaining the phenotypic variation of days
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to flowering, plant height and TKW, were locatedCg?B and Cg6BIn contrasta putative
pleiotropic locus controlling days to flowering, days to maturity, plant height and panicle
length was foundtaCq2A byPatirange et a({2020) The different outcomemight respond to
the different type of population that was used in our study as compdratirange et al.
(2020) Accordingly, we could expect different alleles segregating in our biallglic F
population than thenes studied bfPatirange et a[2020) who used a quinoa diversity set
comprising more than 300 accessidfasithermorewe founda strong correlation between
days to flowering, plant height, and TKW (Fig 1), which were the traits aagd in
pleiotropy. This reinforces their QTL docalization at Cg2B and Cg6Bimilar correlations,
where quinoa plants flowering earlier are shorter and depict hygdldsrelatedtraits have
been observed bylanjarresHernandez et al. (202anhdPatirange et al. (2020)

We reported additive and dominance effects in a wide range of values, where the highest
additive effect was observed fpleio20.1(-9.13), a QTL explaininghe phenotypic variation
of plant height, panicle length and panicle density, and the highestalureifect was
reported foipleio4.1(8.74). Howeverthese results solely shatve effects of single loci.
Sincequantitative variation in phenotypes resfifom highly complexgenenetworks and
epistasisye aimed to investigate the allele effects (retato the P1614889 allele) at
genomewide level ondays to flowering, plant height, and TKW. We observed that nearly
half of the studied allelgg6.52%)had a minor simultaneous effect on these three
phenotypes; thus, confirming the nature of thesestas quantitative. From this analysis, we
could also corroborate thpkeio4.1landpleiol4.1are major QTL, which themselves explain
10.55% and 6.52% of the phenotypic variance, respectiMaeover, while P614889
alleles apleio4.1had a negativeffect on DTF and PH and a positive effect on TKW, PI
614889 alleles gileiol4.1had a positive effect on DTF and PH and a negative effect on
TKW. This is correlated with the additive effects calculated for the markers with the highest
LOD score within eadt QTL (Table 4). The observed contrasting effects 6621889 alleles
atpleio4.1landpleiol4.1would probably complicate breeding processes, whose aim is to
reduce days to flowering and plant height and increase TMWUltaneousl{Murphy et al.
2018; Ritiranage et al. 2021n a broader senseur results from the genonvéde epistasis
analysisrevealedhe complexity of the regulation of days to flowering, plant height, and
TKW in quinog which was expected given thricated processes, suchRNA

methylation, histone modification, and noading RNAassociated gene silencinghich
underlie these trai@®andey et al. 2021)

A search for candidate genes within the confidence intervals of the QTL was performed. We
reasoned that trarelated SNB could be found within the genes contributing to quantitative
variation. Within the 15 different QTL described in our study, we found homologs of known
flowering time HEADING DATE 3AWRKY TRANSCRIPTION FACTOR EROWERING

LOCUS D, plant architectureAPETALA21) and yieldrelated SMALL BASIC INTRINSIC

1-2, SWEET genes from other speci@ése et al. 2003; Li et al. 2016; Ma et al. 2017; Patil et

al. 2015; Wang et al. 2015; Yuan et al. 20BBsides, we identifiecELOWERING LOCUS T
(CgFT2A within pleio7.1, a QTL found in the Fpopulation, exclusively. AlthougRT genes

are described in studies related to flowering time regulation in quino@.amitbrum no
flowering-time function has been specified particularly for @g=T2Aparalog(Patiranage et

a . 2021, G t To contihue togardgdid2rification of candidate genes, we

mainly focused on the two pleiotropic QTL detectedimfd ks populations and identified

putative candidate genes based on their known functions in flowering tinygeéhd

regulation in other species. Then, we investigated the effect of different sequence variants in
these genes inquinoa diversity sefAs anoutcome ad even thoughonrelated accessions

could have different haplotypes although they possess the same SNP or InDel in the candidate
gene, we found several sequence variants that significantly explained the phenotypic variation
of PH and/or TKW and/or DTF in the quinoa drsity set. Hence, the genes containing these
variants (either SNP or InDel) might be interesting candidates for further studies. Among

29



Chapter 2

these genes, we found that sequence variatioBlaKINASE INTERACTING PROTEIN 1
(TKI1) had significant simultaneousfetts on days to flowering, plant height and TKW,
which were the phenotypes whose variation was partly explained by th@l€@®d1L4.1in our
study. In ArabidopsisTKI1 interacts withTOUSLED(TSL andTSLloss of function

mutations has pleiotropic effeats both leaf and flower developmehtss of TSLfunction
also affects flowering time since it is required in the floral meristerthécorrect initiation

of floral organ primordigEhsan et al. 2004; Roe et al. 199B)erefore, it is tempting to
spectate thafTKI1 is involved in the regulation dlowering time, flower development and
consequently, seed set in quinoa. Moreover, we found that sequence varidd&islband
RICESLEEPER®avesimilar simultaneous effects on days to flowering, plangtteand

TKW, as observed for the variantEKI1. In ArabidopsisMET1homozygousnutants
displayed latdlowering phenotypes caused by ectopic expressitiLOMWERING
WAGENINGENFWA), a regulator of flowering time. Hypomethylation, which correlates
with the mentioned latBowering phenotypess often accompanied by other developmental
alterationgKakutani et al. 1996; Saze et al. 2003; Soppe et al. 2BQ@hermore,
DAYSLEEPERhe Arabidopsis homolog &I CESLEEPER3ncodes for a transposdge
protein essential for plant growth and development. Moreover, loss of function mutants of
DAYSLEEPERhowed retarded growth and delayed flowefBgndock and Hooykaas 2005;
Knip et al.2012) Importantly, the evidence of the role of these genes in the regulation of
different biological processes is given for the model plant Arabidopsis while the observed
pleiotropic regulation of days to flowering, plant hejgind TKW in our study migt be
controlled by quinoapecific genes. Hence,TKI1, MET1, andRICESLEEPER®ave the
same function in quinoa can only be verified by further investigatifisst step towards
elucidating the molecular mechanism governed by these genes mightrégsexpanalysis,
for instance. Furthermore, haplotype analyses may focug-anddownstream regulatory
regions of the most relevant candidate genes in our study. Besides, despite theclaibl®f
transformation protocols for quinoa, screening mgtand assessing their phenotypic effects
seems to be another feasible approach for determining the function of theséViggaeser,

a recent studypffers perspectives for functional studies in quinoa usingwirdigced gene
silencing (VIGS)Ogata et al2021)

On the other hand, molecular markers linked to the pleiotropic QTL identified in the current
study can be directly used in quinoa breeding prograntbdésimultaneous selection of

different traits. Moreover, the provided information about QTL effecttdoguide breeders
towardthe selection of early, shoend highyielding quinoa genotypes. Future work may
address fine mapping of the interesting pleiotropic regions and characterization of candidate
genesOverall, the results presented in this study melp provide a framework for future
research on the molecular mechanisms of flowering and other agronomically important traits
and facilitatemarkerassistedelection (MAS) in quinoa breeding programs.
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2.8. Supplementary Data

Supplementary Table 1.Plant material used IQTL mapping DTF: days ¢ flowering,

DTM: days to maturity, PH: plant height, PL: panicle length, PD: panicle density, TKW:
thousand kernel weight, SW: seed weight per plant, SN: seed number per plant, SC: Saponin
content, MS: Mildew susceptibility.

Supplementary Table 2.Methods for phenotypic evaluation.
Supplementary Table 3.Primers used in this study.

Supplementary Table 4. Polymerase chain reaction (PCR) and agarose gel electrophoresis
description.

Supplementary Table 5Allele and genotype nomenclature used in this study.

Supplementary Table 6.Genetic and phenotypic segregation for two traits in trenfl &
populations. Red axil pigmentation was determined five weeks after sowing. The InDel
marker JAASS5 was describbg Zhang et al. (2017R: andRz represent th&89bp and 164
bp alleles, respectively.

Supplementary Table 7.Complete list of genes located within the rmrerlapping QTL
confidence intervals.

Supplementary Table 8.Genes withirpleio4.1andpleiol4.1confidence intervals with a
previouslydescribed function related to flowering time, photoperiod response or yield
regulation and their gene variants. Gene variants between €iggNpollen parent) and Pl
614889 (seed parent) and the reference genome QQ7&re shown.

Supplementary Figure 1.Flow charts depicting the (A) bioinformatics pipeline and (B) the
genetic map construction pipelinehe mainsteps of the pipelines are shown in sdind
boxes, method/parameters are shown in dashed box#seandmber of markers is shown in
red dashed boxes. PE= mahend.

Supplementary Figure 2.Agarose gel electrophoresis of PCR products from the InDel
marker JASS5. (A) Homozygous plants From lane 1 to 10, plants are homozygous for
alleleR; (parent CHEN-109;189bp); and from lane 11 to 20, plants are homozygous for
alleleR: (parent P1614889; 164 bp). (B) Plants from segregatiadailies. L = middle
range DNA ladder, P1 = parent CHHEN9, P2 = parent F§14889, C = negative control.
Agarose gels @re run for 60min at 100V.

Supplementary Figure 3.Phenotypic variation in thexpopulation. (A) Variation of panicle
density.The number# yellow represent the scoring scale used for phenotyping. (B)
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Variation of plant height illustrated by sevenifdividuals (A to G) and the parental lines.
(C) Variation in days to maturitg illustrated by the different colors of the panicle-624889
had reachethe maturity stage and was ready to harvest. CHEBEN had not reagluthe seed
filling stage. Indivdual C is atheseed filling stage. All pictures were taken 16 weeks after
sowing.

Supplementary Figure 4.SNP densities across 18 quinoa chromosomes. The number of SNP
within a1 Mb window sizdas shown by different colors. Densities were calculatethiey
CMpilot R package using the raw data (~17 million SNP).

Supplementary Figure 5.Percentage of genonvaéde missing data. Black dots show missing
markers. Black horizontal lines represent severdiigoous missing markers. Chromosomes
are separated by black vertical linéhe numbersbove correspond to the quinoa
chromosomes (even numbers: CglA to Cq9A; uneven numbers: CqlB to Cq9B).

Supplementary Figure 6.Data filtering before map constructio®)(Number of markers per
individual. (B) Number of genotyped individuals for each marker. (C) Histogram of the
proportion of markers for which pairs of individuals have matching genotypes. Dashed red
lines show the filtering thresholds. Data below the ddgkd line in A and B, and to the right
of the dashed line in C was removed.

Supplementary Figure 7.Quinoa linkage map based on 334 plants fromzgropulation

derived from a cross between CHER9 and P614889. The map consists of 133,913

markers aringed in 5,219 bins and it was drawn witb LinkageMapView R packag&he
numbersabove indicate linkage groups (LG) and chromosome numbers. Horizontal blue lines
show the location of the first marker of each bin followed by the number of markers in each

bin in parenthesis. Marker names are coded a
position of the marker. Genetic distances in cM are written to the left of each LG.

Supplementary Figure 8.Map density across 21 linkage groups from thpdpulation
derived from a cross between CHER9 and P614889. Densities were recordedtbhg
LinkageMapView R package. Binnegarkers are shown by horizontal black lines.

Supplementary Figure 9.Quality control of the marker data used for linkage map

construction( A) Mar ker 6s segregation distortion anc
individuals that are missing a marker in a specific locus / 334 individuals) calculated by

ASMap R package; different colors correspond to each linkage group. (B) Estimated number

of crossovers and double crossovers calculated by ASMap R package; blue dots represent the
estimated values for each iRdividual.

Supplementary Figure 10.Frequencies of the parental alleles calculated fromhe F
population using the program ABHgenotype R package in each of the linkage groups.
Different alleles are shown by different colors. Linkage group numbers are shown to the right.
The x-axisshowsthe physical positions of the 133,913 markers accordingeadference

genome QQ74_V2. Hetero: heterozygous genotype.

Supplementary Figure 11.Comparative QTL analysis to detect pleiotropy #y pleio20.1

(B) pleio4.2 (C) pleio4.3and(D) pleio7.1 Two tess were performednevs.two QTL (to
the | eft) and one vs. Aind QTL (to the right)
singleQTL model, withtheestimated QTL location indicated by a black triangle. The blue

and pink curves are profile LOD score curves for the @id. mockl. Dotsindicate the LOD

score for the traitsonsidering a singi®TL model DTF: days to flowering, DTM: days to

maturity, PH: plant height, PL: panicle length, PD: panicle density, SN: seed number per

plant, SW: seed weight per plant, TKW: thousana&keweight.
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Supplementary Figure 12.Evaluation of variant haplotypes using the sequences of 328 F
individuals and the corresponding phenotypic data of 328rhkilies. Phenotypic effects of

haplotype variations within several candidate genes are sixEXiHBOX ATR

DEPENDENT RNA HELICASE DEXHIHEN2),SUPPRESSOR OF FRI 8JF4), RCC1
DOMAIN-CONTAINING PROTEIN 8RUG3) WRKY TRANSCRIPTION FACTOR 13
(WRKY13BndTSL-KINASE INTERACTING PROTEIN 1 (TKIThe variants genotypes

correspond to, for instanc&;A: (our homozygous parentBL4889),A1A. (heterozygous),

A>A2 (our homozygous parent CHEND9) and are described in Table S4. Significant

differences between genotypes are shown by asteriggst@ <0 . 05=*** =~ U<0. 01 =
U<0.001=***)., DTF: days to flowering, TKW: t

Supplementary Figure 13.Evaluation of variant haplotypes using available wiggaome
sequencing and phenotypic data of 310 quinoa accessiomatiitie effects of haplotype
variations within several candidate genes are sheWhB-15/CORONA, DEXHBOX ATR
DEPENDENT RNA HELICASE DEXH{EEN?2), NRT1/ PTR 2@NPF2.6), RCC1
DOMAIN-CONTAINING PROTEIN 8RUG3) WRKY TRANSCRIPTION FACTOR 13
(WRKY13), ETHYLENRESPONSIVE TRANSCRIPTION FACTOR (ERF113 and
FLOWERING LOCUS IFLD). The variants genotypes correspond to, for instarde;

(our homozygous parentB14889) H:H> (heterozygous}i2H2 (our homozygouparent
CHEN-109) and are described in Table S4. Significant differences between genotypes are
shown by asterisks{te st , U<0. 05=***_ U<0.01=**, U<0.00
different years are shown different colors. DTF: days to flowering, TKW:dbsand kernel
weight.
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3. Leaf and shoot apical meristem transcriptomes of quinoa
(Chenopodium quinoa) in response to photoperiod and plant
development

3.1. Abstract

In this study,| aimed to identify candidate genes for flowering time regulation and
photoperiod response in quinoa. For this purpbgeed two accessions with contrasting life
cycles, which were grown under two photoperiod regimes (shiodtlongdays) | examined
thehistology of theshoot apical meristet different stages of developmeahdanalyzed the
leaf andshoot apical meristem transcriptomemvestigatedour groups of differentially
expressed genes, (i) genes differentially responding to photoperjaggr(@segulating
flowering time under longlay conditions, (iii) genes regulating flowering time under short
day conditions, and (iv) genes controlling floral transition withinstheot apical meristem
My results confirm the fundamental claim thab distinct pathways regulate flowering time
under shortand longday conditions and that tweguinoaFT orthologues are key components
of these pathways.

3.2. Introduction

The pseudocereal species quinGagnopodium quinowilld.) is an allotetraploid spees
(2n = 4x = 36) with a genome size of 1-150 Gb(Jarvis et al., 2017)t originated from the
Andean region of South America and, in the past decaldas igained increasing attentias
a human dietlue to its favorable nutritional properti€duinca hasa high proteincontentand
anexceptionabalance between oil, protein and fat con{@ranadeRodriguez et al., 2021,
Igbal et al., 2020)Quinoais tolerant against frost, drought, and salii®i & Gu, 2020)
Becausef these advantages, quingan interesting alternatite improvefood securityand
research and production of this crop have been started in oveod@biesn the world
(Alandia et al.2020)

However,the shorday nature of this crop remains an obstacle to cultivatibennperate
regions and high latitudes of Europe, North America, and GMuoaphy et al., 2018;
Patirange et al., 2020) better understanding of the genetic mechanisms underlying floral
transition, including photoperiodic regulation of floweringe, will help addressg this
problem. By using this knowledge, breeding programs aiming to adapt quinoa to new
environments can benefit from the profound effect of flowering time control on crop
adaptation and yield potentigaudinier & Blackman, 2030

Fuller (1949)gavé he f i rst report on q &ihcathendgnlyafewespons
projectshave worked on thgenetic mechanisms for the regulation of flowering time in
quinoa.Golic et al.(2020)used a computational approach to identiiyndreds of putative
orthologues oArabidopsis thaliandlowering time genes. They found overall conservation of
flowering pathways, except for the vernalization pathway, where there was a lack of
orthologues of key genes in quind@another study, longoncoding RNA (IncRNA)was
analyzed under sheday (SD) conditions, including a nighteak (NB) of 60 mir{Wu et al.,
2021) Twenty-four IncRNA involved in flowering time regulatiowere identified some of
which targetedfLOWERING LOCUS {FT) andTWIN SISTER of F{TSH homologs ifn

silico analysis). Besides, they found that quinoa homolo@xQfISTANSike (COL), LATE
ELONGATED HYPOCOTY(LHY), EARLY FLOWERING ELF3), andELONGATED
HYPOCOTYL §HY5) were dowrregulatedafter NB, while homologs ?®#HYTOCROME A
(PHYA andCRYPTOCHROME{ICRY ) were upregulated after NBrurthermore, the role

of FT andCOL homologsin the adaptation of quinoa to different daygth conditions was
highlighted byPatiranage et al. (2021 this study, the haplotyp®f 12 genesvere

analyzed using a set of 276 accessions grown undeidiayn@_D) and SD conditions. As a
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result,CqFT1A CqCOL2B CqCOL4A1L, andCgCOL5Bwere associated with flowering time
variation under LD conditions, bubhunder SD. The regulation of flowering time has also
been studied in closely related specieChenopodium rubrupFLOWERING LOCUS-T
LIKE 1 (CrFTL1) is SD-inducible and inhibited by an NB of 15 min, wher€a&TL2is
constitutively expresseChab et b, 2008) Moreover, twaCrCOL genesveredown
regulated during the light perigdgardless of the length of tpeeceding dark period. The
same behaviowvasobserved for activation of the floral promot@=TL1( Dr abegov § et
2014) Chenopodium ficifoliuns themost likely donor of the quinoa B genorfWalsh et al.,
2015) In a segregatingzfgeneration of this speciasarkertrait associations with flowering
time, plant height, and the number of branches were identifiexhfortiolog of FTL1

(Subedi, Neff, & Davis, 2021)

The quinoa reference genome (QQ74 V1, URL:
https://www.cbrc.kaust.edu.sa/chenopodiuireliicompasse$4,776gene modelélarvis et
al., 2017) Several projects have already taken advantage of this resource. A root
transcriptome study unveiled 117 genes, which likely control salt stress res(&imsgssu,
2020) Another transcriptome study unraveled expression profiles of ~1,400 gyqiressd
during germinatiorfWu et al., 202Q)Wu et al. (2019analyzed inflorescence transcriptomes,
which resulted in the identification ofi;900candidate genes possibly regulating
inflorescence architecturé recent study attempted to identify the effelcN® in quinoa
flowering under SD condition§Vu et al. (2021analyzed leaf transcriptomes of two quinoa
cultivars before and afté&B. However, this study did not identify genes regulating floral
transition because the investigated cultivars did nog¢diff their time to flowering.

| aimed to determine the time point when the shoot apical meristem (SAM) is turned into a
floral meristem. Furthermore wanted to unravel genes controlling flowering tinmel a
responding to photoperiodekpected that thosgenes display differential expression profiles
between different photoperiods and between accessions with contrasticygld regimes.
Accordingly, lanalyzed the development of the SAM in taczessions differentially
responding talay length-Then,| studied leaf and SAM transcriptomes from plants grown
under two photogriod conditions (SD and LD).idientified thousands of differaatly

expressed genes (DEGsjotused on photoperieaksponsive genes and genes with
contrasting expression profilestiveen the accessiondy study provides new insighinto
flowering time and photoperiod regulation in quinoa.

3.3. Materials and Methods
3.3.1. Plant material and growth conditions

| investigated two quinoa accessions in this std$2082 from Peru (seed code: 182301)
and P$614886 from Chile (reference genome QQ74, seed code: 182283), which were
differentially flowering under SD and LD conditions as reported by Patiranage e@2il) (2
Plants were grown in two experiments (LD and SDyje hundred five plants of each
accession were grown inx33 cm 35multiwell palettes (Hermann Meyer KG, Germany) in a
growth chamber under lorday conditions (LD) (22 °C and 16 h light; 990mo "2l fn

SonT Agro 400W, Koninklijke Philips Electronics N.V., Eindhoven, The Netherlands).
Likewise, 105 plants of each accession were grown underddwprtonditions (SD) (22 °C
and 8 h light; 908 mo ['2is' f

3.3.2. Phenotyping and histological analysis

In each experiment (LD and SD)plhenotyped ten plants per accessiordfys to bolting

(days until the floral bud is visible) and days to flowering (days until the first flower opens)
(Supplementary TabkandSupplementary Figurgd). For histological analysis,sampled

seven apices weekly until plants reached the bolting ségmees were fixed in 4.0% FAA

(4.0% formaldehyde, 50.0% ethanol and 5.0% acetic acid) overnight. Then, the samples were
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dehydrated by an ethanol series and embedded in Paraplast by a standard protocol. Apices
were sectioned at 8alnmcnotomeyand stamedavithl0.05%dcduidineo t at i
blue.

