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GENOME-WIDE ASSOCIATION FOR B-GLUCAN CONTENT AND
CHARACTERIZATION OF THE Cellulose synthase-like F6 GENE IN OATS!

Author: Cristiano Mathias Zimmer
Advisor: Luiz Carlos Federizzi

ABSTRACT

The B-glucan content has been one of the main goals of oat breeding programs
worldwide. However, the loci controlling this trait and their interaction with the
environmental conditions are not completely understood to date, especially in subtropical
environments. In this sense, the main objectives of this study were: 1) to identify genomic
regions associated with B-glucan content in elite oat germplasm adapted to subtropical
environments; i1) to identify genomic regions controlling kernel shape-related traits and
verify its association with B-glucan content on oats; iii) to characterize and quantify the
absolute expression of the Cellulose synthase-like F6 gene in oat genotypes with
contrasting 3-glucan content; and iv) to characterize the B-glucan formation in primary and
secondary oat kernels harvested in different planting dates and years. An oat panel
composed by 413 genotypes was genotyped and assessed in different environments.
Genome-wide association mappings were performed using individual and multi-
environment approaches. Quantitative trait loci (QTL) associated with B-glucan content
were identified on Mrg02, Mrg06, Mrgl1, Mrgl2, Mrgl9, and Mrg20 consensus groups.
QTL associated with kernel shape-related traits were detected on Mrg06, Mrgl3, Mrg21,
and Mrg24 consensus groups. Kernel width and kernel thickness traits, which were
phenotypically and genetically correlated, share a genomic region in common on Mrgl3
and are negatively correlated with B-glucan content. The oat PB-glucan content varied
between primary and secondary kernels according to the genotype and environmental
conditions. Under unfavorable conditions, some genotypes can present higher [-glucan
content in secondary kernels than in primary ones. The high number of Cs/F'6 transcripts
was not a guarantee of high B-glucan content in oats. The CslF6 gene expression was
highly influenced by the genotype, environmental conditions, and kernel developmental
stage. The third exon of the Cs/F'6 gene, which corresponds to the CslF6 motif, has 1767
bases pair in oats, regardless of the subgenome. The CslF6 motif of the Cs/F6-AA and
CslF6-DD genes encodes the same amino acid sequence. The Cs/F'6-CC gene showed 13
amino acid changes in the CslF6 motif when compared to the other ones. Single nucleotide
polymorphisms were not identified in the Cs/FF6 homoeologs among the assessed
genotypes, indicating that the CslF6 proteins with the same functional properties are
encoded in these genotypes. The results presented in this study contribute to improve the
understanding of the B-glucan content in oats under subtropical conditions.

'Doctoral Thesis in Plant Science, Faculdade de Agronomia, Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brazil. (143p.) February, 2020.
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ASSOCIACAO GENOMICA AMPLA PARA O TEOR DE B-GLICANAS E
CARACTERIZACAO DO GENE Cellulose synthase-like F6 EM AVEIA!

Autor: Cristiano Mathias Zimmer
Orientador: Luiz Carlos Federizzi

RESUMO

O teor de B-glicanas tem sido um dos principais objetivos dos programas de
melhoramento de aveia mundialmente. Contudo, os locos controlando este carater e a sua
interacdo com as condigdes ambientais ndo sdo completamente compreendidas até o
momento, especialmente em ambientes subtropicais. Neste sentido, os principais objetivos
deste estudo foram: 1) identificar regides gendmicas associadas ao teor de -glicanas em
germoplasma elite de aveia adaptado a ambientes subtropicais; ii) identificar regides
genOmicas controlando caracteres relacionados a morfologia de graos e verificar a sua
associacdo com o teor de B-glicanas em aveia; iii) caracterizar e quantificar de forma
absoluta a expressao do gene Cellulose synthase-like F6 em genotipos de aveia
contrastantes para o teor de P-glicanas; e iv) caracterizar a formacao de [-glicanas em
graos primdrios e secundarios de aveia colhidos em diferentes épocas de semeadura e anos
de cultivo. Um painel de aveia composto por 413 gendtipos foi genotipado e avaliado em
diferentes ambientes. Mapeamentos de associacdo gendmica ampla foram realizados
utilizando anélises individuais e conjuntas. Quantitative trait loci (QTL) associados ao teor
de B-glicanas foram identificados nos grupos consenso Mrg02, Mrg06, Mrgll, Mrgl2,
Mrgl9 e Mrg20. QTL associados a caracteres relacionados a morfologia de graos foram
detectados nos grupos consenso Mrg06, Mrgl3, Mrg21 e Mrg24. Os caracteres largura de
graos e espessura de graos, que foram fenotipicamente e geneticamente correlacionados,
compartilham uma regido gendmica em comum no Mrgl3 e estdo negativamente
correlacionados com o teor de [B-glicanas. O teor de [-glicanas variou entre graos
primarios e secundarios de acordo com o genotipo e as condicdes ambientais. Em
condi¢des desfavoraveis, alguns gendtipos podem apresentar maior teor de 3-glicanas em
graos secundarios em relacdo aos graos primarios. O elevado nimero de transcritos do
gene CslF6 ndo foi uma garantia de alto teor de B-glicanas em aveia. A expressao do gene
CslF6 foi altamente influenciada pelo gendtipo, condigdes ambientais e estadio de
desenvolvimento do grdo. O terceiro éxon do gene CslF6, que corresponde ao motif CslF6,
tem 1767 pares de base em aveia, independente do subgenoma. O motif CsIF6 dos genes
CslF6-AA e CslIF6-DD codificam a mesma sequéncia de aminoacidos. O gene CslF6-CC
apresentou 13 alteracdes de aminodcidos no motif CslF6 quando comparado aos demais.
Single nucleotide polymorphisms nao foram identificados nos homeologos do gene Cs/F6
entre os genotipos avaliados, indicando que proteinas CslF6 com as mesmas propriedades
funcionais sdo codificadas nestes genoétipos. Os resultados apresentados neste estudo
contribuem para melhorar o entendimento do teor de B-glicanas em aveia em condigdes
subtropicais.

'Tese de Doutorado em Fitotecnia, Faculdade de Agronomia, Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brasil. (143f.) Fevereiro, 2020.

vil



LIST OF CONTENTS

Page
I INTRODUCTION ...ttt ettt ettt seee s se e see e 1
2 LITERATURE REVIEW ... .ooiiiiiiiieetee et 3
2.1 Oat: from weed species to functional f00d...........cceeveivieriieeiiiieie e, 3
2.2 Characterization and formation of PB-glucans..........ccccccvveviiieiieincieenciieeieeee 4
2.3 B-glucan in oats and Other Grasses..........ccvvreriuireriiieeriieeriee e
2.4 Genotype by environment influence on -glucan content...........c..cccvveeeureennnee.
2.5 Genetic basis of the B-glucan content in grasses........cccceceveeevveeeiiveencveeencveeenne.
2.6 Genomic regions associated with B-glucan content in grasses............cccccueennee.. 11
2.7 RETETEINCES. ...ttt ettt sttt e eaee s 13
3 CHAPTER 1: GENOME-WIDE ASSOCIATION FOR B-GLUCAN CONTENT,
POPULATION STRUCTURE, AND LINKAGE DISEQUILIBRIUM IN ELITE
OAT GERMPLASM ADAPTED TO SUBTROPICAL ENVIRONMENTS............... 18
3.1 INErOAUCTION. ¢ttt ettt et e e ene 19
3.2 Materials and Methods............coiuieiiiiiiiiiiie e 21
3.2.1 Germplasm - UFRGS Oat Panel............cccccveeviiiiiiiiiiieeeeeeeee e, 21
3.2.2 Field @XPEITMENLS. ...cccvieerieeeiiieerieeesieeesireeesineeeeneesseeesseeessneeensseeessseeenns 22
3.2.3 Sample preparation and B-glucan content analyses...........ccccccveerveeennnennn. 23
3.2.4 DNA 1S01AtION. ...cutiiiiiiiiiiiieeie et 24
3.2.5 Genotyping bY SEQUENCING.........eeervreerieeeriieerieeerieeereveeerereessneesseeesneens 24
3.2.6 SNP calling and filtering..........ccceeecveeeriiiieriiieeeiie e 24
3.2.7 Population structure and linkage disequilibrium analyses..............ccuc..... 25
3.2.8 Genome-wide assoCiation MAPPING......cccvveeervreerrreeerireeerreeesreeesreeesveennns 26
3.2.9 Comparative MaAPPING......ccecvveeerveerireeenieeerreeesreeessreeesseeessseeessseesssessnees 26
3.3 RESUIES .t 27
3.3.1 Phenotypic variation for B-glucan content............ccceeecvveercreeeniiennreeennenn. 27
3.3.2 Population structure of the UFRGS Oat Panel.............cccovevviiiiniinnnnnn. 28
3.3.3 Linkage disequiliDIium..........c.ccovviiiiiiiieiiieeiiiecie et 30
3.3.4 Genome-wide association for B-glucan content............ccceoevveevrveeennennne. 31
3.3.5 Comparative mapping between barley and oats...........ccccceeeevieerieeninenns 36
3.4 DISCUSSION. ....eutieiieeiiteeite ettt ettt et ettt e bt e e bt e s bt e et e e bt e eab e e bt e sabeebeesabeenseas 37
3.5 CONCIUSIONS. ...ttt ettt ettt et sat e e bt e saeeebeenaeeens 41
3.0 RETETEICES. ...ttt et et 41



Page
4 CHAPTER 2: GENOME-WIDE MAPPING FOR KERNEL SHAPE AND ITS

ASSOCIATION WITH B-GLUCAN CONTENT IN OATS...cceeiiiieeeieceeeeeeeene 45
4.1 INErOAUCTION. ...ttt ettt sttt saeeas 46
4.2 Materials and methods..........c.eoiiiiiiiiiiiie e 47

4.2.1 Plant material.........cooueiiiiiiiiiieeee e 47
4.2.2 Field €XPeriments........cc.eeecuiieerieeeiieeeiieeeieeeeieeeereeesveeesaeeesveeesnseeennnee s 48
4.2.3 Kernel shape asseSSMENL........cccueeeiuiieeiiieeeiieeeiie e eeiee e eereeeeree e 49
4.2.4 DNA isolation and genotyping by S€qUENCIing..........cccccveeecvveerreeenveeennne 50
4.2.5 SNP calling and filtering..........ccceeevireeiiieeiiieeieecee e 50
4.2.6 Genome-wide assoCiation MAPPING......eeerveeerrreeerveeerreerireeerreeensreeessseenns 51
4.2.7 Statistical analySes........ccccueiriiiiiiiieeiiie et e 51
4.3 RESUILS. ..ttt ettt et earean 52
4.3.1 Phenotypic variation for kernel shape..........ccccoeevvveviiiiniiiinciieiie e, 52
4.3.2 Association between -glucan content and kernel shape.......................... 53
4.3.3 Indirect selection for B-glucan content using kernel width....................... 56
4.3.4 Genome-wide association mapping for kernel shape-related traits.......... 56
4.3.4.1 Genome-wide association mapping for kernel length..................... 56

4.3.4.2 Genome-wide association mapping for kernel width....................... 59

4.3.4.3 Genome-wide association mapping for kernel thickness................. 60

4.4 DIISCUSSION. c..ueeutieiieette ettt e ettt et e st e bt e et e et e sat e e bt e ea bt e bt e sabe e bt e ssaeebeesabeenbeeeane 62
4.5 CONCIUSIONS. ...ttt ettt ettt et s b e sae e e e e seeeneeas 65
4.0 RETETEINCES. ...cueeiiiiiiiieet ettt sttt e as 66

5 CHAPTER 3: CHARACTERIZATION OF B-GLUCAN CONTENT IN
PRIMARY AND SECONDARY OAT KERNELS HARVESTED IN DIFFERENT

PLANTING DATES AND YEARS ...ttt 68
5.1 INErOAUCTION. ...ttt sttt st e e eae 69
5.2 Material and methods.........c.c.ooiiiiiiiiiii e 70

5.2.1 Plant material.........cccooiiiiiiiiiiieieee e 70
5.2.2 Field eXPeriments.........ccccueeeuieeeiiieenieeesieeesieeesireeeiaeeeeneessaeesnneeensseeennnes 71
5.2.3 Sample PreParation..........cc.eeeeeeeeeueeerieeeriieeesieeesreeeseeeessreesssneessseeessseesns 71
5.2.4 PhenotypiC aSSESSMENL.........c.eeeeiuieerireerieeerieeerereeesareeeereeeseeesseeessseesnsnes 72
5.2.5 Localization of B-glucans in primary and secondary kernels................... 73
5.2.6 Statistical aNalYSEs.......cc.eeeiiiieiiieeiiieeie e e 74
5.3 RESUILS. ..ttt et eae 74
5.3.1 Environmental influence on B-glucan content and kernel shape-related
13628 1 1SS OO U RO PPP SRR 74
5.3.2 B-glucan content and kenel length differences between primary and
SECONAATY KEINEIS.....eiiiiiiiiiieeiie et 78
5.3.3 Localization of B-glucans in primary and secondary kernels................... 80
5.4 DISCUSSION. ...ttt ettt ettt ettt et ettt e ettt e sabe e bt e s bt e e bt e sabeebeeeaeeenseas 82
5.5 CONCIUSIONS. ....eutiiiiieiie ittt ettt ettt ettt sat e et esate s eesbeeeabeenaeeens 85



5.6 RETETEICES. ...ttt sttt st e e 85
6 CHAPTER 4: CHARACTERIZATION AND ABSOLUTE QUANTIFICATION
OF THE Cellulose synthase-like F6 GENE IN OATS.......ccooiieiiieeieeeeeeeee e 88
6.1 INTrOAUCTION. c...eeiiiiiie ittt et et e e 89
6.2 Material and methods. .........cooiiiiiiiiii e 91
6.2.1 Plant material............cooiiiiiiiiiiiiieceeee e 91
6.2.2 Field @XPErimeNt.......ccccvieeiiieeeiieeeiieeeteeerteeesteeesreeeereeeseeessreeessseeensseens 91
6.2.3 B-glucan content analysis.........ccceecveeeriieeiiieeiie e 92
6.2.4 DNA 1S01atION. ...c.uiiiiiiiiiiieeiee e e e 92
6.2.5 Tissue collection, RNA isolation, and cDNA synthesis............c.ccccueee.... 93
6.2.6 Primer design and absolute quantification using droplet digital PCR...... 94
6.2.7 Sequencing of CsIF'6 homoeologs.........c..eeevieeeiiieeiciieeiiie e 95
6.2.8 In SI1ICO ANALYSES.....uvieeiiieeiiieeiie et 96
6.2.9 Statistical aNalySeS.......cccvuiieiiiieiiieeiie et 96
0.3 RESUILS ..ottt ettt e 96
6.3.1 Phenotypic variation for B-glucan content..........ccceeevveerieeencieeenieeennennn 97
6.3.2 Expression of the Cs/FF6 homoeologs under field conditions................... 98
6.3.3 Molecular characterization of the Cs/F'6 homoeologs............cccccevveennnen. 107
0.4 DISCUSSION. ....eeutiiiiieiiteeite ettt ettt ettt et e et e bt e st e e bt e et e e bt e sabeenbeeeabeenseas 110
6.5 CONCIUSIONS. ...ttt ettt ettt et sat e e bt esbaeebeesaeeens 114
6.0 RETETEINCES. ... .eeiiiiiieiie ettt 114
7 GENERAL CONCLUSIONS. ... .ottt sttt nae e 117
8 SUPPLEMENTARY MATERIAL......oooiiiiieieeeee et 119
LT B O F: 0] (< S 119
LI O F: 0] (< RS 123
LI O 0T 0] 1< g FO SR 124
IR O F: 101 1< g SRR 125
O VT A ettt et ettt et e e bt et e e ae e bt e b e e et e bt enbeeaeesseenbeentenneennes 129



LIST OF TABLES

CHAPTER L.ttt

Table 1. Genomic regions controlling B-glucan content in elite oat germplasm
adapted to subtropical CONAItIONS. ......c.eeeviiieriieeriie ettt e

CHAPTER 2.ttt ettt et st sb et e e st e e eneenneennas
Table 1. Phenotypic (upper-right diagonal) and genetic (lower-left) correlations
between B-glucan and kernel shape-related traits in two locations...........ccccceeeeveeennnen.
Table 2. Environmental variance, genetic variance, and repeatability of [-glucan
content, days from emergence to flowering, and kernel shape-related traits in two
JOCATIONS. ..ttt ettt et s e et e et e bt e st e e bt e eabeebeesabeebeeeas
Table 3. Genomic regions controlling kernel length in elite oat germplasm adapted
t0 SUDTOPICAl CONAILIONS. ....cccviiieiiieiiie ettt e et e e e eaeeeeneeenseeeenneees
Table 4. Genomic regions controlling kernel width in elite oat germplasm adapted to
SUDTOPICAl CONAITION. . ..uiiieiiiieiiie ettt et e et e e e e e eeeaaeesaseeenaeeennneeens
Table 5. Genomic regions controlling kernel thickness in elite oat germplasm
adapted to subtropical CONAItIONS. ......c.eeeeiuiieriieeiiie e

CHAPTER 3.ttt ettt et b et ene e st e e e eseenneennas
Table 1. Analysis of variance for -glucan content and kernel shape-related traits in

Table 2. Averages for PB-glucan content and kernel shape-related traits in oats.
Comparison between years, planting dates, and enotypes........ccceevvvveerreeerveeerveennnen.
Table 3. Averages for B-glucan content and kernel length in oats. Comparison
between years, kernel type, and ZENOtYPES......ccuveeeiieerciieeiiieeriie et e

CHAPTER 4.ttt ettt et st b et et este e e neenneeneas
Table 1. Oligonucleotide sequences used for Cs/F'6 expression analyses.....................

Table 2. Analysis of variance for -glucan content in five oat genotypes assessed in
tWO PlANTING AALES.....eeieiieiiiieeiiee ettt te e et e e st e e e e e sebeeensbeeensaeeennes

Table 3. Analysis of variance for Cs/F6 transcripts under field conditions..................

xi

45

54

55

58

60

62

68

74

76

79

88
94



LIST OF FIGURES

LITERATURE REVIEW ..ottt

Figure 1. Biosynthesis of B-glucans in grasses. Adapted from Wilson ef al. (2015).....

Figure 2. Parts of an oat kernel and preferred B-glucan deposition site. Adapted from
Kampffmeyer (2016)........eiiiieiiieeiee ettt ettt e e e e e e eree e

CHAPTER L.ttt

Figure 1. Phenotypic variation for -glucan content in Eldorado do Sul and Londrina
considering enzymatic and NIRS methods. ELD, Eldorado do Sul; LON, Londrina,
ENZ, enzymatic method; and NIRS, near-infrared
S CEIOSCOPY - veeuverueenreenteanteseensesseesseeseaseasseensesssasseenseaneesseenseensesseenseeneeeneenseensesseanseansans
Figure 2. Genetic variance explained by the first ten principal components of the
UFRGS Oat Panel.........coooiiiiiiiiie e
Figure 3. Principal component analysis of the UFRGS Oat Panel. The first two
principal components (PC) account for 11.54% of the genetic variance. IAPAR,
Agronomic Institute of Parana; LSU, Louisiana State University; Other BRA, other
Brazilian oat breeding programs; Other FOR, other foreign oat breeding programs;
UF, University of Florida; UFRGS, Federal University of Rio Grande do Sul.............
Figure 4. Linkage disequilibrium (LD) scatter plot showing correlations (72) between
marker pairs inside each consensus group as a function of genetic position; a
smoothing spline (black lines) is fit to each consensus group data...........ccccceevveernennns
Figure 5. Manhattan plots for oat markers associated with B-glucan content. The red
line represents a p-value < 0.001; a, Londrina 2017 (enzymatic); b, Londrina 2017
(NIRS); ¢, Eldorado do Sul 2017 (NIRS); d, Eldorado do Sul 2018 (NIRSS); e,
Multi-environment (NIRS)........coooiiiiiiieiiie e
Figure 6. Comparative mapping between oat markers and barley chromosomes 2H,
SH, and 7H. Chromosomes 2H, SH, and 7H showed similarities with Mrgl1, Mrg06,
and Mrg02, respectively. Red horizontal lines represent oat markers located on the
same position of QTL associated with B-glucan content in oats presented in this
study. Green, blue, and golden names represent QTL associated with barley [3-
glucan content identified by Islamovic et al. (2013), Houston et al. (2014), and
Mohammadi et al. (2014), respectively. Black names show candidate genes
associated with 3-glucan content in barley. Distances are show in Mbp.......................
Supplementary Figure 1. Linkage disequilibrium (LD) scatter plots showing
correlations (7?) between marker pairs inside each consensus group as a function of
genetic position; the red line is a smoothing Spline...........ccceeviieeiieeniieerie e
(continuing) Supplementary Figure 1. Linkage disequilibrium (LD) scatter plots
showing correlations (%) between marker pairs inside each consensus group as a
function of genetic  position; the red line is a  smoothing

18

28

29

30

31

34

36

119



Supplementary Figure 2. Association between enzymatic (reference) and NIRS
methods for B-glucan content quantification in 0ats...........cccecveeerveeerieeenieesciee e
Supplementary Figure 3. Rainfall (grey), mean daily maximum (red), and minimum
(blue) temperatures recorded from planting to maturity in two locations during 2017:
Londrina (a); and Eldorado do Sul (b) Two irrigations of 20 mm were performed in
Londrina between 60 and 95 days after planting. Sources: IAPAR and UFRGS local

Supplementary Figure 4. Quantile-quantile plots of the observed versus expected p-
values under the null hypothesis for B-glucan content in oats. a, Londrina 2017
(enzymatic); b, Londrina 2017 (NIRS); ¢, Eldorado do Sul 2017 (NIRS); d, Eldorado
do Sul 2018 (NIRS); e, Multi-environment (NIRS).........ccocviiiiiiiiiiiieieeeeeeeen

CHAPTER 2.ttt s
Figure 1. Phenotypic assessment for kernel shape-related traits in oats..........c...cc........

Figure 2. Phenotypic variation for kernel shape-related traits in two locations.............

Figure 3. Manhattan plots for oat markers associated with kernel length. FDR, false
discovery rate at 5%; a, Londrina; b, Eldorado do Sul; ¢, Multi-environment..............
Figure 4. Manhattan plots for oat markers associated with kernel width. Arbitrary
threshold, p-value < 0.001; a, Londrina; b, Eldorado do Sul; ¢, Multi-environment.....
Figure 5. Manhattan plots for oat markers associated with kernel thickness. FDR,
false discovery rate at 5%. Arbitrary, p-value < 0.001; a, Londrina; b, Eldorado do
Sul; ¢, MUIt-ENVIFONIMENL . .......ooioieiiiiiieee et e e e e e eesarr e e e e e e e e enaaaaeeeeeeeas
Supplementary Figure 1. Quantile-quantile plots of the observed versus expected p-
values under the null hypothesis for kernel shape-related traits in oats. a, b, and ¢ =
kernel length, kernel width, and kernel thickness in Londrina. d, e, and f = kernel
length, kernel width, and kernel thickness in Eldorado do Sul. g, h, and i1 = kernel
length, kernel width, and kernel thickness in the multi-environment analysis..............

CHAPTER 3.ttt ettt et a et e e ste e e eneenneeneas
Figure 1. Phenotypic assessment for kernel shape in primary and secondary oat

Figure 2. B-glucan formation on oat primary kernels in two planting dates. A)
UFRGS 881971 and B) IAC 7, first planting date; C) UFRGS 881971 and D) IAC 7,
SECONA PlANTING ALE.....cviieeiiieeiiieee ettt e e e eeaeeereeesnaeeenneee e
Figure 3. B-glucan formation on oat secondary kernels in two planting dates. A)
UFRGS 881971 and B) IAC 7, first planting date; C) UFRGS 881971 and D) IAC 7,
SECONA PlANTING ALE....ccuviieiiieeiiieceeee et e e e et e e sreeesnneeenreee e
Supplementary Figure 1. Rainfall (grey), mean daily maximum (red), and minimum
(blue line) temperatures recorded from planting to maturity in 2017 and 2018.
Source: local weather station at the UFRGS Experimental Agronomic
STALIOML. ...ttt ettt e b e st e bt e et b e e et e bt e eabeenaeas

CHAPTER 4.ttt ettt st sa et et e st e e s enneennas
Figure 1. CslF6 gene structure and location of amplified regions for gene
o o) (3 (o) 4 OSSR PS
Figure 2. Mean comparison for B-glucan content in five oat genotypes using the
Tukey test. Same letter between varieties do not differ statistically...........cccceveuvennnenn.

xiil

Page

121

121

122

45
49
53

57

59

61

123

68

72

80

82

124

88

94



Page
Figure 3. Expression of the Cs/F6 gene on the first planting date. A, global
expression; B, subgenome AA expression; C, subgenome CC expression; and D,
subgenome DD expression (estimate). Genotypes that share a small letter inside the
same kernel developmental stage do not differ statistically. Kernel developmental
stages that share a capital letter in the same genotype do not differ statistically........... 99
Figure 4. Expression of the Cs/F6 gene on the second planting date. A, global
expression; B, subgenome AA expression; C, subgenome CC expression; and D,
subgenome DD expression (estimate). Genotypes that share a small letter inside the
same kernel developmental stage do not differ statistically. Kernel developmental
stages that share a capital letter in the same genotype do not differ statistically........... 103
Figure 5. Expression of the Cs/F6 gene between planting dates. A, global
expression; B, subgenome AA expression; C, subgenome CC expression; and D,
subgenome DD expression (estimate). Small letters between planting dates for the
same kernel developmental stage and genotype do not differ statistically. U8819,
UFRGS 881971; IArt, IPR Artemis; 17, IAC 7; UTau, URS Taura; U8, UFRGS 8.
Ist, first planting date; and 2nd, second planting date............ccceevvveeeeieeenieeenieeeeeeee, 106

Figure 6. Amino acid composition of the CslF6 motif (third exon) in oats................... 109

Supplementary Figure 1. Pluviometric precipitation, mean daily maximum, and
minimum temperatures recorded from planting to maturity in two planting dates.
Source: local weather station at the UFRGS Experimental Agronomic Station.

Horizontal lines represent the kernel collect moment in each genotype........................ 125
Supplementary Figure 2. Third exon of the CslF6 gene (part 1).......cceeevveeevveennveennnen. 126
Supplementary Figure 3. Third exon of the CslF6 gene (part 2).......cceeevveevveeernveennen. 127
Supplementary Figure 4. Third exon of the CslF6 gene (part 3)......cccceeeevveerveeenveeenen. 128

Xiv



1 INTRODUCTION

Oats (Avena sativa L.) became one of the most recommended foods for human
consumption. One of the main factors contributing for the great nutritional quality of oat
kernels is the higher B-glucan content when compared to other crops, such as wheat, rice,
and corn. The ingestion of B-glucans in proper quantities provides many benefits for
human health, including the improvement of the immune function, reduction of cholesterol
levels, reduction of blood pressure, and reduction of glycemic index in diabetics.

Although associated with many benefits for human health, the allocation of
resources for the Brazilian oat breeding is still scarce when compared to other small grains.
The first research projects involving oats in Brazil were performed in the 1930s, when
varieties from Uruguay and Argentina were evaluated in Southern Brazil. In the 1960s, oat
fields used to be cropped using foreign varieties, mainly from United States. The first
Brazilian oat varieties were released in the 1970s.

The first selection criteria aimed exclusively adaptation to subtropical conditions,
considering mainly flowering time adequacy and pathogen resistance. After many selection
cycles, the Brazilian oat breeders developed genotypes associating earliness, high biomass
accumulation, pathogen resistance, and great yield potential. On the other hand, the
selection focusing on chemical quality traits, including the B-glucan content, was not
effectively performed to date. The selection of genotypes with high grain quality requires
many chemical analyses, which are usually expensive, time-consuming, and demand

expert analysts.
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The quantitative inheritance of the B-glucan content and the high environmental
influence exercised on this trait turn the development of superior genotypes even more
difficult. Currently, the selection for oat grain quality in Brazil is performed indirectly, in
advanced self-fertilization generations, considering visual assessment of the grain shape. In
this sense, even without any direct parameter for grain quality, such as chemical analyses,
for example, the Brazilian oat germplasm shows suitable levels of p-glucans when
compared to the average of genotypes from other countries. In this context, the grain shape
may be directly associated with the 3-glucan content trait in oats.

The genetic and molecular mechanisms involved with the B-glucan formation in
oats are poorly understood. The identification of these mechanisms, as well as the
understanding of the environmental influence on them, will assist the development of new
oat varieties with high B-glucan content. Many molecular tools are available to assist plant
breeders nowadays, including genome-wide association and marker-assisted selection
approaches. Using a collection of genotypes contrasting for the [-glucan content,
previously assessed phenotypically and genotyped, it is possible to identify the genomic
regions associated with the trait and develop new tools for oat breeders. In this way, the
main objectives of this study were:

1) to identify genomic regions associated with B-glucan content in elite oat germplasm
adapted to subtropical environments;

i1) to identify genomic regions controlling kernel shape-related traits and verify its
association with B-glucan content in oats;

1i1) to characterize the B-glucan formation in primary and secondary oat kernels harvested
in different planting dates and years;

1v) to characterize and quantify the absolute expression of the Cellulose synthase-like F6

gene in oat genotypes with contrasting -glucan content.



2 LITERATURE REVIEW

2.1 Oat: from weed species to functional food

Oat belongs to the Poaceae botanical family, Poideae subfamily, Aveneae tribe,
and Avena genus. The different oat species form a polyploid series, represented by diploid,
tetraploid, and hexaploid species, with the basic chromosome number equal to seven. The
cultivated oat (Avena sativa L.) is an allohexaploid species constituted by six sets of basic
chromosomes (2n = 6x = 42), formed from the aggregation of three subgenomes (AA, CC,
and DD) from ancestral diploid species (Rajhathy & Thomas, 1974).

Oat evolution occurred from interspecific crossings and chromosomal duplication
events. The crossing between the diploid species Avena ventricosa (CC) and Avena
canariensis (AA) originated the Avena magna (AACC) species, which is the putative
tetraploid ancestral of hexaploid oats (Rajhathy & Thomas, 1974). After, the crossing
between A. magna and Avena insularis (CCDD), which is the putative subgenome DD
donor, originated the hexaploid species Avena sterilis (AACCDD) (Loskutov, 2008). 4.
sterilis 1s likely the ancestral of hexaploid oats, including A. sativa L. (Coffman, 1977).
The oat origin center is associated with the Minor Asia region (Loskutov, 2008), being that
the domestication of this species was related to the Center-North of Europe. Later, oat
seeds were dispersed to temperate areas as weed species in other small grains, such as
wheat (Triticum ssp.) and barley (Hordeum ssp.) (Coffman, 1961). As consequence of their
great adaptability, oats changed from wild to cultivated stage (Leggett and Thomas, 1995)

and was widely disseminate due to their great agricultural aptitude, especially in temperate
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and wet environments, such as North America and Europe (Murphy and Hoffman, 1992).
The oat introduction in Latin America is associated with the Spanish immigrants’ arrival.
The first studies involving oats in Brazil occurred in the 1930s and the breeding of this
species began in 1974 (Federizzi et al., 2005).

Oat grains have great nutritional aptitude for human consumption and, when
ingested in proper quantities, are considered a functional food with many benefits for
human health. The functional food denomination aimed to associate oat consumption to
human health and was stablished by the American Food and Drug Administration Agency
on June 29" 1995 (Beber et al., 2002). The main factors contributing to the high
nutritional quality of oat kernels are protein content, with special and complete amino acid
composition, and -glucan content. The B-glucan [(1—3);(1—4)-B-D-glucan] ingestion is
associated with different benefits for human health, including immune function
improvement, reduction of cholesterol levels in the blood, and reduction in glycemic index

in diabetics (Cho et al., 2013; Whitehead et al., 2014; Ye et al., 2012).

2.2 Characterization and formation of B-glucans

B-glucans found in oat kernels are part of a mixed-linkage B-glucan family. Among
many B-glucans found in plants, with B(1—2), B(1—3), p(1—4) or f(1—06) linkages, only
grasses and lichens have B(1—3);(1—4) mixed-linkage B-glucans. Oat 3-glucans are linear
non-amylaceous polysaccharides composed by B-D- glucopyranosyl units connected with
B(1—3) and B(1—4) mixed-linkages. (1—3) linkages represent 30%, while (1—4) ones
represent 70% of the total linkages (Butt et al., 2008). Described as hemicelluloses, [3-
glucans are found in a wide range of organisms, from fungi to higher plants (Pettolino et
al., 2009). The hemicelluloses, which are long linear chains of polysaccharides, usually
with short lateral branches, are characterized for binding to the cellulose surface. In this
sense, hemicelluloses can either connect cellulose microfibrils to form a cohesive network

or act as a coating that prevents the microfibril surfaces from sticking together.
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The formation of B-glucans is widely verified in monocots, including evolutionarily
basal families such as Flagellariaceae. In dicot species, on the other hand, the formation of
B-glucans was not detected (Smith and Harris, 1999). Considering the 16 families that
belongs to the Poales order, which usually present the formation of B-glucans, the Poaceae
one is the most important (Trethewey et al., 2005). The formation of B-glucans is
associated with many functions in plants, including the definition of physical properties of
the cell wall, basically interacting with other polymers (Scheller and Ulvskov, 2010), and
the carbohydrate storage in seeds (Meier and Reid, 1982; Reid, 1985).

There are many factors acting on the formation and deposition of B-glucans in plant
cells. Among different enzymes involved on these processes, glycosyltransferases are
classed as a key component of the 3-glucan biosynthesis pathway. Glycosyltransferases are
associated with the Golgi complex membrane, where P-glucans are synthetized. After
synthetized in the Golgi complex, B-glucans are transported and incorporate in the cell
wall. This transport occurs through subcellular vesicles, more precisely secretory vesicles

or multivesicular bodies (Figure 1).

Golgi complex

Secretory vesicle

vesicle

Cytoplasm

FIGURE 1. Biosynthesis of 3-glucans in grasses. Adapted from Wilson et al. (2015).
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Once carried into secretory vesicles, the transport of these vesicles to cell wall will
be performed using actin microfibrils and tubulin microtubes. After transported and close
to the plasmatic membrane, cell turgor pressure acts “flattening” the vesicles and forcing
the transference of molecules carried inside them, including B-glucans, initially to the

plasmatic membrane and later to the cell wall.

2.3 B-glucans in oats and other grasses

The formation of B-glucans is abundant in primary and secondary cell walls of
species that belong to the Poaceae family. Among many species with agricultural
importance, the formation of B-glucans is more pronounced in oats, barley (Hordeum
vulgare L.) and rye (Secale cereale). The B-glucan content in kernels of these grasses
range from 3 to 7%, from 3 to 11%, and from 1 to 2%, respectively (Skendi et al., 2003).
Conversely, the formation of B-glucans is less expressive in wheat (7riticum aestivum L.),
rice (Oryza sativa L.), and corn (Zea mays) (Fincher and Stone, 2004). Studying a
collection of 230 tetraploid wheat genotypes, including different subspecies, Marcotuli et
al. (2016) verified a phenotypic variation for the B-glucan content trait ranging from 0.18
to 0.89% in kernels. The B-glucan content in rice and corn kernels is negligible (Wood and
Beer, 2000).

Great effort has been performed to restrict the B-glucan formation in barley kernels,
once B-glucans have a negative influence on brewing procedures (Vis and Lorenz, 1997).
On the other hand, aiming the production of healthy products for the industry, the selection
of genotypes with high B-glucan content became one of the main objectives of oat
breeding programs worldwide (Peterson, 1991). The oat variety ‘HiFi’, which was
developed by the North Dakota State University Oat Breeding Program, has great B-glucan
content, ranging from 6 to 7%, varying among crop seasons (McMullen et al., 2005).

These values represent approximately 1.5 — 2% more -glucans than the oat average. The
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oat variety ‘IAC 7°, which was developed by the Agronomic Institute of Campinas, is
always reported as a check for B-glucan content in Brazil. However, the phenotyping of
this variety for B-glucan content is usually performed using near infrared spectroscopy
(NIRS).

Oat kernels are structurally composed by several layers. Starting from the external
layer, oat kernels are coated by epidermis, hypodermis, cross cells, tube cells, seed coat
(testa), nucellar tissue, aleurone layer, and endosperm (Figure 2). B-glucans are
preferentially concentrated in the aleurone layer, sub aleurone layer, and starchy
endosperm adjacent to the embryo. The richest region for B-glucans in oat kernels

correspond to the junction between aleurone layer and endosperm (Wood et al., 1991;

Wood, 1993).

Epidermis ~

Hypodermis—__

Crosscells —
Tube cells  — .
Seed coat (testa) —
S

Nucellar tissue {
w
/

Aleurone layer

OH m OH n

FIGURE 2. Parts of an oat kernel and preferred B-glucan deposition site. Adapted from
Kampffmeyer (2016).

There are major limitations for the elucidation of the -glucan content in oats and
selection of genotypes with great performance for this trait. Among the main limitations
are: 1) absence of advanced studies indicating which genomic regions control the synthesis

and deposition of B-glucans in oats; 11) absence of molecular markers associated with the
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trait and useful for marker assisted selection (MAS), which would allow the selection of
oat genotypes in a fast and precise way; iii) scarcity of fast, low-cost, and reliable methods
for B-glucan content quantification in oats; and iv) influence of environmental conditions

on the 3-glucan content trait, biasing the breeder’s selection.

2.4 Genotype by environment influence on B-glucan content

The cell wall composition and polysaccharides involved on its formation are not
static. During plant development, cell wall components can be modified by the synthesis
and action of enzymes that act trimming lateral branches and digesting pectin and
hemicelluloses (Gibeaut ef al., 2005). In this sense, the genetic mechanisms that control the
synthesis of cell wall components, including -glucans, must interact and are influenced by
the environmental conditions of each crop season.

Many studies have been published indicating the environmental influence on [3-
glucan content in oats (Saastamoinen et al., 1992; Doehlert et al., 2001; Beber et al., 2002;
Saastamoinen et al., 2004). Studying the B-glucan content in 15 Brazilian oat genotypes,
evaluated in Southern Brazil, Crestani ef al. (2010) verified a significant interaction among
genotype, environment, and year influencing the trait. Similarly, studying four Canadian
oat varieties, Humphreys et al. (1994) identified that different planting dates also impact
the B-glucan content in oats. In addition, the occurrence of successive rainfalls during grain
filling tend to reduce the B-glucan content in oat kernels (Miller ef al., 1993). On the other
hand, rainfalls during the vegetative stage are positively correlated with the B-glucan
content in oats (Herrera et al., 2016). High temperature conditions during the formation of
kernels also tend to increase the B-glucan content in oats (Saastamoinen et al., 1992; Miller
et al., 1993; Saastamoinen et al., 1995). In barley, the occurrence of drought stress at the
maturity stage also influenced the B-glucan content (Fastnaught et al., 1996; Hang et al.,

2007).
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Using multiple regression analysis with different oat genotypes and environments,
Andersson and Borjesdotter (2011) estimated that 23% of the observed phenotypic
variation for the B-glucan content is due to the genotype, 42% is due to environmental
conditions, and 11% is due to genotype by environmental condition interaction. Similarly,
Brunner and Freed (1994) verified that the B-glucan content trait is highly influenced by
crop year and less influenced by genotype. On the other hand, Saastamoinen et al. (2004)
emphasized that the B-glucan content is determined mainly by the genotype. Recently,
Herrera et al. (2016) verified that year is the major factor contributing to the phenotypic
variation of B-glucan content in oats, followed by genotype. In this context, the main
challenges for oat breeders and researchers are to identify and localize the genetic
mechanisms involved on the synthesis and deposition of B-glucans, as well as to clarify
how these mechanisms are regulated according to the specific conditions of the

environment.

2.5 Genetic basis of the B-glucan content in grasses

The information available in the literature about the genetic mechanisms involved
on the synthesis and accumulation of B-glucans in oats is limited. The B-glucan content is a
quantitative trait, and the loci controlling this trait show basically additive effects
(Holthaus et al., 1996; Crestani et al., 2012). There are many enzymes involved on the
synthesis and deposition of polysaccharides in the cell wall. Among the main enzymes
involved on the B-glucan biosynthesis pathway are the glycosyltransferases, which act
modifying carbohydrates (Coutinho and Henrissat, 1999). The glycosyltransferases are
divided in two main groups: 1) polysaccharide synthases (type 1); and ii)
glycosyltransferases (type II).

The type I enzymes are coded by the Cellulose Synthase gene family, which is

divided in subfamilies. Among these subfamilies are the Cellulose synthase (CesA) and
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Cellulose synthase-like (Csl) ones (Richmond and Somerville, 2000). The Csl subfamily

genes are classed from ‘A’ to ‘H’. In Arabidopsis and rice 30 and 37 members of this
subfamily were identified, respectively (Hazen et al., 2002; Somerville et al., 2004).
Studies involving comparative mapping showed that a cluster of CslF genes from rice is
co-located in a genomic region corresponding to a major quantitative trait loci (QTL) for
B-glucan content in barley (Burton et al., 2006). The insertion and expression of CslIF
genes from rice allowed the detection of B-glucans in the cell walls of Arabidopsis (Burton
et al., 2006), indicating that these genes play a major role in the B-glucan biosynthesis
pathway. In wheat, the silencing of the Cellulose synthase-like F6 (CslF6) gene using an
interference RNA reduced on average 42.4% of the B-glucan content in kernels (Nemeth et
al., 2010). On the other hand, when the Cs/F'6 gene was overexpressed in barley, under the
control of an oat endosperm specific promoter, an increasing greater than 80% in the (-
glucan content was observed in kernels (Burton et al., 2011). In addition, the
betaglucanless (bgl) mutants in barley have a point mutation in the Cs/F'6 gene which alter
a highly conserved amino acid in the coded protein (Taketa et al., 2012).

Studying the expression of seven CslF gene members in the barley genotypes
‘Himalaya’ and ‘Sloop’, which are contrasting for the B-glucan content, Burton et al.
(2008) verified gene expression profiles completely different for the Cellulose synthase-
like F9 (CslF9) and CslF6 genes. These genes were the only CslF ones expressed during
the grain formation and filling in barley. The Cs/F9 gene showed an expression peak at
eight days after anthesis (DAA) in the ‘Sloop’ genotype, which has reduced B-glucan
content. On the other hand, the Cs/F6 gene showed an increasing in the transcript levels
between 12 and 20 DAA, reaching an expression peak at 20 DAA in the ‘Himalaya’
genotype, which has high B-glucan content (Burton et al., 2008). These results suggest a
distinct and opposite temporal expression of the Cs/F9 and Cs/F6 genes in barley, wherein

only the CslF6 one acts positively on the B-glucan content in this species.
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The results described previously indicate that CsIF genes are strongly associated
with the B-glucan content in grasses. These genes encode polysaccharide synthases that,
along with a complex regulatory pathway, act on the synthesis and accumulation of [3-
glucans. Among the CslF subfamily members, the Cs/F'6 gene plays a major role on the [3-
glucan biosynthesis in grasses. The involvement of this gene on the B-glucan synthesis
may occur in different ways, either on the expression level (number of transcripts) or on
specific mutations in the coding region which could result in enzymes with different
functional properties. The Cs/F6 gene was identified and cloned in oats (Chawade et al.,
2010; Jobling, 2015). However, studies associating the occurrence of genetic
polymorphisms on this gene to the -glucan content, as well as the characterization of his
expression profile, are not available in the literature to date. The only study involving the
CslF6 gene expression in oats was performed under controlled conditions and with
developing kernels until nine days after pollination (Coon, 2012), not comprehending the

crucial stage for the B-glucan formation verified in other grasses.

2.6 Genomic regions associated with B-glucan content in grasses

The first studies involving the identification of genomic regions associated with [3-
glucan content in grasses were performed in barley. A major QTL on the barley B-glucan
content was detected on the 1H chromosome, contributing with approximately 15% of the
phenotypic variation observed for the trait (Han ef al., 1995). Recently, loci acting on the
increasing of the -glucan content were identified on the barley chromosomes 3H, 4H, 5H,
6H, and 7H, being that the major ones were located on the chromosomes 4H, 5H, and 7H
(Islamovic et al., 2013). The Cs/F6 gene was mapped on the barley chromosome 7H
(Burton et al., 2008), in a genomic region that corresponds to a major QTL for B-glucan
content on the ‘Derkado’ x ‘B83-12/21/5" and ‘Beka’ x ‘Logan’ biparental populations

(Igartua et al., 2002; Molina-Cano ef al., 2007).
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Assessing a collection composed by 230 tetraploid wheat genotypes, Marcotuli et
al. (2016) identified 12 markers positively associated with the B-glucan content. These
markers were distributed in seven QTL located on the wheat chromosomes 1A, 2A, 2B,
5B, and 7A. In most of these regions, genes encoding glycosyltransferases or glycosyl
hydrolases were identified. In addition, nucleotide sequences showing high homology to
genes encoding the enzymes starch synthase II, isoamylase, and hydroxylases were
detected on these QTL. Most of these sequences were syntenic between wheat and barley
(Marcotuli et al., 2016).

Molecular mapping approaches have been performed to identify genomic regions
associated with the B-glucan content in oats (Kianian et al., 2000; De Koeyer et al., 2004;
Herrmann et al., 2014). These studies were performed using biparental populations, which
correspond to a set of individuals obtained by the single crossing between two contrasting
parents. However, the loci identified on these studies are rarely used for breeding purposes
due to many reasons, such as: i) the association between marker and QTL may be
significant only for the studied biparental population; and i1) the identified QTL may show
minor effects on the phenotype, being highly influenced by environmental conditions and
not explaining in a satisfactory way the observed phenotypic variation.

The genome-wide association emerges as an alternative to overcome the limitations
presented previously. The genome-wide association, differently of the molecular mapping
using biparental populations, is performed using a collection of unrelated genotypes and
with a wide genetic variability. As consequence, the genome-wide association analysis has
great power to detect major QTL acting on the phenotype, not being restricted to the alleles
from two parents, as verified in biparental populations.

Genome-wide association studies for the B-glucan content have been performed in
oats (Newell et al., 2012, Asoro et al., 2013). Using an elite oat panel composed by 431

genotypes, Newell et al. (2012) identified three markers associated with the B-glucan
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content. One of these markers shows high nucleotide sequence homology to genes located
on the rice chromosome seven, in an adjacent region to the CslF subfamily members
(Newell et al., 2012). Studying 446 oat genotypes previously genotyped with 1005
diversity array technology (DArT) markers, Asoro et al. (2013) identified 37 main markers
explaining the B-glucan content trait in oats. These markers were identified using
individual tests for each marker and the least absolute shrinkage and selection operator
(LASSO) regression method. However, both studies used North American oat germplasm,
which is completely distinct and not adapted to subtropical environments. In this sense, the
present study was proposed to identify the genomic regions that control the B-glucan
content in subtropical conditions, as well as to elucidate the action of specific genes

located on these regions.
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3 CHAPTER 1: GENOME-WIDE ASSOCIATION FOR B-GLUCAN CONTENT,
POPULATION STRUCTURE, AND LINKAGE DISEQUILIBRIUM IN ELITE

OAT GERMPLASM ADAPTED TO SUBTROPICAL ENVIRONMENTS

Abstract

High B-glucan content is one of the main goals of oat breeding programs
worldwide. However, the genomic regions and genes controlling B-glucan content in oats
are not fully understood to date. In this sense, the objectives of this study were: 1) to
characterize the Federal University of Rio Grande do Sul (UFRGS) Oat Panel population
structure; and ii) to identify genomic regions associated with oat B-glucan content in
germplasm adapted to subtropical environments. An oat panel with 413 genotypes was
evaluated for [B-glucan content under subtropical conditions in different years and
genotyped using genotyping by sequencing. Population structure, linkage disequilibrium,
and genome-wide association (GWA) analyses were carried out. GWA mapping was
performed for each year separately and also considering in a multi-environment model.
The UFRGS Oat Panel showed weak population structure and has great potential to
elucidate many agronomic traits in subtropical conditions. Seven QTL associated with (-
glucan content were identified. These QTL are located on Mrg02, Mrg06, Mrgl1, Mrgl2,
Mrgl9, and Mrg20. The QTL located on Mrg02, Mrg06, and Mrgl1 seem to be genomic
regions syntenic with barley. The use of these QTL may be useful to increase the genetic

progress of oat B-glucan content in subtropical conditions.
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3.1 Introduction

Oats (4vena sativa L.) have been described as one of the healthiest foods for human
consumption. Oat kernels present complete nutritional properties and its consumption is
associated with many benefits for human health (Chu et al., 2013). One of the most
important factors for the high nutritional quality of oat kernels is the -glucan content. Oat
kernels are characterized by high B-glucan levels when compared to wheat, maize, and rice
(Fincher and Stone, 2004). B-glucan, which is a dietary fiber found in oat kernels, shows
great benefits to human health when ingested in recommended quantities. Among these
benefits are the improvement of immune system function and reduction of the glycemic
index, cholesterol levels in the blood, obesity, and cardiovascular disease risk (Cho ef al.,
2013; Whitehead et al., 2014; Ye et al., 2012).

Although B-glucan content has been described as one of the main goals of oat
breeding programs worldwide (Peterson, 1991), improvement of this trait has been slow.
There are many limitations to the development of oat varieties with desirable agronomic
performance and high B-glucan content, including: 1) the absence of a fast and reliable
method for B-glucan content assessment; ii) the genetic factors associated with B-glucan
content are not fully understood; and iii) the high influence exercised by environmental
conditions on this trait. Considering these limitations, many oat breeding programs have
not made substantial progress for B-glucan content to date. In southern Brazil, for example,
great progress has been made for oat adaptation to subtropical conditions by selecting for
flowering date and disease resistance. Since 1974, with the beginning of the UFRGS Oat
Breeding Program, lines combining flowering earliness, crown rust resistance, and high
grain yield were developed. On the other hand, selection for kernel-related traits has been
successfully performed mainly for physical aspects to meet milling requirements.

The identification of the genetic loci associated with B-glucan content and their

location in the oat genome may represent a key step for the genetic progress of this trait.
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Some studies have been published involving molecular mapping for B-glucan content in
oats. Quantitative trait loci (QTL) associated with B-glucan content were identified in two
biparental populations, ‘Kanota’ x ‘Ogle’ and ‘Kanota’ x ‘Marion’, assessed in multiple
environments in the United States (Kianian et al., 2000). These QTL explained from 7 to
20% of the phenotypic variance and two of the QTL were found to be in common for both
mapping populations. Studying a hulless by covered spring oat biparental population,
which was assessed in North America using two phenotyping methods, De Koeyer et al.
(2004) detected five QTL associated with B-glucan content. The QTL detected by De
Koeyer et al. (2004) explained 23% of the phenotypic variance for B-glucan content and
some of the QTL were detected previously by Kianian et al. (2000). Two additive loci
were identified using a double haploid oat mapping population ‘Aslak’ x ‘Matilda’ (AM),
explaining over one third of the phenotypic variation of the [B-glucan content trait
(Tanhuanpda et al., 2010). Finally, four QTL were detected for B-glucan content on the
AM oat mapping population, accounting from 20 to 41% of the phenotypic variation
(Tanhuanpai et al., 2012). Two of these QTL were environment-specific and two of them
appear to have been previously detected by Kianian ef al. (2000). Three loci affecting [3-
glucan content were identified on two mapping populations assessed at three sites in
Germany over a three-year period (Herrmann et al., 2014). The most influential QTL was
OBgl jki.A-1, explaining 31% of the phenotypic variance, which is putatively homologous
to KO 6 of the ‘Kanota’ x ‘Ogle’ map (Herrmann et al., 2014).