3.3.3. Sample preparation and RNA isolation

From each experimentfdok leaf samples from seven plants (A and B samples) starting 14
days after sowing and continuing weekly until plants reached the flowering stage. Shoot
apical meristems (SAMs) were sampled weekly, starting 14 days after sowing until the bolting
stage. BMs were dissected under a binocular microscope using a scalpel and forceps for
sampling. Ten to 14 SAMs were pooled to make one biological replidzevested leaves at
ZT-9 (Zeitgebettime) andSAMs at ZT9 to ZT-12. Leaf and SAM samples were

immediaely placed in liquid nitrogen.

Then, lisolated RNA from 72 samples (48 leaf and 24 SAM samples.) Leaf samples
corresponded to three biological replicates of the two accessions under SD and LD conditions
at two (W2), three (W3), four (W4), and five (W5) &kes after sowing. The SAM samples
corresponded to three biological replicates of the two accessions under SD and LD conditions
at two (W2) and three (W3) weeks after sowiRlA isolation and DNase treatment were

carried out according to the instructioropided by the peqGold Total RNA Kit (PeqLab,
Erlangen, Germany).

3.3.4. Transcriptome analysis

Seventytwo DNasetreatedRNA samples (RIN number >6.9) were sequenced using

NovaSeq PE150. Library preparation and RNA sequencing were carried out at Novogene
Company Limited (Cambridge, United Kingdom). Directional mRNA library preparation was
carried out by the Poly(A) enrichmiemethod. To obtain reacbunt data for each transcript

from theraw reads, the protocol describedsrteaet al.(2016)was followed In brief, reads

from each sample were mapped to the reference genome and gene anno@atmuirafacv.

QQ74 V2 (CoGédsenome ID: id60718)ith HISAT2 (v.2.1.9)Kim, Langmead, &

Salzberg, 2015)Then, novel and known transcripts were assembled for each sample and the
resulting annotations were merged into one comprehensive annotation using StringTie
(v.2.2.0)(Pertea eal., 2015) The transcriptome was then retrieved from the merged

annotation using the gffread function of GFF utilities (v.0.11.1) and read counts were obtained
by mapping reads back to the transcripts using bowtie2 (v.2.3.5) leveraged by rsem (v.1.3.1)
wit h 6very sensiti veextsrtadtnegde néceyx d eecvted d cNoewxrtt, .
to build the gene matrix containing both known and nexglsembled transcripts. Newly
assembled transcripts are those sequences assembled as transcripts by, Sthimailaee not
found as transcripts (annotated genes) in the reference genome QQ74 V2. They include
putative gene isoforms as well as artifacts from the algorithm. The differential expression
analysis was then carried out at the gene level using R (vefdidl) package edgeR (version
3.36.0)(Chen et al., 2020¥First, | filtered out lowly expressed genes defined as those with

less than five overlapping mapped reads (min.courar@)normalized the gene expression to
take library composition into account (TMM = Treamed mean method). Later, as quality
control,l performedunsupervised samples clustering of transcriptome data of all samples and
also of only the leaf samples separatkebonstructed MDS plots to identify which dimension
had the most significant effect, as well as to verify that biological replicates ctlistere
togetherl used the Trimmed Medaog-ratios(log. fold change of M valuegRobinson &

Oshlack, 2010)Next,| used the dgeFitGLM function to fit a generalized linear modtido

count data and conduct gewese statistical tests fany contrasts| defined a differentially
expressed gene (DEG) as the one with a false discovery rate of < 0.05 anfblal Idgange
(FC) O 2525 or O
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In a first analysisl investigated the DEGs of transcripts annotated in the reference genome
QQ74. For this| examinedmy leaf transcriptome data in four main steps. Firktpked for
genes differentially responding to photoperiod to regulate flowering time (i). With thig aim,
used the contrasts between SD and LD conditions12@82 and investigated the sphtia
expression pattern of the DEGs for the two accessions in leaves (DEGs betw&éh, W3-
W5, and W4WS5). Secondl looked for genes regulating flowering time under LD conditions
(ii). For this purposed, used the contrasts betweerlP082 and R614886 uder LD in

leaves. Third|] searched for genes regulating the time to flower under SD conditions (iii).
With this aim,| again investigated the spatial expression pattern of the DEGs for the two
accessions in leaves (DEGs betweenW2 W3W5, and W4WS5). Fnally, | analyzed the
DEGs from the SAM to identify flowering time candidate genes in this tissue (iv). For this
purpose] used the contrasts betweerlP082 and R614886 under LD at the SAM.
performed a Gene Ontology (GO) analysis of the resultinGg®&f each of the four analyses
@i, ii, 1ii, and iv). For this| used the NCBI Basic Local Alignment Search Tool (BLAST)
service to perform blastx (Taxid: 58023yg&lue: 1.0E3, number of Blasts Hits: 3, word size:
6). Then,| used Blast2GO (version 6.® map and annotate GO terms (annotatiorofiut

55, GOweight: 5)(Gotz et al., 2008 a t I e r f oEnzyreedCode annotation aKgoto
Encyclopediaof GenesandGenomegKEGG) mapping with the Blast2GO to@anehisa &
Goto, 2000)

In a second analysisused ceexpression networks to associate neaggembled transcripts

to a putative biological process based on the annotation provided for the annotated genes
within the same cexpression clusteFor this purposel first performel leaf transcriptome

data investigation in the same way as described for annotated genes (i, ii, and iii). Later,
combined the results from the nevdgsembled DEGs with the results from the annotated
DEGs. Then| used the R package BioNER@ImeidaSilva & Venancio, 20220 perform
co-expression analysis in the set of data containing annotated andassginbled DES
TheWeighted Gene CexpressiorNetwork Analysis (WGCNA) algorithm was used
(Langfelder & Horvath, 200&ndpairwise correlations wemmmputed using Pearson
correlation analysid_ater,| constructed c@xpression networks for each of the modules
resulting from the previous step. Then, for each modiglelected théop 10%of newly-
assembled transcripts with the highest degree afdmatdule membership (MM) > 0.8.
Degree is defined as the sum of connection weights of a gene to all other genes in the module,
while MM is the correlation of a gene to its module eigend@iraeidaSilva & Venancio,

2022) Following, | blasted and GO anraied the selected newhssembled transcriptSor
annotation] used the NCBI Basic Local Alignment Search Tool (BLAST) service to perform
blastx (Taxid: 58023; &alue: 1.0E3, number of Blast Hits: 3, word size: 6). Thensed
Blast2GO(version 6.0Yo map and annotate GO terms (annotatiatroff: 55, GOweight: 5.

3.3.5. Real-time gPCR

DNasetreated RNA was reverse transcribed with the First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific Inc., Wal t ham, Uni
instructions. Then, performed RTgPCR by BieRad CFX96 Realime System, which has a

built-in Bio-Rad C1000 Thermal Cycler (Biead Laboratories GmbH, Munich, Germany).

Every PCR reaction had a tot al vol ume of 20
SuperMixUDG with ROX (Invitrogen by Life Technologies GmbH, Darmsi&sermany), 1
e | of each forward and reverse primer (10 ¢€g

of ddH0O. The amplification conditions were: 95°C for 3 min as initial denaturation and 40
cycles of 10 s at 95°C, 20 s at primer pair annealingéeature and 30 s at 72°C. Three

technical replicates per sample and negative control (water) were also loaded. Cq values were
obtained by setting the baseline threshold to 100 and expression levels were calculated by the
compar at i v e (Ligagp& Schnmiitgan,2@0d)Primers used for gene expression
analysis are listed iBupplementary Tablgé CqPTBandCqlDH-A, which had been identified
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in aprevious study as suitable housekeeping genes faflFROR analysis in quinoa, were

used as reference ger(®daldonadeTaipe, Patirange, Schmdockel, Jung, & Emrani, 2021)

Following, to validate the results obtainedthgbioinformatics pipelinel| calculated the
Pearsonds R correlation bet we thetrarisdigome i f f er en
bioinformatics pipeline and the results from-BFPCR. For this calculatiohused the logFC

(fold change) values calculatéat different conditions, accessions, and developmental stages.

3.4. Results

3.4.1. The transition of the shoot apical meristem into a floral meristem

| grew two accessions with contrasting life cycle regimes in a growth chamber under SD and
LD conditions.l phenoyped flowering time as the first flower opens and as bolting. When
phenotyping flowering as the first flower opens, the accessi®i14886 flowered much

earlier under both SD (seven days earlier) and LD (18 days earlier) conditions, as expected
(Table7). However, phenotyping for bolting revealed that, under SD conditions, both
accessions transit to flowering at the same time. Therdfaralyzed longitudinal sectios$
apices under the microscope to determine the precise time when the SAM turned into a floral
meristem.

Table 7. Results from growth experiments with two accession$2082 is a shoilay accession from Peru and
P1-614886 is alay-neutral accession from Chile. Plants of each accession were grown in a growth chamber at
22°C under longlay (LD, 16 h light) and sheday conditions (SD, 8 h light); das: days after sowing; SAM:
shoot apical meristem.

Accession| Photoperiod Floral bud First flower Floral transition based of
P appearance (dagy opens (das) | SAM morphology (das)
LD 46+2 74+3 28
D-12082 SD 36+2 56+3 21
LD 31+3 46+3 21
P-614886 SD 3442 49+3 21

| dissected apices over six weeks, beginning with the second week after daleitegmined
the time of floral transition when a Adome s
dominance releasélpun, Ferguson, & Beveridge, 2008he first flower opened=22(P}

614886, SD) to 46 days (D2082, LD) after transitioning the SAM into a floral meristem
(Table7). The floral transition was strikingly different between both asimas under LD.

The accession F814886 already underwent floral transition after three weeks under both SD
and LD conditions. In contrast, it took one more week to observe a floral meristem in the
accession E12082 under LD than under SD conditioRgy(re9). The histological

observations were in line with the plant growth becaus&lR886 as a dageutral genotype

did not respond to varying day lengths, wherea?D82 showed a delay in transition to
flowering under LD. Interestingly, morphological changelicating the change of the SAM

into a floral meristem were observed when the plants were at a relatively early stage of
development, between BBCH11 (first pair of leaves visible) and BBCH12 (second pair of
leaves visibleY Sosa Zuni ga, StBimfartt20ly) Fuent es, &

3.4.2. Transcriptome sequencing

| sequenced 48 leaf and 24 SAM RNA libraries from plants grown under SD and LD
conditions. 68.66million reads per library were generated with an average read length of
150bp amounting to 20.5&bp peribrary (Supplementary Tabl&0). | found 132,965 gene
models, of which 85,634 leaf gene models (64.40%) and SAM 74,640 gene models (56.14%)
were kept after exading the norexpressed genethpse with less than five overlapping

mapped reads
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As a quality controll performed unsupervised samples clustering with the filtered and
normalized transcriptome data from the leaf and SAM tissues. As explectsged that

the samples were grouped by tissue (19.0% of contribution to the differences in expression
given in logFC) and bgccession (13.0% of contribution to the differences in expression
given in logFC) Supplementary Figurgb). Then,to investigate the leaf transcriptome data
more closely] conducted unsupervised clusterunging only leaf data. Followingny

expectations|, observed thahe samples belonging to the same accessions, and the biological
replicates corresponding to the same tissue/treatment clustered t¢§ethrgementary

Figurelb).

3.4.3. Identification of differentially expressed genes regulating flowering time

| first analyzed the transcripts annotated in the reference genome Q7viéd to identify

gene expression profiles that could be correlated to the morphological changes at the
meiistem.| focused on W2 and W3 developmental stages becayséudy of the SAM at the
histological level showed that floral transition occurred at those stiageslyzedmy leaf
transcriptome data in four main steps. Firtdboked for genes differeatly responding to
photoperiod to regulate flowering time (i). Secohkboked for genes regulating flowering
time under LD conditions (ii). Third,searched for genes regulating the time to flower under
SD conditions (iii). Finally] analyzed the DEGsom the SAM to identify flowering time
candidate genes in this tissue (iv).

To discover genes differentially responding to photoperiodl ifiyestigated the DEGs

between SD and LD conditions at W2 and W3 11ZD82.| focused on those stages and that
accession because the morphological changes at the SAM showed differential transition to a
generative SAM under LD and SD conditions. As an aute, 3,769 genes were differentially
expressed between SD dnd (Supplementary Figurg6A). However,| performed further

filtering of the resulting DE& based on the morphological changes at the SAM. First,
expected that a gene that differentially responds to photoperiod to regulate flowering time was
differentially expressed between photoperiod regimes at W312a82, while at W2 the
differential expression might or might not be present yet. Therefore, from the 3,769 penes,
kept 1,799 DEGs that were dowar upregulated in W3 regardless thieir status in W2
(Supplementary FigurgeB). Besides, given the morphological differences observeayin
histological analysis, the differential response to photoperioayafandidate genes must be
different between W2 and WBused the criteriad.25< (log FC at W2i log> FC at W3)

<0.25 and filtered out genes whose differential expression did not differ between W2 and W3.
As result,| got 1,505 genes differentially responding to photoperiod, which likely regulate
flowering time in D12082(Supplementary FigurgcC).
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Based on the morphological changes at the SiA@tpected that a ge differentially
responding to photoperiod to regulate flowering time shows different spatial expression
patterns between SD and LD ir12082 but not in P618886. Hencd, investigated the
spatial expression pattern of the DEGs in both accessions &iniabgtthe DEGs between
W2-W5, W3W5, and W4WS5 (Supplementary FigurgeD, Supplementary Figur&eE).

Then,l removed the resulting DEGs in the dagutral acceson (3,069 genes) from the
resulting DEGs for the sheday accession (2,439 genes). As resdtdund 1,527 genes with
a spatial pattern of a gene that differentially responds to photopericd 2082 and likely
control the time to flowefSupplementary Figurg6F). | argued that genes identified based on
their spatial expression pattern must also be DEGs between SD and LD in tkaaghort
accessiond be the genes that differentially respond to photoperiod to control flowering time.
Therefore, as a final stepselected the genes that overlapped between the 1,505 DEGs
obtained in a previous step (DEGs between SD and LD conditions) and the 1,527 genes
identified based on their spatial expression pattern. As an outto@jned 222 DEGs that
differentially respond to photoperiod to putatively control flowering time in quiR@pre
10A). Remarkably, as expected frany SAM histological analysis, most of the candidate
DEGs did not show a differential expression after W4, when flowering had already taken
place. Moreover, among the resulting DEG®uUnd several gesewith a known function in
photoperiodic regulation of flowering time in other species TIREHALOSE
PHOSPHATASE/SYNTHASE®ITPS9, PHYTOCHROMERCQPHYB), ZEITLUPE
(CZTL), andBLUE-LIGHT INHIBITOR OF CRYPTOCHROMESBIC1) (Figure10A and
Supplementary Tabl&l) (Blazquez & Weigel, 1999; Mas, Kim, Somse& Kay, 2003; Tian
et al., 2021; Wang et al., 2016)

To continue) searched for genes expressed in the leaves, which could regulate flowering time
under LD conditions (ii). These genes might or not be downstream targets of the DEGs
differentially respading to the photoperiod, which were foundnig previous analysid.
assumed that putative flowering time genes should fulfill the following criteria. First,-down
or upregulated between accessions either at W2 or W3: second, the degree@bthis
down-regulation had to be different between W2 and Y8326 > (log2 FC W2 log2 FC

W3) > 0.25).I assumedhat the main flowering time integrators are the same for the day
neutral and the sheday accessiongccordingly, | investigated the DEGs between Pl

614886 and B12082 under LD at W2 and W3. From 2,687 DEGspplementary Figure

17A), 1,812 followedmy criteria as putative floweringgme genes under LD conditioriBhe
obtained downand upregulated genes at LD.W2 (lomay conditions at week 2) could be
putative flowering repressors and promoters, respectit7yfe 10B). Within the obtained
DEGs,| found several genes previously reported as involved in flowering time regulation in
guinoa and other specidgd.OWERING LOCUS T (CqgFT1A, FLOWERING LOCUS T 2
(CgFT2B, HEADING DATE 3ACqHD3AB, CONSTANSLIKE 16 (CqCOL18§,
CONSTANSIKE 4 (CgCOL4, FRIGIDA INTERACTING PROTEIN (CqgFIP1), FRIGIDA
(CgFRL4A, EARLY FLOWERING BCqELFH (Figure10B) (Choi et al.,2011; Kim et al.,

2008; Komiya, lkegami, Tamaki, Yokoi, & Shimamoto, 2008; Patiranage et al., 2021; Pin et
al., 2010; Suarekopez et al., 2001)
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Figure 10. Comparative gene expression between accessions, growth conditiodsyafupmental stages.

Plants from the accessions®14886 and B12082 were grown under lofitay conditions (LD, 16 h light), and
shortday conditions (SD, 8 h light). RNA was isolated from leaf and shoot apical meristem (SAM) tissue. (A)
Heatmap of the 22 differentially expressed genes (DEGs) between SD and LB1ia0B2, which differentially
respond to photoperiod to likely regulate flowering time. DEGs betweeMM&2N3-W5, and W4WS5 under

SD and LD conditions are shown. (B) Heatmap of the 1,812 DEeGg&lkn PI614886 and B12082 at W2 and

W3 under LD, which is putatively controlling flowering under LD. (C) Heatmap of the 911 DEGs at SAM
between P614886 and E12082 at W2 and W3yhich are likely involved in the regulation of the time to flower
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at theSAM. The rumber ofup-anddownregulated genes in each comparison is shown by column graphs to the
right of the heatmaps. Comparative expression profiles of selected geneskmdgthraflowering time regulation
function in other species are shown to tlyhtiof the column graphsD.W2.P1614886vsB>12082 corresponds,

for instance, to log(normalized reads in F14886/ normalized reads in12082). W=weekHeatmaps were
constructed witthe pheatmap R package.

In the next stef, searched for those genes, expressed in the leaves, likely regulatiimgethe
to flower under SD conditions (iii). Given that morphological changes at the SAM indicated
that both accessions transit to flowering at the same time undéf@&Dsed on thepatial
expression pattern of the DEGsfitnd the genes involved in flowering time regulation under
this photoperiod regime. Accordinglyexamined once more the DEGs betweenW&,
W3-W5, and W4WS5. In these genessearched for the DEGs having simigmatial
expression patterns under SD conditions between thaeal#tyal accession and the shaaty
accession, which showed similar morphological changes at the SAM at W2 and W3
(Supplementary Figurg7B). Among the 57 resulting genégpund SUPPRESSOR OF
CONSTANS OVEREXPRESSIOKC#SOC]), which, inArabidopsisand other species,
integrates multiple flowering signals derived from the-dgpendent and gibberellin
pathwayqJ. Lee & Lee, 2010)nterestingly] found only three genes in common between
the DEGs identified as putative flowering time regulators under LD (1,812) asel tho
identified under SD (57 genes).

To continue) searched for the genes at SAM regulating flowering time (88t two
requirements for these genes to be involved in flowering regulation baseyg SAM
histological analysis. First, thegust be diffeentially expressed between accessions under
LD at W2 and W3 when the floral transition took place at the SAM. Segoref the
morphological differences observed in the sections of the S#Mr downregulation should
differ between W2 and W3(.25 > (0og2 FC W2- log2 FC W3) > 0.25) under LD.found
988 genes fulfillingmy first requirement$upplementary Figurg8) and 911 genes fulfilling
both requirementd~{gure10C). As expected, these DEGs showed differential expression
between the accessions under LD conditions but not under SD, where both accessions
flowered simultaneouslynterestingly, among the 911 genes, which putatively regulate
flowering time in quinoa at the SANlfound examples of homologs of known regulators in
other specie§Supplementary Tablgl). For instance, a quinoa homologAA6AMOUSLIKE
15(CqgAGL135, a flowering repressor in ArabidopgisAd a mc z y k Lehti Shi u,
2007) was dowrregulated irPI-614886compared to E12082 at W2 under LD conditions
(Figure10C). On the other han@, quinoa homolog cAPETALA1(CgAPY), a flowering
promoter in soybean and wh¢&hen et al., 2020; Murailiyamae, Kato, Takumi, &
Ogihara, 2003)was upregulated in R614886at W3 under LD conditions. Moreover, a
homolog ofFT INTERACTINGPROTEIN 3CqFTIP3) required for maintenance of
inflorescence SAMs in Arabidopdikiu et al., 2018)wasdownregulated in P614886
compared to B12082 at W3

3.4.4. Functional annotation and classification of the DEGs

| performed GO analysis for the four different groups of DEGs identified in this study (i, ii,

iii, and iv). The GO analysis of the 2Z2EGs whichdifferentially respond to photoperiod to

likely control floweringtimeg( i ) revealed thef G@Qenher mgpiBRegub
ATranscri-pemphat &NA ( GO t er ms: 0010468 and O
Biological Process catego($upplementary Tabl&2). Then to further understand the gene

functions involved in the metabolic pathwalsnnotated the 222 DEGs responding to

photoperiod to regulate flowering time against the KEGG databaseskifgenes (25.22%)

were mapped into 38 signaling pathways. Froes¢h38 pathways, glycine, serine, and

threonine metabolism (7.14%) and glycolysis/gluconeogenesis (5.36%) were among the most
enriched onegSupplementary Tabl&3).