Most studies involving identification of QTL associated with B-glucan content were
conducted using biparental mapping populations. As consequence, the association between
markers and QTL may be significant for only a specific genetic background. In addition,
the QTL identified in these studies may also present a small effect on the phenotype, not
fully explaining the phenotypic variation observed in non-related germplasm. In this sense,

genome-wide association (GWA) is a new tool to potentially overcome these limitations.
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GWA mapping is performed using a collection of genetically diverse inbred lines. As
consequence, GWA mapping shows high statistical power for the detection of QTL with
major effects on the phenotype (Huang et al., 2014), exploiting alleles from more than two
individuals as compared to biparental populations.

Some GWA mapping for B-glucan content have been published in oats (Newell et
al., 2012, Asoro et al., 2013). Using an oat panel composed by 431 genotypes, Newell et
al. (2012) identified three markers associated with B-glucan content in oats. One of these
markers showed high sequence homology to genes located on rice chromosome seven, in
an adjacent region to CslF gene family members (Newell et al., 2012). Studying 446 oat
lines genotyped with 1005 diversity array technology (DArT) markers, Asoro ef al. (2013)
identified 37 markers as the most important explaining B-glucan content. These markers
were 1dentified using single-marker tests and least absolute shrinkage and selection
operator (LASSO). However, both studies used mostly North American oat germplasm,
which is distinct and non-adapted to subtropical conditions. In this sense, the objectives of
this study were: 1) to characterize the UFRGS Oat Panel population structure; and ii) to
identify genomic regions associated with oat B-glucan content in germplasm adapted to

subtropical conditions.

3.2 Materials and methods

3.2.1 Germplasm - UFRGS QOat Panel
An oat panel of 413 genotypes, including commercial cultivars and inbred lines, was
assembled based on previous pedigree analysis. Prioritizing different pedigrees, it is
expected that this panel shows a wide genetic variability. This oat panel, hereafter termed
as UFRGS Oat Panel, is currently being assessed for many traits to undergo future
association mapping. The UFRGS Oat Panel is composed of 384 hulled lines and 29 naked

lines from different oat breeding programs. A total of 362 genotypes were developed by
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the UFRGS Oat Breeding Program, from 1974 to 2015; 11 were developed by the

Agronomic Institute of Parand (IAPAR); 3 were developed by other Brazilian oat breeding
programs (Agronomic Institute of Campinas, Federal University of Pelotas, and University
of Passo Fundo); and 37 were developed by foreign oat breeding programs, mainly from
North America (Louisiana State University, University of Florida, and North Dakota State

University). All lines are part of the UFRGS Oat Breeding Program germplasm.

3.2.2 Field experiments

The field experiments were carried out in 2017 and 2018. In 2017, the UFRGS Oat
Panel was assessed at the UFRGS Experimental Station (30° 07 S and 51° 41° W), located
in Eldorado do Sul city, Rio Grande do Sul state, and at the IAPAR Experimental Station
(23°21° S and 51° 10° W), located in Londrina city, Parand state, both in Southern Brazil.
The experiments were conducted using a randomized complete block design, with two
replications. Each experimental unit was composed of a single 1 m long row, spaced 0.25
m apart each other. Planting was carried out manually at a rate of 50 and 60 seeds per plot
for hulled and naked genotypes, respectively. The base fertilization in Londrina was 275
kg ha! of a 5-20-20 N-P-K formula, and topdressing nitrogen, in the form of dry urea,
was applied once, when plants showed four extended leaves, at a rate of 20 kg ha! of N. In
Eldorado do Sul, the base fertilization was 300 kg ha™! of a 5-30-15 N-P-K formula, and
topdressing nitrogen, in the form of dry urea, was applied twice, when plants showed four
and six extended leaves, at a rate of 33 kg ha™! of N per application.

In 2018, the UFRGS Oat Panel was assessed only at the UFRGS Agronomic
Station, in Eldorado do Sul city, Rio Grande do Sul state, Southern Brazil. The experiment
was conducted in a randomized complete block design, with two replications. Each
experimental unit was composed by two 2 m long rows, spaced 0.2 m apart each other and
0.4 between plots. Planting was carried out mechanically at a rate of 60 and 80 seeds per

linear m for hulled and naked genotypes, respectively. The base fertilization was 300 kg
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ha'! of a 5-30-15 N-P-K formula, and topdressing nitrogen, in the form of dry urea, was
applied twice, when plants showed four and six extended leaves, at a rate of 33 kg ha™' of
N per application. Pests, fungal diseases, and weeds were chemically controlled in all
experiments. At the field maturity stage, approximately 25 panicles of each experimental

unit were collected for phenotypic analysis.

3.2.3 Sample preparation and [-glucan content analyses

Panicles were threshed and 50 g of kernels were dehulled using a Wintersteiger LD
180 laboratory thresher (Wintersteiger, Ried, Austria). A subsample of 15 g of dehulled
kernels per line was ground in a Willey type mill (Marconi, Piracicaba, Brazil) using a 0.5
mm sieve. After milling, each whole flour sample was well homogenized using a set of
sieves and stored at -20 °C until B-glucan quantification. Chemical analyses for B-glucan
were carried out at the Center for Food Research of the University of Passo Fundo, Passo
Fundo city, Rio Grande do Sul state, Southern Brazil. B-glucan content was quantified for
408 samples from a single plot from Londrina using the mixed-linkage B-glucan assay kit
(Megazyme International Ireland Ltd, Wicklow, Ireland). The B-glucan content analysis
was performed in duplicates, based on McCleary and Codd (1991), according to AACC
32-23.01 and AOAC 995.16 methods, with results expressed in dry basis.

The laboratory data obtained using enzymatic analyses was used to build a near-
infrared spectroscopy (NIRS) model for B-glucan content prediction, which was used for
the phenotypic screening of all experiments. Samples were kept at room temperature (25
°C) for 4 h before NIRS prediction to balance the moisture and temperature to avoid any
influence of these factors on the reflectance and absorbance. About 15 g of oat flour from
each genotype, obtained from a single plot, was screened using a NIRS™ DS2500

analyzer (Foss, Hillerod, Denmark).
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3.2.4 DNA isolation

Fifteen seeds of each genotype were obtained from a randomly selected panicle.
The seeds were germinated in wet germination paper at the Department of Crop Science of
UFRGS. The seeds were placed in a Biochemical Oxygen Demand (BOD) chamber at 25
°C without light. After seven days, 100 mg of fresh tissue were collected of each genotype
and immediately dry-freeze lyophilized for 48 h and stored at -20 °C. Samples were then
shipped to the University of Minnesota Genomics Center (UMGC) for DNA isolation.
Genomic DNA was isolated using mechanical tissue disruption and the DNeasy® Plant
DNA isolation kit (Qiagen, Valencia, USA). DNA quantification was performed using the

fluorescent dye PicoGreen® and NanoDrop'™ spectrophotometer.

3.2.5 Genotyping by sequencing

The genotyping by sequencing (GBS) was performed at the UMGC, following a
two-enzyme protocol adapted from Poland et al (2012). Two GBS libraries were
constructed in 384-plex, with four random blank wells for quality control purposes. The
DNA was digested with the restriction enzymes Pstl (CTGCAG) and Mspl (CCGG) and
barcode adapters were ligated to individual samples. The libraries were amplified by a
polymerase chain reaction and cleaned before sequencing. Each library was sequenced
using a NovaSeq™ 6000 (Illumina, San Diego, USA), producing individual 100-bp single-
end reads. The sequence data was trimmed using the Trimmomatic software (Bolger et al.,
2014), removing all adapters. The quality control of reads was verified before and after

trimming using the FastQC software (Andrews, 2010).

3.2.6 SNP calling and filtering

Genotypes were called using a de novo pipeline, which operates without the
requirement of a reference genome. The single-nucleotide polymorphisms (SNP) calling
was performed using the Haplotag software (Tinker et al., 2016). Initially, the Universal

Network Enabled Analysis Kit (UNEAK) pipeline (Lu et al., 2013), available on TASSEL



25

3 software (Bradbury et al., 2007), was used to demultiplex FastQ files into tag count files
for each taxa. Following this, the tag counts and merged tag count files produced by the
UNEAK pipeline were used in a Haplotag discovery pipeline with default parameters
(Tinker et al., 2016). All SNPs were aligned to most recent oat consensus map (Bekele et
al. 2018) using a Basic Local Alignment Search Tool (BLAST; Altschul ef al., 1990). SNP
markers were filtered using the following criteria: 1) biallelic; i1) missing data < 50%; iii)
minor allele frequency (MAF) > 2%; and i1v) heterozygosity < 10%. The Pearson’s
correlation coefficient (r) was calculated for each SNP pairwise combination of SNPs.
Markers highly correlated (» > 0.99) were removed to avoid redundant information and any
bias in future analyses. After filtering steps, 10,169 SNPs were retained in the final matrix.
Missing genotypes were imputed with the ‘expectation-maximization’ (EM) method, using
the ‘A.mat’ function from the rrBLUP package (Endelman, 2011), available on R software

(R Development Core Team, 2008).

3.2.7 Population structure and linkage disequilibrium analyses

Analyses were performed to characterize the UFRGS Oat Panel and to determine
parameters for GWA. Population structure was characterized by principal component
analysis (PCA) using the base R function ‘prcomp’. The amount of variance explained by
the first ten principal components was visualized in a scree plot and the first two principal
components were visualized in a scatterplot. Analysis of molecular variance (AMOVA),
described by Excoffier et al. (1992), was conducted to characterize the amount of genetic
variation explained by the division of the UFRGS Oat Panel into ‘UFRGS’ and ‘other’
subpopulations. AMOVA was performed using the pegas R package (Paradis, 2010) with
200 permutations.

Pairwise linkage disequilibrium (LD) was estimated as the squared allele frequency
correlation (%) based on non-imputed genotype data using the R package LDcorSV

(Mangin et al., 2012). Markers from each of the twenty-one linkage groups of the oat
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consensus map (Bekele et al., 2018) were assumed to be independent from markers placed
in other linkage groups. In this sense, 7> was estimated for each linkage group separately,

allowing a useful comparison of LD among the linkage groups.

3.2.8 Genome-wide association mapping

GWA mapping was conducted for B-glucan content for each trial separately and in
a multi-environment model. B-glucan content assessed by the enzymatic method was not
included in the multi-environment model because this phenotype was obtained in a
different way, which could lead some bias to the analysis. Genome-wide association
analyses were performed using the ‘GWAS’ function from the rrBLUP R package
(Endelman, 2011). A mixed-model was employed accounting for population structure and
kinship (Q + K model). Population structure was accounted for using the first three
principal components. Kinship was accounted using a kinship matrix calculated using the
‘A.mat’ function from the rTBLUP R package (Endelman, 2011). Population structure,
kinship, and trial (in the multi-environment model) were fit as fixed effect. Quantile-
quantile (Q-Q) plots of the observed versus expected p-values under the null hypothesis
were visualized for each analysis to verify signs of statistical test inflation. The statistical
significance threshold was established as p-value < 0.001. This threshold was determined
because this study is the first exploratory analysis of [-glucan content in subtropical
conditions. In addition, the B-glucan content is genetically complex and presents
quantitative inheritance. QTL were reported only if significant in at least two single-

environment analyses.

3.2.9 Comparative mapping
Considering that a small fraction of GBS-SNP markers is located on genome
coding regions, the use of these markers directly for comparative mapping is not usual.

However, GBS-SNP markers are in high LD with other genetic markers which are located
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in coding regions and, therefore, are useful for comparative mapping among species. High
LD is easily observed on the oat consensus map (Bekele et al., 2018). Many GBS-SNP
markers and markers from the 6K BeadChip Illumina Infinium array share the same
genetic position in the oat consensus map (Bekele ef al., 2018). In this sense, considering
the high LD between SNP markers detected in the present study and other markers, an
alternative approach was performed to identify syntenic regions associated with B-glucan
content between barley and oat.

SNP markers from the 6K BeadChip Illumina Infinium array, which are located in
oat coding regions (Bekele ef al., 2018), and share the same genetic position of the SNP
markers presented in this study, were aligned to the Hordeum vulgare subsp. vulgare
genome, available at https://plants.ensembl.org/Hordeum vulgare/Info/Index. BLAST
(Altschul et al., 1990) was used to verify the nucleotide similarity between oat and barley,
considering query cover > 90% and e-value < 1072°, Candidate genes associated with -
glucan content in barley were also identified using nucleotide sequences available at
GenBank (https://www.ncbi.nlm.nih.gov/genbank) and morexGenes - Barley RNA-seq
Database (https://ics.hutton.ac.uk/morexGenes). In addition, QTL associated with -glucan
content identified by Islamovic et al. (2013), Houston et al. (2014), and Mohammadi et al.
(2014) were located in the barley genome. Oat and barley marker sequences were obtained
from the T3/Oat (https://triticeaetoolbox.org/oat) and T3/Barley
(https://triticeaetoolbox.org/barley) databases. Based on the alignment results, barley
chromosomes were represented to illustrate the synteny between oat and barley using the

MapChart software (Voorrips, 2002).
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3.3 Results

3.3.1 Phenotypic variation for [-glucan content

The UFRGS Oat Panel show wide phenotypic variation for B-glucan content in all
assessed environments, regardless of the quantification method (Figure 1). Average B-
glucan content varied from 4.2 to 4.4% among the environments (Figure 1). An important
difference was observed between the results of the enzymatic and NIRS methods in
Londrina. Both methods showed approximately the same average, but the NIRS prediction

reduced the phenotypic variance of the genotypes (Figure 1).
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FIGURE 1. Phenotypic variation for -glucan content in Eldorado do Sul and Londrina
considering enzymatic and NIRS methods. ELD, Eldorado do Sul; LON,
Londrina, ENZ, enzymatic method; and NIRS, near-infrared spectroscopy.

In 2017, the environmental conditions in Eldorado do Sul were stressful due to dry
conditions during the field establishment and later with irregular rainfalls during the
reproductive stage. The environmental conditions observed in Eldorado do Sul during
2018 were favorable to oat cultivation, resulting in lower B-glucan content average when

compared to 2017 (Figure 1).
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3.3.2 Population structure of the UFRGS Oat Panel

PCA conducted on the UFRGS Oat Panel reveals a weak population structure. A
scree plot of the principal components revealed that the first ten principal components
account for 32.65% of the genetic variance. The principal components have smooth
decrease in the variation explained after the third principal component (Figure 2). These
results indicate that three principal components are a good cutoff to account for population

structure in genome-wide association analyses using the UFRGS Oat Panel.

% genetic variance

1 2 3 4 5 6 7 8 9 10

Principal component

FIGURE 2. Genetic variance explained by the first ten principal components of the
UFRGS Oat Panel.

The first two principal components, which account for 11.54% of the genetic
variance, are presented in Figure 3. Visualization of the two principal components
reinforce that the UFRGS Oat Panel has a weak structure, with genotypes from different
oat breeding programs scattered among UFRGS genotypes. Most genotypes from the
IAPAR and other Brazilian oat breeding programs are centered, surrounded by the UFRGS

lines and the lines from foreign breeding programs (Figure 3).
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FIGURE 3. Principal component analysis of the UFRGS Oat Panel. The first two principal
components account for 11.54% of the genetic variance. IAPAR, Agronomic
Institute of Parand; LSU, Louisiana State University; Other BRA, other
Brazilian oat breeding programs; Other FOR, other foreign oat breeding
programs; UF, University of Florida; UFRGS, Federal University of Rio
Grande do Sul; PC, principal component.

The lines developed by the University of Florida and Louisiana State University,
which are part of the North America southern oat subpopulation, are closer to each other
and clustered mostly with UFRGS genotypes. AMOVA of the UFRGS Oat Panel revealed
that the division between ‘other’ and ‘UFRGS’ subpopulations accounts for just 2.78% (p

<0.001) of the genetic diversity.

3.3.3 Linkage disequilibrium

LD analyses were performed to identify different patterns of LD decay among oat
linkage groups. In this sense, LD information would be useful to support GWA mapping
results and also to clarify some findings. LD decays of all oat consensus linkage groups

were plotted together (Figure 4). LD for each linkage group separately is available in the
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Supplementary Figure 1. As expected, LD decay as the genetic distance on the oat

consensus map increases (Figure 4).

Consensus group

® Mrg01 * Mrg15
® Mrg02 * Mrg17
Mrg03 * Mrg18
® Mrg04 = Mrg19
® Mrg05 = Mrg20
* Mrg06 * Mrg21
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* Mrg11 * Mrg28
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FIGURE 4. Linkage disequilibrium (LD) scatter plot showing correlations (%) between
marker pairs inside each consensus group as a function of genetic position; a
smoothing spline (black lines) is fit to each consensus group data.

Most of the consensus linkage groups presented similar behavior for LD, with a
quick decay after a few cM. Considering the genome-wide disequilibrium decay, LD
between linked markers decayed quickly to > = 0.2 for marker pairs with a map distance
of 2.2 cM. However, some consensus linkage groups do not follow this pattern. For
example, the linkage group Mrg02 showed many blocks of markers in high LD between 0
cM and 50 cM positions, as well as on the Mrg28 between 0 and 10 cM (Figure 4 and
Supplementary Figure 1). On the Mrg20, a delay on LD decay was observed, while on
Mrg21 a block of markers in high LD was observed between the 150 ¢cM and 200 cM

positions (Figure 4 and Supplementary Figure 1).

3.3.4 Genome-wide association for [-glucan content
GWA mapping for B-glucan content was performed for each single environment
and also considering a multi-environment model. B-glucan content was assessed using

enzymatic and NIRS prediction methods. The phenotypic data from each method was
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analyzed separately. The results are presented initially for the trial assessed by the
enzymatic method, followed by all other single trials assessed using NIRS. Finally, the
multi-environment analysis using NIRS data will be presented. QTL were reported if
significant in at least two individual models.

Two QTL associated with B-glucan content were identified using the enzymatic
data from Londrina 2017. These QTL are located on the Mrg02 and Mrg20 linkage groups
(Figure 5a). The QTL located on the Mrg02 is associated with the marker
avgbs2 50181.1.51, which is located at the position 37.5 cM (Table 1). The QTL detected
on Mrg20 is associated with the marker avgbs cluster 35845.1.61, which is located at the
position 79.7 cM (Table 1). Four additional B-glucan content QTL were identified using
the NIRS data from Londrina 2017, using the same samples employed for the enzymatic
method (Figure 5b). These QTL are located on the Mrg02, Mrgl1, Mrgl9, and Mrg20 oat
consensus groups. The QTL identified on the Mrg02 is associated with the marker
avgbs cluster 30914.1.60, which is located at the position 85.2 cM (Table 1). Seven
markers are associated with the QTL located on the Mrgl1, covering a region of 5.1 cM.
The markers avgbs2 86064.1.51, avgbs2 86064.1.6, avgbs 200620.1.64, and
avgbs2 44135.1.36 are located at the position 3.7 ¢cM on the Mrgl1 (Table 1). In this same
consensus  group, the marker avgbs 42869.1.46, avgbs 104028.1.28, and
avgbs2 25762.1.10 were also associated with [-glucan content in oats. The marker
avgbs 42869.1.46 is mapped at the position 7.2 cM on the Mrgl1, while the other ones are
located at the 8.8 cM position in the same oat consensus group (Table 1). The QTL
identified on the Mrg19 is associated with the marker avgbs cluster 32091.1.36, which is
mapped at the position 76.3 cM. On the Mrg20, the marker avgbs cluster 35845.1.61,
which was reported previously acting on B-glucan content using the enzymatic data, was

also detected using the NIRS method (Table 1). This marker is mapped at the position 79.7
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cM position and represents the only QTL detected by both B-glucan quantification
methods.

TABLE 1. Genomic regions controlling B-glucan content in elite oat germplasm adapted to
subtropical conditions.

Location  Phenotype Marker Mrgf Position” (cM)  -log pvalue
LON 2017 Enzymatic avgbs2 50181.1.51 Mrg02 37.50 3.82
LON 2017 Enzymatic avgbs cluster 35845.1.61 Mrg20 79.70 3.21
LON 2017 NIRS avgbs_cluster 30914.1.60 Mrg02 85.20 3.29
LON 2017 NIRS avgbs2 86064.1.51 Mrgll 3.70 4.35
LON 2017 NIRS avgbs2 86064.1.6 Mrgll 3.70 4.20
LON 2017 NIRS avgbs 200620.1.64 Mrgll 3.70 3.73
LON 2017 NIRS avgbs2 44135.1.36 Mrgll 3.70 3.54
LON 2017 NIRS avgbs 42869.1.46 Mrgl1 7.20 3.27
LON 2017 NIRS avgbs 104028.1.28 Mrgll 8.80 3.11
LON 2017 NIRS avgbs2 25762.1.10 Mrgll 8.80 3.07
LON 2017 NIRS avgbs_cluster 32091.1.36 Mrgl9 76.30 3.55
LON 2017 NIRS avgbs cluster 35845.1.61 Mrg20 79.70 3.08
ELD 2017 NIRS avgbs_cluster 39442.1.33 Mrg06 62.90 3.64
ELD 2017 NIRS avgbs2 96603.1.42 Mrgll 52.80 3.02
ELD 2017 NIRS avgbs cluster 33876.1.64 Mrgl2 56.70 3.34
ELD 2018 NIRS avgbs_cluster 39442.1.33 Mrg06 62.90 4.03
ELD 2018 NIRS avgbs 104028.1.28 Mrgll 8.80 3.88
ELD 2018 NIRS avgbs 62906.1.35 Mrgll 39.20 3.20
ELD 2018 NIRS avgbs 225806.1.13 Mrgl1 45.60 3.18
ELD 2018 NIRS avgbs 72741.1.47 Mrgl1 49.80 3.92
ELD 2018 NIRS avgbs_cluster 33876.1.64 Mrgl2 56.70 4.27
ELD 2018 NIRS avgbs_cluster 30172.1.9 Mrgl2 59.40 3.37
ELD 2018 NIRS avgbs cluster 32091.1.36 Mrgl9 76.30 3.15

Multi-e NIRS avgbs2 50181.1.51 Mrg02 37.50 3.21
Multi-e NIRS avgbs_cluster 39442.1.33 Mrg06 62.90 4.01
Multi-e NIRS avgbs 70879.1.19 Mrg06 72.10 3.30
Multi-e NIRS avgbs_cluster 13360.1.22 Mrgll 37.90 3.16
Multi-e NIRS avgbs 72741.1.47 Mrgll 49.80 3.05
Multi-e NIRS avgbs2 96603.1.42 Mrgll 52.80 3.02
Multi-e NIRS avgbs_cluster 33876.1.64 Mrgl2 56.70 3.23
Multi-e NIRS avgbs_cluster 30172.1.9 Mrgl2 59.40 3.31
Multi-¢ NIRS avgbs cluster 39780.1.13 Mrgl9 70.10 348

"Based on Bekele et al. (2018). QTL were detected considering an arbitrary threshold (p-value < 0.001; -
logio(p) < 3). Multi-e, multi-environment mapping. Positions in bold were used for comparative mapping
between oats and barley. LON, Londrina; ELD, Eldorado do Sul; Multi-e, multi-environment; NIRS, near
infrared spectroscopy.
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FIGURE 5. Manhattan plots for oat markers associated with B-glucan content. The red
horizontal line represents a -logio(p) < 3 (p-value < 0.001); a, Londrina 2017

(enzymatic); b, Londrina 2017 (NIRS); ¢, Eldorado do Sul 2017 (NIRS); d,
Eldorado do Sul 2018 (NIRS); e, Multi-environment (NIRS).

GWA mapping for B-glucan content in Eldorado do Sul using the NIRS data from

2017 revealed three QTL associated with the trait. QTL associated with -glucan content
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were identified on the linkage groups Mrg06, Mrgll, and Mrgl2 (Figure 5c). The QTL

detected on Mrg06 is associated with the marker avgbs cluster 39442.1.33, which is
located at the 62.9 ¢cM position (Table 1). The QTL detected on Mrgl1 is associated with
the marker avgbs2 96603.1.42, which is located at the 52.8 cM position. This region does
not correspond to the QTL previously reported in Londrina. A final QTL was identified on
Mrgl2 associated with the marker avgbs cluster 33876.1.64, which is located at the 56.7
cM position (Table 1).

Five QTL were detected using the NIRS method from Eldorado do Sul 2018. Two
of these QTL were also significant in this same location in 2017 (Table 1). The QTL
located on Mrg06, associated with the marker avgbs cluster 39442.1.33, was also
significant in 2018 (Table 1). Similarly, the QTL detected on Mrgl2, associated with the
marker avgbs cluster 33876.1.64, was also signicant in 2018. The marker
avgbs_cluster 30172.1.9, which is mapped at the 59.4 ¢cM position in the same consensus
group, was associated with B-glucan content in 2018. In this sense, this QTL is covering a
region of 2.3 ¢cM in Eldorado do Sul during 2018 (Table 1). Two QTL were identified on
Mrgl1, one located at the 8.8 cM position and the other one associated with multiple
markers in different positions (Table 1). The first QTL associated with the marker
avgbs 104028.1.28, which is mapped at the position 8.8 cM, was also detected for
Londrina in 2017 (Table 1). The second QTL 1is associated with the markers
avgbs 62906.1.35, avgbs 225806.1.13, and avgbs 72741.1.47, which are mapped at the
positions 39.2 cM, 45.6 cM, and 49.8 cM, respectively. These markers span a region of
10,6 cM (Table 1). The fifth QTL was associated with the marker
avgbs_cluster 32091.1.36 on Mrgl9, which is mapped at the 76.3 cM position, and was
also associated with B-glucan content in Londrina during 2017 (Table 1).

Similar B-glucan content QTL were detected using the multiple-environment GWA

model compared to the individual environment analyses. A new region was detected on
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Mrg06, associated with the marker avgbs 70879.1.19, which is mapped at the 72.1 cM

position (Table 1). In addition, the QTL detected on Mrg19 in Londrina 2017 and Eldorado
do Sul 2018 mappings was associated with the marker avgbs cluster 39780.1.13, located

at the 70.1 cM position (Table 1).

3.3.5 Comparative mapping between barley and oats
The comparative mapping analysis showed important similarities between oat and
barley (Figure 6). Some QTL associated with -glucan content identified in this study

(Table 1) are close to important genes and QTL acting on this same trait in barley (Figure
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FIGURE 6. Comparative mapping between oat markers and barley chromosomes 2H, 5H,
and 7H. Chromosomes 2H, 5H, and 7H showed similarities with Mrgl1,
Mrg06, and Mrg02, respectively. Red names are oat markers located on the
same position of QTL associated with -glucan content presented in this study.
Green, blue, and golden names represent QTL associated with barley B-glucan
content identified by Islamovic et al. (2013), Houston et al. (2014), and
Mohammadi et al. (2014), respectively. Black names show candidate genes
associated with -glucan content in barley. Distances are show in Mbp.

The oat markers associated with -glucan content on Mrgl1 (Table 1) are syntenic

with barley chromosome 2H (Figure 6). Several B-glucan content QTL have been
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previously reported in this region of the barley genome including QBgn.W-2HI,

QBgn.SW-2H1, and QBgn.W-2H3 (Houston et al., 2014), and 11 10326 (Mohammadi et
al., 2014; Figure 6). In addition, a cluster of CslF genes is mapped on chromosome 2H
(Figure 6). On barley chromosome 5H, nucleotide similarities were observed with oat
markers mapped on Mrg06 (Table 1). The oat markers located on Mrg06 are close to the
barley QTL QBgn.W-5H2 identified by Houston et al. (2014), which is associated with -
glucan content. Similarly, oat markers located on Mrg02 (Table 1) showed nucleotide
similarities with barley chromosome 7H (Figure 6). These markers were located near to the
QBgn.S-7H1 (Houston et al., 2014), 11 10025, and 11 10232 (Islamovic et al., 2013)

QTL (Figure 6), which are associated with B-glucan content in barley.

3.4 Discussion

The UFRGS Oat Panel showed a wide phenotypic variation for B-glucan content,
ranging from 2.5 to 7.0 % according to the environmental condition/location, with an
overall average around 4.3 % (Figure 1). Differences were revealed between the enzymatic
and NIRS B-glucan content quantification methods. Comparing both methods, the NIRS
method resulted in less variance than the enzymatic method (Figure 1). In this sense, the
NIRS method is less desirable for phenotypic selection because of the decreased variance
of the observations. The differences between the enzymatic and NIRS methods may imply
in the identification of loci associated with B-glucan content. The new regions detected
using NIRS method may be a consequence of false differences predicted for the B-glucan
phenotype. In Londrina, for example, some differences were observed between enzymatic
(Figure 5a) and NIRS results (Figure 5b). As consequence, these regions found exclusively
using NIRS method may be useless for molecular breeding. In the present study, even
using a NIRS curve built with more than 350 samples (unpublished results), additional
filters were used to reduce the presence of false positive markers. The association between

the enzymatic and NIRS methods is shown in the Supplementary Figure 2.
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The phenotypic data also suggests an environmental influence on -glucan content.
This result is supported considering the contrast of Eldorado do Sul between years, as well
as differences observed between Eldorado do Sul and Londrina in 2017 (Figure 1). The
differences between Londrina and Eldorado do Sul environments are shown in the
Supplementary Figure 3. Considering the environmental condition records, the results
suggest that B-glucan content is higher under stressful conditions. In 2017, a stressful
condition occurred after planting in Eldorado do Sul, with low and uneven rainfall during
the vegetative stage, excess of rainfall during the reproductive stage, and high daily
maximum temperatures during the reproductive stage. The environmental conditions were
favorable in this same location in 2018, with well distributed rainfall throughout the year
and lower temperature averages when compared to 2017, especially in the second half of
the crop cycle. Many studies have been published indicating the environmental influence
on -glucan content in oats (Saastamoinen et al., 1992; Miller et al., 1993; Saastamoinen,
1995; Herrera et al., 2016). The occurrence of successive rainfalls during grain filling tend
to reduce the B-glucan content in oat kernels (Miller et al., 1993). On the other hand, in
particular environments, including Canada, rainfalls during the vegetative stage are
positively correlated with the B-glucan content in oats (Herrera ef al., 2016). In Canada and
Finland, high temperature conditions during the formation of kernels also tend to increase
the oat B-glucan content (Saastamoinen et al., 1992; Miller et al., 1993; Saastamoinen,
1995). However, the results presented in this study are only suggestive, once statistical
analyses were not performed on B-glucan content. Future studies involving the UFRGS
Oat Panel may confirm the environmental influence on 3-glucan content.

The PCA showed a weak population structure on the UFRGS Oat Panel. The first
ten principal components account for only 32.65% of the genetic variance (Figure 2). In
addition, no structure was visually observed by plotting the first two principal components

(Figure 3). Groups from different oat breeding programs clustered relatively together,
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while some of them overlapped each other (Figure 3). This result is explained because
most genotypes included in this study are adapted to subtropical environmental conditions,
including those ones from North America, which corresponds to the North American
southern subpopulation (Esvelt Klos et al., 2016; McNish et al., 2019). Genotypes from
the UFRGS Oat Panel were widely distributed and occupied all parts of the PCA plot
(Figure 3), justifying the AMOVA results. This result suggests that: 1) the UFRGS oat
germplasm may provide genetically diverse germplasm for other oat breeding programs
Brazil and abroad; and ii) the UFRGS oat germplasm and United States Southern
subpopulation are genetically similar and reveal germplasm exchange between institutions.
The absence of population structure in the UFRGS Oat Panel confirms that this panel is
promising for future mapping studies involving other agronomic traits under subtropical
conditions.

The LD analysis revealed a rapid LD decay to 7> = 0.2 for marker pairs at least 2.2
cM apart on the 2018 oat consensus map. The linkage groups Mrg02, Mrg20, Mrg21, and
Mrg28 showed some blocks in high LD, differing from the behavior observed for the other
linkage groups (Figure 4 and Supplementary Figure 1). The identification of these blocks
is useful to discriminate candidate QTL in the same linkage group. High degree of
association among many unlinked and loosely-linked markers were observed by Esvelt
Klos et al. (2016) on Mrg02, Mrgl1, Mrgl5, and Mrg28. Recently, McNish et al. (2019)
also identified many blocks with high LD on Mrg02, Mrg20, Mrg21, and Mrg28.

GWA mapping identified seven candidate QTL controlling B-glucan content in
oats, which are distributed on Mrg02, Mrg06, Mrgl1, Mrgl2, Mrgl9, and Mrg20, under
subtropical conditions (Table 1 and Figure 5). Some previous studies have been performed
for B-glucan content in oats. However, they evaluated mostly North American oat
germplasm, not involving genotypes adapted to subtropical conditions. In this sense, this

study is the first genome-wide association mapping study to focus exclusively on oat
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genotypes adapted to subtropical conditions. As consequence, besides identifying
candidate regions acting on -glucan content in subtropical environments, this study may
also identify genomic regions in common for [B-glucan content between contrasting
germplasm.

The oat marker avgbs cluster 30914.1.60, which was associated with B-glucan
content in Londrina during 2017, is mapped at the 85.2 ¢cM position on Mrg02. The marker
GMI _ES15 c10291 118, which is also mapped at the 85.2 ¢cM position on Mrg02, is
flanking the CslF6-D gene in oats (Coon, 2012). A single sequence repeat marker
identified on Cs/F'6-D non-coding region was screened on the biparental ‘HiFi’ x ‘SolF1’
and included in the genetic map, allowing the identification of this homoelog on this oat
biparental population (Coon, 2012). The markers oPt.0732 and oPt.4358, associated with
-glucan content in a diverse oat panel by Asoro ef al. (2013), are also mapped at the 85.2
cM position on Mrg02. The oat marker avgbs_cluster 39442.1.33, mapped at the 62.9 cM
position on Mrg06, was associated with -glucan content in Eldorado do Sul in both years,
as well as on the multi-environment approach (Table 1 and Figure 5). This marker is
mapped 4 ¢cM away from the Xcdo400 marker, which was associated with B-glucan
content on the biparental populations ‘Kanota’ x ‘Ogle’ and ‘Kanota’ x ‘Marion’ (Kianian
et al., 2000).

The marker avgbs_cluster 33876.1.64, which is associated with the QTL identified
on Mrgl2, is located at the position 56.7 ¢cM (Table 1 and Figure 5). This marker is close
to the marker UMN136, mapped at the 63.5 cM position on Mrgl2, that is near to the
QBgl.jki-A1  QTL identified by Herrmann et al. (2014). The marker
avgbs_cluster 32091.1.36, which is mapped at the 76.3 cM position on Mrgl9, was
associated with B-glucan content in Londrina 2017 and Eldorado do Sul 2018 (Table 1 and
Figure 5). This marker is 2.2 ¢cM away from the CDO1385F marker, which is a possible

ortholog of the Xcdo1385H, associated with 3-glucan content on the populations ‘Kanota’
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x ‘Ogle’ and ‘Kanota’ x ‘Marion’ (Kianian et al., 2000). In this sense, these results
illustrate that there are genomic regions acting on -glucan content in common between
northern versus southern oat germplasms, while other regions are specific to subtropical
conditions or were not identified in spring oats under temperate conditions.

The comparative mapping showed genomic regions in common between oat and
barley (Figure 6). The QTL-associated markers detected on oat consensus groups Mrg02,
Mrg06, and Mrgll showed nucleotide similarities with barley chromosome 7H, 5H, and
2H (Figure 6). These regions control barley -glucan content and include many QTL and
genes (Islamovic et al., 2013; Houston et al., 2014; Mohammadi et al., 2014). This
comparative mapping study reinforces the GWA findings, indicating that the genomic
regions identified in oats are evolutionarily conserved in barley. In addition, the distances
between oat QTL and barley genes, on barley chromosomes (Figure 6), may be reduced on
the oat genome. In this sense, the release of an oat reference genome may identify which

genes are close to the QTL identified in this study.

3.5 Conclusions

The UFRGS Oat Panel shows a weak population structure and is useful for future
genome-wide association mappings in subtropical conditions. Seven QTL associated with
B-glucan content were identified in oats. These QTL are located on Mrg02, Mrg06, Mrgl 1,
Mrgl2, Mrgl9, and Mrg20. The QTL identified on Mrg02, Mrg06, and Mrgl1 seem to be

conserved in barley.
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4 CHAPTER 2: GENOME-WIDE MAPPING FOR KERNEL SHAPE AND ITS

ASSOCIATION WITH B-GLUCAN CONTENT IN OATS

Abstract

Kernel shape and [B-glucan content are decisive factors for oat millers. The
identification of the genomic regions controlling these traits, as well as the phenotypic and
genetic relationship between them, will be a key step to improve their genetic progress.
The objectives of this study were to identify genomic regions associated with kernel shape
and elucidate the relationship between kernel shape and -glucan content in oats. An elite
oat panel assembled by 407 varieties and breeding lines was evaluated in Londrina and
Eldorado do Sul, Southern Brazil. Genome-wide association analyses were performed for
each environment separately and also considering the multi-environment approach. In
addition, phenotypic and genetic correlations coefficients were estimated between kernel
shape-related traits and B-glucan content in oats. Genomic regions controlling kernel
length were identified on Mrg06, Mrg21, and Mrg24. Kernel width and kernel thickness
traits are genetically correlated and share a quantitative trait loci (QTL) in common,
located on Mrgl3 of the oat consensus map. Phenotypic and genetic correlations were
found between kernel width and kernel thickness versus -glucan content, indicating a
negative effect of these traits on B-glucan content. The indirect selection for B-glucan
content using kernel width seems to be effective. The selection of wider and thicker
kernels may dilute the B-glucan content in oats. The results presented in this study are

useful to understand the relationship between kernel shape and B-glucan content in oats.
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4.1 Introduction

Oat (Avena sativa L.) kernels show unique chemical properties for a healthy life.
The balanced amino acid composition of oat kernels, associated with high fiber content,
turn this species a synonymous of healthy food. One of the most important dietary fibers
found in oat kernels are B-glucans. B-glucans are soluble fibers located mainly in the
external area of oat kernels, mostly in the aleurone layer, sub-aleurone layer, and in the
starchy endosperm adjacent to the embryo. The richest region for -glucan in oat kernels
corresponds to the junction between aleurone layer and endosperm (Wood et al., 1991;
Wood, 1993). The ingestion of B-glucan in proper quantities results in great benefits for
human health, including improvement of the immune function and reduction of the
glycemic index, cholesterol levels in the blood, obesity, and cardiovascular disease risk
(Cho et al., 2013; Whitehead et al., 2014; Ye et al., 2012).

Despite highly associated with many benefits for human health, selection for high
B-glucan content is not performed in an effective way by many oat breeders. There are
several factors limiting selection for B-glucan content, such as the quantitative nature of
the trait, costs and complexity to obtain reliable phenotypes, as well as the influence
exercised by environmental conditions on the trait. In addition, considering that oat
breeding is still recent when compared to other small grains, the genetic progress for grain
quality traits is lower when compared to the other ones. In subtropical environments, for
example, the main selection criteria of oat breeders are related to adaptation, mainly
focusing on flowering adequacy and crown rust resistance. Selections for kernel shape-
related traits are performed considering only physical aspects, basically accounting for
milling industry parameters. However, the relationship between kernel shape traits and
quality traits, such as -glucan content, was not well understood to date.

Genomic regions associated with grain shape were identified in oats and some of

them are co-located with loci affecting B-glucan content (Groh et al., 2001). Quantitative
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trait loci (QTL) associated with kernel area, kernel length, and kernel width were identified
in the biparental mapping populations ‘Kanota’ x ‘Ogle’ (KO) and ‘Kanota’ x ‘Marion’
(KM) using composite interval mapping, explaining from 9.2% to 60.7% of the phenotypic
variation (Groh et al., 2001). Six linkage groups carrying QTL for kernel shape identified
by Groh et al. (2001) were also associated with B-glucan content. These results suggest
that B-glucan content may be influenced by kernel shape. For example, in the linkage
group KM 1141, the alleles from ‘Kanota’ caused an increase in oil concentration, kernel
area, and kernel length but decreased -glucan concentration in mapping population KM
(Groh et al., 2001).
Loci controlling other traits were also associated with B-glucan content in oats.

QTL affecting heading date were associated with B-glucan QTL in different genomic
regions (Kianian et al., 2000; Groh et al., 2001; De Koeyer et al., 2004). According to De
Koeyer et al. (2004), the common location of heading date and B-glucan QTL could
indicate a pleiotropic effect caused when later maturing lines fail to complete the optimum
grain filling period, which results in shrunken kernels with less endosperm and enhanced
relative B-glucan content. In this sense, heading date would affect directly kernel shape and
indirectly B-glucan content. QTL associated with kernel size were also associated with
other important traits in oats. Three QTL affecting kernel traits (area, length, and width)
were detected in the mapping populations KO and KM (Groh ef al., 2001) in regions that
correspond to grain yield QTL in the population ‘Terra’ x ‘Marion’ (De Koeyer et al.,
2004). The objectives of this study were to identify genomic regions associated with kernel
shape in an oat panel adapted to subtropical conditions and clarify the relationship between

kernel shape and -glucan content in oats.

4.2 Materials and methods

4.2.1 Plant material
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An oat panel of 407 genotypes, including varieties and breeding lines, was assessed
in this study. This panel, hereafter termed as UFRGS Oat Panel, was assembled
prioritizing different pedigrees and shows a wide genetic variability. The UFRGS Oat
Panel is originally composed by 413 genotypes, 384 hulled genotypes and 29 naked ones
from different oat breeding programs. Nine of the 413 genotypes were not assessed and
were not included in this study. A total of 358 genotypes of the assessed ones were
developed by the Federal University of Rio Grande do Sul (UFRGS) Oat Breeding
Program, from 1974 to 2015, 14 were developed by other Brazilian oat breeding programs,
and 35 were developed by foreign oat breeding programs, mainly from North America. All

lines are part of the UFRGS Oat Breeding Program germplasm.

4.2.2 Field experiments

The UFRGS Oat Panel was assessed in 2017 and 2018. In 2017, the experiment
was carried out at the Agronomic Institute of Parana (IAPAR) Experimental Station (23°
21 S and 51° 10 W), located in Londrina city, Parand state, Southern Brazil. The
experiment was sown in April 28" and conducted in a randomized complete block design,
with two replications. Each experimental unit was composed by a single 1 m long row,
spaced 0.25 m apart each other. Planting was carried out manually at a rate of 50 and 60
seeds per plot for hulled and naked genotypes, respectively. The base fertilization was 275
kg ha'! of a 5-20-20 N-P-K formula, and topdressing nitrogen, in the form of dry urea, was
applied once, when plants showed four extended leaves, at a rate of 20 kg ha™! of N.

In 2018, the experiment was carried out at the UFRGS Agronomic Experimental
Station (30° 07’ S and 51° 41° W), located in Eldorado do Sul city, Rio Grande do Sul
state, Southern Brazil. The experiment was sown in June 15" and conducted in a
randomized complete block design, with two replications. Each experimental unit was
composed by a two 2 m long row, spaced 0.2 m apart each other and 0.4 between plots.

Planting was carried out mechanically at a rate of 60 and 80 seeds per linear m for hulled
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and naked genotypes, respectively. The base fertilization was 300 kg ha™! of a 5-30-15 N-

P-K formula, and topdressing nitrogen, in the form of dry urea, was applied twice, when
plants showed four and six extended leaves, at a rate of 33 kg ha™! of N per application.
Pests, fungal diseases, and weeds were chemically controlled in both experiments. At the
field maturity stage, approximately 25 panicles per genotype were collected from a single

plot for phenotypic analysis.

4.2.3 Kernel shape assessment

Kernel shape was assessed at the Rio Grandense Institute of Rice (IRGA), located
in Cachoeirinha city, Rio Grande do Sul state, Southern Brazil, using a rice classer Image
S (Selgron, Santa Catarina, Brazil). This instrument performs a three-dimensional
screening of each grain. Three kernel-related traits were assessed using 100 dehulled
kernels from a single replication: kernel length; kernel width; and kernel thickness, all in
millimeters. Each kernel was assessed separately and a final report was created showing
the number of assessed kernels per sample, the average of the assessed kernels for each
trait, and the standard deviation. The phenotypic assessment for kernel shape-related traits

is shown in Figure 1.

Grain sample Image S Individual screening

FIGURE 1. Phenotypic assessment for kernel shape-related traits in oats.

B-glucan content was predicted using a near-infrared spectroscopy (NIRS) model at
the Center for Food Research of the University of Passo Fundo, Passo Fundo city, Rio
Grande do Sul state, Southern Brazil. Initially, 15 g of dehulled kernels per genotype were

ground in a Willey type mill (Marconi, Piracicaba, Brazil) with 0.5 mm sieve. After milled,
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each whole flour sample was well homogenized using a set of sieves and stored at -20 °C
until B-glucan prediction. Samples were kept at room temperature (25 °C) for 4 h before
NIRS prediction to balance the moisture and temperature in order to avoid any influence of
these factors on the reflectance and absorbance. The B-glucan prediction for each genotype
was performed using whole flour, obtained from a single replication, in a NIRS™ DS2500

analyzer (Foss, Hillerod, Denmark).

4.2.4 DNA isolation and genotyping by sequence

DNA was isolated from dry-freeze lyophilized tissue collected from seedlings
coming from a single panicle of each genotype at the University of Minnesota Genomics
Center (UMGC). Genomic DNA was isolated using the DNeasy® Plant DNA isolation kit
(Qiagen, Valencia, USA). After quantification, genotyping by sequencing (GBS) was
performed at the UMGC, following a two-enzyme (Pstl and Mspl) protocol adapted from
Poland et al. (2012). The libraries were sequenced using a NovaSeq™ 6000 sequencer
(Illumina, San Diego, USA), producing individual 100-bp single-end reads. Sequence data
was trimmed using the software Trimmomatic (Bolger et al., 2014) and quality control of

reads was verified using the FastQC software (Andrews, 2010).

4.2.5 SNP calling and filtering

Genotypes were called using a de novo pipeline without the requirement of a
reference genome. The single-nucleotide polymorphisms (SNP) calling was performed
using the Haplotag software (Tinker ef al., 2016). Initially, the Universal Network Enabled
Analysis Kit (UNEAK) pipeline (Lu ef al., 2013), available on TASSEL 3 software
(Bradbury et al., 2007), was used for demultiplexing FastQ files into tag count files for
each taxa. After, tag counts and a merged tag count files, all produced by UNEAK
pipeline, were used in a discovery pipeline of the Haplotag software with default
parameters (Tinker ef al., 2016). All SNP were aligned to the current oat consensus map

(Bekele et al., 2018) using a Basic Local Alignment Search Tool (BLAST; Altschul ef al.,



51

1990). SNP markers were then filtered using the following criteria: 1) biallelic; i1) missing
data < 50%; 1ii) minor allele frequency (MAF) > 2%; and iv) heterozygosity < 10%. The
Pearson’s correlation coefficient () was calculated for all pairwise combinations of SNPs.
Markers highly correlated (» > 0.99) were removed to avoid redundant information. After
filtering steps, 10,182 SNPs were kept in the final matrix. Missing data points were
imputed using the ‘expectation-maximization’ (EM) method, using the ‘A.mat’ function
from the rrBLUP package (Endelman, 2011), available on R software (R Development

Core Team, 2008).

4.2.6 Genome-wide association mapping

Genome-wide association (GWA) mapping was conducted for kernel length, kernel
width, and kernel thickness. Analyses were performed for each trial separately and also in
a multi-environment model. GWA mapping was performed using the ‘GWAS’ function
from the rrBLUP R package (Endelman, 2011). A mixed linear model (MLM) was
employed accounting for population structure and kinship (Q + K model). Population
structure was accounted for using the first three principal components, according to results
presented previously in the Chapter 1. Kinship was accounted using a kinship matrix
calculated using the ‘A.mat’ function from the rrfBLUP R package (Endelman, 2011).
Population structure, kinship, and trial (in the multi-environment model) were fit as fixed
effect. Quantile-quantile (Q-Q) plots of the observed versus expected p-values under the
null hypothesis were visualized for each analysis to verify signs of statistic inflation. Two
statistical significance thresholds were established: 1) a false discovery rate (FDR)
corresponding to o = 0.05, according to Benjamini and Hochberg (1995); and ii) an
arbitrary p-value < 0.001. QTL were reported either if significant for the FDR threshold in

one environment or significant in both environments for the arbitrary p-value threshold.
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4.2.7 Statistical analyses

Boxplots were developed to illustrate the phenotypic variation observed for each
trait in both assessed environments. Phenotypic and genetic correlations among traits were
performed. Phenotypic correlations were estimated using Pearson’s correlation coefficients
using built-in R functions. Genetic correlations were estimated using a multi-trait
Restricted Maximum Likelihood (REML) algorithm, considering the genomic relationship
matrix with the NAM (Xavier et al., 2015) R package. The genetic and residual covariance
components were used to estimate the repeatability of each trait.

Once B-glucan content is a quantitative trait and highly influenced by the
environmental conditions, an indirect selection approach using kernel width was

considered, as follow:

_ CR _ tkw X Tkw,bg
Plwbg = 7 ==

(1)

thg

where CR is correlated response, R is direct response, #, is kernel width repeatability,
Tw,bg 18 genetic correlation between kernel width and B-glucan, and # is B-glucan
repeatability. This approach was based on Xavier et al. (2017), who proposed indirect

selection for grain yield in soybean using the average canopy coverage.
4.3 Results

4.3.1 Phenotypic variation for kernel shape
A detailed kernel shape characterization was performed for the UFRGS Oat Panel. All
evaluated traits showed wide phenotypic variation in both locations, with emphasis for the
kernel length trait (Figure 2). In Londrina, the kernel length trait varied from 4.99 to 9.10
mm, with overall average of 6.75 mm (Figure 2). The kernel width and kernel thickness
traits showed lower phenotypic amplitude than kernel length in Londrina (Figure 2). The

kernel width trait ranged from 1.87 to 2.84 mm, with overall average of 2.37 mm, while
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the kernel thickness trait varied from 1.43 to 2.19 mm, with overall average of 1.83 mm

(Figure 2).
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FIGURE 2. Phenotypic variation for kernel shape-related traits in two locations.

In Eldorado do Sul, the observed phenotypic variation for kernel length varied from
4.95 to 8.10 mm, with overall average of 6.27 mm (Figure 2). For the kernel width trait,
the phenotypic variation ranged from 1.95 to 2.82 mm, with average of 2.39 mm (Figure
2). For the kernel thickness trait, values ranging from 1.43 to 2.19 were observed, with
overall average of 1.83 mm. The kernel length amplitude was higher in Londrina than in
Eldorado do Sul (Figure 2). Considering all assessed genotypes, kernels were on average
0.5 mm larger in Londrina (Figure 2). On the other hand, the kernel width and kernel

thickness traits showed similar results in both locations (Figure 2).