46



Chapter 3

GO analysis of the 1,812 DEGs likely regulating flowering time under LD conditions (ii)
(Supplementary Tabled)s howed A Regul ation of Gdhee Expres
Bi ol ogi cal Process category and theBlolecdarng o as
Function category. Besides, glycine, sermg] threonine metabolism (3.70%) and pyruvate
metabolism (4.63%) were found to be among the most enriched pathasggon KEGG
annotation(Supplementary Tabl&5). Fdlowing this, | carried out GO analysis of the 57

DEGs (iii), which would regulatdowering time under SD conditions in quinoa

(Supplementary Tabl&6). The functionabnnotation of these DEGs against the KEGG

database showed that 13 genes (22.80%) were coding for enzymes acting in 12 different
pathwayqSupplementary Tablg7). Findly, | performed GO analysis of thi#EGs likely

regulating flowering time at the SAM (ivB(pplementary Tabl&8). In the SAM, 74 DEGs

(8.26%) were mapped to the KEGG datab&epplementary Table9). Importantly, GO

terms such as ATranscription regul-ator actiywv
templ ated transcriptiono and fARegul ation of
putatively regulating flowering time under SD conditions and the DEGs at SAM.tissue

3.4.5. Co-expression analysis of the DEGs

In a second approachysed the newhassembled transcripts to performexpression

analysis with the genes annotated in the reference genome QU3édl. ceexpression

networks to associate newdgsembledranscrips to a putative biological process based on

the annotation provided for the annotated genes within the samguession cluster. With

this aim,| first used the newhassembled transcripts to perform leaf transcriptome data
dissection in the same way @escribed for the annotated genes. Thobtained three groups

of newly-assembled DEGs: (i) those differentially responding to photoperiod, (ii) those likely
regulating flowering time under LD, and (iii) those putatively controlling the time to flower
under SD. Later| combined the results from the nevdgsembled DEGs with the results

from the annotated DEGs. As resuitjrouped 89 newhassembled DEGs differentially
responding to photoperiod to control flowering time with the DEGs descrild&édune10A,

which are annotated DEGs differentially responding to photoperiod (data batsb).

grouped 1,777 newlgssembled DEGs thatight regulate flowering time undeDLwith the
annotated DEGs that might have the same Figu(e 10B) (data set 2). Besidelsgrouped
127newly-assembled DEGs that might regulate flowering time under SD conditions with the
57 DEGs described iBupplementary Figurgé7B, which are annotated DEGs putatively
regulating flowering time under S{data set 3)To continue] performed ceexpression

analysis in data sets 1, 2, and 3. As an outcbidentified sixco-expressed modules in data
set 1 FigurellA). The rednodule contained the highest number of DEGs (88 DEGSs)
(Supplementary Figurg9). Besides] identified 20 and three eexpressed modules in data
set2 and 3, respectivelfFigure11B andFigure11C). The highest number of DEGs harbored
by a module was 1,957 in data set 2 (grey module) and 72 (grey module) in data set 3
(Supplementary Figurg9). Interestingly, the red module (20 nevdgsembled DEGs) from

data set 1, harbore&cigZTLandCgBIC1 Besides, the grey module of data set 2 contained 884
newly-assembled DEGs together witlgFT1A, CqFT2B, CqCOL1&ndCgELF5 In data set

3, the grey module clustered 56 nexalysembled DEGs witGqSOC1
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Figure 11. Co-expresan analysis of annotated and newalssembled DEGs in leavé¢ewly-assembled

transcriptsare those sequences assembled by the algorithm, whose transcripts differed from the ones found in the
reference genome (referred to as annotaf@d)Differentially expressed genes (DEGs) between stiayt (SD)

and longday (LD) conditions in B12082, which differentially respond to photoperiod to likely regulate

flowering time. (B) DEGs between 4814886 and B12082 at W2 and W3 under LD, which gnetatively

controlling flowering under LD. (C) DEGs with similar spatial expression patterns betw&d886 and b

12082, which likely control the time to flower under Sferarchical clustering dendrograms of the DEGs are

shown at the top. Modules, weh are designated by color code at the bottom of each tree, are the branches of the
clustering treeThe height axislisplays the distance between clusters.
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To continue) constructed cexpression network®r each of the modulgSupplementary
Figure20, Supplementary Figur2l). For further examinatior,selected théop 10%o0f
newly-assembled transcripts in each moduith the highest degree that have MM >.0.8

Next, | blasted and G@nnotated these gen&upplementary Tabl20, Supplementary Table
20). As an outcome, 90.73% of the genes depicted sequence similarity to one or more gene
orthologs in other species by BLASTadysis, out of which 24.91% were coding for
uncharacterized proteiffSupplementary Tabl20). Importantly, none of the resulting genes
showedsimilarity to PEBPor other flowering time gene families. Such similarity would
indicate a putative role in flowering time regulatiblfowever, like the annotated genes, the
GO analysis revReRaeldatieomsosSugbénasexXipression
DNA-te mp | aSupptermentary Tabl20).

3.4.6. Validation of RNA-seq pipeline by RT-gPCR

| validatedthetranscriptome results by performing expression analystjoePS9 CgZTL,
CqFIP1, CgELF5, CqSOC1, CqrFT2BndCgHD3ABby RT-gPCR Figurel?). Then,l
calculated the correlation between the differential expression values fronrsBiNAnd the
values from RTgPCR. As an outcome, the differential expression analyzed byFR
closely matched the results of RNs&q with a correlation coefficieRof 0.82
(Supplementary Figur22). The expression patterns obtained by-FICR matchedy
expectations based omy transcriptome data dissection. For instai@g TL relative
expression is higher iB-12082than inPI-614886under LD at W3. ThusCgZTL expression
is higher in the accession that differentially responds to photoperiod at the stage when
flowering begins in LD, based on rhistological analysis. These results are in line with a
gene that responds differently to photoperiod to control flmgeérme.Besides, as expected,
the relative expression @fgZTL remains relatively unchangeeder both day length
conditions in the dayeutral accession. A further example is givenGqFT2B This gene
expression was much higher in®14886 than in EL12082 under LD at W3, matchimgy
observations by RNAeq Figurel0B). Interestingly CqFT2Brelative expression was higher
towards W3 under SD in both accessions, shgw correlation of its expression with the
time to flower (as deteetl in myhistological analysis) under this photoperiod regime.
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Figure 12. Leaf expression profiles of six genes at different stages of development obtaineefACRT Seven
genes were used to validate the RBEY differential expression results. Plants from accesBib6$4886 and
D-12082 were grown in a growth chamber at 28f@er shorday (SD, 8 h light)and longday conditiongLD,
16 h light) Error bars: SEM data were normalized against the geometric me&uyBiTBandCqlDH-A.
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3.5. Discussion

In this study] determined the time point when the quinoa shoot apical meristem (SAM)
turned into a floral meristem. Besidéstudied leaf and SAM transcriptomes in correlation
with this morphological shift at the SAMinvestigated genes displaying differential

expression profiles between different photoperiods and between accessions with contrasting
life cycle regimes and obtained thousands of DEGs as an outcome.

| aimed to determine the time point when the shoot apical meristem (SAM) turned into a floral
meristeml investigated SAM development at different stages to identify the time of the

switch to the reproductive stagedetermined the time of floral transition based on apical

domi nance release; thus, a vegetati heeasst age
a reproductive meri st em denpibitortos lataraliiud o me s hap
growthtook placgDun et al., 2006)The results from this analysis placed the time for floral

transition in quinoa much like the time of bolting:onclude thiagenes triggering floral

transition should be already active at the early stages of quinoa development when the second
pair of leaves appearhis is in agreement with reports@henopodium rubrur(C. rubrunj,

a species closely related to quinoa, wheneTL genes respond to SD conditions to flower as

early as five days after sowitiGhéab et al., 2008 ontrasting to quingather crops transit to

fl ower much | ater, as is the case of rapesee
shaped apical eristem, which shows that flowering started, is observed six weeks after
vernalization in LD(Matar et al.2021) In B. vulgaris the vegetative shoot apical meristem
before vernalization has an fAedgedo ndheape. L
apical meri stem can be seen dur i-snhga preedr ncaa ni zba
seen only 8 weeks after the end of vernalizati@hiurugwi et al., 2013)

Although floral transition starts early in quinoa, the time of flowe(irg when the first

flower opens), also depends on adegeateronmental signals, as demonstrated in several
crops (e.g. tomato, rice, wheat), where nutrient supply, day length, light intensity, light
guality, and ambient temperature, as well as endagesignals transmitted by plant
hormones, play an important rqlB&aurle & Dean, 2006; Camejo et al., 2005; Hu et al., 2015)
In winter rapeseed, for instandke shortening of the preernalization periods from three to
one week derived in a flowering ldg of up to 51 days after vernalizatilatar et al., 2021)

In a study withBrassica rapaplants grown at 28 °C instead of 21 °C, showed a delay of 7
days in floral transition, as seen by inspection of the morphology of the(®&MDImo,

Poz a \Vifeioj Jarillo, &Crevillén, 2019)

After | had determined the time point when theNBAirned into a floral meristenh,searched

for genes expressed in the leaves, which are likely involved in flowering time regulation under
SD and LD conditions, as welk those which differentially respond to photoperiod.

reasoned that such genes are differentially regulated at W2 andavaware of the fact

that there are flowering time regulators, whose constitutive expression is enough to flower,
such as th&TL homolog inchrysanthemunfHiguchi & Hisamatsu, 2015However, many

known genes controlling flowering respond to photoperiod and other environmental cues, and
its expression is correlated with the morphological changes at the(Batérill & Varkonyk

Gasc, 2016)

| hypothesized different regulatory pathways in quinoa under SD and LD because, in a
previous studysubstantial differences in the expression pattefissx FT-like and sixCOL
homologsunder different photoperiodic conditiongre foundPatiranage et al., 2021) is
reasonable to presurtteat different pathways and different genes may contribute to
regulating the flowering time of quinoa under different photoperiod regimes, ascassthef
rice or soybeanin rice, HD3A acts as a floral integrator under 8BdRICEFLOWERING
LOCUS T ARFT1)under LD (Tsuji, Taoka, & Shimamoto, 2011). In soybeanFhe
homologsGmFT2aandGmFT5arespond differently to photoperiod, aodly
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GmFT5ainduces flowering under LD conditioiigong et al., 2010)The hypothesis of two

pathway regulation of quinoa flowering time igoported bya study orChenopodium

ficifolium, which flowersunder LD without showing differential expressionFaf homologs,

while under SDCrFTL1is required for flowering Gt or ¢ h o v 8 Madoveawhen, 20 19)
compared gene expression profiles between accessions under SD aridurd,only a few

DEGs in ommon between these photoperiod regimes.

CqFT2BandCqgFT1Aconstitute @irther evidence supporting tiqeinoaflowering time being
differently regulated under SD and LEBgFT2BandCqFT1Aare the most likely functional

FT homologs in quinodn my study,CqFT2Bis suggested to be a functional ortholog of
AtFT because of its significant tpegulation inPl-614886under LD. However, it is more
likely that this gene is a major player in flowering time regulation under SD than LD, because
its expression pattern correlates with that of floral activator under SD only (Figure 6). The
evidence o CgFT2B s r o | e ingmomater indey 80eprovided byy study adds to
that of other studie@Patiranage et al., 2021; Wu et al., 20Z1gFT2Bwaspresumed to be

the quinoa floral activator under 3iy Patiranage et al. (2021yhich was evidenced also by
Wu et al. (2021)Theystudied the effect of night break (NBjder SD in quinoa. They found
thatCqFT2Bis a target of IncRNA involved in flowering time regulati@n the other hand,
another=T ortholog,CqFT1A,was shown to influencgowering time under LD and not SD

in a haplotype study of a quinoa core collectiPatiranage et al., 202Batiranage et al.
(2021)found that &CqFT1Aallele (namedCqFT1Ag is correlaedwith early flowering,

while the allele name@qFT1Abis correlated with late flowering under LD, eusively. In
correspondence with that studyfpund that the dayeutral accession 14886, used imy
study, carries th€qFT1Aaallele, whileD-12082 carries th€gFT1Aballele,which is in
correlation with the observed flowering delay under. Bdcordingly,| observed a down
regulation ofCqFT1Aat W2 under LD irPl-614886, which flowered earlier than12082
Hence, according tay findings and in line withhe previous observations iPatiranage et al.
(2021) CgFT1Amight work as a floral fgressor under LD. The putative functionQgFT1A

in LD conditions would be similar to that BFT1,which isthe FT homolog in sugar beet,
another member of thremaranthaceaéamily. In B. vulgaris BvFT1inhibits flowering under
LD. Further evidence fdhe function ofCqFT2BandCgFT1Ain flowering time regulatioris
presented by the fact that they were not found in the SAM transcriptomi_eaté&

Imaizumi, 2018) To concludeCgFT2Bmight have a role in flowering promotion under SD
but not under LD, whil€€gFT1Amight be a flowering time repressor under LD but not in
SD. Altogether, these findings support the hypothesis of two different pathways regulating
flowering time in quinoa uret different photoperiod regimes.

Interestingly, as a result afy transcriptome data dissectidrdid not encounter thEWIN

SISTER of FTTSH homologsmentioned byVu et al. (2021,)which are targets of

differentially regulated IncRNA after NB under $ibquinoa.Besides, they mentioned genes
down or upregulated after NBLHY, ELF3 HY5 PHYA andCRY1 which were not found

as involved in flowering time regulation my investigation, eithefThis might be because of

the different experimental desigasthe two studies, dsanalyzed DEGs (mMRNA)

differentially responding to photoperiod regimes at the time points when flowering takes place
based on histological analysis of the SAM.

How canl distinguish between genes directly involved in flowering time regulation and
others? Irmy analysis)] examined differentially expressed genes between different

conditions, accessions, and developmental stages to detect flowering time regulators and
obtaned hundreds of genes as a result. These numbers matgipeedictions because

flowering is regulated by a complex network comprising numerous pathways and hundreds of
genegBlumel, Dally, & Jung, 2015; Bouché, Lobet, Tocquin, & Périlleux, 2016)
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| hypothesize that most of the DEGs between accessions undeMDiatleaf and SAM are
involved in flowering time. Similarly, all DEGs between photoperiodic conditions at W2 are
photoperiodresponse candidates with a connection to the transition to flowering. There is
increasing evidence that most phenotypes, whiaie weeviously thought to be simply

inherited, are controlled by many genes, although with minor effects. The omnigenic

paradigm even proposes that any trait is influenced by all genes that are expressed at the right
moment(Boyle, Li, & Pritchard, 2017Mathieson, 2021; Tautz, Reeves, & Pallares, 2020)
Although major (Mendelian) genes with large effects had been found in many studies
maize,Buckler et al. (2009jound that, in fact, differences in flowering time among inbred

lines are not determined layfew genes with large effects, but by the cumulative effects of

many quantitative trait loci, each of which with small effeEtgthermoreaccording to the

recently proposed omnigenic model, genes can be classified as core or peripheral in their
assocition with a specific trait. Therefore, even if the candidate DEG does not have an

obvious connection to floweriagelated pathwayd,could expect it to be integrated into ron

core pathways (e.g., nitrogen metabolig®ho, Yoon, & An, 2017)Confirming ths

statementiny KEGG pathway mapping analysis showed a wide range of outcomes. Further
evidence of the omnigenic nature of flowering time conveys the results of the GO annotations
(Boyle et al., 2017)As expected,f ound GO terms suvebubhatdilfranosc
and ARegul ation of gene efewernngtimeiclatedgenes whi ¢ h a
(Song, Shim, Kinmon#schultz, & Imaizumi, 2015)However, several other functional

categories, which also contribute to describing the functioh eft D E G webe disptayed.

As a polyploid species, quinoa represents a challenge when finding functional orthologues of
a particular gene family because of gene redundancy. Besidesyrsetsfunctionalization

of paralogs causing alterations in gémection is expected, givep u i nevaufionary

history (Jarvis et al., 2017)n light of this statement, out of ZEBP(phosphatidyl
ethanolaminebinding protein¥ family genes, five of which had been identified before as
putativeFT orthologues, onlfCqgFT2BandCgFT1Awere detected imy study in leaves

(Jarvis et al., 2017; Patiranage et al., 208hpwing that transcriptome analysis is a useful

tool to filter out those genes which are unlikely to be functional paralogs for iegulat
different traits in a polyploid species. Interestinglymip study,| found genes, whose
orthologues in other species, are previously reported to control flowering regulation through
the vernalization pathway. These genes incbd&LY FLOWERING ELF5), FRIGIDA
INTERACTING PROTEINJgFIP1), andFRIGIDA:like (CgFRL4A) in the leaf transcriptome
andCqgVRN1in the SAM tissue. These genes function under the vernalization pathway in
either Arabidopsis, rapeseed, or whidathanson et al., 2000; Noh, Bidzz&loh, Schomburg,

& Amasino, 2004; Wang et al., 2011; Yan et al., 20@&)inoa does not require vernalization

to flower. Therefore, it is tempting to speculate that tlgeseoa orthologues possibly
underwent nedunctionalization. Hence, during evolutiothese genes distinctly adapted their
function more than othe&kmarantheaceapecies, such as sugar beet, which requires
vernalization to flower under LD.

| found 57,820 newhassembledranscriptan the leaf tissue as the outcometlué
bioinformaticspipeline.The newlyassembledranscriptsare those sequences assembled by
the algorithm, which differed from the ones found in the reference genome. These include
algorithmic artifacts, putative gene isoforms (e.g. splice variants)|essdprobable,ew

genes transcribed specifically unaey experimental condition@ertea et al., 2015 my
study,l assumed that interesting gene isoforms and new genes transcribed specifically under
my experimental conditions, if any, are highly-expressed witimy main candidate floral
regulators. In this wayl,used ceexpression networks to associate neaggemizd
transcriptswith biological processes and to prioritize candidate genes for splice vdkants
Dam, Vosa, van der Graaf, Franke, & de Magalhaes, 28E8)des| assumed that newdy
assembled transcripts with a flowering tinedated function have segncesimilarity to genes
belonging to known flowering time gene familiésassessed that similarity by blastx analysis.
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As a result of ceexpression and blastx analyses,newlytranscribed gene was associated

with a flowering function irmy study. Impatantly, in my transcriptome data dissectidn,
assumed that the same genes act as floral integrators in the two selected accessions, thus,
possibly filtering out splicing variants of floral integratdsmwever,the lack of gene

isoforms (e.g. splicing vants) as a result of eexpression and blasanalysis, would show

that myassumption of the same flowering integrators in the two accessions under study is
likely correct. More extensive analyses including modifications in the filtering criteria to
dissect this data can be performed. Examples of such analysis are regulatory gene networks,
interaction with target genes, sequence motif analysis, and integration of Jpratieim

interaction data.

Although transcriptome analysis provides a first insight into the function of a gene, it does not
convey ultimate evidence of the role of the candidate genes in a biological process. Therefore,
the information given byny study must be combined with othaethods for functional
characterization to confirm the role of the candidate genes as flowering time regulators in
quinoa. In this scenario, overexpression and knockout of the candidate genes would provide
the ultimate evidence of its function in quinoan td date, there is no protocol for quinoa
transformation; howeveagrecent VirusMediated transient expression technique (VIGS)
protocol could enable functional studies in this di©pata et al., 2021Moreover, a

combination ofmy transcriptome dataitth genetic mapping studies would provide stronger
evidence of the suitability of candidate genes as flowering time regutetdhaplotype

analysis could unravel correlations between haplotypes of the candidate genes and/or their
regulatory regions witkdays.Variants modifyingCqFT 1A% expression could be of interest

for growing quinoa in Northern latitudgs/en the putative function dhis geneas a floral
repressor acting only undiemg day conditionand in the early stages of quinoa

development
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3.8. Supplementary data

Supplementary Table9. Sampling stages and tissues frbri2082 and R614886 under
two different photoperiod regimes. Samples were taken for-B&tpuencing (RNAseq) and
histological analysis. Plants were grown at 22 °C ufaefday (LD) conditions: 16 h light;
and shorday conditions (SD): 8 h light. Sequenced samples are written in red.

Supplementary Tablel0. Quality filtering and raw read statistics for the transcriptome
libraries. Three biological replicates of shootcapmeristem and leaf tissue from two
accessions grown under two different conditiorese sequenced. Samples were collected
weekly.Long-day (LD) conditions: 16 h light, 2€; shortday conditions (SD): 8 h light,
22°C. PE= pakend.

Supplementary Tablell. List of candidate genes putatively regulating flowering time in
guinoa with an associated flowering time function in quinoa and other species.

Supplementary Table12. Gene Ontology (GO) annotation aifferentially expressed genes
(DEGS) between SD drLD in leaves of B12082, which differentially respond to
photoperiod to likely regulate flowering time&he rumber of genes in each node of different
GO hierarchy levelss shown for three GO categories, Biological Process, Cellular
Component, and Moletr Function.

Supplementary Table13. KEGG classification oflifferentially expressed genes (DEGS)
between SD and LD in leaves 0fI2082, which differentially respond to photoperiod to
likely regulate flowering time.

Supplementary Table14. Gene OntologyGO) annotation oflifferentially expressed genes
(DEGS) between P614886 and E12082 at W2 and W3 under lowigys (LD) in leaves,
which are putatively controlling flowering under (D6 h light) Number of genes in each
node of different GO hierarchyJelsis shown for three GO categories, Biological Process,
Cellular Component, and Molecular Function.