4.3.2 Association between [-glucan content and kernel shape
Phenotypic and genetic correlations were estimated to identify the relationship
between [-glucan content and kernel shape in oats. In general, similar results were

observed between environments (Table 1). The phenotypic correlations in Londrina
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indicated weak negative correlations between B-glucan content versus kernel width and
kernel thickness, both estimated as -0.19 (Table 2). The same results were observed for
phenotypic correlations in Eldorado do Sul, where B-glucan content showed negative
correlations of -0.33 and -0.23 with kernel width and kernel thickness, respectively (Table
1). A strong phenotypic correlation was observed between kernel width and kernel
thickness in both environments (Table 1).

TABLE 1. Phenotypic (upper-right diagonal) and genetic (lower-left) correlations between
B-glucan and kernel shape-related traits in two locations.

Trait Kernel length Kernel width ~ Kernel thickness B-glucan’
___________________________________________________ Londrina, PR
Kernel length 1.00 0.04 0.10 0.05
Kernel width -0.15 1.00 0.91 -0.19
Kernel thickness -0.08 0.95 1.00 -0.19
Bglucan” 007 044 037 100
______________________________________________ EldoradodoSulL RS
Kernel length 1.00 0.07 0.16 0.14
Kernel width 0.04 1.00 0.86 -0.33
Kernel thickness 0.17 0.91 1.00 -0.23
B-glucan* 0.23 -0.42 -0.25 1.00

TQuantified using enzymatic method; *Quantified using NIRS prediction.

The genetic correlation analysis also revealed negative correlations between [3-
glucan content versus kernel width and kernel thickness. The correlation between 3-glucan
content and kernel width was consistent in both environments, with coefficients of -0.44
and -0.42 for Londrina and Eldorado do Sul, respectively (Table 1). For the genetic
correlation between B-glucan content and kernel thickness, a smooth change was observed
between environments. In Londrina, a correlation coefficient of -0.37 was calculated, while
-0.25 was observed in Eldorado do Sul (Table 1). As mentioned for phenotypic correlation,
a strong genetic correlation was observed between kernel width and kernel thickness in
both environments (Table 1).

Environmental variance, environment coefficient of variation, genetic variance,
genetic coefficient of variation, and repeatability for all evaluated traits are shown in Table

2. In Londrina, the B-glucan content trait showed highest environmental variance, followed
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by kernel length, while low variances were observed for kernel width and kernel thickness
(Table 2). The B-glucan content was the only trait that showed higher environmental
variance than genetic one in Londrina (Table 2). Once 3-glucan content and kernel shape-
related traits are assessed using different measure units, the comparison of genetic
variances among these traits is not the best option. In this sense, considering the genetic
coefficient of variation, the genetic variation for B-glucan content (6.78%) was slightly
higher than for kernel length (6.29%) considering the enzymatic method. On the other
hand, the genetic variation for B-glucan content (8.78%) was considerable higher when
compared to kernel length (5.68%) considering the NIRS prediction (Table 2). For the
environmental variances, kernel width and kernel thickness traits showed low genetic
variation, as observed via genetic coefficient of determination (Table 2). The B-glucan

content trait showed low repeatability, while all other traits presented moderate-high ones

(Table 2).

TABLE 2. Environmental variance, genetic variance, and repeatability of B-glucan content, days
from emergence to flowering, and kernel shape-related traits in two locations.

Londrina®- PR Eldorado do Sul*- RS

Trait Var(E) CV(E) Var(G) CV(G) ¢ Var(E) CV(E) Var(G) CV(G) ¢

KLen 0.165 6.020 0.180 6290 0.521 0.070 4.220 0.127 5.680 0.647
KWid 0.006 3.270  0.011 4430 0.656 0.006 3.240 0010 4.1830 0.615
KThi 0.003 2999 0.008 489 0.716 0.003 2.990 0.006 4.230 0.666
B-glu 0252 11.670 0.085 6.780 0252 0.076 6.560 0.136 8.780 0.642

KLen, kernel length; KWid, kernel width; KThi, kernel thickness; B-glu, B-glucan content; Var(E),
environmental variance; CV(E), environment coefficient of variation; Var(G), genetic variance; CV(Q),
genetic coefficient of variation; ¢, repeatability; "B-glucan content quantified using enzymatic method; *B-
glucan content quantified using NIRS prediction.

In Eldorado do Sul, genetic variances were higher than environmental ones for all
traits (Table 2). B-glucan content and kernel length showed similar values, as well as
kernel width and kernel thickness (Table 2). The B-glucan content repeatability coefficient
was higher when compared to Londrina (Table 2). A slight change was also observed for
the kernel length repeatability. On the other hand, kernel width and kernel thickness traits

showed similar repeatability coefficients when compared to Londrina (Table 2).
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4.3.3 Indirect selection for [-glucan content using kernel width

An indirect selection approach is proposed for B-glucan content due to the genetic
complexity of this trait. In this sense, the main goal of this approach is to accelerate the
genetic gain of B-glucan content using a correlated trait that is easily selected. In this study,
kernel width was used because showed highest genetic correlation with B-glucan content
(Table 1). Using the equation 1, indirect selection responses of 1.14 and 0.40 were
calculated for Londrina and Eldorado do Sul, respectively. This result shows that indirect
selection for B-glucan content using kernel width in Londrina is 14% more effective than
using B-glucan content per se. However, the same response was not observed in Eldorado

do Sul due to the inflation of the repeatability value caused by the NIRS method (Table 2).

4.3.4 Genome-wide association mapping for kernel shape-related traits

Genomic regions associated with oat kernel shape were identified using GWA
mapping. The kernel length, kernel width, and kernel thickness traits were studied in two
locations. The results are presented for each location separately and then considering the
multi-environment approach. Q-Q plots of the observed versus expected p-values under the
null hypothesis were visualized for each analysis to verify signs of statistic inflation and
are shown in Supplementary Figure 1. The Q-Q plots revealed no inflation in the model for
all assessed traits in both environments, as well as to the multi-environment approach
(Supplementary Figure 1). Some deflation was observed for the kernel width in all
analyses (Supplementary Figurelb, Supplementary Figurele, and Supplementary
Figurelh). Two factors could explain this behavior: 1) low heritability coefficients for the

trait; and 11) overcorrection of the model.

4.3.4.1 Genome-wide association mapping for kernel length
Two QTL associated with kernel length were detected in Londrina. These QTL are

located on the consensus linkage groups Mrg21 and Mrg24 (Figure 3a). Although it has
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not reached the statistical threshold, a third QTL is suggested on Mrg06 (Figure 3a). The

QTL located on Mrg21 is associated with the marker avgbs 200007.1.34, mapped at the
position 211.2 cM (Table 3). The QTL detected on Mrg24 is associated with the markers
avgbs2 80887.1.63, avgbs 122997.1.31, and avgbs 244007.1.36, which are mapped at the
position 41.8 ¢cM (Table 3).
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FIGURE 3. Manhattan plots for oat markers associated with kernel length. FDR, false
discovery rate at 5%; a, Londrina; b, Eldorado do Sul; ¢, Multi-environment.

In Eldorado do Sul, two QTL associated with kernel length were also detected.
These loci were located on Mrg06 and Mrg24 (Figure 3b), corresponding to the same
genomic regions detected in Londrina (Figure 3a). The QTL located on Mrg06 is
associated with the marker avgbs cluster 11495.1.10, which is mapped at the position 116
cM. The QTL located on Mrg24 is associated with the markers avgbs 48068.1.53,

avgbs2 80887.1.63, avgbs2 16989.1.15, avgbs 206876.1.18, avgbs cluster 38861.1.50,
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avgbs_cluster 38948.1.25, and avgbs 223170.1.42, which mapped at the position 41.8 cM

(Table 3).

TABLE 3. Genomic regions controlling kernel length in elite oat germplasm adapted to
subtropical conditions.

Marker Merge Position’ (cM) -log p-value Location
avgbs 200007.1.34 Mrg21 211.2 6.0 Londrina
avgbs2 80887.1.63 Mrg24 41.8 5.6 Londrina
avgbs 122997.1.31 Mrg24 41.8 5.0 Londrina
avgbs 244007.1.36 Mrg24 41.8 4.7 Londrina
avgbs cluster 11495.1.10 Mrg06 116.0 5.0 Eldorado do Sul
avgbs 48068.1.53 Mrg24 41.8 5.0 Eldorado do Sul
avgbs2 80887.1.63 Mrg24 41.8 5.0 Eldorado do Sul
avgbs2 16989.1.15 Mrg24 41.8 4.6 Eldorado do Sul
avgbs 206876.1.18 Mrg24 41.8 4.8 Eldorado do Sul
avgbs cluster 38861.1.50 Mrg24 41.8 5.0 Eldorado do Sul
avgbs_cluster 38948.1.25 Mrg24 41.8 4.5 Eldorado do Sul
avgbs 223170.1.42 Mrg24 41.8 4.4 Eldorado do Sul
avgbs2 71574.1.64 Mrg06 86.5 4.6 Multi-e
avgbs cluster 11495.1.10 Mrg06 116.0 4.7 Multi-e
avgbs2 80887.1.63 Mrg24 41.8 6.2 Multi-e
avgbs 122997.1.31 Mrg24 41.8 4.8 Multi-e
avgbs 206876.1.18 Mrg24 41.8 4.7 Multi-e
avgbs cluster 11191.1.9 Mrg24 41.8 4.6 Multi-e

"Based on Bekele et al. (2018). QTL were detected considering a false discovery rate at 5% level. Multi-e,
multi-environment mapping.

The multiple-environment GWA mapping revealed genomic regions controlling the
kernel length trait in both locations. Three QTL associated with the trait were detected in
the multi-environment approach (Figure 3c). Two of these QTL were located on Mrg06,
while the third one was located on Mrg24. One of the two QTL located on Mrg06 was
suggested and detected in Londrina and Eldorado do Sul, respectively, associated with the
marker avgbs cluster 11495.1.10 at position 116 cM (Table 3). The second QTL located
on Mrg06 is associated with the marker avgbs2 71574.1.64 at the position 85.6 cM, 29.5
cM apart from the previous one (Table 3). The QTL detected on Mrg24 corresponds to the
same region detected in both locations at the position 41.8 cM. This QTL is associated
with the markers avgbs2 80887.1.63, which is detected on both locations,

avgbs 122997.1.31, avgbs 206876.1.18, and avgbs cluster 11191.1.9 (Table 3).
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4.3.4.2 Genome-wide association mapping for kernel width

No QTL were detected for kernel width considering the FDR statistical threshold.
In this sense, the arbitrary threshold (p-value < 0.001) was used to identify genomic
regions associated with the trait (Figure 4). In Londrina, markers located on the consensus
linkage groups Mrg01, Mrg02, Mrg05, Mrgll, Mrgl3, Mrg20, and Mrg23 reached the
statistical threshold (Figure 4a). In Eldorado do Sul, significant markers were detected on
Mrg05, Mrgl3, and Mrgl9 (Figure 4b). The locus located on Mrgl3 has multiple markers
above the arbitrary threshold, while other regions are represented by only one marker
(Figure 4b).
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FIGURE 4. Manhattan plots for oat markers associated with kernel width. Arbitrary
threshold, p-value < 0.001; a, Londrina; b, Eldorado do Sul; ¢, Multi-
environment.

A suggestive QTL associated with kernel width was detected on Mrgl3 in the

multi-environment mapping (Figure 4c). In addition, markers located on linkage groups
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Mrg02, Mrg05, Mrgl1, Mrgl9, and Mrg23 also reached the arbitrary statistical threshold

(Figure 4c). As mentioned in the Materials and Methods section, QTL were reported either
if significant for the FDR threshold or significant in both environments for the arbitrary p-
value threshold. In this sense, only the QTL located on Mrgl3 was considered significant
for kernel width. The number of markers associated with this QTL varies according to the

location/analysis (Table 4).

TABLE 4. Genomic regions controlling kernel width in elite oat germplasm adapted to
subtropical conditions.

Marker Merge Position” (cM) -log p-value Location
avgbs2 38402.1.29 Mrgl3 111.7 3.6 Londrina
avgbs 235979.1.30 Mrgl3 114.6 3.2 Londrina
avgbs cluster 22640.1.12 Mrgl3 115.4 3.4 Londrina
avgbs2 38402.1.29 Mrgl3 111.7 3.2 Eldorado do Sul
avgbs 12091.1.49 Mrgl3 114.6 33 Eldorado do Sul
avgbs 21100.1.51 Mrgl3 114.6 3.7 Eldorado do Sul
avgbs 235979.1.30 Mrgl3 114.6 3.9 Eldorado do Sul
avgbs cluster 22640.1.12 Mrgl3 115.4 4.0 Eldorado do Sul
avgbs2 38402.1.29 Mrgl3 111.7 4.2 Multi-e
avgbs 235979.1.30 Mrgl3 114.6 4.3 Multi-e
avgbs 12091.1.49 Mrgl3 114.6 3.7 Multi-e
avgbs 21100.1.51 Mrgl3 114.6 3.6 Multi-e
avgbs cluster 22640.1.12 Mrgl3 115.4 4.8 Multi-e

"Based on Bekele et al. (2018). QTL were detected considering an arbitrary threshold (p-value < 0.001).
Multi-e, multi-environment mapping.

In Londrina, the QTL 1is associated with the markers avgbs2 38402.1.29,
avgbs 235979.1.30, and avgbs cluster 22640.1.12, mapped at the positions 111.7 cM,
114.6 cM, and 115.4 cM, respectively, covering a genetic region of 3.7 cM (Table 4).
These markers were also significant in Eldorado do Sul and in the multi-environment
mapping (Table 4). The markers avgbs 12091.1.49 and avgbs 21100.1.51, which are
mapped on Mrgl3 at the position 114.6 cM, were also associated with the kernel width-

related QTL in Eldorado do Sul and in the multi-environment mapping (Table 4).

4.3.4.3 Genome-wide association mapping for kernel thickness
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For the kernel thickness trait, a suggestive QTL was detected on Mrgl3 in all GWA

mappings (Figure 5). The QTL is associated with the markers avgbs2 38402.1.29,
avgbs 12091.1.49, avgbs 235979.1.30, avgbs 56322.1.38, avgbs 21100.1.51,
avgbs 94638.1.46, and avgbs cluster 22640.1.12, which are covering a genetic region of
3.7 cM, in both individual and multiple-environment approaches (Table 5). This QTL
corresponds to the same region associated with kernel width (Figure 4).
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FIGURE 5. Manhattan plots for oat markers associated with kernel thickness. FDR, false
discovery rate at 5%. Arbitrary, p-value < 0.001; a, Londrina; b, Eldorado do
Sul; ¢, Multi-environment.

In Londrina, markers located on Mrg02, Mrg05, Mrgl 1, and Mrgl5 also trespassed
the statistical threshold (Figure 5a). In Eldorado do Sul, besides the QTL on Mrgl3,

markers located on Mrg05, Mrg08, Mrgl9, and Mrg21 also reached the arbitrary statistical
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threshold (Figure 5b). For the multi-environment mapping, the QTL detected on Mrgl3

was significant for kernel thickness considering the FDR statistical threshold (Figure 5c).

TABLE 5. Genomic regions controlling kernel thickness in elite oat germplasm adapted to
subtropical conditions.

Marker Merge Positiont (¢cM) -log p-value Threshold Location
avgbs2 38402.1.29 Mrgl3 111.7 5.1 Arbitrary Londrina
avgbs 12091.1.49 Mrgl3 114.6 4.6 Arbitrary Londrina
avgbs 235979.1.30 Mrgl3 114.6 4.6 Arbitrary Londrina
avgbs 56322.1.38 Mrgl3 114.6 4.1 Arbitrary Londrina
avgbs 21100.1.51 Mrgl3 114.6 3.8 Arbitrary Londrina
avgbs 94638.1.46 Mrgl3 114.6 3.1 Arbitrary Londrina
avgbs cluster 22640.1.12 Mrgl3 115.4 4.2 Arbitrary Londrina
avgbs2 38402.1.29 Mrgl3 111.7 4.0 Arbitrary  Eldorado do Sul
avgbs 56322.1.38 Mrgl3 114.6 3.6 Arbitrary  Eldorado do Sul
avgbs 12091.1.49 Mrgl3 114.6 4.1 Arbitrary  Eldorado do Sul
avgbs 94638.1.46 Mrgl3 114.6 4.6 Arbitrary  Eldorado do Sul
avgbs 21100.1.51 Mrgl3 114.6 4.6 Arbitrary  Eldorado do Sul
avgbs 235979.1.30 Mrgl3 114.6 4.9 Arbitrary  Eldorado do Sul
avgbs cluster 22640.1.12 Mrgl3 1154 4.2 Arbitrary  Eldorado do Sul
avgbs2 38402.1.29 Mrgl3 111.7 5.4 FDR Multi-e
avgbs 235979.1.30 Mrgl3 114.6 5.6 FDR Multi-e
avgbs 12091.1.49 Mrgl3 114.6 5.1 FDR Multi-e
avgbs 21100.1.51 Mrgl3 114.6 4.8 FDR Multi-e
avgbs 94638.1.46 Mrgl3 114.6 4.6 FDR Multi-e
avgbs 56322.1.38 Mrgl3 114.6 4.5 FDR Multi-e
avgbs cluster 22640.1.12 Mrgl3 1154 5.1 FDR Multi-e

"Based on Bekele et al. (2018). QTL were detected considering an arbitrary threshold (p-value < 0.001).
Multi-e, multi-environment mapping.

4.4 Discussion

A wide phenotypic variation was observed for kernel-shape related traits assessed

in this study (Figure 2). The kernel length trait showed higher phenotypic variation than

other ones, with more amplitude and higher average in Londrina than in Eldorado do Sul

(Figure 2). Kernel width and kernel thickness traits showed similar results in both

locations. These results suggest that kernel width and kernel thickness are less influenced

by the environmental conditions than kernel length. The environmental condition in
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Londrina was favorable during flower formation, allowing the development of long
kernels.

Kernel width and kernel thickness are phenotypically and genetically correlated
with B-glucan content. Both traits showed negative correlations with -glucan content,
regardless of the environment (Table 1). The B-glucan content repeatability in Londrina,
using the enzymatic approach, was 0.25. This low repeatability coefficient is explained by
the genetic inheritance of the B-glucan content, which is a quantitative trait controlled by
many loci. The use of NIRS predictions, which is represented by the Eldorado do Sul
dataset, produced an underestimation of phenotypic variance and an overestimation of
genetic variance for P-glucan content (Table 2). As consequence, the repeatability
coefficient observed in Eldorado do Sul was more than twice as observed in Londrina,
which used the enzymatic approach (Table 2). This inflation on B-glucan repeatability
using NIRS values may justify why some studies using this approach detected many
candidate regions associated with the trait.

The selection of genotypes with high B-glucan content is a major challenge for oat
breeders due to phenotyping limitations. In this sense, this study proposes a new approach
using indirect selection through kernel width, a genetically correlated trait with B-glucan
content (Table 1). Considering the correlated response between traits, indirect selection for
-glucan content using kernel width is 14% more effective than using B-glucan content per
se (Equation 1). On the other hand, this effectiveness was not observed for Eldorado do Sul
because the B-glucan content repeatability was inflated by the NIRS method. Kernel shape-
related traits were suggested to be used in the indirect selection for protein and lipid
content traits in oats (Silva ef al., 2008). Other studies also suggested indirect selection for
oat kernel quality traits using kernel shape, such as Peterson and Wood (1997), who
studied the composition and structure of oat kernels and observed higher oil contents in

longer and thinner kernels.
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The identification of genomic regions controlling kernel shape may represent a key
step to understand genetic relationship with B-glucan content. Major quantitative trait loci
(QTL) were associated with kernel shape-related traits in this study. Four different QTL
were detected for kernel length, mapped on consensus linkage groups Mrg06, Mrg21, and
Mrg24 (Figure 3 and Table 3). Mapping studies involving kernel shape-related traits are
scarce in oats. QTL associated with kernel length, kernel area, and kernel width were
identified on the biparental mapping populations ‘Kanota’ x ‘Ogle’ (KO) and ‘Kanota’ x
‘Marion’ (KM) using composite interval mapping (Groh et al., 2001). Four QTL affecting
kernel length were detected on linkage groups KO 3-38, KO 7-10-28, KO 17, and KO 27,
explaining 44.1% of the phenotypic variation of the trait (Groh et al., 2001). The linkage
groups KO 3-38, KO 7-10-28, and KO 17 correspond to Mrg28, Mrg09, and Mrg02,
respectively, while KO 27 is not anchored on the consensus map (Bekele et al., 2018). A
study performed at the University of Minnesota detected two QTL associated with oat
kernel length on Mrg02 and Mrg28 (Ian G. McNish, unpublished results). Four QTL were
associated with kernel length on the KM population, which were mapped on linkage
groups KM 3, KM 7-28, KM 1141, and KM x7, explaining 33.3% of phenotypic
variation (Groh et al., 2001). The linkage group 7-28 corresponds to Mrg33 on the
consensus oat map (Bekele et al., 2018), while all others are not anchored. In this sense,
the studies performed by Groh et al. (2001) and McNish (unpublished results), using North
America oat germplasm, share some findings. On the other hand, results of the present
study are new candidate regions associated with kernel length in subtropical-adapted oat
germplasm.

A QTL detected on Mrgl3 was associated with kernel width (Figure 4 and Table 4)
and kernel thickness (Figure 5 and Table 5) in oats. This result support the high phenotypic
and genetic correlations observed between traits, confirming that both traits share a genetic

region in common (Figure 4 and Figure 5). Four QTL controlling kernel width were found
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on linkage groups KO 5, KO 9, KO 16, and KO 27, accounting for 30.5% of the observed

phenotypic variation (Groh et al., 2001). KO 5, KO 9, and KO 16 correspond to Mrg01,
Mrgl3, and Mrg24 on the oat consensus map (Bekele et al., 2018). Only one QTL was
detected for kernel width on KM population, located on KM 16 (Groh et al., 2001).,
corresponding to Mrg24 on the oat consensus map (Bekele et al., 2018).

The QTL associated with kernel width identified by Groh et al. (2001) on KO 9 is
associated with the marker Xcdo456, which is mapped at the position 114.6 cM on Mrgl3,
sharing the same position with QTL detected in the present study (Table 4). There are no
other study involving characterization for kernel thickness in oats. In this context, the
results of the present study are strong enough to suggest that the same region controlling
kernel width in oats is also associated with kernel thickness.

Studies involving the identification of loci associated with kernel shape have been
published in small grains (Ayoub et al., 2002; Sun et al., 2009). In oats, only Groh et al.
(2001) 1dentified candidate regions associated with kernel shape, but studying two
biparental populations that are not adapted to subtropical conditions. In the present study, a
diverse oat panel was studied in two contrasting environments in Southern Brazil. The
results presented previously represent an important step to understand the genomic regions
involved with oat kernel shape, allowing their future use for marker assisted selection
(MAS) approaches. In addition, a consistent indirect selection purpose seems to improve
the B-glucan content in oats using the correlated response with kernel width. Future studies
involving B-glucan content and kernel shape-related traits may identify genomic regions in
common between them and accelerate the genetic progress of these traits simultaneously

using molecular tools.

4.5 Conclusions
Different genomic regions were identified for kernel shape-related traits in oats.

Genomic regions controlling kernel length were identified on Mrg06, Mrg21, and Mrg24.
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Kernel width and kernel thickness traits are genetically correlated and share a genomic
region in common, located on Mrgl3 of the oat consensus map. Negative correlations were

found between kernel width and kernel thickness versus B-glucan content, suggesting that

the selection of wider and thicker kernels dilute the -glucan content in oats.
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5 CHAPTER 3: CHARACTERIZATION OF B-GLUCAN CONTENT IN PRIMARY
AND SECONDARY OAT KERNELS HARVESTED IN DIFFERENT PLANTING

DATES AND YEARS

Abstract

Selection for B-glucan content has been one of the main challenges for oat breeders
worldwide. There are several factors limiting a complete elucidation of this trait, including
his complex inheritance, the influence exercised by the environmental conditions, and the
association between -glucan content and other traits, such as kernel shape-related ones. In
this sense, the objectives of this study were to characterize the B-glucan content in primary
and secondary kernels, as well as to identify the influence of planting date and year on this
trait. Six oat genotypes were evaluated for 3-glucan content and kernel shape-related traits
in two years and two planting dates. The experimental design was randomized blocks with
two replications, with two meters long for each experimental unit. The phenotypic
manifestation of all traits was associated with the interaction among genotype, planting
date, and year. In addition, B-glucan content and kernel length traits were associated with
the interaction between genotype, kernel type, and year. The B-glucan content varied
between primary and secondary kernels, according to the genotype and environmental
condition. Under unfavorable conditions, genotypes may present higher B-glucan content

in secondary kernels than in primary ones.
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5.1 Introduction

Oat consumption has gained great importance due to the benefits for human health.
The ingestion of oat kernels in proper quantities provide many health benefits, including
reduction on cholesterol levels in the blood (Whitehead et al., 2014) and reduction on
glycemic index in diabetics (Ye et al., 2012). These benefits are associated with B-glucan
consumption, which are soluble dietary fibers found in great proportions in oat kernels.
The B-glucan content in oat kernels ranges from 2 to 7%, with overall average of 4.3% for
the species. Along with barley, oats have the highest B-glucan content among grasses
(Wood & Beer, 2000).

There are many factors influencing the -glucan content in oats. The environmental
conditions of each crop season are strictly associated with the oat B-glucan content
(Saastamoinen et al., 1992; Doehlert et al., 2001; Beber et al., 2002; Saastamoinen et al.,
2004). Regarding Brazilian oat varieties, Crestani et al. (2010) verified that the B-glucan
content is influenced by the interaction among genotype, environment, and year. Similarly,
studying four Canadian oat varieties, Humphreys et al. (1994) identified that different
planting dates also impact the B-glucan content in oats. In addition, the occurrence of
successive rainfalls during grain filling tend to reduce the B-glucan content in oat kernels
(Miller et al., 1993), while rainfalls during the vegetative stage are positively correlated
with the trait in temperate conditions (Herrera et al., 2016). In temperate environments,
high temperature conditions during the kernel formation also tend to increase the -glucan
content in oats (Saastamoinen et al., 1992; Miller et al., 1993; Saastamoinen, 1995).

Most of the cultivated oat species show two or three florets per spikelet, rarely four
(Valentine, 1995). Oat kernels of the same spikelet, starting from the bottom to the top, are
termed as primary, secondary, and tertiary. Brazilian oat varieties usually have well-
developed primary and secondary kernels in the same spikelet. Some Brazilian oat

varieties rarely have tertiary kernels due to their genetic constitution and stressful
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subtropical conditions where are cropped. In addition, Brazilian oat breeders have been
selecting for kernel-related traits since 1980’s, prioritizing full filling of primary and
secondary kernels. In this sense, although selecting for kernel filling and uniformity, a
detailed characterization of the B-glucan content for each kernel type separately was not
performed to date.

Currently, B-glucan content analyses are performed using samples composed by
both primary and secondary kernels without any distinction. In addition, the influence of
planting date and year on the P-glucan content of primary and secondary kernels is
completely unknow. A hypothesis to explain the phenotypic variation for -glucan content
suggest a dilution effect provided by the endosperm of each kernel, considering the grain
filling period of each variety. This hypothesis was elaborated by De Koyer et al. (2004),
when a common location of heading date and B-glucan QTL suggested a pleiotropic effect
caused when later maturing lines fail to complete the optimum kernel filling period, which
results in shrunken kernels with less endosperm and enhanced relative B-glucan content. In
this sense, the objectives of this study were to characterize the B-glucan content in primary
and secondary kernels, as well as to identify the influence of planting date and year on this

trait.

5.2 Materials and methods

5.2.1 Plant material
Six contrasting oat genotypes were selected for this study based on their phenotypic
information available on ‘Oat Global’ platform (https://oatglobal.umn.edu/) and in
personal information of our research group. Two of the six genotypes have high B-glucan
content and the other ones have intermediate content. IAC 7 and ND 9508252-9 represent
the genotypes with high B-glucan content and were developed by the Agronomic Institute

of Campinas and by the North Dakota State University, respectively. IAC 7 is the Brazilian
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variety with highest B-glucan content but is not cultivated nowadays. The breeding line
ND 9508252-9 is a reselection within HiFi, an oat variety from North America which
usually shows B-glucan content ranging from 6% to 7% (McMullen et al., 2005). The
genotypes IPR Artemis, URS Taura, UFRGS 8, and UFRGS 881971 have intermediate [3-
glucan content and were also included in this study. The variety IPR Artemis was

developed by the Agronomic Institute of Parana, while all other genotypes were developed

by the Federal University of Rio Grande do Sul (UFRGS) Oat Breeding Program.

5.2.2 Field experiments

Genotypes were assessed in two planting dates at the UFRGS Agronomic
Experimental Station, located in Eldorado do Sul city, Rio Grande do Sul state, Southern
Brazil, in 2017 and 2018. The first planting date was June 12 in 2017 and June 15 in
2018, while the second one was July 7% in both years. The first planting date is within the
best sowing window, while the second one is at the end of the sowing window. The
experiments were conducted in a randomized complete block design, with two replications.
Each experimental unit was composed by two 1 m long rows, spaced 0.25 m apart each
other and 0.4 m between plots. Planting was carried out manually at a rate of 60 seeds per
row. The base fertilization was 300 kg ha! of a 5-30-15 N-P-K formula, and topdressing
nitrogen, in the form of dry urea, was applied twice, when plants showed four and six
extended leaves, at a rate of 33 kg ha™! of N per application. Pests, fungal diseases, and
weeds were chemically controlled in both experiments. At the field maturity stage,

approximately 50 panicles of each plot were collected for phenotypic analysis.

5.2.3 Sample preparation
Oat grains were separated manually from individual panicles originating two
subsamples for each plot: primary and secondary grains. About 50 g of each subsample

were dehulled using a Wintersteiger LD 180 laboratory thresher (Wintersteiger, Ried,
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Austria). A total of 150 dehulled grains of each subsample were randomly selected for
grain morphology characterization, while about 15 g of dehulled grains from each
subsample were used for B-glucan quantification. For B-glucan quantification, samples
were ground in a Willey type mill (Marconi, Piracicaba, Brazil) with 0.5 mm sieve. After
milled, each whole flour sample was well homogenized using a set of sieves and stored at -

20 °C until B-glucan quantification.

5.2.4 Phenotypic assessment

Grain morphology was assessed at the Rio Grandense Institute of Rice (IRGA),
located in Cachoeirinha city, Rio Grande do Sul state, Southern Brazil, using the rice
classer Image S (Selgron, Santa Catarina, Brazil). Four morphology-related traits were
assessed: grain length, grain width, grain thickness, and length-width ratio. Each grain was
assessed separately and a final report was created showing the number of assessed grains

per sample, the average of the assessed grains for each trait, and the standard deviation.
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FIGURE 1. Phenotypic assessment for kernel shape in primary and secondary oat kernels.
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Chemical analyses for B-glucan were carried out at the Center for Food Research of
the University of Passo Fundo, Passo Fundo city, Rio Grande do Sul state, Southern Brazil.
-glucan content was quantified for all samples using the mixed-linkage B-glucan assay kit
(Megazyme International Ireland Ltd, Wicklow, Ireland), in duplicates, based on McCleary
and Codd (1991), according to AACC Method 32-23.01 and AOAC Method 995.16, with

results expressed in dry basis.

5.2.5 Localization of [-glucan in primary and secondary kernels

The B-glucan localization was verified using microscopic analyses at the University
of Minnesota Imaging Center. Kernels from the IAC 7 and UFRGS 881971 genotypes,
obtained from both planting dates in 2018, were assessed. These two genotypes were used
because showed high and intermediate 3-glucan content in previous analyses, respectively.
The microscopic analyses were performed in primary and secondary kernels separately
considering cross sections. Nine kernels were analyzed for each genotype, while only a
representative one was imaged. Primary and secondary grains of each genotype were
obtained from the same panicle, from a single replication. Briefly, each kernel was cut
from both ends, fixed with 3% paraformaldehyde and 1% glutaraldehyde in 0.1 M Na-K
phosphate buffer (pH 7.0) and dehydrated in a graded ethanol series. After, the kernels
were embedded in hydroxyethyl methyl acrylate. Polymerized samples were sectioned 10
pm thick sections in a microtome. All sections were stained with aqueous 0.01%
Calcofluor White M2R (Sigma-Aldrich, St. Louis, USA) for 1 min, as reported in Sikora et
al. (2013). Stained sections were examined with a Nikon Eclipse 901 microscope (Nikon,
Melville, USA) with excitation filter of 325-375 nm and emission filter of 435-485 nm.
Micrographs were obtained using a Nikon D2-Fi2 color camera and Nikon Elements

software.



5.2.6 Statistical analyses

Analyses of variance were carried out to identify the influence of years, planting
dates, genotype, and kernel type on the evaluated traits. The factors year, planting date,
genotype, and kernel type were included in a factorial design. Replication inside planting
date was included as aleatory effect. The comparison of means was performed by the
Tukey test at 5% level, using the ‘slice’ option to explore significant interactions. All

statistical analyses were carried out using the SAS 9.4 software (SAS Institute Inc., Cary,

USA).

5.3 Results

5.3.1 Environmental influence on B-glucan content and kernel shape-related traits
The analysis of variance showed significant effect of the interaction among year,
planting date, and genotype on all assessed traits (Table 1). In addition, the triple

interaction among year, genotype, and kernel type was also significant for B-glucan

content and kernel length in oats (Table 1).

TABLE 1. Analysis of variance for B-glucan content and kernel shape-related traits in oats.

Mean square

Cause of variation bF B-glucan Kernel length  Kernel width  Kernel thickness
Replication(PD) 2 0.124 0.004 0.001 0.001
Year (Y) 1 13.769™ 14.348™ 0.243™ 0.0317
Planting date (PD) 1 1.009" 0.285™ 0.102* 0.063™
Genotype (G) 5 7.768% 7.763% 0.493™ 0.257"
Kernel type (KT) 1 0.574" 26.0917" 1.917" 0.591°
Y*G 5 0.348" 0.300 0.005° 0.007"
Y*PD 1 0.012™ 0.603™ 0.007™ 0.042™
Y*KT 1 0.142" 2.414™ 0.001™ 0.009"
PD*KT 1 0.141" 0.137° 0.003™ 0.001"
G*PD 5 0.269™ 0.084" 0.008™ 0.014™
G*KT 5 0.241" 0.368" 0.036™ 0.0117
Y*PD*KT 1 0.051™ 0.033™ 0.001™ 0.001"
Y*G*PD 5 0.307" 0.225™ 0.007" 0.008"™
Y*G*KT 5 0.390° 0.175™ 0.001™ 0.001™
G*PD*KT 5 0.045™ 0.031™ 0.001™ 0.001™
Y*PD*KT*G 5 0.050™ 0.036™ 0.001™ 0.001"
Experimental error 46 0.120 0.028 0.002 0.002
Y - 54.294 27.110 8.590 2.978
‘PD - 3.979 0.538 3.606 6.052
G - 30.631 14.668 17.427 24.688
KT - 2.263 49.298 67.762 56.772
CV (%) - 6.990 2.430 1.880 2.350

** and " significant at 1% and 5% by the F test, respectively. ™, non-significant. ¥, % of total mean square. BG, B-glucan

content. DF, degrees of freedom.



75

The percentage of total mean square accounted for year, planting date, genotype,
and kernel type are also shown in Table 1. For the B-glucan content trait, year and
genotype accounted for 54% and 31% of the total variance, respectively, while planting
date and kernel type together accounted for only 6% of the total variance (Table 1).
Considering kernel length, kernel type (49%) and year (27%) played major impact on the
total variation. Kernel type showed high influence on kernel width (68%) and kernel
thickness (57%), followed by genotype with 17% and 25% on the respective traits (Table
1).

The factor year was isolated in all analyses, allowing the comparison among
genotypes inside planting date/kernel type, inside genotype between planting date/kernel
type, and inside genotype between year for each planting date/kernel type. In 2017, IAC7
and HiF1 showed highest 3-glucan content on the first planting date, while UFRGS 881971
and IPR Artemis were the lowest ones (Table 2). IAC 7 also showed the highest B-glucan
content on the second planting date of 2017 (Table 2). As for the first planting date,
UFRGS 881971 presented low -glucan content in the second one, not differing from IPR
Artemis (Table 2). In 2018, TAC7 and HiFi showed highest B-glucan content, regardless of
the planting date. In the opposite hand, the genotypes IPR Artemis, UFRGS 8, and UFRGS
881971 presented lowest 3-glucan content in both planting dates (Table 2). Variations of
B-glucan content between planting dates, for each genotype and year, were not significant
neither in 2017 nor in 2018 (Table 2). On the other hand, variations between year, for each
genotype and planting date, were verified in both planting dates for -glucan content. All
genotypes showed higher B-glucan content in the first planting date of 2017 than in the
2018 one (Table 2). Similarly, IPR Artemis showed higher B-glucan content in the second
planting date of 2017 than in the 2018 one, while all other genotypes did not differ in

response to the year effect on this planting condition (Table 2).



TABLE 2. Averages for B-glucan content and kernel shape-related traits in oats. Comparison between years, planting dates, and genotypes.

[-glucan content Kernel length Kernel width Kernel thickness
Year Genotype
I$*PD 2" PD I$*PD 2 PD I$*PD 2" PD I$*PD 2" pD
IPR Artemis 4.7 Ac 4.83 Acd 8.79 Aa 8.01 Aa 2.44 Ac 231 Ac 2.04 Aa 1.85 Ac
IAC7 6.36 Aa 6.69 Aa 8.23 Ab 7.99 Aa 2.29 Ad 2.27 Ac 1.84 Ab 1.79 Ac
HiFi 6.36 Aa 5.43 Ab 6.43 Ae 6.8 Ac 2.33 Ad 2.12 Ad 1.82 Ab 1.58 Bd
2017 URS Taura 5.41 Ab 5.23 Abc 6.64 Ae 6.33 Ad 2.62 Aa 2.60 Aa 2.06 Aa 2.06 Aa
UFRGS 8 5.34 Ab 4.96 Abc 7.51 Ac 7.12 Ab 2.53 Ab 2.43 Ab 2.03 Aa 1.96 Bb
UFRGS 881971 442 Ac 4.35 Ad 6.93 Ad 6.67 Ac 2.62 Aa 2.61 Aa 2.02 Aa 2.00 Aab
IPR Artemis 3.96 Be 4.00 Be 7.06 Ba 7.22 Ba 2.32 Bc 2.28 Ac 1.88 Bb 1.86 Ac
IAC7 5.77 Ba 5.08 Aa 7.24 Ba 7.32 Ba 2.14Bd 2.15Bd 1.76 Be 1.76 Ad
HiFi 5.43 Ba 5.11 Aa 6.22 Ac 6.1 Bc 2.11 Bd 2.04 Be 1.76 Ac 1.70 Ae
2018 URS Taura 4.85 Bb 4.52 Ab 5.98 Bd 5.95Bc 2.54 Ba 2.48 Ba 2.00 Aa 1.96 Bb
UFRGS 8 4.18 Bc 3.96 Ac 6.55 Bb 6.7 Bb 2.46 Bb 2.40 Ab 1.96 Ba 2.04 Aa
UFRGS 881971 3.96 Be 4.14 Abc 6.07 Be 5.94 Be 2.56 Aa 2.48 Ba 1.98 Aa 1.96 Ab

PD, planting date. Capital letters are comparing year within genotype and planting date, while lowercase letters are comparing genotypes within planting date and year. Differences
between planting date within year and genotype were not identified.

9L
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For kernel length, IPR Artemis showed longer kernels in the first planting date of
2017, while HiFi and URS Taura were the shortest ones in this same planting date (Table
2). For the second planting date of 2017, IPR Artemis and IAC 7 showed higher kernel
length than the other ones, while URS Taura showed shortest kernel length (Table 2).
Considering the same trait in 2018, the genotypes IPR Artemis and IAC 7 showed highest
kernel length, regardless of the planting date (Table 2). URS Taura showed the shortest
kernel length in the first planting date of 2018 (Table 2). In the second planting date of
2018, URS Taura, HiFi, and UFRGS 881971 showed shortest kernel length (Table 2).
Variation on kernel length between planting date were not verified in both years. In
general, kernel length was more pronounced in 2017 than in 2018 (Table 2). Except for the
genotype HiFi on the first planting date, all other genotypes showed higher kernel length in
2017, regardless of the planting date (Table 2).

The genotypes URS Taura and UFRGS 881971 showed highest kernel width on
both planting dates, regardless of the year (Table 2). On the other hand, within the first
planting date, the genotypes IAC 7 and HiFi showed narrowest kernel widths, in both
evaluated years. Within the second planting date of 2018, the genotype HiFi showed
narrower kernels than all others. There was no significant variation for kernel width
between planting dates inside each year (Table 2). Considering the year effect, IAC 7,
HiFi, IPR Artemis, UFRGS 8, and URS Taura showed higher kernel width on the first
planting date of 2017 than in the 2018 one, while no differences were observed for UFRGS
881971 (Table 2). For the second planting date, the genotypes IAC 7, HiFi, URS Taura,
and UFRGS 881971 presented higher kernel width in 2017 than in 2018 (Table 2).

The genotypes IPR Artemis, URS Taura, UFRGS 8, and UFRGS 881971 showed
thicker kernels in 2017, within the first planting date. In the opposite way, the genotypes
IAC 7 and HiFi showed short kernel thickness on the same planting date in 2017 (Table 2).

Within the second planting date of 2017, the genotype URS Taura kept its high



78
performance for the kernel thickness trait, not differing from UFRGS 881971, while the

genotype HiFi showed the lowest performance for the trait (Table 2). In 2018, the
genotypes URS Taura, UFRGS 8, and UFRGS 881971 kept their high averages for kernel
thickness on the first planting date, while UFRGS 8 showed higher thickness average on
the second one (Table 2). The genotypes IAC 7 and HiFi showed the smallest kernel
thickness among genotypes, on the first planting date of 2018, while HiFi showed the
narrower kernel thickness on the second planting date, exactly as verified in 2017 (Table
2). As mentioned before, variations for kernel thickness between planting dates were not
observed in both years (Table 2). On the other hand, within genotypes and planting date,
variations for kernel thickness were observed between years (Table 2). The genotypes IPR
Artemis, [AC 7, and UFRGS 8 reduced their kernel thickness average on the first planting
of 2018, when compared to 2017 (Table 2). On the second planting date, the genotypes
HiFi and UFRGS 8 increased their kernel thickness in response to the environmental
conditions of 2018, when compared to 2017, while URS Taura reduced the kernel

thickness average in this same condition (Table 2).

5.3.2 [pglucan content and kernel length differences between primary and

secondary kernels

The interaction among year, planting date, and kernel type was sliced using mean
comparisons (Table 3). The differences for -glucan content among genotypes were more
or less consistent when compared primary and secondary kernels separately. In 2017, when
compared between kernel types, the genotypes IPR Artemis, HiFi, URS Taura, and
UFRGS 881971 had primary kernels with higher -glucan content. On the other hand, IAC
7 showed higher B-glucan content in secondary kernels, while UFRGS 8 did not vary
between kernel type (Table 3). In 2018, there were no significant differences for B-glucan
content between primary and secondary kernels, except for UFRGS 881971 that showed

higher B-glucan content in primary kernels (Table 3).
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Considering the performance of each genotype, inside kernel type and between
years, significant differences were observed. Except for UFRGS 881971, all other
genotypes reduced the [-glucan content of primary kernels in response to the
environmental conditions of 2018, compared to 2017 (Table 3). As observed for primary
kernels, the genotypes IAC 7 and UFRGS 8 also reduced the B-glucan content in
secondary kernels in response to 2018 (Table 3).

Comparing kernel length averages between years, within genotype and kernel type,
except URS Taura all other genotypes reduced their primary kernel length averages in
2018, when compared to 2017 (Table 3). For secondary kernels, all genotypes reduced

their kernel length averages in 2018, when compared to 2017 (Table 3).

TABLE 3. Averages for 3-glucan content and kernel length in oats. Comparison between
years, kernel type, and genotypes.

Year Genotype B-glucan content Kernel length
Primary Secondary Primary Secondary
[PR Artemis A 5.01 Ac A 451 Bd A 8.74 Aa A 8.06 Ba
IAC 7 A 6.31Ba A 6.73 Aa A 8.32 Ab A 7.90 Ba
2017 HiFi A 6.23 Aa A 5.56 Bb A 7.36 Ad A 5.86 Bd
URS Taura A 5.57 Ab A 5.07 Bc A 6.52 Ae A 6.46 Ac
UFRGS 8 A 4.99 Ac A 5.31 Abc A 7.73 Ac A 6.90 Bb
UFRGS 881971 A 4.61 Ac A 4.16 Bd A 7.24 Ad A 6.36 Bc
[PR Artemis B 3.85 Ac A 4.12 Ab B 7.80 Aa B 6.48 Ba
IAC 7 B 5.61 Aa B 5.24 Aa B 7.94 Aa B 6.63 Ba
2018 HiFi B 5.37 Aa A5.16 Aa B 6.97 Ac B 5.36 Bed
URS Taura B 4.56 Ab A 479 Aa A 6.51 Ad B 5.22 Bd
UFRGS 8 B 4.06 Ac B 4.08 Ab B 7.40 Ab B 5.84 Bb
UFRGS 881971 A 4.26 Abc A 3.85Bb B 6.55 Ad B 5.47 Be

Primary, primary kernel. Secondary, secondary kernel. Capital letters before values are comparing years
within genotype and kernel type. Capital letters after values are comparing kernel types within year and
genotype. Lowercase letters after values are comparing genotypes within kernel type and year.

In 2017, the highest kernel length of primary kernels was observed in IPR Artemis,
while URS Taura showed the shortest primary kernels (Table 3). Considering the length of
secondary kernels in 2017, the genotypes IPR Artemis and [AC 7 showed highest
averages, while HiFi showed the lowest one (Table 3). In 2018, the genotypes IPR Artemis

and IAC 7 showed highest kernel length, regardless of the kernel type. The genotypes URS
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Taura and UFRGS 881971 showed shortest length for primary kernels, while URS Taura

also revealed lowest average for this trait for secondary kernels (Table 3). Considering the
length variation between kernel types in 2017, most of the genotypes showed primary
kernels longer than secondary ones. Only the genotype URS Taura did not differ for the
kernel length trait between primary and secondary kernels (Table 3). In 2018, all genotypes

showed primary kernels longer when compared to secondary ones (Table 3).

5.3.3 Localization of [-glucans in primary and secondary kernels

The image analysis of primary kernels from UFRGS 881971 and IAC 7 showed
different B-glucan distribution pattern between them (Figure 2). The image analysis
reinforces a contrasting for kernel shape between UFRGS 881971 and IAC 7, as presented
previously, IAC 7 has reduced kernel width and kernel thickness when compared to

UFRGS 881971 (Figure 2 and Table 3).

FIGURE 2. B-glucan (blue) formation on oat primary kernels in two planting dates. a)
UFRGS 881971 and b) IAC 7, first planting date; ¢) UFRGS 881971 and d)
IAC 7, second planting date.
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On the first planting date, the genotype UFRGS 881971 showed [-glucans

moderately located in the external area of the kernel, close to the aleurone layer and
aleurone-endosperm junction (Figure 2a). The TAC 7’s primary kernel also showed
moderate [-glucan deposition on the first planting date, but with more pronounced
distribution, reaching a wide part of the kernel when compared to UFRGS 881971 (Figure
2b). On the second planting date, UFRGS 881971’°s primary kernels showed higher [3-
glucan accumulation than IAC 7’s ones in the same planting date (Figure 2c¢ and Figure
2d), with pronounced B-glucan deposition in the aleurone layer and also in the starchy
endosperm (Figure 2c). The primary kernel from IAC 7 showed B-glucan deposition in the
external area of the kernel on the second planting date (Figure 2d), differing when
compared to the first one (Figure 2b).

Differences on B-glucan deposition were also observed between secondary kernels
from UFRGS 881971 and IAC 7 in both planting dates (Figure 3). On the first planting
date, secondary kernels from UFRGS 881971 showed more pronounced [-glucan
deposition in the external area of the kernel, including the aleurone layer and moving
smoothly to the endosperm (Figure 3a). On the same planting date, secondary kernels from
IAC 7 also showed B-glucan deposition in the aleurone layer, reaching more intensely the
starchy endosperm (Figure 3b). In this sense, secondary kernels from IAC 7 showed higher
B-glucan deposition than UFRGS 881971 ones on the first planting date. In addition, the
number of cells in secondary kernels from IAC 7 seems to be higher when compared to
UFRGS 881971 ones in the first planting date (Figure 3a and Figure 3b).

The formation and deposition of B-glucans reduced in secondary kernels from the
second planting date, regardless of the genotype (Figure 3). On the second planting date,
secondary kernels from UFRGS 881971 showed intense [-glucan deposition in the

external area of the kernel, with low deposition in the endosperm (Figure 3c). In the same
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planting date, secondary kernels from IAC 7 had modest -glucan deposition, but reaching

in a uniform way to the endosperm (Figure 3d).

FIGURE 3. 3-glucan (blue) formation on oat secondary kernels in two planting dates. a)
UFRGS 881971 and b) IAC 7, first planting date; ¢) UFRGS 881971 and d)
IAC 7, second planting date.

In general, the B-glucan deposition seems to be more pronounced in secondary
kernels from UFRGS 881971 when compared to IAC 7 ones on the second planting date.
Both genotypes showed secondary kernels with lower B-glucan deposition on the second

planting date (Figure 3c and Figure 3d).

5.4 Discussion

B-glucan content and kernel shape-related traits are highly influenced by
environmental conditions. The results indicated that all assessed traits depend of the triple
interaction among year, planting date, and genotype (Table 1). The year accounted for 54%
of the B-glucan content variation, followed by genotype with 31% of the total variation of

the trait (Table 1). Planting date accounted for only 4% of the B-glucan content variation,
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justifying why differences between planting dates were not detected for this trait (Table 2).
Significant differences were observed between years, especially on the first planting date
(Table 2). Similar results were observed by Herrera et al. (2016) that identified a major
contribution of year on the oat 3-glucan content, followed by genotype.

The year influence was also observed for kernel shape-related traits, especially
kernel length and kernel width, regardless of the planting date (Table 2). The ANOVA
revealed that year accounted for 27% and 9% of the total variation for kernel length and
kernel width, respectively, while minor contribution (3%) was observed on kernel
thickness (Table 1). In addition, kernel type was the major factor contributing for the
observed variation, accounting for 49%, 68%, and 57% of the variation for kernel length,
kernel width, and kernel thickness, respectively (Table 1). In this sense, the environmental
conditions of each year were decisive for the phenotypic manifestation of the assessed
traits.