Supplementary Tablel5. KEGG classification oflifferentially expressed genes (DEGS)
between RP614886 and EL2082 at W2 and W3 under lownigys (LD) in kaves, which are
putatively controlling flowering under LIQL6 h light).

Supplementary Tablel16. Gene Ontology (GO) annotation differentially expressed genes
(DEGs) with similar spatial expression patterns in leaves betwe@h48B6 and E12082,
which likely regulate flowering time under shalays (8 h light)Number of genes in each
node of different GO hierarchy levetsshown for three GO categories: Biological Process,
Cellular Component, and Molecular Function.

Supplementary Table 7. KEGG classification oflifferentially expressed genes (DEGS)
with similar spatial expression patterns betwee6 1886 and EL2082 under shibdays
(SD) in leaves, which likely regulate flowering time under skasts (8 h light).

Supplementary Table B. Gene Ontology (GO) annotation differentially expressed genes
(DEGS) in the shoot apical meristem (SAM) betwee 1886 and E12082 at Waand W3,
which are likely involved in the regulation of the time to flower at the SNNmber of genes
in each node of different GO hierarchy levislshown for three GO categories: Biological
Process, Cellular Component, and Molecular Function.

Supplemeriary Table 19. KEGG classification oflifferentially expressed genes (DEGS) in
the shoot apical meristem (SAM) betweer6R#886 and EL2082 at W2 and W3yhich are
likely involved in the regulation of the time to flower at the SAM
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Supplementary Table20. Results of the blastx analysis for nevdgsembled transcripts that
areco-expressedavith annotated DEGthat putatively regulate flowering in leav@e top

10% ofnewly-assembled transcripigth the highest degree and module membership (MM) >

0.8 fromeach module in the eexpression hierarchical clusteringre used for blastx.
Newly-assembled transcripts are those sequences assembled as transcripts by StringTie, which
are not found as transcripts in the reference genome QQ74_V2.

Supplementary Table21. Gene Ontology (GO) annotation of the nevalgsembled

transcripts thadreco-expressedavith annotated DEGH#at putatively regulate flowering in

leaves. Number of genes in each node of different GO hierarchy iegalswn for three GO
categories: Biological Process, Cellular Component, and Molecular Function.-Newly

assembled transcripts are those sequences assembled as transcripts by StringTie, which are not
found as transcripts in the reference genome QQ74_V2.

Supplementary Figure 4. Quinoa plants at bolting and the first flower opens stages. Plants
from (A) P+614886 and (B) E12082 grown under lordays (16 h light) are shown. Red
arrows show visible floral buds and open flowers. Scale bars=3cm.

Supplementary Figue 15. Unsupervised samples clustering with the filtered and normalized
transcriptome data. (A) Leaf and shoot apical meristem (SAM) samples clustered by tissue
and accession. SAM and ldadinscriptomevalues are located to the right and left of the

dotted line, respectively. (B) Biological replicates of leaf transcriptomes clustered together.
Biological replicates within accession are equally colortd14886 and EL2082data are
located above and under the dotted line, respectilgZzC=Trimmed Mearlog-ratios (log

fold change of M values).

Supplementary Figure16. Transcriptome data investigation to identiignes differentially
responding to photoperiod (A) Heatmap and stacked column graph of differentially expressed
genes DEGSs) betweeshortday (SD) and loneday (LD)in D-12082 at W2 and W3. (B)
Heatmap and stacked column graph ofeGs in (A), which were dowror upregulated in
Wa3. (C)Heatmap and stacked column graph oflf&Gs in (B) whose differential expression
differed between W2 ar/3. (D, E) Heatmap and stacked column grapBDBfGs between
W2-W5, W3W5, and W4WS5 for the shorday (D-12082)and the dayneutral P1-614886)
accessions. DEGs with different expression patterns between SD and LD conditions are
shown. (F)Heatmap and st&ed column graph of tHeEGs resulting from removal &fl-
614886DEGs in (D) from those iD-12082.The btal number of genes in each step is shown
at the bottom of the heatmaps. In the heatmap, SD.W4vsW5 corresponds, for ingtimage,
(normalized reads at W4/ normalized reads at W5) for a specific gene model under SD.
W=week.

Supplementary Figurel7. Transcriptome data investigation to identify genes regulating
flowering time under longlay (LD) and shortlay (SD) conditions in leave@) Heatmap

and stacked column graphDEGs betwee®l-614886andD-12082at W2 and W3 under

LD. (B) Heatmap and stacked column grapfib&Gs having similar spatial expression

pattern betweeB-12082andPI-614886under SD conditions. Total number of gsnn the
analysis is shown at the bottom right of the heatmaps. W4vsW5 corresponds, for instance,
log> (normalized reads at W4/ normalized reads at W5) for a specific gene model under SD.
W=week.

Supplementary Figure18. Transcriptome data investigatiof DEGs from the apical
meristemHeatmap and stacked column grapiDEGs betwee®l-614886 and E12082in
shoot apical meristem (SAM) samples are shown. dtad mumber of genes is shown at the
bottom right of the heatmap. W2.SD corresponds, formestao log (normalized reads in
P1-614886/ normalized reads inI2082) for a specific gene model at W2 under SD.
W=week.
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Supplementary Figure19. Number of genes per module resulting from thexpression
analysis in leaf transcriptome. Every colorregents onenodule of the clustering trees in
Figurell (A) Differentially expressed genes (DEGS) between stiayt(SD) and longlay
(LD) conditions in D12082, which differentially respond to photoperiod to likely regulate
flowering time. (B) DEGs between 814886 and BE12082 at W2 and W3 under LD, which
areputatively controlling flowering under LD. (C) DEGs with similar spatial expression
patterns between 14886 and E12082, which likely control the time to flower under SD.

Supplementary Figure20. Co-expression networks of annotated and neaigembled
transcriptsshowingdifferentially expressed genes betweer6P4886 and BE12082 at W2

and W3 under LD, which are putatively controlling flowering under LD in ledwesty color
represents onmodule of the clustering tree in Figut&C. (A) plum3, (B) oyalblue, (C)
darkolivegreen4, (D) black, (E) red, (F) darkgrey, (G) bisque4, (H) oranged3, (1) grey, (J)
lightpink4, (K) darkseagreen4, (L) thistle, (M) darkmagenta, (N) skybluel, (O) darkslateblue,
(P) darkgreen, (Q) grey60, (R) purple, (S) blue andr{@oon moduledDegreesum of
connection weights of a gene to all other genes in the module by Weighted Gene Co
expressiomNetwork Analysis (WGCNA). Number of genes in each module is shown in
Supplementary Figur#o.

Supplementary Figure21. Co-expression networks of annotated and neaigembled
transcriptsshowing(DEGSs) between shoeday (SD) and longlay (LD) conditions in B

12082, which differentially respond to photoperiod to likely regulate flowering timevedea
(A to F) andDEGs with similar spatial expression patterns betweesilR886 and E12082,
which likely control the time to flower under SB to I). Every color represents ongodule

of the clustering trees in FigutdA and Figurel1B. Networks corrggond to the (A) brown,

(B) blue, (C) green, (D) yellow, (E) red, (F) grey, (G) blue, (H) brown, and (I) grey modules
Degree:sum of connection weights of a gene to all other genes in the module by Weighted
Gene CeexpressiomNetwork Analysis (WGCNA).Number of genes in each module is shown
in Supplementary FigurEo.

Supplementary Figure22. Scattered plot showing the correlation between expression data

from RNA-seq and RIGPCR. RTFgPCR values correspond to thedof the fold change

(FC) between day length conditions, between accessions, and between weeks. Data are shown
for seven genes. R= Pearson’s R. W = week.
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4. Agrobacterium-mediated transformation experiments

4.1. Introduction

Crop transformation is a useful tool for scientists and breeders, which can be used/wéh a
rangeof aims.Besidessupplying new and genetically diverse plant materials to breeding
programs, genetic plant transformation permits the direct introductiose@dl genes into
important cropgKeshavareddy et al., 201#lanttransformation represents a valuable tool
for functional analysiso provethe role of (a) gene(s) in a biological process.

In quinoa, the only existing report of transformation datest990.Komari (1990)eported
onthetransformation of cells in suspension culture. However, attempts to regenerate plants
from the transgenic cells were unsuccessful. Another stu@pémopodium rubrur(C.

rubrum), a close relative of quinoa, testédrobacteriuncocultivation with callusom stem,
cotyledon and leaf. After transformation, regeneration could not be achi@adis, Mlejnek,
Studena, & Prochazka, 2008)n the other hand, there are several regor&iccessfuin

vitro regeneration of shoots from different quinoa expléidiessami & Daneshvar, 2016;
Hesami, Naderi, & Yoosefzaddétajafabadi, 2018; Telahigue & Toumi, 201These
protocolsshow for instance, direct organogenesis from cotyleglquiantand indirect
organogenesis through callus produced ftbaroot, cotyledonand hypocotyl tissues.

However, the development of &grobacteriummediated transformation protocol for quinoa
represents a series of challenges. Fimstjtro regeneration has to be achieved. For this, the
utility of existing protocols has to be men and/or optimized to obtain a reproducible
protocol(Keshavareddy et al., 201&econd, the successAdrobacteriuramediated
transformatiorrelies on a combination ehanyfactors,which include genotype,
Agrobacteriunstrain,a selectable marker, tissue culture parametersAstseen for other

crops like sorghunfjnding a suitable combination of these factorsnge-consuming

Moreover, even whethetransformation is successful, it is possible that high efficiency is not
achieved(Che et al., 2018)

Up to date, there is no established protocol for quinoa transformétigmtimiting the

options for functional analysis and transgenic plant development. In this cémtextd to
investigate the feasibility gkgrobacteriummediated quinoa transformation. In this study, |
first aimed to prove that. quinoacan be regeneratea vitro; later, | tested\grobacterium
mediated transformation by the GUS reporter system; finaltyehded to develoa protocol
for Agrobacteriuramediated quinoa transformation, which still needs further optimization.

4.2. Materials and methods
4.2.1. Plant material

| used seventeen accessiamguinoatransformation experimen($able8). Accessions were
used for developing an vitro regeneration protocol (10 accessions) and/or for
Agrobacteriuntransformation (10 accessions). Plants were grown in modifiedshige and
Skoog mediummedia (MMS) under 16 h light a4 2C.
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Table 8. Selected accessions fiorvitro regeneration.

Accession name Origin Days to floweringt
BO-13 Chile 65
BO-63 Chile 59

EMBRAPA-Brazil* NA 55
BO-32 Chile 60
P1-596498 Peru 75
Ames 13745* USA 59
CHEN-427 Peru 66
CHEN-390 Peru 70
BO-60 Chile 68
P1-510537 Peru 66
PUGC-mix-green* Chile 63
Vikinga* NA 54
D-12289* Peru 80
NSL-91567* NA 63
D-11889* Peru 61
BO-11* Chile 56
Pl-478414* Chile 68

NA: Informationnot available
*Accessions used fokgrobacteriuramediated transformation
1Data collected in the field in 2019 as reported by Patiranage et al. (2020).

4.2.2. Plant transformation and in vitro cultivation

In thefirst stage, | testeth vitro regenertion in quinoa without transformation. For this
purpose, seeds were disinfected in 1.0 or 3.0% sodium hypochlorite solution (NaOCI) and
sown in mMS mediumExplants wereut from petiole, hypocotyl and leséifsues They were
transferred to eithdight (16 h) or dark conditions for callus induction. Thenlj ggere
transferred to shoabduction medial tested genotype, tissue, light conditipasd age of

calli at transfer to shooting mediatter ca. six weekghe shoots were transferred toting
media Figurel3). The media composition for evesyage was selected hyliteraturesurvey
from the protocols odfesami and Daneshvar (201Besami et al(2018) Telahigue and

Toumi (2017) andZarhloul et al(1999)

In thesecond stage, | performégrobacteriuramediated transformation in quinoa calli. |
adopted the protocol forrapesde¢ Dr . Jos® Or si ni (Saat en
with the folowing modificationgSupplementary Tabl22):

Explants used: petioles

Callus induction: one week in mMS + 0.25 mg BAP + 0.5 rdg2, pH: 5.8.
Agrobacteriunstrain usedA. tumefacienstrain GV3101 pMP90RK.

Inoculation: Fotthe vector pCambial305.1, 15 ml LB [+ 3 pul rifampicin (25 mg/ml) +
3 pl gentamycin (50 mg/ml) + selection: 3 pl kanamycin (100 mg/ml)] with 200 pl
storage culture. Fdahe vestor pCas9 _TPC_Red, B spectinomycin was used instead
of kanamycin.

= =4 -8 9

| used two vectorgpCambial305.andpCas9 TPC_Redhe vectopCambial305.1
containghe GUS reporter gene with a catalase intron laygkomycin resistance gene for
selectionof transgenic plantletsSupplementary Figur23A). The vector pCas9_TPC_Red, in
whichthe DsRed cassette has been added i@t@as9TPC, allows red fluorescence selection
(Supplementary Figurg3B). This vector was kindly provided by Diongli Dong
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(Southwest University, Chongqing). The vectaere transformed iA. tumefacienstrain
GV3101 pMP90RK by Dr. YixirCui and Dr. Tahmina Islam

A Seed disinfection and sowing

Two replicates . Ethanol immersion
of 50 see(.is per 70.0% ethanol; 5 s immersion
accession
Disinfection
1.0 or 3.0% Sodium hypochlorite + 0.2% Tween 20
20 min agitation

Rinse in autoclaved water
Sowing
medium: mMS
pH: 5.8; 16 h light (24 °C)

B Explant extraction and callus induction
Explant extraction
Leaf, hypocotyl and petiole
~1 cm length
14 days-old seedlings

Calli induction
Medium: mMS + 0.25 mg BAP + 0.5 mg 2-4 D; pH: 5.8
Complete darkness and 16 h light conditions (24 °C)

C Shoot induction

One and four week(s)-old calli

Transfer to shooting media
mMS; cytokinin: BAP (2 mg/l); auxine: IBA (0.2 mg/l)
16 h light (24 °C)

D Root induction
Six weeks-old shoots

Transfer to rooting media
Medium A: mMS; cytokinin: BAP (2 mg/l); auxine: IBA (0.2 mg/l)
Medium B: mMS plus activated carbon (10 mg/l)
16 h light (24 °C)

Figure 13. Experimental design fan vitro regeneration in quinoa without transformatiifferent parameters
were tested indur mainexperimental stage$A) seed disinfection ansbwingfor production of sterile
seedlings, (B) explant extraction and callus induction, (C) shoot induationD) root induction. mMS:
modified Murashige and Skoo®AP: 6-Benzylaminopurine,IBA: Indole-3-butyric acid.

For Agrobacteriummediated transformation with pCambial3Q&drobacteriumwvas
cultivated with 3 pl kanamycirkGnamycin selection) ater,l used 100 petioles per
accession (B&3 and Ames 13745) and testedatdtivation treatments in a factorial design.
| tested different c@ultivation conditions plus a negative control éwmery accessiorto-
cultivation in liquid media for 25 and 45 min,-caltivation in solid media for 3 and 5 days
and negativeontrol by norinfected calli.Solid and liquid cecultivation media werenade
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according taZarhloul et al. (1999) performedGUS staining for all the caultivation
treatments and theontrol calli.

For Agrobacteriuramediated transformation withiCas9_TPC_Red useda total 0f~3,300
petiole explants from B@3 (including~200nontransformedtalli ascontrol). In this
transformation experiment, | tested the effect of sonication, calli cutting and modification of
silver nitrate concentration on the regeneration rate after transformation. The investigated
parameters weréransformation with or without sonicatiortin, 25 Hz) with or without

calli cutting andLOOmg/I to 150 and 200 mggilver nitrate concentration in the shooting
media Calli cutting refers to a wound of approximately 2 nmdepth made on the surface of
the callus before the transformatiorevaluated the@egeneration efficiency after
transformation:

s ACAT AR EGET E Ol AIA@A CAT AOTEA Q A0

¢ T ERET AAEoDT GO
| used red fluorescence ftite selection of putative transformed calli and shoots.
Fluorescence wasxamined under a stereomicroscope (Nikon SMZ25; Nikon Instntsn

Europe BV, Amsterdam, the Netherlands) usingNt& ELEMENTS BR microscope imaging
software (Nikon) with th@ext paramiers;Zoom:0,63; Mag: 0,32; exposure time: 30 s

To find theadequate concentration of phbsmtricin (PPT) for transformant shoots
selection | tested fiveconcentrations (0.5, 1.0, 2#&nd 2.5 mg/l) irthe shooting media. |
used oneeplicate, 20 shoots each, for every concentratiod two controls (0 mg/l of PPT).

To evaluate the selection efficiency after transformation with pCas9_TPC_Red, | assessed the
putative transformants by PCR.

4.2.3. GUS staining

| performed GUS staining of thefected calli resulting from all treatments by transformation
with pCambial305.1. The callere incubated at 37 °C for 24 h inG{uc solution. Later, |
performed optical clearing via ethanol (70.0%).

4.2.4. DNA isolation and PCR

DNA was isolated fronputatively transformed calli by the standard CTAB mettiBdrebski,
Bailey, & Baum, 1997)PCR was performed with primer combination Cas9F+Cas9R
designed at the Cas9 fragméatupplementary Tabl@) for verification of cas9 insertion
underthefollowing cycling conditions: 94°C for 3 minutes, 40 cycles of@4for 30
seconds, 5°C for 30 seconds and 7€ for 1 minute, followed by 72C for 5 minutes final
elongation. PCR pradtts were separated on 1.0% agarose gels at 100 V for 30 min.

4.3. Results

4.3.1. Regeneration of whole plants from quinoa callus

Ten accessions were selected based on their days to flowering, which was recorded in the
summer of 202 in the field (Kiel, Germany)Patirange et al., 2020rive accessions were

early flowering accessions (up to 65 days after sowing) and five were late flowering (from 80
days after sowing)-orin vitro regenerationl, designedan experiment with four main stages:
seed disirgction forthe production of sterile seedlings, explant extractaailus induction,

shoot inductiopand root induction.
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For seed disinfection, | tested different concentrations of NaOCI and evaluepdsence

of contamination, germination rate, tdength and plant height seven days after sowisg).
anoutcome, successfully generated sterile seedlings for eight out of ten accessions selected
for this experimentTable9). Accessions P596498, CHEN390, and P1510537 required a

higher NaOCI concentration (3.0%). Ames 13745 showed the highest values of plant height
and root length seven days after sowing.

Table 9. Results from germination experiments with ten quinoa genotypess®ane grown in mMS media
under 16 h light (2 °C). The germinatiomate plant heightand root length of the seedlinggremeasured 7
days after sowing. When seedling contamination was obse¥e€iC| concentration was increased 1093.

) NaOCI in vitro
Accession , L - . Plant Root length
name concentration | germination | Disinfection height (cm) (cm)
(%) rate (%) g
BO-13 1.0 90.5 sterile 2.33+0.15 | 2.90+0.36
BO-63 1.0 90.9 sterile 2.07+0.40 | 2.67+0.60
EMBBrF;';rA 1.0 65 sterile 0.93+0.06 | 2.00+0.26
BO-32 1.0 100 sterile 1.63+0.06 | 1.57+0.06
1.0 100 contaminated - -
P1-596498 3.0 75 sterile 1.67+0.76 | 2.13%+0.45
Ames .
13745 1.0 68.2 sterile 4.50+0.70 | 3.17+0.29
1.0 100 contaminated - -
CHEN-427 3.0 0 sterile - -
1.0 75 contaminated - -
CHEN-390 3.0 28 sterile 2.70+0.36 | 3.27+0.97
BO-60 1.0 60 contaminated - -
3.0 10 contaminated - -
1.0 90 contaminated - -
PF510537 3.0 77.4 sterile 3.97+0.80 | 3.60+0.40

Then, | continued with the five accessions that showed high germination rates and were sterile
after 1% NaOCI treatmemd obtain callus from sterile seedlings (Ames 136745;1B0BO

63, BO-32, and EMBRAPABrazil). In the callogenesis stage, | testedtligbnditionsand
different tissues for explant extraction. The results of explant extraction and callus induction
were evaluated by callus diameter, appearance (friability), @idrcallogenesis percentage
per genotype. Friability was defined as describme(Ribeiro, Gayer, de Castro, Coelho, &
Albarello, 2015) As result, the explant showing the best callus generation percentage and
callus quality (green color and friable) wtag petiole (MultiFactor ANOVA; p=0.05) Table

10). Contrary to what is describedtimeliterature(Hesami & Daneshvar, 2016; Hesami et al.,
2018; Telahigue & Toumi,@L7), | provedthat light conditions are better thedarkness to
promote callus growth in quinoa. Accession-B8could notgenerate callus and was

discarded fothenext stages of the experiment.
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Table 10. Callus production from three different explants and shooting rates from petiole explants. Explants and calli were culfieafegitulight or complete darkne€slli were

evaluated 14 days after transference to callus induction ntedibility was defined as described by Ribeiro et al. (2015). Shooting rates were evaluated six weeks after transference to

shooting media.