Contrasting environmental conditions were observed in the evaluated years, which
were classed as unfavorable and favorable. In 2017, a stressful condition occurred after
planting, with low/uneven rainfall during the vegetative stage, excess during the
reproductive one, and high temperature (Supplementary Figure 1A). On the other hand, the
environmental conditions were favorable in 2018, with well distributed rainfall throughout
the year and lower temperature averages than in 2017 (Supplementary Figure 1B). Other
studies also support the findings of the present study (Crestani et al., 2010; Humphreys et
al. 1994). Studying the B-glucan content in 15 Brazilian oat genotypes, Crestani et al.
(2010) 1identified a significant interaction among genotype, environment, and year
influencing the trait. Similarly, Humphreys et al. (1994) identified the effect of planting
date on -glucan content in Canadian varieties.

The results from 2017 suggests a possible association between -glucan content

and kernel-shape related traits under unfavorable conditions. The genotypes IAC 7 and
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HiFi, which showed highest -glucan content in 2017, presented reduced kernel width and
thickness (Table 2). On the other hand, the genotype UFRGS 881971, which showed low
B-glucan content in 2017, showed large kernel width and thickness (Table 2). In 2018,
even with favorable environmental conditions, the genotypes IAC 7 and HiFi showed high
-glucan content and smaller kernel width and thickness (Table 2).

Another result that supports the association between [-glucan content and kernel-
shape related traits is the significant interaction among year, genotype, and kernel type
(Table 3). Secondary kernels from the IAC 7 genotype showed higher B-glucan content
than primary ones in 2017 (Table 3). This result indicates that some genotypes can
modulate the B-glucan deposition according to the environment and kernel type. On the
other hand, the IPR Artemis genotype, which has relatively narrow kernel width and kernel
thickness, showed low performance for 3-glucan content and long kernel length, regardless
of the kernel type (Table 3). These results reinforce that the selection for narrow kernel
width and thickness is not a guarantee of high beta-glucan content in oats. There are no
other studies associating [-glucan content and kernel-shape related traits in Brazil. As
consequence, the discussion of this chapter is limited. The association between B-glucan
content and kernel-shape related traits used only mean analysis. Specific association
analyses, such as correlation and regression coefficients could be used in this chapter.
However, these analyses were not performed because a small dataset was produced, which
could produce unreliable estimates.

In order to clarify the association between B-glucan content and kernel-shape
related traits in oats, a detailed kernel image analysis was performed for primary and
secondary kernels separately. The results illustrate a contrasting B-glucan deposition
pattern between IAC 7 and UFRGS 881971 in both kernel types (Figure 2 and Figure 3).
The deposition of B-glucans in the genotype IAC 7 reaches the endosperm, resulting in

high B-glucan content, while in UFRGS 881971 is limited to the external area of the kernel
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(Figure 2 and Figure 3). In addition, the images showed a higher deposition of -glucans in
secondary kernels than in primary ones (Figure 2 and Figure 3). The deposition of -
glucans in the secondary kernel from IAC 7 (Figure 3b) confirms the high B-glucan
content average observed in secondary kernels in 2017 (Table 3). The images revealed a
considerable [B-glucan deposition for the UFRGS 881971 genotype, especially in
secondary kernels. However, the absence of 3-glucans in the starchy endosperm seems to
be a decisive factor for smaller deposition. The B-glucan content of the UFRGS 881971
genotype is probably diluted by the endosperm, resulting in lower B-glucan content.
Further studies involving more genotypes and planting dates may contribute for better

understanding of the B-glucan formation in different oat kernel types.

5.5 Conclusions

The B-glucan content varies between primary and secondary kernels, according to
the genotype and environmental condition. Under unfavorable conditions, some genotypes
can present higher B-glucan content in secondary kernels than in primary ones, such as
IAC 7 in 2017. The phenotypic manifestation of B-glucan content and kernel-shape related
traits is associated with the interaction among genotype, year, and planting date, and/or

genotype, year, and kernel type.
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6 CHAPTER 4: CHARACTERIZATION AND ABSOLUTE QUANTIFICATION

OF THE Cellulose synthase-like F6 GENE IN OATS

Abstract

The Cellulose synthase-like F6 (CslF6) gene has been reported as a key factor for
the B-glucan synthesis in grasses. However, the action of this gene on oat B-glucan content
is poorly understood to date. In this sense, the objectives of this study were: 1) to quantify
the absolute expression of the Cs/F6 transcripts in oats under field conditions; and ii) to
characterize the Cs/FF6 homoeologs in contrasting oat genotypes for [-glucan content.
Developing kernels of five oat genotypes were collected under field conditions, in two
planting dates. The Cs/F'6 absolute quantification was performed using droplet digital PCR
in two different approaches: 1) global expression; and ii) subgenome specific
quantifications. The third exon of the Cs/F'6 gene, which corresponds to approximately
62.2% of the coding region, was sequenced in each subgenome using PacBio sequencing.
The CslF6 expression was highly influenced by the planting date, kernel developmental
stage, and genotype. High Cs/F6 transcript number was not associated with high B-glucan
content in oats, indicating the action of a complex biosynthesis pathway controlling this
trait. Under stressful conditions, the Cs/F'6 expression was pronounced and associated with
-glucan content. The CslF6 motif has 1767 bases pair and is highly conserved between A
and D subgenomes. Single nucleotide polymorphisms were not identified among the
assessed genotypes, regardless of the subgenome. The results presented in this study may

contribute to the elucidation of the CslF6 influence on oat 3-glucan content.
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6.1 Introduction

Selection for B-glucan content has been one of the main objectives of oat breeding
programs worldwide. B-glucans, which are soluble dietary fibers found in oat kernels, are
associated with many benefits for human health, including improvement in the immune
function and reductions of the glycemic index, cholesterol levels in the blood, obesity, and
cardiovascular disease risk (Cho ef al., 2013; Whitehead et al., 2014; Ye et al., 2012).
Although B-glucan content has been targeted of oat breeders in the last decades, selection
for this trait is still difficult due to limitations on phenotyping methods, as well as the
environmental influence on the trait. Most importantly, the genetic mechanisms controlling
oat B-glucan content are not fully understood to date.

The genetic mechanisms involved on oat -glucan synthesis are scarce in the
literature. PB-glucan content in cereals is a quantitative trait controlled by genes with
additive effects (Holthaus et al., 1996; Crestani et al., 2012). There are many classes of
enzymes involved on the synthesis and deposition of polysaccharides into the cell wall.
One of these classes are the glycosyltransferases, which act modifying carbohydrates
(Coutinho and Henrissat, 1999) and are divided in two main groups: i) polysaccharides
synthases (type I); and ii) glycosyltransferases (type II). Type I enzymes are coded by
Cellulose Synthase gene family members, which are divided in different gene subfamilies,
including Cellulose synthase (CesA) and Cellulose synthase-like (Csl) (Richmond and
Somerville, 2000). Csl subfamily genes are classed from ‘A’ to ‘H’ and were identified in
different plant species, including 30 and 37 members in Arabidopsis and rice, respectively
(Hazen et al., 2002; Somerville et al., 2004).

A comparative mapping study showed that a cluster of the CslF gene subfamily
from rice is located in a syntenic region corresponding to a quantitative trait loci (QTL)
with major effects on B-glucan content in barley (Burton et al., 2006). In addition, the

insertion and expression of rice CslF genes into Arabidopsis allowed the detection of [3-
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glucan in the cell walls (Burton et al., 2006), showing that these genes are a key
component in the B-glucan synthesis pathway. In wheat, RNAI1 silencing of the Cellulose
synthase-like F6 (CslF6) gene showed an average reduction of 42.4% of the B-glucan
content in the kernels (Nemeth ef al., 2010). In barley, Cs/F'6 overexpression under an oat
endosperm-specific promoter increased more than 80% of the B-glucan content in the
kernels (Burton ef al., 2011). In addition, betaglucanless (bgl) mutants in barley have a
point mutation that changes a highly conserved amino acid in the encoded protein (Taketa
etal., 2012).

Studying the expression of seven CslF subfamily members in the barley varieties
‘Himalaya’ and ‘Sloop’, which are contrasting for -glucan content in their kernels, Burton
et al. (2008) observed different expression profile for the CslF6 and Cellulose synthase-
like F9 (CslF9) genes. These genes were the only ones CslF genes expressed during
formation and filling of barley kernels. The Cs/F'9 gene showed a peak of expression eight
days after anthesis (DAA) in the ‘Sloop’ variety, which has reduced B-glucan content in
his kernels. On the other hand, the Cs/F6 gene increased his expression between 12 and 20
DAA, reaching a peak of expression at 20 DAA in the ‘Himalaya’ variety, which has high
B-glucan content (Burton et al., 2008). These results suggested a distinct and opposite
expression of the Cs/F6 and Cs/F9 genes, being the first one acting positively on the [3-
glucan content.

The studies presented previously indicate that Csl gene family members are highly
associated with B-glucan content in small grains. These genes encoded synthases that act
together with other enzymes on the complex -glucan biosynthesis pathway, as well as on
its accumulation in the cell walls. Among many genes, Cs/F'6 has been described as a key
component of the B-glucan synthesis in cereals because knockout mutants of this gene
have essentially no B-glucan (Taketa et al., 2012; Vega-Sanchez et al., 2012). CslF6 may

acts on B-glucan content trait in different ways, due to his expression (increasing on
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transcript level) or by mutations in its coding region that could produce
glycosyltransferases with different functional properties. The CslF'6 gene have been
identified and cloned in oats (Chawade et al., 2010; Jobling, 2015). However, studies
identifying polymorphisms on the Cs/F6 gene between contrasting oat varieties, possibly
associated with the B-glucan content trait, as well as the expression of this gene, are scarce
in the literature. In this sense, the objectives of this study were: 1) to quantify the absolute
expression of the Cs/F'6 transcripts in oats under field conditions; and ii) to characterize the

CslF6 gene homoeologs in contrasting oat genotypes for B-glucan content.

6.2 Materials and methods

6.2.1 Plant material

Five oat genotypes were tested in this study, one of them with high B-glucan
content and four intermediate ones. The variety IAC 7, which was developed by the
Agronomic Institute of Campinas, represents the genotype with higher B-glucan content.
The genotypes IPR Artemis, URS Taura, UFRGS 8, and UFRGS 881971, which have
intermediate -glucan content, were also assessed. The variety IPR Artemis was developed
by the Agronomic Institute of Parana, while all other genotypes were developed by the
Federal University of Rio Grande do Sul (UFRGS) Oat Breeding Program. A reselection
of the HiFi oat variety, which has high B-glucan content (McMullen et al., 2005), was

included in the Cs/F'6 gene characterization.

6.2.2 Field experiment

Genotypes were assessed in two planting dates at the UFRGS Agronomic
Experimental Station, located in Eldorado do Sul city, Rio Grande do Sul state, Southern
Brazil, in 2017. The first planting date was June 12, while the second one was July 7%.
The experiment was conducted in a randomized complete block design, with two

replications. Each experimental unit was composed by two 1 m long rows, spaced 0.2 m
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apart each other and 0.4 m between plots. Planting was carried out manually at a rate of 60
seeds per row. The base fertilization was 300 kg ha! of a 5-30-15 N-P-K formula, and
topdressing nitrogen, in the form of dry urea, was applied twice, when plants showed four
and six extended leaves, at a rate of 33 kg ha™! of N per application. Pests, fungal diseases,
and weeds were chemically controlled. At the field maturity stage, approximately 50

panicles of each plot were collected for phenotypic analysis.

6.2.3 p-glucan content analysis

B-glucan content was quantified at the Center for Food Research of the University
of Passo Fundo, Passo Fundo city, Rio Grande do Sul state, Southern Brazil. About 15 g of
dehulled grains from each plot were ground in a Willey type mill (Marconi, Piracicaba,
Brazil) with 0.5 mm sieve. After milled, each whole flour sample was well homogenized
using a set of sieves and stored at -20 °C until quantification. B-glucan content was
quantified using the mixed-linkage B-glucan assay kit (Megazyme International Ireland
Ltd, Wicklow, Ireland), in duplicates, based on McCleary and Codd (1991), according to

AACC Method 32-23.01 and AOAC Method 995.16, with results expressed in dry basis.

6.2.4 DNA isolation

Fifteen seeds of each genotype, obtained from a single panicle collected randomly,
were germinated in wet germination paper at the Department of Crop Science of the
UFRGS, located in Porto Alegre city, Rio Grande do Sul state, Southern Brazil. Samples
were allocated in a BOD (Biochemical Oxygen Demand) chamber at 25 °C, without
photoperiod. After seven days, 100 mg of fresh tissue were collected of each genotype,
immediately dry-freeze lyophilized for 48 h and stored at -20 °C until DNA isolation.
Tissue disruption was performed using a TissueLyser II (Qiagen, Maryland, USA) and
DNA was extracted using a modified cetyltrimethylammonium bromide (CTAB) method.

Sodium chloride and polyvinylpyrrolidone were used to remove polysaccharides and
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polyphenols, respectively, following the procedures described by Lodhi et al. (1994) and

Lefort and Douglas (1999). DNA quality was verified in 1% agarose gel. Total DNA
samples were shipped to the University of Minnesota Genomics Center (UMGC), United

States, where molecular cloning and sequencing were carried out.

6.2.5 Tissue collection, RNA isolation, and cDNA synthesis

Developing grains were collected under field conditions at 7, 14, and 21 days after
anthesis (DAA), always between 11 am and 12 pm, with three biological replicates. These
three developing stages were determined considering the Cs/F'6 gene expression in barley
(Burton et al., 2008). After collected, samples were immediately kept in liquid nitrogen
and, later, stored at -80 °C. Tissues were manually disrupted in liquid nitrogen and, right
after, total messenger RNA (mRNA) was isolated using the reagent Concert™ (Invitrogen,
California, USA). The mRNA was quantified using spectrophotometer and diluted in
RNAse-free water for a concentration of 125 ng pL!'. Aiming to remove any DNA
residues, 8 uL of concentrated mRNA (1 pg of mRNA) was purified using DNAse 1. The
complementary DNA (cDNA) synthesis was performed using the reverse transcriptase
Moloney Murine Leukemia Virus (MMLYV), provided by the SuperScript II kit (Invitrogen,
California, USA) for real time PCR. Individual tubes containing 1 pg of purified mRNA
received 1 pL of 50 uM oligo-dT mix, 1 pL of 10 mM dNTPs mix, and ultrapure water to
complete a final volume of 13 pL. Each tube was incubated for 5 min at 65 °C in a C1000
Touch™ Thermal Cycler (Bio-Rad, California, USA). After, 4 pL of 5X First-Strand
Buffer, 2 uL of 0.1 M DTT, and 0.4 uL of MMLV (200 units uL") were added in each
tube. Tubes were incubated for 50 min at 37 °C, followed by an inactivation step for 15
min at 70 °C. Finally, mRNA and cDNA quality were verified in 1% agarose gel. Samples

of cDNA were shipped to the UMGC for absolute quantification of Cs/F'6 transcripts.
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6.2.6 Primer design and absolute quantification using droplet digital PCR

Droplet digital PCR (ddPCR) was performed to determine Cs/F6 transcript copy
numbers in two different approaches: 1) a global expression analysis, amplifying a
conserved region among subgenomes; and ii) specific expression analyses amplifying for
CslF6-AA and CslF6-CC. The CslF6 gene structure and all regions amplified for
transcripts quantification are shown in the Figure 1. The specific polymorphisms for the
subgenome DD, which would be used for primer development, were found at least 400 bp
apart each other. In this sense, considering that ddPCR recommendation is for amplicons

ranging from 100 to 200 bp, the expression of the Cs/F6-DD was not performed.

—m 1600 bp 1779 bp

171 bp 135 bp 124 bp
—  Promoter Y =on Intron Subgenome AA Subgenome CC Global expression (conserved
expression expression region among homeologs)

FIGURE 1. CslF6 gene structure and location of amplified regions for gene expression.

Oligonucleotide sequences used for global expression analysis were developed
using the Primer3Plus software (Untergasser et al., 2007), while subgenome-specific
oligonucleotide sequences were developed using the GSP software (Wang et al., 2016).
Subgenome-specific primers were selected according to the number of variant sites among
subgenomes, length (preference for shorter primers) and differences at the 3’ end. All

oligonucleotide sequences are provided in Table 1.

TABLE 1. Oligonucleotide sequences used for Cs/F6 expression analyses.

Primer pair Orientation Sequence (5' - 3") Amplicon (bp)
CslF6-global Forward TCACGCTACTGCTCCATCTA 134
CslF6-global Reverse AAGAGCGGGTTGTTCTTGG

CsIF6-AA Forward GCTCATCAAGGTGATATTCCAA 124 """""
CslF6-AA Reverse GATCATCAGCGGTGTCCAT

CslF6-CC— Forward CATCTTCTTCGACGGCTCC 1 71 """""
CslF6-CC Reverse TACTTGGTCTTGGCGAACAAT

bp, bases pair. Red nucleotides are subgenome-specific.
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Initially, a ddPCR gradient was performed using genomic DNA in order to set the
best annealing temperature for each primer pair. After, once all mRNA samples were
normalized before cDNA synthesis, a dilution curve was performed to select the best
cDNA concentration for absolute quantification. Each ddPCR reaction mix included 10 pL
of QX200 ddPCR EvaGreen Supermix (Bio-Rad, California, USA), 3 uL of diluted cDNA
(1:15; cDNA:ultrapure water), 0.2 uL of 10 mM forward primer, 0.2 pL of 10 mM reverse
primer, and 6.6 uL of ultrapure water, in a total of 20 pL. Droplets were generated in
eight-well cartridges using a QX200 droplet generator (Bio-Rad, California, USA). Water-
in-oil emulsions were transferred into 96-well plates and amplified in a C1000 Touch
Thermal Cycler (Bio-Rad, California, USA). Thermal cycling conditions were 5 min at 95
°C (enzyme activation); 40 cycles of a two-step thermal profile comprising of 30 s at 95 °C
(denaturation) and 1 min at 60 °C or 62 °C (annealing/extension, depending of the primer
pair). After cycling, samples were incubated for 5 min at 4 °C and for 5 min at 90 °C
(stabilization), followed by an ‘infinite’ hold at 4 °C. Ramp rate of 2 °C per second was
used during amplification. Plates were then transferred to the QX200 droplet reader (Bio-
Rad, California, USA). Data acquisition and analysis were performed using the QuantaSoft
software (Bio-Rad, California, USA) to quantify numbers of positive and negative
droplets, with or without the amplicons, respectively. Considering that Cs/F'6 global
expression is the sum of expressions of subgenomes AA, CC, and DD, subgenome DD
expression was estimate by difference. Once it is an indirect measure, subgenome DD

results are speculative.

6.2.7 Sequencing of CslF6 homoeologs

The CslF6 gene was partially sequenced using a PacBio sequencer at the UMGC. A
primer pair was anchored in a conserved region of Cs/F'6 homoeologs, covering the third
exon of the gene (Figure 1). This part of the gene corresponds to the CsIF6 motif, the most

important region for the CsIF6 coded protein. A pool of six barcodes libraries, one for each
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genotype, was created and sequenced for 10 h on a SMRT cell. This sequencing produced
more than 9 Gb of sequences with the expected length. The files were demultiplexed and

adapters/barcodes were removed for future analyses.

6.2.8 In silico analyses

Initially, nucleotide sequences of each genotype were kept apart each other in
specific FASTA files. A total of 50 nucleotide sequences of each subgenome were
randomly collected for alignments and to create a consensus sequence for each genotype.
The identification of each subgenome was performed using specific polymorphisms among
them described by Coon (2012) and Erick Jellen (personal communication). Sequences
were aligned using Muscle (Edgar, 2004) available on Mega X software (Kumar et al.,
2018). Later, consensus sequences were generated using BioEdit software (Hall et al.,
1999). Finally, a complete FASTA file was created with nucleotide sequences of the
CslF6-AA, CsIF6-CC, and CslF6-DD for each genotype. A new alignment was performed
to illustrate nucleotide differences among genotypes and also among subgenomes.
Sequences were translated to compare the amino acid sequence of each subgenome.

Images were produced using the GeneDoc software (Nicholas, 1997).

6.2.9 Statistical analyses

Analyses of variance (ANOVA) were performed separately for phenotypic and
expression data. In the first analysis, using phenotypic data, ANOVA was used to identify
the effect of genotype and/or planting date on B-glucan content. In the second one, using
ddPCR expression data, the objective was to detect the effect of genotype, planting date,
and/or developmental stage on Cs/F'6 transcript levels. Both analyses were complemented
by the Tukey test at 5% level, slicing significant interactions if necessary. All statistical

analyses were carried out using the SAS 9.4 software (SAS Institute Inc., Cary, NC, USA).

6.3 Results
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6.3.1 Phenotypic variation for p-glucan content

B-glucan content was assessed in five genotypes, using exclusively primary kernels,
over two planting dates. The ANOVA showed that 3-glucan content varied according to
genotype, not being associated neither with planting date nor with genotype by planting
date interaction (Table 2). The observed average of B-glucan content among genotypes was
5.30%, considering both planting dates (Table 2).

TABLE 2. Analysis of variance for B-glucan content in five oat genotypes assessed in two
planting dates.

Cause of variation DF  Sum ofsquares  Meansquare F value Pr>F
Rep(Planting date) 2 0.11 0.06 0.32 0.73
Planting date 1 0.05 0.05 0.28 0.61
Genotype 4 7.00 1.75 9.96 0.01
Genotype*Planting date 4 0.44 0.11 0.63 0.65
Experimental error 8 1.41 0.18 - -
B-glucan mean 53 - - - -
CV (%) 7.9 - - - -

DF, degrees of freedom; Pr, probability; CV, coefficient of variation.

The mean comparison test showed that IAC 7 had higher -glucan content than IPR
Artemis, UFRGS 8, and UFRGS 881971, considering the average of both planting dates,
reaching 6.31% (Figure 2). On the other hand, IAC 7 genotype did not differ from URS

Taura, which showed 5.57% of -glucan (Figure 2).

ab

B-glucan content (%)

WCT o are®  (rRGS® ps " eRoS ae191!

FIGURE 2. Mean comparison for -glucan content in five oat genotypes using the Tukey
test. Same letter between varieties do not differ statistically.
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The variety URS Taura did not show any statistical difference for 3-glucan content
when compared to other genotypes. The genotypes IPR Artemis, UFRGS 8, and UFRGS

881971 presented B-glucan content of 5.02%, 4.99%, and 4.61%, respectively (Figure 2).

6.3.2 Expression of the CslF6 homoeologs under field conditions

The ANOVA for CslF6 transcript copies revealed a significant interaction among
genotype, planting date, and kernel developmental stage on Cs/F6 expression (Table 3).
The interaction among genotype, planting date, and kernel developmental stage was
observed in both approaches, either on global or subgenome-specific expression analysis

(Table 3).

TABLE 3. Analysis of variance for Cs/F6 transcripts copy number under field conditions.

Mean square

Cause of variation DF

Global AA CC DDf
Rep(Planting date) 4 104.24" 20.63" 0.61" 33.91m™
Planting date (PD) 1 5795.08"" 304.96™ 5.85" 3162.80"™
Kernel stage (KS) 2 6523.78"" 484.04™ 6.81°" 3388.11°"
Genotype (G) 4 1261.73" 51.42" 3.76™ 766.62°"
PD*KS 2 4427.18" 380.37°" 422" 2024.38™
G*PD 4 1513.38" 56.57" 0.74"s 1026.49™
G*KS 8 651.46™ 17.03" 1.18° 439.55™
G*PD*KS 8 1382.70" 62.89™ 1.52" 858.85™
Experimental error 40 107.94 11.41 0.50 53.61
G - 5.80 3.70 14.93 6.52
IPD + KS + (PD*KS) - 76.93 84.17 67.01 72.95

DF, degrees of freedom; T, number of copies obtained by difference (DD copies = Global — AA —
CC); *, % of total mean square; ", significant at 5% level by the F test; *, significant at 1% level by
the F test; ns, non-significant.

The percentage of total mean square value was calculated for genotype and planting
date, kernel stage, and their interaction (Table 3). This result is important to understand the
environmental influence on Cs/F6 expression under field conditions. The sum of PD, KS,
and PD*KS mean squares contributed with 77%, 84%, 67%, and 73% of the total variance
for global, CsiF6-AA, CsiF6-CC, and CslF6-DD expressions, respectively (Table 3). The

genotype contributed with only 6%, 4%, and 6.5% of the total variance for global, Cs/F6-
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AA, and CslF6-DD expressions, respectively (Table 3). The influence of genotype on

CslF6-CC was higher (15%) when compared to the other expression approaches (Table 3).

The results of the CslF6 gene expression are presented for each planting date

separately, where gene expression is compared: 1) among genotypes inside each kernel

developmental stage; and 11) among kernel developmental stages inside the same genotype

(Figures 3 and 4). After, Cs/F6 expression is compared between planting dates for each

kernel developmental stage of the same genotype (Figure 5). Results will be presented

initially for the Cs/F'6 global expression and then for subgenome-specific expression.
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FIGURE 3. Expression of the Cs/F6 gene on the first planting date. A, global expression;
B, subgenome AA expression; C,
subgenome DD expression (estimate). Genotypes that share a lowercase letter
inside the same kernel developmental stage do not differ statistically. Kernel
developmental stages that share a capital letter within genotype do not differ
statistically. Error bars represent the standard error.

subgenome CC expression; and D,

Considering the Cs/F6 global expression on the first planting date, significant

differences among genotypes were identified only at 14 and 21 DAA (Figure 3A). The
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genotype UFRGS 8 showed higher number of Cs/F'6 transcripts than IAC 7 and URS Taura

at 14 DAA but did not differ from UFRGS 881971 and IPR Artemis (Figure 3A). The
genotype UFRGS 881971 showed higher Cs/F6 expression than UFRGS 8, IAC 7, and
URS Taura at 21 DAA, while no differences were detected when compared to IPR Artemis
(Figura 3A). The genotype IPR Artemis also did not show any statistical difference when
compared to UFRGS 8, but both genotypes presented higher Cs/F6 transcripts than TAC 7
and URS Taura at 21 DAA (Figure 3A).