ACCesSsIonN Light Tissue Diameter | Callogenesis Color Eriable Age of callus whertransferred | Shooting
Conditions (cm) (%) to shooting media rate (%)
Hypocotyl 2.1+0.3 100 Purple Yes - -
16 h light Leaf 0.4+0.2 100 Green Yes one-week 4-54
Ames 13745 Petiole 0.41+0.1 100 Green Yes one month 0.00
Hypocotyl 0.3£0.2 40 White No - -
Darkness Leaf 0.3£0.1 80 White No - -
Petiole - 0 - - - -
Hypocotyl - 0 - - - -
16 h light Leaf 0.840.1 71.4 GreenYellow Yes - -
BO-13 Petiole 1+0.3 100 Green Yes - -
Hypocotyl - 0 - - - -
Darkness Leaf 0.7+0.0 40 White No - -
Petiole - 0 - - - -
Hypocotyl 0.5+0.1 100 Green Yes -
16 h light Leaf 0.7+0.3 80 Green Yes one-week —
BO-32 Petiole 0.91£0.2 100 Green Yes one month 0.00
Hypocotyl - 0 - - - -
Darkness Leaf 0.2+0.0 50 White No - -
Petiole - 0 - - - -
Hypocotyl 1+0.2 100 GreenYellow Yes - -
16 h light Leaf 1.3+0.5 100 Green Yes one-week 25-00
BO-63 Petiole 1.5£0.5 100 Green Yes ;
one month 4.00
Hypocotyl 0.6+0.1 100 White No - -
Darkness Leaf 0.7:0.0 60 White No : :




Petiole - 0 - - - -
Hypocotyl 1.1+0.1 100 Purple Yes - -
. Leaf 0.4+0.4 50 GreenYellow Yes - -
16 h light one week 0
EMBRAPA- Petiole 1.3+0.3 100 GreenYellow Yes
Brazil . one month 0
Hypocotyl 0.50.0 80 White No - -
Darkness Leaf 0.310.1 60 White No - -
Petiole - 0 - - - -
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Later, | transferred the calli obtained from petiole to shooting media because petiole was the
best explant for callus generation, according to the results of the callus induction test. | used
one andfour-weekold calli. Asanoutcome, after six weeks ofiltivation, BO63 and Ames
13745 produced shoots wheneweekold calli were transferred to shooting media. When
onemonthold calli were transferred to shooting media, only-B®produced shoots. The
highest shooting rate was obtained witieweekold calli of the accession B®3 (Table

10).

Altogether, 28 shoots were obtained after six weSkpplementary Table 22 and
Supplementary Tabl23). The shoots were transferred to two rooting media: eight shoots to
mMS media and 20 to mMS media plus activated carboneg\dt after five days, the shoots
placedin mMS with 10 mg/l activated carbon underwent vitrification and death. On the
contrary, shoots placed in mMS media produced roots. The first roots became visible six
weeks after transferring to rooting media. After four weeks of the first root appegpéards
started floweringif vitro) and then, | transferred them to 6 cm pots filled with peat. Three
plants survived after transference to soil and were further grown and conserved in a growth
chamber under LD conditions (16 h light 22 (Supplementary Figur24). The plants were
covered with plastic containers and grown until maturity. At maturity, | harvested seeds and
sowed them ir8 x 3 cm 35multiwell palettedo grow them under greenhouse conditions.
After seven days, | measurdte germination rate. The regenerated plants produced seeds
from self-pollination, which had a 60.0% germination rate.

4.3.2. Agrobacterium-mediated transformation

For Agrobacteriumamediated transformatiohproduced sterile seedlings, extracted the
petioles and producedneweekold calli according to the best conditions observed in the
regeneration experiment.

| carried oufatransformatiorwith the vectopCambial85.1, which uses the GUS reporter
systento test the feasibility aAgrobacterium-mediated transformatian quinoa | used the
two accessions that showtt ability to generate shoots from calllB0-63 and Ames
13745. | tested four eoultivation conditons plus a negative control for every accession:
cultivation in liquid media for 25 and 45 min,-caltivation in solid media for 72 and 120 h
and anegative control per accession (Aafected calli).As anoutcome GUS expressiowas
observed in 4.0% of thegrobacteriumrinfected calli of BO63 (Table11 andSupplementary
Figure25). | did not observe a difference betweercattivation time treatments.

70



Table 11. Resultsoverviewof Agrobacteriuramediated transformation in quindBwo vectors, two solid and liquid exultivation conditions, and three selection methods: GUS, red
fluorescence protein (RFP), and phosphinothricin (PPT). PCR was performed to verify the insertion of the Cas cassette.

No Solid co | Liuid co No. of | No. of PPT PCR Regenerated shool Regenerated shool
' o quid ¢ GUS RFP | resistant " with100 mg/l silver| with sonication and
Genotype Vector of | cultivation | cultivation » . I positive : ith 200 mall sil
calli (min) ) positive| positive| calli at calli hitrate, without ) mg/l silver
calli calli | 2.5 mg/l sonication (%) nitrate (%)
Ames . 25 72 0 - - - - -
Cambial305.1] 100
13745 | P 45 120 0 - - - - -
_ 25 72 2 - - 0 - -
pCambial305.1] 100
45 120 2 - - 0 - -
BO-63
3,100 25 72 - 10 - 0 0.4% 4.0%
pCas9 TPC_Re
200 0 0 - - 20 - 40.0% 47.0%
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To continue, | used the vectp€as9_ TPC_Red fagkgrobacteriummediated transformation.
This vector was chosen for future possibilitieshefdevelopment of a CRISPR
transformation protocol in quinoa and because it does not require a destructive selection
method,such as GUS stainin§or this purpose, | used the acces8a#63, which depicted

In vitro regeneration capability arsthowedpositive GUS stainingin the experiment with the
vectorpCambial305.1Moreover,the vectopCas9_TPC_Red would allow testing two
methods of selectioof putativelytransformed tissues: red fluorescenesl (fluorescent
protein (RFPEexpression) anghosphinothricifPPT) selection. Accordingly, | examined red
inflorescence selection #tecallus and shoot stages; and PPT selectitimeashootingstace.

Preliminary results by using red fluorescence selection showed RFP expressitawfaalli
(Supplementary Figur26). Nevertheless, these positive events could not be confirmed by
standardPCR Supplementary Figur27). The selection of quinoa putative transformed calli
by fluorescene requires a complex calibration because thesedinstitutes an irregular
tissue, which in quinoa depicts a variety of coldrable11). Thus, the use of red
fluorescence selection at the calli stage weysdalse positives and/or false negatives.

Regarding selection by PPMtested fiveconcentrations (0.5, 1.0, 2.0, and 2.5 mg/l) added to

the shooting medito find the concentration of PPT to distinguish tfanmaant shootsGiven

the low regeneration efficiency after transformation (Table 5), | used shoots regenerated from
norrinfected calli forthis experiment. Besides, | used two controls (0 mg/l of PPTanAs
outcome, | observed that the appropriate PRitentration for transformant shoot selection is

2.5 mg/l becauset this concentration, leaf bleaching, as well as root browning and death had
ahigher incidence thaat other concentrationsS(pplementary Figur28). However, the

presented data is preliminary and further replicates of this experiment with shoots regenerated
after Agrobacteriunminfection have to be carried out.

The attempt oAgrobacterummediated transformation of calli wiffCas9 TPC_Red
producedissue browning andn important reduction of the regeneration rate after
transformation when compared to the control calli, whvelnenot infected Table12). While
the negative contralalli depicted the expected 40.0% shooting rate, the transformed calli
tissue strongly reduced the shooting capability to 0.4%. Hence, | attempted to increase the
regenerabtn efficiency after transformation. For thiggested the effect of sonication, calli
cutting and modification of silver nitrate concentration on the regeneration rate after
transformatiorbecause these factors have been reported to improve the regeneration
efficiency afterAgrobacteriuminfection(Lentz et al., 2018; Pitzschke, 2013). Thsted
parameters weransformation with or withat sonication (5min, 25 Hzwith or without

calli cutting, andsilver nitrate concentratiegof 100 mg/land200 mg/l. Asanoutcome, |
observed that calli cutting does not favor transformationspeeds upissue browning.
Interestingly, the combination of sonication and a higher silver nitrate contaamttalayed
tissue browning and improved the shooting rate of@drom 0.4% to 4.0% after
transformation Table12). However, further verification of transformantg standard PCR
showedno transformation

Because the shooting rate of B3 was not yet sufficient for establishing an efficient
transformation protocol, | aimed to find an accession with a better shooting rate after
transformation withAgrobacterium Thaefore, | tested the protocol with sonication of 5 min

at 25 Hz and 200 mg/I of silver nitrate in nine genotypes. The target shooting rate after
transformation should be at least 40.@&stablishan efficient transformation protocol,

similar to the existing ong®ovzhenko, Dal Bosco, Meurer, & Koop, 2003; Maheshwari,
Selvaraj, & Kovalchuk, 2011)n this way, an initial number of ;200 explants, as used in

this experiment, might be enough toahta transformant plant (assuming a transformation

rate of 2.0%). Unfortunately, the results showed that none of the tested genotypes depicted the
desired shooting rate after transformation. | observed the highest shooting rates for Vikinga
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and EMBRAPABrazil (~7.0%) followed by B12289, which depicted a similar regeneration
rate to BO63 (Tablel12). The given shooting rates were measured six weeks after

transference tshooting media and without selection restriction.

Table 12. The shootingate ofputativelytransformed quinoa calffom different accessiongasmeasured six
weeks after transformatiomith pCas9_ TPC_Redhooting rate equals tmember of regenerated shoots/ total

number of explants used.

Accession name | Shooting rate (%)
Ames13745 0.00
PUGC-mix-green 0.00
Vikinga 7.00
EMBRAPA-Brazil 6.67
D-12289 4.00
NSL-91567 0.02
D-11889 0.00
BO-11 0.00
Pl-478414 0.00

4.4. Discussion

| investigated the feasibility gigrobacteriummediated transformation in quindgroved

thatC. quinoacan be regeneratéal vitro and provided a reproducible protocol. However,

encountered the problem of tissue browning esnsequence a@tgrobacteriumnfection,

which strongly reduced the shooting ra#dthough varying the silver nitrate concentration
and adding sonication improved shooting ratessemodificationsdid notresult inan
efficient transformation protocol.

To date, robust protocols for transformation pfaht regeneratiohave been established for a
limited number of crops and varieties. Transformation remains a bottleneck in many plant
species and crop genotypes because of poor transformability or recalgito established
regeneration condition&lsually, recalcitrant crops depict browning of the explant tissues,
which is triggered by the accumulation amddationof phenolic compounds produced by
wounding stres@Dixon & Paiva, 1995; Lee & Whitaker, 29). BesidesA. tumefaciens
interacts with host factors, whigujustthe production of reactive oxygen species (ROS) and
hormonal levels, disallowing regeneration after transformgiamzschke, 2013)or
instancealow regeneration rate due to tisswewning is one of thenajor limitationsin
sorghum, considered one of the most resistant sp@ajesetic transformatio(Dreger et al.,
2019) For the callus tissue of such species to be amenable to transforraatgmificant
experimental effort is required to optimize tissue culture protdéoimnappa & Gruissem,

2021)

In thefirst instanceC. quinoaappeared recalcitrant to regeneratdier Agrobacterium
transformationl showed thagetting callusrom explantdoesnot represent a serious
bottleneck, as it is for other crop&njanappa & Gruissem, 202Xjence, br C. quinoa
changingthe concentration or composition of hormonal gtovdgulators at the shooting
stage might be enough for achievihgtransformation of recalcitrant genotypes. This

strategy was successfuhenestablishinga transformation protocol for the recalcitrant

cassava cultivar Verdinh@entz et al., 2018)Alternatively,vectorsthat include sequences
coding for growtlregulatorscould be tested. For instance, expressing the genes of the maize
BABY BOOMBBM) andWUSCHEL2AWUS3 transcription factorsvassuccessful in

recalcitrant sorghum varieti¢sNe | s o n

Vasi

c hi

k ’

Hague,

Tissue culture techniques are complex, tenasumingand labotintensive. Moreover,
regenerated plants can exhibit trait variations that arise frotations or genome instability

during tissue cultur@ossi, Amundson, Kuppu, Britt, & Comai, 201%herefore, testing

. Mook k a
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transformation methods that avoid tissue cultur@.iquinoawould be pertinent. The floral

dip protocol, developed fékrabidopsis thahna (Clough & Bent, 1998)would represent an
alternative, for instance. Other more recent tissue ctlalependent transformation
strategies, which would require more significant effort than the floral dip method, could be
tested. These methods inclyatelen and nanoparticles to deliver DNA or RNA anddke
novomeristems inductiofLv, Jiang, Chen, & Chen, 2020; Maher et al., 2020)

Despite the lack afansformation protocols for quinoarecent VirusMediated transient
expression technique (VIG$jotocol could enable functional studies in quifOgata et al.,
2021) However, the achieved transformation would be transient and the reproducibility of
this method is yet to be tested.

In summary] made important advancéswardthe development of protocol for
Agrobacteriuramediated transformation in quinoa. All parameters were optimized for a
whole-plantin vitro regeneration and several factors were tefstetheimprovement of the
transformation step. Nevertheless, the protacsiill limited by tissue browning after
transformatiorand significant experimental effort is required to optimize it. Future
experiments might focus dwo key strategieso improve the response of callus and its
regenerative capacity: genotype selection ofaxpdonors and media modifications.
However,if the purpose of the study is to perfoamly functionalanalysis it is more practical
to test the reproducibility of the available VIGS protogagata et al., 202 1yvhich will
enablethe exploration of maécular mechanisms governing important traits in quinoa.
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4.6. Supplementary Data

Supplementary Table22. Agrobacteriummediated transformation protocol for quinoa.

Supplementary Table 3. Summary of the dimensions and timeline of ithgitro
regeneration experiment.

Supplementary Figure23. Vectors used in this study. (A) pCambial305.1: kanamycin
selection againgkgrobacteria GUS reporter gene with catalase intron and hygromycin
resistance gene. (B) pCas9_TPC_Red vector. Spectinomycin selection Ageohsicteria
with a red fluorescencearker gene inserted in the DsRed cassette.

Supplementary Figure 2. Overview of quinoa regeneration protocol for accessior6B® 0 s
petiole explants. (A) Sterile seedlings are grown for two weeks; later, (B) petiole explants are
cultured under 16 h light fone week. After six weeks, (C) shoots are obtained. Next, two
weeksold shoots are transferred to rooting media, where the (D) first roots are visible after
six weeks. (E) Regenerated plants two weeks after transference to sbile(Eyenerated
plantseven weeks after transference to soil. (G) Regenerated plant reached maturity. Scale
bars= 1cm.

Supplementary Figure25. Calli from BO-63 after GUS staining. (A) Nemmfected callus
(control). (B) Callus showing GUS expressidgrobacteriummediated transformation was
performed with the vectggCambial305.1Calli were grown from petiole explants under 16 h
light; mMS media, 0.25 mg/| BAP + 0.50 mg/l Z% Liquid and solid cecultivationwere
performed for 25 min and 72 hours, respectivBlgale bar=5 mm.

Supplementary Figure26. Red fluorescence selectionmitativelytransformed calli. From
left to right: plain view of exemplary calli under white light; view under red fluorescence
exposure; and a negative control constituted bytremsformed calli.The whitearrow shows
red fluorescence, which indicatepuatativelytransformed callus; exposure time: 30 s. Scale
bar= 5,000 pm.

Supplementary Figure27. Agarose gel electrophoresis of PCR products with primers
Cas9F+Cas9R for verificatiaof C a sn9s e r DNA avas isolated from 14 putative
transformed calli, which show blue staining or red fluorescence. Lane M=high range DNA
ladder; lanes-1L4=calli DNA; PC=Dbacterial culture used for inoculation; NC=water. Expected
band size of the PC: 735 bp. Agarose gel conditions: 1.0%, 100 V, 30 min.

Supplementary Figure28. NornrAgrobacteriumnfected regenerated shoots from the
accession B&3 grown in mMS media + 2000 pl BAP + 200 pl IBA, with different
concentrations gbhosphinothricin(A) 0.5 (B) 1.0 (C) 2.0 and (D) 2.5 mg/l. Photos were
taken six weeks after transference to shootingianed
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5. Closing discussion

Quinoais a crop with tolerance to abiotic and biotic stresses. In addition, it exhibits unique
nutritional characteristicecause othese characteristicthis cropis considered an option to
improveworld food securityAlandia, Odone, Rodriguez, Bazile, & Condori, 202D¢spite

the increased interest in thepeciesn recent years, quinoa breeding is stilthe initial
stagesOne of themajor goalf quinoa breeding is to change the seasomahgj of
reproduction to create unique varieties that are more suited to local conditions. Particularly,
guinoa must be adapted to ledgy conditions when grown in temperate climates and high
latitudes such as Europe, North America, and China becausedpishows primarily short
day behaviofPatirange et al., 2020) herefore, a better understanding of the genetic
mechanisms behinghotoperiod response atfte timing to flowercould aidin adapting

guinoa to these new environmeritsthe presenstudy, the solution to this problem
addressed by three strategi®@3 L mapping of agronomically important traits; transcriptome
analysis to identify genes that respond differentially to photoperiodegndiate flowering

time; and an early insiglmito Agrobacteriuramediated quinoa transformation.

As anoutcome othefirst strategy, ffteen QTL contributing to the phenotypic variation of
days to flowering (DTF), days to maturity (DTM), plant height (Rpéinicle length (PL),
panicle density (PD), seed number per plant (SN), seed weight per plant (SW), thousand
kernel weight (TKW), saponin content (SC), and mildew susceptibility (M3¢ mapped
This goalwas achievethy phenotyping segregating plantsand k families in the
greenhouse and field, respectively. Skim sequencing, a resourcefaffeative methodwas
usedto genotype the Fpopulation. With the whole genome sequences of 3plaRtswith
coverage of ~1x per planh average, a highensitylinkagemap with 133,923 SNRsgas
effectively constructewvaseffectively constructedl hereforethis study presentthe first
high-density genetic map of quingaverage density of one marker p&;97 Kb that
incorporates QTL for several important agronomical tr&tsthermore, two significant QTL,
common in kand k generations, depicted pleiotropy for three highly correlated traits: DTF,
PH, and TKW. Interestingly, the pleiotropic QTL harbdseveral putative candidate genes
involved in photoperiod response and flowering time regulation.

In thesecond approachvhere | aimed to identify candidate genes for flowering time
regulation and photoperiod response by transcriptome analgsigidifind four groups of
differentially expressed genes (DEGs): DEGs differentially responding to photoperiod to
likely control flowering timeDEGs putatively regulating flowering time under shartd
long-day conditions; and DEGs probably timing floweririghee shoot apical meristem
(SAM). To investigate these groups of DEGSs, | studied leaf and SAM transcriptomes of two
accessions with different life cycles at different stages of develop/editionally, |
investigatedjuinoa floral transition ahe histological level. The results of the morphological
evaluation precisely showed the time of transitmfloweringandaidedto clarify the
expected expression patterns of putative candidate dateestingly, the ovaill results of
this experiment showhat flowering time is likely regulated by two distinct pathways under
SD and LD conditions and that twgoinoaFT orthologues are probably important for
regulatingthese pathways.

In thethird approachl aimed to invstigate the feasibilitpf Agrobacteriuramediated quinoa
transformationlin this experiment, | firssuccessfullyegenerated quinaa vitro and

provided a reproducible protocir regeneratindull plants from the callus of B&3

accession. Followinthis, | wanted todevelop a protocol fohgrobacteriummediated quinoa
transformation. Nonetheledsencountered the problem of tissue browning esnsequence

of Agrobacteriunminfection, which grongly reduced the shooting raie address this

problem, | modified silver nitrate concentrations in the shooting media and tested sonication
during calli transformation. Although the modification of these parameters led to a slight
increasan the shoting rate, the rate wasot sufficient yet to allow aafficient

transformation protocol.
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5.1. Two pleiotropic QTL were found in two different environments

At the beginning of this study, several questions were askgain a better understanding of
the genetic mechanisms regulating important agronomical traits in géingtal wanted to
know which QTL regulate DTF, DTM, PH, PL, TKViEnd seed yield in quinoa. the present
study,the construction of a higlensity gnetic magllowedthe detection of 1TL

controlling ten investigated traits. However, QTL for SN and SW were mapped solely in the
F> population; thus, the statistical power of the QTL detection might be weakeoretthese
traits, thelack of phenotypig in the k generation preventdtie measurement of
environmental variances aftfibissignificantly decreased the power and precision of QTL
detection(Zhang & Xu, 2004)A similar case is given for MS, which was phenotyped only in
theFs generationMore accurate detection of the QTL underlying MS in quinoa would require
experimental replicatas calculate environmental varianc@&sirthermore, the power of QTL
mapping for DTM in thé=; generatiormay have been affected by the number of phenotyped
individuds in the field. About ~60% of the individuals could not be phenotyped in the field
for DTM since they did not reach maturity before the time of harvest in ausnn.
environment directly influences quantitative traitéferent locations and repetitioesuld
modify the resulting QTL of mgtudy, either in their position, or, more likely, in their
confidence intervals and effedBoopathi, 202Q)The QTL found foDTM, SN, SW, and

MS are more likely to change in positior? &d pvalues,owing to thelack of replicates or
individuals to phenotypéOn the other handwo pleiotropic QTL, which were common in F
and R generationsdepicted pleiotropy for three traits with high breeding relevance: DTF,
PH, and TKW. This is a remarkable finding becausesame QTL was found in two different
environments and explained the highest phenotypic variation among all QTL (22T01EX3.
QTL (pleio4.1landpleiol4.) had the highest additive and dominant effects together with
pleio 4.2 These results can be apgie practicalquinoa breedin@py designingmolecular
markers linked to these lofpleio4.1andpleiol4.), whichcan guide breeders into selecting
early, short, antligh-yielding quinoa genotypes, simultaneously.

5.2. Histologic and transcriptomic changes towards elucidating quinoa
flowering regulation

One question stateat the beginning of this study was about the time of flowering initiation
stage in quinoa accessions under stagt and longday conditions. The importance of this
guestion liesn the critical differences observed when phenotyping days to flowerthg at
histological level, as compared to phenotyping plants for bolting and opening of the first
flower. Studyingthe transition tahereproductive stage at the SAMiisportantto disclose
theregulation of flowering time ahemolecular leve(Matar, Kumar, Holtgrawe, Weisshaar,

& Melzer, 2021) Accordingly, to answer this question, | carried thathistological analysis

of the apices athe shortday accessio®-12082 and the dayeutral accession 814886

under SD and LD conditionwhich showed thaboth accessionsada vegetative SAM 14

days after sowing (dasnd transition to flowering happened @dys after sowingdas for
P1-614886.1 observed 25 to 46 days difference between the initiatiothefreproductive

phase based on histologl analysisof the SAMand days to the opening of the first flower.
Hence, by analysis of the morphological changes at the SAM, | could accurately identify the
time of transition tahereproductive stage in quino&urprisingly, the transition tihe
reproductive stage in quinoa was completed 21 das, when the plants were at an early stage of
development (first or second pair of leavesre visiblg. This case hasden shown foBidens
radiata, which enterdloral transition 72 hours after sowing with the initiation of the second
pair of leavegHalevy, 2018) Besides, it has been shown ttreCrFTL genes of

Chenopodium rubrumespond to flowering inductive conditis (12 h light) as early as 5 days
after sowing(Chab et al., 2008)0n the other hands expected, my results diffieom what

is known from sugar beet, another member ofAhmaranthaceaéamily, which requires
vernalization to flower. IB. vulgarist he SAM bef ore vernalizati on
indicating a vegetative stage. Later, no significant morphological changes in the apical
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meri stem can be seen during ve&hapéodozatnoncan
floral transition, can beeen only 8 weeks after the end of vernalizati@hiurugwi et al.,

2013) Importantly, Ifoundfloral transition in quinoa based on apical dominance release
(Aedgedod shape indicateshapeegetepriodecS8AMewh
widely used for this purpog®un, Ferguson, & Beveridge, 2006jowever, a more thorough
histological analysisfahe time of transition tthereproductive stage would be possible by

comparing SAM of flowering quinoa plants against a-flowering control, which at the

moment, does not exist for quinoa.

One key question at the start of this study was if the quinoa flowering time is regulated
differently under SD and LD conditions. In a previous study by our group, it was
hypothesized that flowering time regulation in quinoa follows different pathways Side
and LD becauswe foundsubstantial differences in the expression pattefissx FT-like and

six COL homologsunder different photoperiodic conditio(Ratiranage et al., 2021)jo

confirm this hypothesis, | performed transcriptome analysis. |aiskdrtday accessioand

a dayneutral accession generate leaf and SAM transcriptomes at different developmental
stages under SD and LD conditions.a&wsoutcome, | found 1,812 genes putatively regulating
flowering time undet.D (differentially expressgbetween accessiora)d 57 genes under

SD (differentially expressed between weeks of developm&ainarkably, when we
compared gene expression profiles between accessions under SD and LD, we found only a
few DEGs in common between these photoperiodwegi Hencemy studysupports that

floral transition in quinoa is regulated differently under LD and Bidthermore, | found that
two quinoaFT orthologues are probably important fegulatingthese pathway£ne of
theseorthologuesCgFT1A might play a role aafloral repressor under LD. This finding
contradicts the resulteported byPatiranage et al. (202I)his difference is probably because
the putative repressive function ©§FT1Ais shown at an early stagédevelopment (14ah
and this stage was not considered for investigatioRatiyanage et al. (2021nterestingly,a
regulation offlowering timethat differs betweedifferent photoperiod regimes has been
observed in other cropk rice, for instancellEADING DATE 3AHD3A) and
RICEFLOWERING LOCUS T (RFTJ) act as floralntegratorasunder SDand LD,
respectivelyHD3A s suppressed under LD while the same happeR&Td under SITsuiji,
Taoka, & Shimamoto, 2011 further exampl®f the independent regulation of the time to
flower under different photoperiod regimes is given for soybean. In this crop]the
homologsGmFT2aandGmFT5arespond differently to photoperiod, aodly

GmFT5ainduces flowering under LD conditioiigong etal., 2010) Thereforeijt is

reasonable to presurtteat different pathways and different genes may also contribute to
regulatingflowering time in quinoalt is alsotemptingto speculate that an upstream gene
differentially responding to photoperiod meisithe bifurcation of the two pathways
controlling flowering time under SD and LD conditions, as of soybean. In soybean,
GmFT2aandGmFT5aexpression under LD is mainly controlled upstream by
PHYTOCHROME APHYA) genes.

Furthermore, | inquiredboutthe questiorof whetherthe candidate genes for photoperiod
sensitivity express differently between photopesedsitive anaghsensitive genotypes. In my
study, | carried out transcriptome analysis using onengayral (photoperioghsensitive) and

one $ort-day (photoperiogensitive) accession. To dissect the transcriptome data, | obtained
the DEGs between SD and LD for the photopegedsitive accessio{12082)followed by

a comparison between both accessions in each condition (LD and SD) sepH@tayer,
detection of genes differentially responding to photoperiod was possible only in the
photoperiodsensitive accession. Differential gene expression analysis between LD and SD
conditions in the photoperieidsensitive accessiomould not have letb any conclusive

result becausPl-614886 transits to flowering at the same time undeah®SD conditions.
Hence, with the experimental settings that | used in my transcriptome study, the question
about differential expression of photopersehsitivitycandidate genes between genotypes
could not be answered. It is relevant to answer this question since it is known that genotype
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specific gene isoforms have an important role in flowering time regul&eer. the past
decadeinvestigations of key genesve identified onlyafew genotypespecific gene

isoforms as being involved ftoral transition; however, those with a role in this process are
essential for pogtranscriptional regulation of flowering time ger{€®se et al., 2013; YY.

Wang, Xiong, Re, & Wang, 2019)For instance, two main FLM protein splice variants,

coded byFLOWERING LOCUS NFLM), play different roles in the regulation of the time to
flower inA, thalianaFLM-b s pl i cing variant acts at | ow te
flowering. By contrast,the FLMi v ar i ant acts at higher temper
(Pose et al., 2013These natural isoforms cause accelerated flowering in

manyA. thalianaaccessiongLutz et al., 2015)In my study, gene isoformsere studiedy

using newlyassembled transcripts, which genesequences assembled by the algorithm

from raw readsSuch transcriptdiffer from the ones found in the reference genome.

assumed that interesting gene isoforiinany, are highly ceexpressed with my main

candidate floral regulators. In this way, | useeegpression networks to associate newly
assembled genes with biological processes and find gerspgogfic gene variants involved

in flowering time regulatio (Van Dam, Vosa, van der Graaf, Franke, & de Magalhaes, 2018)
However, the outcome of the-expression analysis did not show gene isoforms with
sequencaimilarity to flowering time gene familigessessed by blastdjhus, Iconcludel

that no gene isofms were involved in the photoperiogsponse and flowering time

regulation of the twaguinoa accessions | investigated 12082 and R614886) under the

analyzed conditiondNonetheless, further experiments to address the primary question of
whetherthe candidate genes for photoperiod sensitivity express differently between
photoperiodsensitive and insensitive genotypes might include aisitifie photoperiod

regime. Consequently, plants could be grown under LD and SD conditions and then shifted to
a different photoperiod regime (e.qg. first under LD and later shifted toE®Bjdesit is

known that changes in ambient temperatiffectthe splicing pattern of the gen@ark, Lee,

Kim, & Park, 2019) Thus, for a deeper understanding of this mattierexperimental design

might include a change in the temperature and sampling before and after this treatment.

5.3.  Quinoa appears recalcitrant to Agrobacterium-mediated transformation

Resulting from my first two strategies (QTL mapping and transcriptormgsisial provided

lists of candidate genes regulating important agronomical processes, highlighting those which
likely regulate DTF, PHand TKW ({TKI1, MET1h andRICESLEEPERRpleiotropically, and

two main genes that might actinindependegul at i on of quinoads ti:
and LD conditionsCqFT2BandCqgFT1A. However, investigation of the function of these
genes is essential since it will provide the ultimate evidence of their role in these biological
processes. Therefore, tlast question | addressed in my study waglihoacanbe

transformed by thégrobacteriuramediated transformation systeAlthough | successfully
regenerated full plania vitro from calli, there was a problem with extremely low shooting
ratesbecausef the Agrobacteriumnfection. To overcome this problenhtested a different
concentration of silver nitrate in the shooting media, which was increased from 100 mg/I to
200 mg/l. Simultaneously, | infected the calli wilgrobacteriaby sonication§min, 25 Hz)

and tested calli woundingonicationAssistedAgrobacteriuramediated gene Transfer

system (SAAT) increases transformation efficiency by introducing uniform and small cavities
in the plant tissue, which allows the access of bacteria into inner plant(Gsslsghati,

Haddad, & Bandehpour, 2020Jhe same principlappliesto tissue wounding. On the other

hand silver nitraterestrainsAgrobacteriungrowth and enables plant cell recovery, which
results in increaseefficiency of transformatiofOpabode & Reviews, 20063everal

researchers claimed these methods weceessful when transforming recalcitrant genotypes
of wheat, watermelon, purslarend cottor{Gurusaravanan, Vinoth, & Jayabalan, 2020;
Opabode & Reviews, 2006; Sedaghati et al., 2021; Vasudevan, Siva, Krishnan, &
Manickavasagam, 2020n my experimert, calli wounding worsen tissue browning and the
variation of silver nitrate and addition of sonication did not lead to a significant improvement
in shooting rates, which would be sufficient for an efficient transformation proftivese
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results were inihe with what is previously observed for recalcitrant crops, suéh as

vulgaris Although there are some studies related to the gene transfer in sugar beet, it is still
known to be a recalcitrant species Agrobacteriuramediated transformatiofGurel, 221)
Similarly, severalAfrican sorghumvarieties show recalcitrant behavior and standard
transformation methods that have been tefstibed at improving regeneration and
transformation rate@Che et al., 2018However,answeringhe initial question of whether
guinoa can be transformed Bgrobacteriuramediated transformation systeequires further
experiments to modify other factors that have yet to be tested. For instaci@enjection,
vacuum infiltration, modifications itheacetosyringone dose, and importantly, an
examination ofAgrobacteriunstrains. In any casée process of developing a transformation
protocol entails extremely complex experimental desfifasipriya, Yuvaraja, & Senthil,
2019)

5.4. QTL mapping and transcriptome analysis provided breeding
perspectives for quinoa

To conclude, my research offered several perspedativésingingquinoa breeding into a

more advanced stage. These perspectives can be mainly applied towards the necessity of
adaptation of therop to Northern latitudes. For instance, the results of QTL mapping
facilitate MAS in quinoa breeding prograniolecular markers linked to th@eiotropic QTL
canbe directly used in quinoa breeding programdHersimultaneous selection dffferent

traits. These traits (DTF, Rldnd TKW) are important targets in quinoa breedargl

information about the pleiotropic QTL effects could guide breetd@rardthe selection of

early, short, antligh-yielding quinoa genotype&nowledgeof parenél lines containing the
markerdinked to these major QTL and their effect provides the basis for gene pyramiding
andmight speed umgenotypebuilding programs.

Theputativefloral repressive action a&€qFT1Aunder LD provides a clue to facilitaginoa
adaptation to LDIf, asspeculatedCqFT1Arepresses flowering in northern latitudes (LD
conditions) and acts in early developmental stéilyes-true-leaves stagejt might be
adequatéo setquinoa sowing datess early as possibl8&owing dates asarly March would
avoid LD conditios atthetwo-leavesvisible stageand thus, avoi€qFT1Arepressing
action If sowing dates are to be set eartlean what is performed nowadays (late April,
beginning of May)the frost tolerance of quinoa might betlfier exploitedThe frost
tolerance potential of quinoa has been confirmed for several cultivars, which did not depict
frost damage at temperatures as lowsa®C (Jacobsen et al., 2005; Jacobsen et al., 2007)
Moreover, variants modifyin@qFT14 expressiorcould be of interest for growing quinoa
in Northern latitudes.

Finally, | believe that there is a need to collect all reports on genetic mechanisms governing
important agronomical traits in quinoa. Up to date, few but relevant efforts havenaden
towards the understanding of the regulation of these biological processes in this crop. In this
context, a joint critical review could integrate GWAS, QTL, transcriptome, haplotype
analysis, and RTOPCR expression studiéBatiranage et al., 2021; Rahge et al., 2020As

an early step into this extensive work, | screened candidate genes at the pleiotropic QTL
pleio4.1andpleiol4.1found in my studyFrom these genes, | selected those which were also
found as candidate genes for flowering time tation by transcriptome analysis. Later, |
searched the candidate genes at the pleiotropic region identified by GWAS for days to
flowering, days to maturity, plant heiglaind panicle lengtfPatirange et al., 202@®r those
obtained in my transcriptoméusly. Asanoutcome, no genes were found in common between
GWAS and the transcriptome study, while 12 genes were in common between QTL and
transcriptomestudies Supplementary Tabl24). Amongthese genes, | foudQ22 coding

for a VQ protein, whiclplaysan important role in plant growth, development, and response to
environmental conditions in Arabidopsis, most likelydnying as cofactors of WRKY
transcription factorsrq22Arabidopsis mutants showed stunted gro¢@heng et al., 2012)
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Thefact that these 12 genes were found as candidate®inone study provides stronger
evidenceof their role in controlling flowerig time in quinoaHowever,in-depthanalyses to
integrate all available data must yet be perfornred.instance, raw reads from the biparental
population used in my study and from the transcriptome study could bevomapped to the
genomic regions associated with important agronomical fraited by GWAS(Patirange et

al., 2020) This would allow @horough study of colocalization of markers and the detection
of interesting haplotypes in the biparental populatindgenes that are differentially
expressed between a shddy and a dayeutral accession within the GWAS significant
regions. Moreovemovel algorithms carry out fine integration of omics studies (e.g. summary
statistics, samples correlatiof@leason, Yang, Pierce, He, & Chen, 2020; Munz et al., 2020)
In this manner, integration of the availabtedies would provide usith informationto

prioritize the selection of candidate genes for future functional studies. These functional
studies could include VIGS as described by a recent publiq@igata et al., 2021)
Alternatively,screening mutants and assessing their phenotypic effecis $e be another
feasible approach for determining the function of candidate genes in quinoa.
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6. Summary

Chenopodium quino a species native to the Andean region of South America, has unique
nutritional attritutes and is welladapted to abiotic and biotic stresses. Due to these attributes,
the interest in this crop increased in the past years. However, quinoa breeding is still in its
infancy.One of themajor obstacleto expandingyuinoa cultivation to temperate climates and
high latitudes is its shoday natureA better knowledge of photoperiod response and

flowering time can aid) u i nauapion to these new environments. In my study, | aimed to
solve this problem by three ajmaches: QTL mapping of agronomically important traits;
transcriptome analysis to identify genes differentially responding to photoperiod and involved
in flowering time; and by contributing to the development oAgrobacteriuramediated
transformation primcol in quinoa.

In my first approach, | aimed to localize QTL contributing to the phenotypic variation of
agronomically important traits. For this purpose, | usgpl&nts and Efamilies grown in the
greenhouse and the field, respectively. These papostwhich originated from a cross
between the parental lines-©14889 and CHENL09, depicted large phenotypic variation in
days to flowering, days to maturity, plant height, panicle length, thousand kernel weight,
saponin content, and mildew susceptiyilLater, | used Skim sequencing to genotype the F
population and constructed a higansity genetic map with 133,923 SNPs. As result, |
detected 15 QTL for ten traits. Importantly, two significant QTL, common ané
generations, depicted pleiopipfor days to flowering, plant height, and TKW. The
pleiotropic QTL harbored several putative candidate genes involved in photoperiod response
and flowering time regulation. This study presehtsfirst highdensity genetic map of
guinoa that incorporaseQTL for several important agronomical traits.

In my second approachaimed to identify candidate genes for flowering time regulation and
photoperiod response by transcriptome analysis. In this experiment, | useddaghort
accessiorD-12082 and a dageutral accession #14886.To begin, | studied quinoa floral
transition athe histological levelThen, | generated the transcriptomes of the investigated
accessions under two photoperiod regimes (shad longdays) and from two tissues (leaf
and shot apical meristem) at different stages of developmenanisitcome, | identified
differentially expressed genes (DEGs) responding to photoperlietyp control flowering
time; DEGsputativelyregulating flowering time under shegnd longday conditions; and
DEGslikely timing flowering at theshoot apical meristenBesides, the results shdkat
flowering time is likely regulated by two distinct pathways under slaoid longday
conditions ad that twoquinoaFT homologs are probably important f@gulatingthese
pathways.

As anoutcome of my first two approaches, | provided an insight into the genetic mechanisms
of photoperiod response and flowering time regulation in quinoa. Howevetiofuaic
characterization of the resulting candidate genes is ess@&ihiied, in my third approach,

aimed to investigate the feasibiliby Agrobacteriummediated quinoa transformatidn.this
experiment, | proved th&. quinoacan be regenerateal vitro and provided a reproducible
protocol.Later, | constructed a protocol fAgrobacteriuramediated quinoa transformation,
which still needs further optimizatiormportantly, | encountered the problem of tissue
browningbecaus®f Agrobacteriumnfection. Thisstrongly reduced the shooting rates,

which did notallow anefficient transformation protocol.

My study offers several future breeding perspectives. First, the plemtompis identified by
QTL mappingcan facilitatemarkerassistedelection in quinoa breeding prograrmbke
provided information about QTL effects could guide breettergrdthe selection of early,
short andhigh-yielding quinoa genotypes:urthermore, iyen the putative function

of CqFT1Aasafloral repressor actingnly underlong day conditiongand intheearly stages
of quinoa developmenvariants modifyingCqFT 1A% expression could be of interest for
growing quinoa in Northern latitudes.
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7. Zusammenfassung

Quinoaist ene in Sidamerikheheimatete Art, die tUber einzigartige Erndhrungseigenschaften
verfugt und gut an abiotische und biotische Stressfaktoren angepasst ist. Aufgrund dieser
Eigenschaften hat das Interesse an dieser Kulturpflanze in den letzten Jahren zugenommen.
Die QuinoaZuchtung steckt jedoch noch in d&nfangen Eines der Haupthindernisse fir die
Ausdehnung des Quingenbaus auf gemafigte Klimazonen und hohe Breitengradasst
Kurztagverhaltemer Pflanze. Eine bessere Kenntnis der Photoperiodenreaktion und der
Blutezat kann die Anpassung von Quinoa an diese neuen Umgebungen erleichtern. In meiner
Studie habe ich mit drei Ansatzen zur Losung dieses Problems beigetrageKa@i€tung
agronomisch wichtiger Merkmale; Transkriptomanalyse zur Identifizierung von Geeren, di
unterschiedlich auf Photoperiadeeagieren und an der Blitezeit beteiligt sindg durch

einen Beitragur Entwicklung eineggrobacteriuravermittelten Trangfrmationsprotokolls

fur Quinoa.

Im ersten Ansatz ging es darum, QTL zu lokalisieren, die zur phanotypischen Variation
agronomisch wichtiger Merkmale beitrag&azuverwendete ich FPflanzen und &

Familien, die im Gewéachshaus bzw. auf dem Feld gezogen wurden. Diese Populationen, die
vonden Elternlinien R614889 und CHEMN.09 abstammten, wiesen eine grol3e

phanotypische Variatiobei den Tagen bis zur Blite und bis zur Reife, dian2enhdheder
Rispenlange, dem Tausendkorngewi(@KG), dem Sapamgehalt und der

Mehltauanfalligkeit aufSpater verwendete ich die Skifequenzierung zur Genotypisierung

der B-Population und erstellte eine hochdichte genetische Karte mBZB3NPs. Als

Ergebnis konnte ich 15 QTL fir zehn Merkmale nachweigen.diesen wiesen zwei QTL

die in den & undFs-Generationen vorkommen, eine Pleiotropie fur die Tage bis zur Blte,
die Pflanzenhdhe unchdTKG auf. Die pleiotropen QTL beherbergten mehrere mutmalliche
Kandidatengene, die an der Photoperiodenreaktion und der Regulierung der Blitezeit beteiligt
sind.

Im zweiten Ansatz wollte ich durch Transkriptomanalyse Kandidatengene fiir die Regulierung
der Blutezeit und die Photoperiodenreaktion identifizieren. Fur diesen Versuch verwendete
ich den KurztagGenotypD-12082 und detagneutralea GenotypPl-614886.Zunachst

untersuchte ichid Entwicklungder QuinoaBliite auf histologischer Ebene. Dann erstellte ich
die Transkriptome der untersuchten Akzessiamger zwei Photoperiodenregimend aus

zwei Geweben (Blatt und Sprossapikalmeristem) in verschiedenen Entwicklungsstadien. Als
Ergebnisfandich differentiell exprimierte Gene (DEGS), die unterschiedlich auf die
Photoperiode reagieren, um den Bliihzeitpunkt zu steuern; DEGs, die den Bluhzeitpunkt unter
Kurz- und Langtagbedingungen regulieren; und DEGSs, die den Blihzeitpunkt am
sprossapikalen Merigte steuernDie Ergebnisseeigen,dass die Blitezeit unter Kurand
Langtagbedingungen wahrscheinlich durch zwei verschiedene Wege reguliert wird und dass
zwei FT-Orthologe in Quinoa wahrscheinlich fiir die Regulieg dieser Wege wichtig sind.

Eine funktonelle Charakterisierung daus meinen ersten beiden Ansateesultierenden
Kandidatengene ist jedoch unerlasslich dritten Ansatz wollte ich daher die Machbarkeit
der Agrobacteriumvermittelten Quinod ransformation untersuchen. In diesem Experiment
konnte ich nachweisen, daSsquinoain vitro regeneriert werden kanBafirhabeich ein
reproduzierbares Protokoll erstellt. Spater erstellte ich ein Protokoll fikgdaacterium
vermittelte Quinodal ransformation, das noch weiter optimiert werderssau

Meine Studie bietet Perspektiven fur die zukinftige Ziichtung. Erstemehk die Ergebnisse
der QTL-Kartierung die markerunterstutzte Selektion in Zuchtprogrammen erleichtern.
Dariiber hinaus kdnnten die Informationen Uber €EFlekte die Ziichter bei der Selektion
von frihen, kurzen und ertragreichen Qui@@enotypen unterstitzen. Angesichts der
vermuteten Funktion vo@qFT1Aals Blitenrepressor, deurunter Langtagbedingungamd
in frihen Entwicklungsstadien von Quinoa wjrkbnntenSequenzvarianten mit veranderter
Genaktivitat fur den Anbain nordlichen Breitengrademiitzlich sein
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Appendix
8. Appendix

8.1.

Supplementary Tablel. Plant material used iQTL mapping DTF: days tdlowering, DTM: days to maturity,
PH: plant height, PL: panicle length, PD: panicle density, TKW: thousand kernel weight, SW: seed weight per

Supplementary Tables

plant, SN: seed number per plant, SC: Saponin content, MS: Mildew susceptibility.

Seed | Generation No. of No. of No. of plants phenotyped
code plants/families plants Greenhouse Field
genotyped

171115 | PI-614889 | - - 10 20
(seed
parent)

170876 | CHEN-109 | - - 10 20 (DTM, SW and
(pollen SN were not
parent) recorded)

190031 | F 336 336 336 except | -

for MS
191203 | F3 334 - - DTF: 5,891
191562 DTM: 2,343
PH: 5,860
PL: 5,860
PD: 5,860
MS: 6,346
SC: 330 families
were bulked
together (out of
334 sown

families, four
were lost due to
biotic stress after
germination)
TKW: 330
families were
bulked together
(out 0f 334 sown
families, four
were lost due to
biotic stress after
germination)
SW: 0

SN: 0
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Appendix

Supplementary Table2. Methods for phenotypic evaluatigmodified from Stanschewski et al., 2021)

Trait Acronym | Description
Davs to Number of days, from sowing until the first flower opens.
ys e DTF Recorded thrice a week in thed&nhd twice a week in thesF
flowering .
population.
Days to Number of days, from sowing until the panicle is completely
: DTM .
maturity brown. Recorded twice a week.
. Distance in cm from root collar to panicle apex recorded on
Plant height | PH BBCH-81 to BBCH89.
Panicle PL Distance in cnirom panicle base to tip recorded once at
length BBCH-81 to BBCH89.
Visual score based on the observed range of panicle densit
recorded at BBCHB1 to BBCH89. The score ranges from 1 ¢
77 (1) ALowo: | oose panicle
gl omerul es and panicle axe:;{
Panicle high number of glomerules tightly arranged with panicle axis
densi PD often visible; (5) AHIi gho:
ensity )
packed and scarcely seen pi
very highnumber of glomerules compactly arranged, paniclé
axes not visible. Recorded once at BB8Hto BBCH89. An
example of panicle density scoring in thepBpulation can be
observed in Supplementary Figure 3.
Performed only in th&s population (incidence only in the
field). Performed aavisual score ranging from 1 to 3: (1)
. AHIi gho: symptoms observed i
Mildew h hird ¢ h |
susceptibility MS t he upper t i 0 the pl aft
observed in the lowest twihirds oft he pl ant , (
visible symptoms or only present in the lower third of the plé
Recorded once at BBGBil to BBCH89.
Recorded after harvest by foam test. Twenty seeds were pl

Saponin sc in a 2 ml epi, shaken for 1 min at 1100 gienoGrinder and

content incubated at room temperature for 5 min; later, the height o
formed foam (cm) was recorded (Jarvis et al., 2017).

Seed weight Weight of the total harvest (whole panicle) per plant. Recorg

SwW
per plant once at BBCHI9.
I;I:erggere?f SN Number of seeds contained in the whole panicle per plant.
P Recorded once at BBGBO.

plant

Thousand

Kernel TKW Recorded after harvest.

Weight
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Supplementary Table3. Primers used in this study.

Purpose Gene Gene ID Primer ID Primer sequence 53' Amplification Annealing
product size (bp) | temperature (°C)
CgHD3AB1 | CQ000922 NMQ121+NMQ122 F: CGATCCTACGGCAACTTATTAC 127 60
CTGATGCTTCCAGTCGCCG
CgHD3AB2 | CQ019992 NMQ125+NMQ126 F: GCCCTCTCAGGTTGTTAATCAAC 106 58
R: GGATTACTTGGGCTAGGAGC
CqgFIP1 CQ039979 NMQ129+NMQ130 F: GCAGCTGCAAAGAAGTGGTG 145 58
R: CATTAGCTGCACATCGGAAGC
CgELF5 CQO038819 NMQ133+NMQ134 F: GAAGGAAAAGGGTGAGGATCCAG 144 60
R: GAGCTCCTGTGGGATTCAACG
RT-qPCR CgSsoOcC1 CQO047524 NMQ101+NMQ102 F: GCTAGAGAGCCAGTTGG 120 57
R: GCCTAGTATTTTCTGCAGC
CgADO1 CQO012973 NMQ111+NMQ112 F: GCTTGTGCAGTCGGTAATCGGG 143 60
R: CGACCTGGTGGTGGAGAGC
CqTSP9 CQO000664 NMQ113+NMQ114 F: GCTGTCGTTGCAAGGGGTC 144 61
R: CAGATCTGTCGTCCCCAATGC
CqlDH-A CQ044820 NMQO057+NMQ058 F: GGACGGACTATTGAAGCTGAAGC 125 60
R: GCATGGACACGTGGGCTTGC
CqPTB CQ013990 NMQO70+NMQO071 F: GCAGTGCAACAGGCTCCAAG 143 57
R: GGCACCTGCACCCTCATG
Transgene pCas9TPC - Cas9F+ Cas9R F: CAGTCTTTCACCTCTCTTTGG 1,735 bp 65
verification bar cassette R: CCATCTTTGGGACCACTGTC
Genetic InDel marker F: AGCCATTGCACTATGCCCTCTC
segrgga_ﬂon JASSS5 (Zhang - DSQ140+DSQ141 R: TGGCCCAACACCTAAGTGACG 164 or 189 bp 60
verification et al., 2017)




Appendix

Supplementary Table4. Polymerase chain reaction (PCétails

Protocol

Description

Master mixpreparation

For a final volume of 2@ per reaction15.9¢ bof water, 2.0
¢ bf PCR buffer (10x)0.4e bf ANTP mix(10 Mm), 0.3¢ bf

forwardand revers@ r i me r , Q.1 (bf TagWplymerase

( %U/, tel bf DNA template.

PCR amplification regime

5 min at 94°C, 35x (30 s at 94°C, 30 sahealing
temperaturg60 s at 72°Cand 5 min at 72°CPCRs were

performedm a LifeTouch Thermal Cycler (Biozym Scientifig

GmbH, Hess. Oldendorf, Germany).
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Supplementary Table5. Allele and genotype nomenclature used in this study

Gene name Location Allele name Allele sequence Variant type Amino acid change
(chromosome_ [ p|-614889 [ CHEN-109 | PI-614889 | CHEN-109
physical
position)
HEN2 chr4_56438962 | A A A T Intronic SNP -
SUF4 chrl2_80423460 B: B2 A G 30 prime UTR|-
RUG3 chrl2_80551460 C; C C T 36 prime UTR]-
RUG3 chrl2_80552842 D, D C T Missense SNP p.Ala388Thr
RUG3 chrl2_80553379 E; E> A G Intronic SNP -
TKI1 chrl2_81633247| F; F2 A T Intronic SNP -
WRKY13 chrl2 81728382 G; Gy C A Missense SNP p.Glull7Asp
ATHB chr4 51023634 | H, H> G A Missense SNP p.Asp22Asn
15/CORONA
HEN2 chr4_56441565 | |1 l2 T C Missense SNP p.lle724Met
NPF2.6 chr4_ 53557989 | J; J> C T Missense SNP p.Ala93Vval
ERF113 chrl2_81516821 K; Ko G A Missense SNP p.Pro326Leu
FLD chr4 56844370 | L, L> A AT 36 UTR I nDel |-
FLD chr4_56847562 | M, M TGAAC T Intronic InDel -
TKI1 chrl2 81633685 N [\ T A Missense SNP p.GIn445Leu
MET1b chrd 56534732 | O, 0} ATT A Frameshift p.GIn222fs
MET1b chr4 56534915 | P, P, AGTT A Disruptivelnframe Deletion | p.Lys161 Leul62delinsMet
RICESLEEPER3| chr4_ 55091902 | Q: Q A AATTCCT | Disruptive Inframe Insertion p.lle281_Thr282insProlle




Supplementary Table6. Genetic and phenotypic segregation for two traits in thenl k populations. Red
axil pigmentation was determined five weeks after sowing. The InDel marker JAASS5 was described by Zhang
et al. (2017)R, andR; represent th&89bp and 164 bp alleles, respectively.

F2 population F3 population

Red axil ¢°? | JASS5 genotype | 6P | JASS5 genotype G>°¢
Plants| . .

pigmentation

Red | Green RiR1 | RiR: | ReR2 RiR1 RiR: | RR
@) 254 | 82 0.06 |8 28 |12 |2.00|58 57 79 5.02
E 252 | 84 12 24 12 72.75 48.50( 72.75

E: expected, O: observed.

33: 1 segFfees@ax8ton, ¢
1:2:1 sefpsspdIi on, ¢
B:2:3 selissPHDYi on, G
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Supplementary Table7. Complete list of genes located within the rmrerlapping QTL confidence intervals
(This table is provided with the supplementary data DVD, due to the excessivg. length

Supplementary Table8. Genes withirpleio4.1andpleiol4.1confidence intervals with areviouslydescribed
function related to flowering time, photoperiod response or yield regulation and their gene variants. Gene
variants between CHENIO9 (pollen parent) and 114889 (seed parent) and the reference genome QQ74_V2
are shownThis table is provided with the supplementary data DVD, due to the excessivg.length
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Supplementary Table9. Sampling stages and tissues frbr12082 and R614886 under two different

photoperiod regimes. Samples were taken for Rf¢guencing (RNAseq) and histological analysis. Plants were

grown at 22 °C under lonrday (LD) conditions: 16 h light; and stialay conditions (SD): 8 h light. Sequenced
samples are written in red.

Photoperiod Number of
Sampling daté | Accession b€ Purpose Tissue samples per
condition weeld
W2, W3, W4,
W5, W7, W8 D-12082 SD RNA-seq Leaf 14
W2, W3, W4,
W5, W7, W8, | D-12082 LD RNA-seq Leaf 14

W9, W10
W2, W3, W4 | D-12082 SD RNA-seq mAeF;i'gf‘e'm 40 to 56
W2, W3, W4, i i Apical

W5, W6 D-12082 LD RNA-seq | P | 401056
W2, W3, W4 | D-12082 SD Histology | 50y 7

analysis
W2, W3, W4, Histology

W5, W6 D-12082 LD analysie Apex 7
W2, W3, W4,

W5, W7 P1-614886 SD RNA-seq Leaf 14
W2, W3, W4,

W5, W7 P1-614886 LD RNA-seq Leaf 14
W2, W3, W4 | PI-614886 SD RNA-seq mAeF;i'gfgm 40 to 56
W2, W3, W4 | PI-614886 LD RNA-seq mAe‘;i'gf;m 40 to 56
W2, W3, W4 | PL614886|  SD Histology | 5oy 7

analysis
W2, W3, W4 | PI-614886 LD Histology | 50y 7
analysis

$W=weeks after sowing

$including biological replicates
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Supplementary Table10. Quality filtering and raw reastatistics for the transcriptome libraries. Three biological replicates of shoot apical meristem and leaf tissue froesswemacc
grown under two different conditiomgere sequenced. Samples were collected wekklyg-day (LD) conditions: 16 h light,2C; shortday conditions (SD): 8 h light, 22. PE= pairend.

RI_\IA-seq Accession| Tissue Groyv_th Week Biolqgical Nor'e(;fdrsaw react:c::?F?aw rrl:lai)ﬁ;géj rlygurilg-ds mNa(:).p(gc:In Igllgﬁclaea-ds
Library condition replicate | illions) | reads (%) (millions) (millions)
R101 | D-12082 | Leaf | SD 2 1 70.22 98.35 31.49 1.69
R102 | D-12082 | Leaf | SD 2 2 58.71 98.72 26.32 1.46
R103 | D-12082 | Leaf | SD 2 3 76.16 98.43 34.10 1.90
R104 | D-12082 | Leaf | LD 2 1 62.11 97.60 27.12 1.68
R105 | D-12082 | Leaf | LD 2 2 66.65 98.74 29.86 1.74
R106 | D-12082 | Leaf | LD 2 3 67.90 97.32 29.62 1.75
R107 | P1614886| Leaf | SD 2 1 60.82 98.72 27.48 1.42
R108 | P1-614886| Leaf | SD 2 2 62.39 98.47 36.98 1.92
R109 | P-614886| Leaf | SD 2 3 62.22 98.58 28.25 1.43
R110 | P1614886| Leaf | LD 2 1 60.68 98.46 34.44 1.80
R111 | P-614886| Leaf | LD 2 2 80.09 97.24 41.89 2.09
R112 | P1614886| Leaf | LD 2 3 81.34 98.95 45.09 2.25
R201 | D-12082 | Leaf | SD 3 1 90.45 98.90 40.53 2.18
R202 | D-12082 | Leaf | SD 3 2 84.11 98.68 37.64 2.05
R203 | D-12082 | Leaf | SD 3 3 61.23 99.04 34.17 1.84
R204 | D-12082 | Leaf | LD 3 1 64.60 98.90 29.09 1.63
R205 | D-12082 | Leaf | LD 3 2 63.40 99.45 28.28 1.93
R206 | D-12082 | Leaf | LD 3 3 61.94 98.56 35.87 253




R207 PI-614886| Leaf SD 3 1 62.71 99.22 28.27 1.79
R208 PI-614886| Leaf SD 3 2 68.46 99.00 38.65 2.90
R209 PI-614886| Leaf SD 3 3 78.85 98.94 38.38 191
R210 PI-614886| Leaf LD 3 1 65.13 99.07 29.42 1.64
R211 PI-614886| Leaf LD 3 2 76.17 98.58 34.41 1.75
R212 PI-614886| Leaf LD 3 3 81.66 98.65 47.61 2.99
R301 D-12082 | Leaf SD 4 1 82.81 98.95 37.23 1.88
R302 D-12082 | Leaf SD 4 2 74.49 98.88 33.55 1.79
R303 D-12082 | Leaf SD 4 3 73.62 98.57 32.67 1.65
R304 D-12082 | Leaf LD 4 1 71.79 98.18 40.83 2.05
R305 D-12082 | Leaf LD 4 2 78.11 98.07 38.73 2.38
R306 D-12082 | Leaf LD 4 3 71.73 98.65 33.53 1.73
R307 P1-614886| Leaf SD 4 1 73.83 98.44 33.02 1.79
R308 PI-614886| Leaf SD 4 2 66.17 98.83 35.77 1.78
R309 P1-614886| Leaf SD 4 3 65.90 98.64 29.67 1.51
R310 PI-614886| Leaf LD 4 1 59.96 98.54 38.96 1.97
R311 PI-614886| Leaf LD 4 2 65.70 98.06 29.39 1.48
R312 P1-614886| Leaf LD 4 3 72.24 97.56 31.79 1.84
R401 D-12082 | Leaf SD 5 1 66.56 98.99 30.29 1.48
R402 D-12082 | Leaf SD 5 2 61.98 98.77 28.10 1.36
R403 D-12082 | Leaf SD 5 3 68.11 98.60 30.77 1.56
R404 D-12082 | Leaf LD 5 1 74.19 98.00 33.09 1.67




R405 D-12082 | Leaf LD 5 2 64.69 98.24 43.00 2.35
R406 D-12082 | Leaf LD 5 3 66.27 98.66 29.82 1.61
R407 PI-614886| Leaf SD 5 1 62.32 98.53 28.30 1.47
R408 PI-614886| Leaf SD 5 2 59.64 98.75 37.66 1.80
R409 PI-614886| Leaf SD 5 3 68.40 98.88 41.32 2.01
R410 PI-614886| Leaf LD 5 1 71.91 98.59 32.81 1.63
R411 PI-614886| Leaf LD 5 2 58.95 98.75 26.91 1.34
R412 PI-614886| Leaf LD 5 3 63.77 98.81 29.14 1.42
Rmi101 | D-12082 | SAM SD 2 1 34.20 98.71 40.02 1.84
Rm102 | D-12082 | SAM SD 2 2 33.11 98.82 29.59 1.30
Rm103 | D-12082 | SAM SD 2 3 31.44 96.05 27.06 1.22
Rmi104 | D-12082 | SAM LD 2 1 34.88 97.39 30.84 1.42
Rm105 | D-12082 | SAM LD 2 2 39.68 96.66 34.26 1.63
Rm106 | D-12082 | SAM LD 2 3 32.34 97.41 28.15 1.29
Rm107 | PI-614886| SAM SD 2 1 34.03 96.99 30.12 1.44
Rm108 | PI-614886| SAM SD 2 2 37.05 97.66 33.04 1.49
Rm109 | PI-614886| SAM SD 2 3 35.08 97.45 30.74 1.42
Rm110 | PI-614886| SAM LD 2 1 33.45 98.12 29.87 1.37
Rm11l | PI-614886| SAM LD 2 2 34.37 98.59 31.03 1.47
Rml112 | PI-614886| SAM LD 2 3 35.08 97.46 31.09 1.33
Rm201 | D-12082 | SAM SD 3 1 31.62 98.85 31.12 1.40
Rm202 | D-12082 | SAM SD 3 2 34.41 97.69 29.92 1.39




Rm203 | D-12082 | SAM SD 3 3 32.33 98.60 33.48 1.56
Rm204 | D-12082 | SAM LD 3 1 38.29 98.52 29.61 1.37
Rm205 | D-12082 | SAM LD 3 2 34.90 97.47 30.11 1.39
Rm206 | D-12082 | SAM LD 3 3 34.93 98.00 30.48 1.46
Rm207 | PI-614886| SAM SD 3 1 36.74 98.09 32.75 1.69
Rm208 | PI-614886| SAM SD 3 2 30.11 98.80 27.06 1.29
Rm209 | PI-614886| SAM SD 3 3 31.46 98.56 28.00 1.29
Rm210 | PI-614886| SAM LD 3 1 30.46 98.68 27.82 1.42
Rm211 | PI-614886| SAM LD 3 2 34.91 98.77 30.25 1.50
Rm212 | PI-614886| SAM LD 3 3 31.46 99.08 27.52 131
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Supplementary Table11. List of candidate genes putatively regulating flowering time in quinoa with an
associated flowering time function in quinoa and other species

Gene name Gene ID* | Chromosome| Start End

CqFT1A CQ052447 Cg9A 51593659 51597564
CqHD3AB CQ000922 Cg6B 14735351 14740133
CqFT2B CQ019992 Cqg4B 3497140, 3503985
CgCOL4Al CQ037524 Cq4dA 54461001 54462646
CqCOL4A2 CQ052851 Cg2A 1028973 1031191
CqCOL16A1 | CQ027262 Cq6A 49409802 49412567
CqCOL16A2 | CQ030058 CqgbA 14795389 14799196
CqFIP1 CQ039979 Cg8A 48505065 48517240
CqFRL4AA CQ045556/ Cq3A 23432860 23438577
CqgFRL4AB CQ018308 Cqg3B 49944175 49954824
CqELF5 CQ038819 Cqg8A 10430182 10443713
CqCO3A CQ044372 Cg3A 5402299 5406332
CqCO3B CQ017032 Cqg3B 55714022 5575425
CqTPS9 CQ000664 Cg6B 8195253| 8203248
CqgPHYB CQ043833 Cg3A 559497 568173
CqZTL CQ012973 Cqg8B 74028153 74035097
CqgBIC1 CQ043414 Cq7A 52591665 52597118
CgSocC1 CQ047524 CqlA 6162395/ 6169396

§ According to the reference genome QQ74 (€2Ge Genome ID: id60716)
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Supplementary Table12. Gene Ontology (GO) annotation differentially expressed genes (DEGSs) between

SD and LD in leaves of 22082, which differatially respond to photoperiod to likely regulate flowering time.
Number of genes in each node of different GO hierarchy levels are shown for three GO categories, Biological
Process, Cellular Component, and Molecular Fundupplementarfables 12 to 2&are provided in .xIsx with

the supplementary data DYD

Supplementary Table13. KEGG classification otlifferentially expressed genes (DEGs) between SD and LD in
leaves of D12082, which differentially respond photoperiod to likely regulate flowering tinfSupplementary
Tables 12 to 21 are provided in .xIsx with the supplementary datg.DVD

Supplementary Table14. Gene Ontology (GO) annotation differentially expressed ges (DEGS) between
P1-614886 and BE12082 at W2 and W3 under lowiqys (LD) in leaves, which are putatively controlling
flowering under LD(16 h light) Number of genes in each node of different GO hierarchy levels are shown for
three GO categories, BiologicProcess, Cellular Component, and Molecular Fun¢8oupplementarfables

12 to 21 are provided in .xIsx with the supplementary data DVD

Supplementary Table15. KEGG classification oflifferentially expressed gesdDEGS) between F314886
and D12082 at W2 and W3 under lomys (LD) in leaves, which are putatively controlling flowering under
LD (16 h light)(Supplementarifables 12 to 21 are provided in .xIsx with the supplementary datg.DVD

Supplementary Table16. Gene Ontology (GO) annotation differentially expressed genes (DEGS) with
similar spatial expression patterns in leaves betwe&1£886 and EL2082, which likely regulate flowering
time under shortlays (8 h light)Number of genes in each node of different GO hierarchy levels ansgbo
three GO categories: Biological Process, Cellular Component, and Molecular Fi{Bciipiementaryfables
12 to 21 are provided in .xIsx with the supplementary data DVD

Supplementary Tablel7. KEGG classificabn of differentially expressed genes (DEGs) with similar spatial
expression patterns between@4886 and B12082 under shodays (SD) in leaves, which likely regulate
flowering time under shodays (8 h lightYSupplementaryables 12 to 21 are prowd in .xIsx with the
supplementary data DV)D

Supplementary Table18. Gene Ontology (GO) annotation differentially expressed genes (DEGS) in the
shoot apical meristem (SAM) between@14886 and BEL2082 at W2 and W3vhich are likely involved in the
regulation of the time to flower at the SAMumber of genes in each node of different GO hierarchy levels are
shown for three GO categories: Biological Process, Cellular Component, and Molecular Function
(Supplementaryables 12 to 21 are provided in .xIsx with the supplementary data) DVD

Supplementary Tablel19. KEGG classification oflifferentially expressed genes (DEGS) in the shoot apical

meristem (SAM) between 14886 and BE12082 at W2 and W3yhich are likely involved in the regulation of
the time to flower at the SANSupplementarfables 12 to 21 are provided in .xIsx with fupplementary data
DVD).

Supplementary Table20. Results of the blastx analysis for nevagsembled transcripts trereco-expressed

with annotated DEGHhat putatively regulate flowering in leavd$ie top10% ofnewly-assembled transcripts

with the highest degree and module membership (MM) > 0.8 from each module irekression hierarchical
clusteringwere used for blastx. NewAgssembled transcripts are those sequences assembled as transcripts by
StringTie, wheh are not found as transcripts in the reference genome QQ7{8uyglementaryables 12 to 21

are provided in .xlsx with the supplementary data VD

Supplementary Table21. Gene Ontology (GO) annotation of the nesalysembled transcripts thereco-
expressedvith annotated DEGthat putatively regulate flowering in leaves. Number of genes in each node of
different GO hierarchy levels are shown for three GO categories: Bialdgrocess, Cellular Component, and
Molecular Function. Newhassembled transcripts are those sequences assembled as transcripts by StringTie,
which are not found as transcripts in the reference genome QQ7{&ugglementaryables 12 to 21 are
providedin .xIsx with the supplementary data DD
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Supplementary Table22. Agrobacteriuramediated transformation protocol for quinoa.

Step

Description

Seed disinfection and
sowing

1.
2.

3.

No

Place the seeds in >99% ethanol ahdke for 5 seconds
Replace the ethanol with 3% Sodium hypochlorite and t
drops of Tween 20 (two drops per 50 seeds)

Shake at room temperature for 20 min (do not exceed tf
time)

Replace the sodium hypochlorite with water, shake for §
seconds

Replace th water with fresh water, after that shake for 5
seconds and rinse

Place the seeds in mMS medium

Wait for 21 to 28 days for the seedlings. Climate room g
24°C, 16h light/ 8h dark.

Callogenesis

w N

After 29 to 32 days obtain the petiole explants. Cut the
petioles in segments of ~1 cm each. Avoid including leat
fragments in the segments.

Place the segments on callogenesis medium.

Wait for 21 to 30 days until the calli appearance. Climat
room at 24°C, 16h light/ 8h dark.

Agrobacterium
cultivation

wn

One dayprior to transformation: inoculate 15 ml LB [+ 3
rifampicin (25 mg/ml) + 3 pl gentamycin (50 mg/ml)
selection of pCas9: 3 pl spectinomycin (100 mg/ml)] w
200 pl storage culture.

Incubatefor 16 h at 28°C, 200 rpm on a rotary shaker.
Measure Olgy (ideally it equals 1.2). Centrifuge th
Agrobacteria 3000rpm, 10 min. Discard supernatant &
resuspend in 40 ml ecultivation medium O2 to reach &
ODegoo = 0.30.5. Shake at 28°C for up to 2 h to dissalve
pellet. Use this solution directly foransformation.

Transformation

w N

Immerse the petioles with calli in liquid -@wltivation
medium Dr . Jos® Orsini, Saé
Germany)including dissolvedigrobacteria

Co-cultivate for 25 min in liquid medium.

Place the infected segments enlidified cacultivation
medium andncubatefor further 3 days in the climate roo
at 24°C, 16h light/ 8h dark.

Shooting and selection
against agrobacteria

Place the petioles with calli anshooting medium

containing antibiotics for selection agdiagrobacteria.
Check two times per week for generation of shoots (and
to six weeks).
Once a shoot is detected it should be submitted to seleg
for transgenic plantlets and transferred to rooting medial
within 4-7 days after appearanctherwise the shoots go t
vitrification-callus process. The shoots will not grow bigg
than 2 cm in SM media.

Rooting

After visual verification of the presence of the reporter ge
place the shoots anmMS medium.

In the first two weeks, the shootlidepict slow growth and
new leaves will be generated. Wait for ~6 weeks until ro(
regeneration.
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Supplementary Table23. Summary of the dimensions and timeline of ithgitro regeneration experiment.

Date of Date of Date of
. . Sown | transfer to No. of transfer to | No. of | transfer to
Accession| Sowing date . . )
seeds | callogenesis | explantd | shooting shoots| rooting
medium medium medium
BO.13 29.03.2019 | ~50 A:12.04.19 | ~150 14.05.2019| 0
30.04.2019 | ~50 B: 03.05.19 | ~100 03.06.2019| 0
14.05.2019| 3 23.05.2019
29.03.2019 | ~50 A:12.04.19 | ~150
BO-63 03.06.2019| 2 23.05.2019
30.04.2019 | ~50 B: 03.05.19 | ~100
13.05.2019]| 21 23.08.2019
29.03.2019 | ~50 A: 12.04.19 | ~150 14.05.2019| 0
Embrapa
30.04.2019 | ~50 B: 03.05.19 | ~100 03.06.2019| 0
BO.32 29.03.2019 | ~50 A:12.04.19 | ~150 14.05.2019| 0
30.04.2019 | ~50 B: 03.05.19 | ~100 03.06.2019| 0
29.03.2019 | ~50
PI1-596498 | 15.04.2019 | ~50 B: 03.06.19 | ~100 11.06.2019| 0
23.05.2019 | ~50
Ames 25.01.2019 | ~50 A:12.04.19 | ~150 14.05.2019| 0
23.08.2019
13745 30.04.2019 | ~50 | B:03.05.19 | ~100 03.06.2019] 2
29.03.2019 | ~50
2;7'5” 15.04.2019 | ~50 | B: 03.06.19 | ~100 11.06.2019/ 0
23.05.2019 | ~50
29.03.2019 | ~50
CHEN- B:14.05.19 | ~100 C
390 15.04.2019 | ~50
29.03.2019 | ~50
BO-60 15.04.2019 | ~50 B: 03.06.19 | ~100 11.06.2019| 0
23.05.2019 | ~50
29.03.2019 | ~50
PI1-510537 | 15.04.2019 | ~50 B: 03.06.19 | ~100 11.06.2019| 0
23.05.2019 | ~50

A: 2 weeksold seedlings; B: -Inonth-old seedlings, C: contamination.

IFrompetiole, leavesand hypocotyl
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Supplementary Table24. Genes found as candidates by both, QTL and transcriptome studies.

QTL locus | Gene ID Gene description

pleio4.1 CQO014621 | Protein of unknown function

pleiol4.1 | CQ002756 | Similar to VQ22: VQ motHcontaining protein 22

pleiol4.1 | CQ002781 | Protein of unknown function

pleiol4.1 | CQ002783 | Protein of unknown function

pleiol4.1 | CQ002784 | Similar to mak16: Protein mak16

pleiol4.1 | CQ002806 | Similar toPCMP-AL: Pentatricopeptide repeabntaining
protein At1g31790

pleiol4.1 | CQ002823 | Protein of unknown function

pleiol4.1 | CQ002827 | Similar to FTSHI4: Probable inactive ATdependent zinc
metalloprotease FTSHI

pleiol4.1 | CQ002845 | Protein of unknown function

pleiol4.1 | CQ002856 | Similar to At1g65750: Putative ribonuclease H protein
Atlg65750

pleiol4.1 | CQ002867 | Similar to PAP7: Probable plastighid-associated protein

pleiol4.1 | CQ002885 | Similar to Rpp25I: Ribonuclease P protein subunit-{i2s

protein

101



Appendix
8.2.
A

Supplementary Figures

Data pre-processing Variant Calling
Imputation
I * 336 Fz2individuals
« Pollen parent ﬁ
HaplotypeCaller
PE-reads * Seed parent Vit ~-lo
~260GB
gVCF files

Quality pleseses
\ MultiaC |

Genotype GVCFs

PE clean reads

BWA-MEM

Analysis-ready reads

Mapping
each parent
Keep SNP only; minQ: 30, maf: 0.1

Mark duplicates
Add Or Replace

Parent-based files and
Data Quality Control

and

min-alleles: 2; max-alleles: 2
max-missing: 0.3; maf: 0.1

Nucleotide-based format (.hmp)
A 4

Parent-based formating ,'L """" |
}————————  GenosToABH

1

Analysis-ready SNPs

At least one genotype
was called for that
parent

The genotype is not
heterozygous within
each parent

o s | Ll . [ L ot |
: maf: 0.1 : Quality control :_ B _E_ 0 _V_P_ S

: MaxMissing: 0.8 ¢ L. 1:2:1 hom/het ratio
Alignment by IGV | Window: 50 ' 2. Segregation distortion

3. Percentage of missing
data

! Population-based filterin,
quality control

g and

Keep:
1
2,
3

1,

A 4

Geneti
contruction |
" |

A

y

Genetic map

1
2
3.
4
5

M:
Sites that segregate 1:2:1 (a=0.05)
Remove:

ic map ,_1

(S

quality control 1.

L - 7

ndividuals with up to 30% of missing data
arkers present in 90% or more of the population

“Identical” individuals (>95% similarity)

MSTmap
(Kosambi)

ASMapR
R/qtl

Segregation distortion

Estimated crossovers and double-crossovers
Colinearity with physical map

Heatmap

Parental allele frequencies

Supplementary Figure 1. Flow charts depicting the (A) bioinformatics pipeline and (B) the genetic map
construction pipelinelThe mainsteps of the pipelines are shown in sdiitt boxes, method/parameters are

shown in dashed boxes and the number of markers is sh

own in red dagbsedPE= pa&d-end.
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LPIP2 123 456 78 910111213 1415 161718 19 20 C

Agarose 3.0%

LPIP2 12 345 67 8 910 1112 13 141516 17 1819 C

Agarose 3.0%

Supplementary Figure2. Agarose gel electrophoresis of PCR products from the InDel marker JASS5. (A)
Homozygous Eplants From lane 1 to 10, plants are homozygous for alelgarent CHEN109;189bp); and
from lane 11 to 20, plants are homozygous for alRléparent P1614889; 164 bp). (B) Plants from segregating
Fs families. L = middle range DNA ladder, P1 = parentENH109, P2 = parent F814889, C = negative control.
Agarose gels were run for &0in at 100V.
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Supplementary Figure 3. Phenotypic variation in the-population. (A) Variation of panicle densityhe

numbersn yellow represent the scoring scale used for phenotyping. (B) Variation of plant height illustrated by
seven kindividuals (A to G) and the parental lines. (C) Variation in days to maisiiyistrated by the

different colors of the panicle. 114889 had reached maturity stage and was ready to harvest.-Ob8ENd

not reackedtheseed filling stage. Individual C is at seed filling stage. All pictures were taken 16 weeks after
sowing.
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Supplementary Figure 4. SNP densities across 18 quinoa chromosomes. The number sfv&NiR a1 Mb
window sizeis shown by different colors. Densities were calculatethey\CMplot R package using the raw data
(~17 million SNP).
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Supplementary Figure5. Genomewide missing data. Black dots show missing markersindividual Black
horizontal lines represent several continuous missing markers. Chromosomes are separated by black vertical
lines. The numbersbove correspond to the quinoa chromosomes (even numbers: CqlA to Cq9A; uneven
numbers: CqlB to Cq9B).
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Supplementary Figure6. Data filtering before map construction. (A) Number of markers per individual. (B)
Number of genotyped individuals for each marker. (C) Histogram of the proportion of markers for which pairs of
individuals have matching genotypes. Dashed red lines shdiilté¢himg thresholds. Data below the dashed red

line in A and B, and to the right of the dashed line in C was removed.
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Supplementary Figure7. Quinoa linkage map based on 334 plants fromgwopulation derived from cross
between CHENLO9 and PI614889. The map consists of 133,913 markers arranged in 5,219 bins and it was
drawn withthe LinkageMapView R packag&he numbersibove indicate linkage groups (LG) and chromosome
numbers. Horizontal blue lines show thedton of the first marker of each bin followed by the number of
mar kers in each bin in parenthesis. Mar ker names
position of the marker. Genetic distances in cM are written to the left of ea¢hHi§Sigure is provided with

the supplementary data DVD, due to the excessive [ength
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Supplementary Figure8. Map density across 21 linkage groups from thedpulation derived from a cross
between CHENLO9 and PI614889.Density given as cM/locus equates to (markersfeNDensities were
recorded bythe LinkageMapView R package. Binnadarkers are shown by horizontal black lines.
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Supplementary Figure10. Frequencies of the parental alleles calculated from tfp@pulation using the

program ABHgentype R package in each of the linkage groups. Different alleles are shown by different colors.
Linkage group numbers are shown to the right. Hagis showsthe physical positions of the 133,913 markers
according to the reference genome QQ74_ V2. Hetaterbzygous genotyg@his figure is provided with the
supplementary data DVD, due to the excessive l@ngth
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Supplementary Figure11. Comparative QTL analysis to detect pleiotropy ) pleio20.1 (B) pleio4.2 (C)
pleio4.3and(D) pleio7.1 Two tess were performednevs.twoQTL (t o t he |l eft) and
right). The black curve is the LOD score curve for the si@jlé. model, withthe estimated QTL location
indicated by a black triangle. The blue and pink curves are profile LOD score curves for the for@iELtwo
model.Dotsindicate the LOD score for the traitensidering a singt®TL model DTF: days to flowering,

DTM: days to mattity, PH: plant height, PL: panicle length, PD: panicle density, SN: seed number per plant,
SW: seed weight per plant, TKW: thousand kernel weight.
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Supplementary Figure12. Evaluation of variant haplotypes using gefjuences of 328 idividuals and the

corresponding phenotypic data of 328&milies. Phenotypic effects of haplotype variations within several

candidate genes are sholdEXH-BOX ATRDEPENDENT RNA HELICASE DEXHIHENZ2),SUPPRESSOR

OF FRI 4 SUF4), RCC1 DOMAINCONTAINING PROTEIN BRUG3) WRKY TRANSCRIPTION FACTOR 13
(WRKY13andTSL-KINASE INTERACTING PROTEIN 1 (TKIThe variants genotypes correspond to, for

instance AsA; (our homozygous parent8L4889)AiA; (heterozygous)\A, (our hanozygous parent CHEN

109) and are described in Table S4. Significant differences between genotypes are shown by astetjsks (t
U<0.05=***  U<0.01=**, U<0.001=***)., DTF: days to flo
height.
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SupplementaryFigure 13. Evaluation of variant haplotypes using available wiggaome sequencing and
phenotypic data of 310 quinoa accessi@dtetiranage et al., 202@®henotypic effects of haplotype variations
within several candidate genes are showhR4B-15/CORONA, DEXHBOX ATRDEPENDENT RNA

HELICASE DEXH1GHEN2), NRT1/ PTR 2.8NPF2.6), RCC1 DOMAINCONTAINING PROTEIN 8RUG3)
WRKY TRANSCRIPTION FACTOR (BRKY13) ETHYLENERESPONSIVE TRANSCRIPTION FACTOR 113
(ERF113 andFLOWERING LOCUS FLD). The variants genotypes correspond to, for instardd; (our
homozygous parent #14889),H1H. (heterozygous)}izH, (our homozygous parent CHEND9) and are
described ifTable S4. Significant differences between genotypes are shown by astetiskss(t , U< 0
U<0.01=**_, U<0.001=**%*),
flowering, TKW: thousand kernel weight.
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Supplementary Figure 14. Quinoa plants at bolting and the first flower opens stages. Plants from-(A) PI
614886 and (B) E12082 grown under londays (16 h light) are shown. Red arrows show visible floral buds and
openflowers. Scale bars=3cm.
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Supplementary Figure 15. Unsupervised samples clustering with the filtered and normalized transcriptome
data. (A) Leaf and shoot apical meristem (SAM) samples clustered by tissue asgicaicc®AM and leaf
transcriptomevalues are located to the right and left of the dotted line, respectively. (B) Biological replicates of
leaf transcriptomes clustered together. Biological replicategqually coloretbr PI-614886(above the dotted

line) and D12082(under the dotted ligelogFC=Trimmed Mearog-ratios(log. fold change of M values).
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Supplementary Figure16. Transcriptome data investigation to identifgnes differentially responding to

photoperiod (A) Heatmap and stacked column graph of differentially expressed DEiG) petweehortday

(SD) and longday (LD)in D-12082 at W2 and W3. (Bjeatmap and stied column graph of thBEGs in (A),

which were downor upregulated in W3. (CHeatmap and stacked column graph ofBiGs in (B) whose

differential expression differed between W2 and \(£8.E) Heatmap and stacked column grap&Gs

between W2W5, W3-W5, and W4WS5 for the shorday (D-12082)and the dayneutral PI-614886)accessions.

DEGs with different expression patterns between SD and LD conditions are shptratmap and stacked

column graph of th®EGs resulting from removal &fl-614886DEGs in (D) from those iD-12082.Total

number of genes in each step is shown at the bottom of the heatmaps. In the heatmap, SD.W4vsW5 corresponds,

for instanceto log (normalized reads at W4/ normalized readé/&) for a specific gene model under SD.
W=week.
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Supplementary Figure17. Transcriptome data investigation to identify genes regulating flowering time under
long-day (LD) and shortlay (SD) conditions in leave§A) Heatmap and stacked column grapib&Gs
betweenPl-614886andD-12082at W2 and W3 under LD. (Bjeatmap and stacked column graptb&Gs

having similar spatial expression pattern betwi2el?082andPI-614886under SD conditions. Total number of
genedn the analysis is shown at the bottom right of the heatmaps. W4vsWS5 corresponds, for itstagee,
(normalized reads at W4/ normalized reads at W5) for a specific gene model uniférBeek.
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Supplementary Figure18. Transcriptome data investigation of DEGs from the apical meridt#emitmap and
stacked column graptf DEGs betweeRl-614886 and E12082in shoot apical meristem (SAM) samples are

shown. The total number of genes is shown at the bottom right of the heatmap. W2.SD corresponds, for instance,

to log (normalized reads in F814886/ normalized reads in12082) for a specific gene model at Wiler
SD.W=week.
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Supplementary Figure19. Number of genes per module resulting from thesgpression analysis in leaf
transcriptome. Every color represents amadule of the clustering trees in Figure (A) Differentially
expressed genes (DEGS) between stiayt (SD) and longlay (LD) conditions in 12082, which differentially
respond to photoperiod to likely regulate flowering time. (B) DEGs betwe€i4886 and B12082 at W2 and
W3 under LD, which are putatilyecontrolling flowering under LD. (C) DEGs with similar spatial expression

patterns between 14886 and B12082, which likely control the time to flower under SD.
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Supplementary Figure20. Co-expression networks of annotated and neaggembled transcripts showing
differentially expressed genes betweer6P4886 and B12082 at W2 and W3 under LD, which are putatively
controlling flowering under LDri leavesEvery color represents omeodule of the clustering tree in Figure 11C.
(A) plum3, (B) royalblue, (C) darkolivegreen4, (D) black, (E) red, (F) darkgrey, (G) bisque4, (H) oranged3, (1)
grey, (J) lightpink4, (K) darkseagreen4, (L) thistle, (M) daagenta, (N) skybluel, (O) darkslateblue, (P)
darkgreen, (Q) grey60, (R) purple, (S) blue and (T) maroon moaddggeesum of connection weights of a
gene to all other genes in the module by Weighted Gerex@aessiorNetwork Analysis (WGCNA). Number

of genes in each module is shown in Supplementary Figure 19
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