Three global expression patterns were identified comparing the CslF'6 expression
among kernel developmental stages inside genotype. The most common expression pattern
was observed for the UFRGS 881971, IPR Artemis, and UFRGS 8 genotypes, which
showed highest Cs/F6 expression at 21 DAA (Figure 3A). For the IAC 7 genotype, CslF6
expression at 21 DAA was higher than 14 DAA but did not vary when compared to 7
DAA. The CslF6 gene presented the same expression during kernel filling on the URS
Taura genotype (Figure 3A).

Differences for the Cs/FF6 AA homoeologs (CslF6-AA) expression on the first
planting date were detected only at 21 DAA (Figure 3B). The genotype IPR Artemis
presented higher number of transcripts than IAC 7, URS Taura, and UFRGS at 21 DAA,
while no differences were detected when compared to UFRGS 881971 (Figure 3B). The
genotype UFRGS 881971 showed higher Cs/F6-AA expression than TAC 7 and URS
Taura, which presented the lowest expression and did not vary between them, while no
differences were detected when compared to UFRGS 8 (Figure 3B). The genotype UFRGS
8, which has intermediate Cs/F6-AA4 expression at 21 DAA, showed higher expression than
URS Taura, while no differences were detected when compared to IAC 7 (Figure 3B).
Considering the Cs/F6-AA expression among the assessed developmental stages within
each genotype, three expression profiles were identified. The genotypes UFRGS 881971

and IPR Artemis showed highest CslF'6-AA expression at 21 DAA, as presented previously
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for the global expression (Figure 3B). The genotypes IAC 7 and URS Taura showed a

similar expression during kernel filling, not varying among the assessed kernel
developmental stages (Figure 3B). The Cs/F'6-4AA4 expression on the UFRGS 8 genotype at
21 DAA was higher than at 7 DAA, while no differences were identified when compared
to 14 DAA. This result indicates a progressive increasing of the Cs/F6-AA expression
during kernel filling on the UFRGS 8 genotype, reaching a peak at 21 DAA (Figure 3B).

The CslF6 CC homoeologs (Cs/F6-CC) expression was reduced when compared to
other subgenomes (Figure 3C). Differences among genotypes for Cs/F6-CC expression
were identified at 7 and 21 DAA (Figure 3C). At 7 DAA, the genotype IAC 7 showed
higher Cs/F6-CC expression than IPR Artemis, URS Taura, and UFRGS 8. Also, at 7
DAA, the genotype UFRGS 881971, which presented intermediate expression for Cs/F6-
CC, did not vary neither from IAC 7 nor all other genotypes (Figure 3C). Considering the
CslF6-CC expression among kernel developmental stages, two expression patterns were
observed. The genotypes UFRGS 881971, URS Taura, and UFRGS 8 showed the same
expression level among all kernel developmental stages, while IPR Artemis and IAC 7
showed highest expression at 21 DAA (Figure 3C).

The Cs/F6 DD homoeologs (CslF6-DD) expression, which was estimated based on
the differences between the global expression and Cs/F6-AA4 and CslF6-CC subgenomes
expression is presented in the Figure 3D. Significant differences among genotypes were
identified only at 14 and 21 DAA (Figure 3D), as observed for the global expression
(Figure 3A). The genotype UFRGS 8 showed higher Cs/F6-DD expression than URS
Taura and IAC 7 at 14 DAA, while no differences were verified when compared to IPR
Artemis and UFRGS 881971 in this same kernel developmental stage (Figure 3D). The
genotypes IPR Artemis and UFRGS 881971 did not show any statistical difference neither
with UFRGS 8 nor URS Taura and IAC 7 at 14 DAA (Figure 3D). The genotype UFRGS

881971 showed higher Cs/F6-DD expression at 21 DAA than all other ones (Figure 3D).
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The genotypes UFRGS 881971 and IPR Artemis showed higher expression than URS

Taura and IAC 7, which presented the lowest Cs/F6-DD expression at 21 DAA (Figure
3D). Different expression patterns were observed for the Cs/F6-DD expression among
kernel developmental stages. The genotypes UFRGS 881971 and IPR Artemis showed
highest expression at 21 DAA and did not present significant differences between 7 and 14
DAA (Figure 3D). The genotype UFRGS 8 presented a similar behavior, reaching a peak
of expression at 21 DAA, but with differences between 7 and 14 DAA (Figure 3D). This
genotype showed a progressive increasing of Cs/F6-DD expression from 7 to 14 DAA.
Similarly, the genotype IAC 7 presented highest expression at 21 DAA, being that no
differences were observed when compared to 7 DAA (Figure 3D).

The environmental condition verified on the second planting date changed the
CslF'6 expression (Table 3). Significant differences among genotypes were observed in all
kernel developmental stages assessed on the second planting date, either for global or
subgenome specific expression analyses (Figure 4). Considering the Cs/F6 global
expression on the second planting date, the genotype UFRGS 8 showed higher expression
at 7 DAA than all other ones (Figure 4A). The genotype URS Taura presented higher
global expression than UFRGS 881971 at 7 DAA, while no differences were observed
when compared to IPR Artemis and IAC 7 in this same kernel developmental stage. The
genotypes UFRGS 881971, IPR Artemis, and IAC 7 did not differ among them at 7 DAA
(Figure 4A). For kernels collected at 14 DAA on the second planting date, the genotypes
IPR Artemis and UFRGS 8 presented higher Cs/F'6 global expression than UFRGS 881971
and URS Taura, which showed low number of transcripts. However, differences were not
observed when IPR Artemis and UFRGS 8 were compared to IAC 7 at 14 DAA (Figure
4A). The genotype IAC 7 showed higher Cs/F6 global expression than all other ones at 21
DAA (Figure 4A). The genotypes showed contrasting expression pattern among kernel

developmental stages for the Cs/F'6 global expression on the second planting date. The
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genotype UFRGS 881971 showed highest Cs/F'6 expression at 7 and 21 DAA, while IPR

Artemis presented highest expression at 7 and 14 DAA (Figure 4A). The genotypes URS
Taura and UFRGS 8 showed highest expression at 7 DAA on the second planting date
(Figure 4A). Conversely, only IAC 7 showed highest Cs/F6 exclusively at 21 DAA on the

second planting date (Figure 4A).
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FIGURE 4. Expression of the Cs/F6 gene on the second planting date. A, global
expression; B, subgenome AA expression; C, subgenome CC expression; and
D, subgenome DD expression (estimate). Genotypes that share a lowercase
letter inside the same kernel developmental stage did not differ statistically.
Kernel developmental stages that share a capital letter within genotype did not
differ statistically. Error bars represent the standard error.

The CslF6-AA expression (Figure 4B) was highly similar when compared to global
expression (Figure 4A), especially at 7 and 14 DAA. Considering the CslF6-AA
expression at 7 DAA, on the second planting date, the genotype UFRGS 8 showed higher
expression than all other ones, which presented intermediate expression (Figure 4B).
Considering the CslF6-4A4 expression at 14 DAA on the second planting date, the

genotype IPR Artemis showed higher expression than UFRGS 881971, IAC 7, and URS
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Taura, while statistical differences were not verified when compared to UFRGS 8 (Figure
4B). UFRGS 8, which showed an intermediate Cs/F6-A4 expression at 14 DAA on the
second planting date, also did not differ from UFRGS 881971, IAC 7, and URS Taura
(Figure 4B). The genotypes IAC 7 and UFRGS 8 showed higher Cs/F'6-4A4 expression than
all other genotypes at 21 DAA on the second planting date and did not differ between them
(Figure 4B). The genotypes UFRGS 881971, IPR Artemis, and URS Taura presented
basically the same Cs/F'6-4A4 expression level at 21 DAA, not differing statistically among
them (Figure 4B).

The CslF6-CC expression was reduced on the second planting date, as well as
observed on the first one, when compared to other genomes. Considering the Cs/F6-CC
expression on the second planting date, the genotypes IPR Artemis, URS Taura, and
UFRGS 8 showed higher transcript number than UFRGS 881971 at 7 DAA (Figure 4C).
However, differences between these genotypes and IAC 7 were not significant in this same
kernel developmental stage (Figure 4C). At 14 DAA, the genotype IPR Artemis presented
higher CslF6-CC expression than UFRGS 881971 and URS Taura, while no differences
were observed in comparison to IAC 7 and UFRGS 8 (Figure 4C). The genotypes IAC 7
and UFRGS 8, which did not differ between them for Cs/F'6-CC expression at 21 DAA,
showed higher expression than IPR Artemis and URS Taura (Figure 4C). In this same
kernel developmental stage, the genotype UFRGS 881971 showed intermediate Cs/F6-CC
expression, differing neither from IAC 7 and UFRGS 8 nor from IPR Artemis and URS
Taura (Figure 4C). The genotypes presented different patterns for the CslF6-CC
expression among kernel developmental stages on the second planting date. Differences of
expression of the CslF6-CC gene were not observed in UFRGS 881971 and IAC 7 among
the assessed kernel developmental stages, indicating that these varieties presented a
constant expression during kernel filling (Figure 4C). The genotype URS Taura showed

highest Cs/F6-CC expression at 7 DAA on the second planting date (Figure 4C). The
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genotype IPR Artemis also showed higher Cs/F'6-CC expression at 7 DAA, being that no

differences were observed between the expression on 7 and 14 DAA in this genotype
(Figure 4C). The genotype UFRGS 8 showed high expression of Cs/F6-CC at 7 and 21
DAA on the second planting date (Figure 4C).

The expression results for the Cs/F'6-DD on the second planting date were similar
to the global expression in this same planting date (Figure 4A and 4D). At 7 DAA, the
genotype UFRGS 8 showed higher Cs/F'6-DD expression than all other genotypes on the
second planting date (Figure 4D). On the second planting date, at 14 DAA, the genotypes
IPR Artemis and UFRGS 8 presented higher Cs/F'6-DD expression than UFRGS 881971
and URS Taura (Figure 4D). On the other hand, no differences where observed when IPR
Artemis and UFRGS 8 were compared to IAC 7 in this same kernel developmental stage
(Figure 4D). The genotype IAC 7, which has great B-glucan content, showed higher
CslF6-DD expression than all other genotypes at 21 DAA (Figure 4D). Considering the
CslF6-DD expression among kernel developmental stages on the second planting date,
four of the five genotypes showed highest expression at 7 DAA (Figure 4D). The
genotypes URS Taura and UFRGS 8 showed highest Cs/F6-DD expression at 7 DAA,
while the expression of the gene at 7 DAA did not differ when compared to 14 and 21
DAA for IPR Artemis and UFRGS 881971, respectively (Figure 4D).

One of the main objectives of this study was to detect the environmental influence
on Cs/F6 expression in oats. In this sense, the expression of the Cs/F'6 gene was assessed
and compared on two planting dates, which are characterizing two different environmental
conditions (Figure 5). In a general way, the Cs/F6 global expression varied according to
the genotype on the first planting date. On the second planting date, an important
increasing on Cs/F6 transcripts was observed at 7 DAA in both global and genome specific

approaches (Figure 5).
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FIGURE 5. Expression of the Cs/F'6 gene between planting dates. A, global expression; B,
subgenome AA expression; C, subgenome CC expression; and D, subgenome
DD expression (estimate). Lowercase letters between planting dates for the
same kernel developmental stage and genotype did not differ statistically.
U8819, UFRGS 881971; IArt, IPR Artemis; 17, IAC 7; UTau, URS Taura; US,
UFRGS 8. Ist, first planting date; and 2nd, second planting date.

Considering the CslF6 global expression in each genotype, inside each kernel
developmental stage and between planting dates, all assessed genotypes increased the
transcript number at 7 DAA in response to the second planting date (Figure 5A). The
genotypes IPR Artemis and IAC 7 showed significant differences between planting dates
at 14 DAA, increasing the CslF6 expression on the second planting date, while all other
ones presented the same expression level at this kernel developmental stage (Figure SA).
Three expression patterns were observed for the CslF6 global expression between planting

dates at 21 DAA. The genotype UFRGS 881971 and IPR Artemis reduced the CslF6

transcript number at 21 DAA in response to the second planting date, while URS Taura
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and UFRGS showed the same transcript level between planting dates (Figure 5A). On the

other hand, the genotype IAC 7, which showed the highest B-glucan content, was the only
one that increased the transcript number at 21 DAA in response to the second planting date
(Figure 5A).

As expected, subgenome expression changes in response to different planting dates
were similar when compared to the Cs/F6 global expression. For the Cs/F'6-4A4 expression,
with the exception of IAC 7 at 14 DAA, all observed expression changes due to planting
date were same ones verified on the global expression (Figure 5SA and Figure 5B). For the
CslF6-CC, some genotypes showed contrasting behavior when compared to Cs/F'6-44 and
global expression (Figure 5C). For example, the genotype UFRGS 881971 did not show
any difference on the transcript number in response to planting date change, regardless of
the kernel developmental stage (Figure 5C). For the IAC 7 genotype, the Csl/F6-CC
expression increased at 14 DAA in response to the second planting date (Figure 5C), as
verified on the global expression (Figure 5A), while the expression at 21 DAA was
reduced from the first planting date to the second one, differing from both global and
CslF6-AA expressions (Figure 5C). The genotypes IPR Artemis, URS Taura, and UFRGS

8 showed the same behavior as observed for global and Cs/F'6-4A4 expressions (Figure 5C).

6.3.3 Molecular characterization of the CslF'6 homoeologs

Nucleotide sequences of the Cs/F6 homoeologs are presented as supplementary
material. The CslF6 motif, which corresponds to the third exon of the Cs/F'6 gene, has
1767 bases pair (bp) in oats. This number did not vary among Cs/F6-AA, CsiF6-CC, and
CslF6-DD (Supplementary Figure 2, 3, and 4). The Cs/F6-AA4 and Cs/F6-DD showed high
nucleotide similarity, with only 4 SNP between them in the third exon (Supplementary
Figure 2, 3, and 4). These SNP are located at the positions 102, 1110, 1341, and 1425
(Supplementary Figure 2, 3, and 4). The Cs/F6-CC showed many SNP when compared to

CslF6-AA and CslF6-DD ones (Supplementary Figure 2, 3, and 4). The comparison
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between Cs/F6-AA4 and CslF6-CC revealed 49 SNP, which are located at the positions 7,

36, 63, 102, 109, 195, 207, 246, 297, 309, 333, 387, 498, 519, 520, 541, 565, 583, 585,
642, 654, 674, 690, 697, 698, 709, 710, 712, 724, 729, 741, 749, 756, 765, 939, 963, 1065,
1110, 1125, 1260, 1341, 1401, 1425, 1437, 1614, 1726, 1728, and 1763 (Supplementary
Figure 2, 3, and 4). A total of 45 SNP was observed comparing Cs/F6-CC and CslF6-DD
subgenomes. These SNP correspond to the same ones mentioned previously in the Cs/F6-
AA versus CslF6-CC alignment, except those ones at the positions 102, 1110, 1341, and
1425. The alignment of nucleotide sequences did not show any SNP among genotypes,
regardless of the subgenome (Supplementary Figure 2, 3, and 4).

The nucleotide sequences of each subgenome were translated to amino acid
sequences and compared among them (Figure 6). The CslF6-AA and CslF6-DD showed
the same amino acid sequences (Figure 6), revealing that the SNP identified between them
are synonymous. On the other hand, the amino acid sequence from the Cs/F'6-CC showed
13 amino acid changes when compared to Cs/F6-AA and CslF6-DD ones (Figure 6). These
amino acid changes are located at the positions 3, 37, 174, 181, 189, 195, 225, 233, 237,
238, 242, 250, and 576 (Figure 6). Three of these amino acid changes, located at the
positions 3, 37, and 242, have the same functional property, showing the same color in the
Figure 6. The other ones changed the functional property of the amino acid, as observed by

different colors in the Figure 6.
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6.4 Discussion

The ANOVA revealed that B-glucan content was influenced by the genotype, but
not by planting date or planting date by genotype interaction (Table 2). This result is
contrasting with some studies that detected a strong influence of planting date on oat [3-
glucan content, such as Humphreys et al. (1994). It can be justified by the similar
conditions observed for both planting dates (Supplementary Figure 1). A mildly limiting
condition was observed on the first planting date, with low rainfall during the vegetative
stage (Supplementary Figure 1A). In principle, this planting date should represent a
favorable environment to contrast with the second one, less favorable, planted one month
later. As consequence, both planting dates could be classed as unfavorable condition, with
water restriction during the vegetative stage. In addition, higher daily maximum
temperatures were observed after anthesis on the first planting date.

The variety IAC 7 showed higher B-glucan content than UFRGS 8, UFRGS
881971, and IPR Artemis (Figure 2). However, differences between IAC 7 and URS Taura
were not identified (Figure 2). In this sense, these results confirm that IAC 7 has higher -
glucan content, reaching 6.31%. This variety has been reported as one of the best sources
to increase -glucan content in subtropical conditions (Crestani et al., 2012). URS Taura is
a commercial oat variety, highly appreciated by Brazilian farmers due to its agronomic
type, which include reduced plant height, short cycle, lodging resistance, high grain yield,
and high milling yield. In the present study, a high B-glucan content was observed for URS
Taura (5.57%), approximately 1.2% more than the oat average, indicating that this variety
is also a great donor for this trait.

The CslF6 gene expression was highly influenced by the environmental conditions,
as observed by the ANOVA of the transcript number (Table 3). The expression of the
CslF6 gene depends of the triple interaction among genotype, planting date, and kernel

developmental stage (Table 3). The results revealed that genotype has a minor influence on
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the Cs/F6 gene expression. The genotype accounted between 4 and 6% of the total
variance for global, Cs/F6-AA4, and CslF6-DD expression, and 15% of the Cs/F'6-CC total
variance (Table 3). On the other hand, the sum of planting date, kernel stage and their
interaction accounted for 77%, 84%, 67%, and 73% of the total variance for global, CslF6-
AA, CslF6-CC, and CslF6-DD expressions, respectively (Table 3). The environmental
influence on Cs/F6 expression is easily detected observing the gene expression on the first
planting date. Except UFRGS 8, all genotypes reduced the expression of the Cs/F6 gene
from 7 to 14 DAA. During these days, high rainfall and low temperatures were observed
(Supplementary Figure 1A). In this sense, the UFRGS 8 Cs/F6 expression was not
influenced by these conditions due to its early flowering, not coinciding with the other
genotypes (Supplementary Figure 1A).

The Cs/F6 oat gene reached an expression peak at 21 DAA on the first planting
date, regardless of the subgenome (Figure 3). Similar results were observed for the Cs/F6
gene in barley and durum wheat (Burton ef al., 2008; Ilaria et al., 2018). In the barley
variety ‘Himalaya’, which has high B-glucan content, the Cs/F'6 gene increased his
expression between 12 and 20 DAA, reaching a peak of expression at 20 DAA (Burton et
al., 2008). Similarly, a peak of Cs/F'6 transcription was observed at 21 DAA in durum
wheat genotypes (Ilaria et al., 2018). The genotypes UFRGS 881971, IPR Artemis, and
UFRGS 8 showed higher Cs/F6 transcripts than IAC 7 and URS Taura, considering the
global expression, CslF'6-AA, and CslF6-DD subgenomes (Figure 3). However, the higher
expression of the Cs/F'6 gene was not associated with high B-glucan content averages on
the first planting date. These genotypes showed lower B-glucan content than IAC 7, which
presented lower expression on the global, CsiF6-AA4, and CslF6-DD approaches at 21
DAA (Figure 2 and Figure 3). In this sense, the high Cs/F6 expression is not a guarantee of

high B-glucan content in oats. Similar results were published in wheat, a species that has

low B-glucan content, indicating that the abundance of Cs/F6 transcripts was not
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necessarily be a good indicator of enzyme activity and/or -glucan deposition in cell wall
(Ilaria et al., 2018). The molecular mechanisms of B-glucan biosynthesis are complex,
requiring the involvement of different genes/enzymes that act coordinately for their
deposition and accumulation (Houston ef al., 2014).

The IAC 7 genotype showed higher Cs/F6-CC expression than the other ones on
the first planting date (Figure 3), suggesting a possible involvement of this subgenome on
the B-glucan content. The subgenome C showed lower expression than the A and D ones,
regardless of the planting date (Figure 3 and Figure 4). Similar results were verified by
Coon (2012) studying a set of diploid and hexaploid oat genotypes.

The CslF6 gene expression was completely different on the second planting date
showing and increasing at 7 DAA in most of the assessed genotypes (Figure 4). These
increasing was observed for the global, subgenome A, and subgenome D quantifications,
while the subgenome C showed similar transcript level at 7 and 21 DAA for some
genotypes (Figure 4C). The IAC 7 genotype, which has high B-glucan content, showed
high Cs/F6 expression for the global, CslF6-AA, and CslF6-DD approaches (Figure 4),
suggesting the involvement of this gene for the B-glucan formation in this variety on the
second planting date. On the other hand, the UFRGS 8 variety showed high and regular
CslF6 expression at 7 and 21 DAA, respectively, on the second planting date, and
produced intermediate B-glucan content. In this context, the action of the CslF6 per se is
not enough to increase the B-glucan content level in oats.

The CslF6 gene expression was compared between planting dates to understand the
environmental influence on each genotype and kernel developmental stage. Except
UFRGS 881971 and TAC 7 for Cs/F6-CC expression, the second planting date increased
the Cs/F6 gene expression at 7 DAA (Figure 5). The genotypes IAC 7 and UFRGS 8
showed similar number of Cs/F'6 transcripts on the second planting date and contrasting [3-

glucan content (Figure 5A). However, the expression on each kernel developmental stage
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was different. The [AC 7 increased the Cs/F6 global expression in all kernel

developmental stages on the second planting date compared to the first one, while UFRGS
showed a huge increase at 7 DAA and did not vary at 14 and 21 DAA (Figure 5A). These
results suggest that the CslF6 gene expression is not associated with high B-glucan
formation when expressed at 7 DAA. The IAC 7 variety also increased the Cs/F'6-4AA4 and
CslF6-DD at 21 DAA on the second planting date, indicating that the expression of the
gene is important during the last third of the kernel filling in genotypes with high B-glucan
content.

The partial characterization of the Cs/FF6 homoeologs did not reveal any SNP
among the assessed genotypes. In this sense, all genotypes share the same CslF6 motif for
the A, C, and D subgenomes. Although the Cs/F'6 gene was not completely sequenced, the
high B-glucan content in some genotypes does not seem to be associated with any amino
acid change of the CslF6 enzymes. The characterization of the Cs/F'6 gene was performed
in oats by Coon (2012). However, this study focused exclusively on diploid ancestral
species and hexaploid lines not adapted to subtropical conditions. In addition, the
nucleotide sequences obtained by Coon (2012) are not available to date.

Studies involving the characterization of the Cs/F6 gene in oats are scarce in the
literature. Scientific papers were not published to date. In the present study, the Cs/F'6 gene
expression was characterized under field conditions, in two planting dates, to identify the
environmental influence on this gene. In addition, the most important region of the Cs/F6
gene, corresponding to the CslF6 motif, was sequenced and characterized for each
subgenome. The CslF6 motifs encoded by the CslF'6-4A4 and Cs/F6-DD subgenomes share
the same amino acid sequence, while 13 amino acid changes were observed between
CslF6-CC and the other ones. Similar results were observed by Coon (2012). Further

studies focusing on the promoter region of the Cs/F'6 homoeologs may elucidate the
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expression profiles observed in the present study and clarify the association between Cs/F6

expression and B-glucan content in oats.

6.5 Conclusions

The high Cs/F6 gene expression is not a guarantee of high B-glucan content in oats.
The CsiF6 gene expression is highly influenced by the environmental conditions and
kernel developmental stage, and in minor degree by the genotype. The CslF6 motif has
1767 bp in oats, regardless of the subgenome. The third exon of the CslF6-AA and CslF6-
DD subgenomes encodes the same amino acid sequence. The Cs/F6-CC subgenome has 13
amino acid changes in the CslF6 motif when compared to the other ones. SNP were not

identified for the Cs/FF6 homoeologs among the assessed genotypes.
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7 GENERAL CONCLUSIONS

The oat B-glucan content is a complex trait and highly influenced by the
environmental conditions, as showed by the low repeatability. Seven QTL associated with
B-glucan content were identified in oats. These QTL are located on Mrg02, Mrg06, Mrgl 1,
Mrgl2, Mrgl9, and Mrg20. The QTL on Mrg02, Mrg06, and Mrgl1 seem to be conserved
in barley. The UFRGS oat germplasm is important for other Brazilian and foreign oat
breeding programs, showing a wide phenotypic variation for B-glucan content and other
agronomic traits. The UFRGS Oat Panel shows weak population structure and is useful for
future genome-wide association mappings in subtropical environments.

Genomic regions associated with kernel shape-related traits were also identified in
oats. Three QTL controlling kernel length were identified on Mrg06, Mrg21, and Mrg24.
Kernel width and kernel thickness traits, which are phenotypically and genetically
correlated, share a genomic region in common on Mrgl3. Negative correlations were
found between these last two traits and B-glucan content, suggesting that the selection of
wider and thicker kernels dilute the B-glucan content in oats. The indirect selection for -
glucan content using kernel width is effective in some environmental conditions.

The oat B-glucan content varies between primary and secondary kernels, according
to the genotype and environmental conditions. Under unfavorable conditions, some
genotypes can present higher -glucan content in secondary kernels than in primary ones.

The phenotypic variation of B-glucan content and kernel-shape related traits in oats is
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associated with the interaction among genotype, year, and planting date, and/or genotype,
year, and kernel type.

The high Cs/F6 gene expression is not a guarantee of high B-glucan content in oats.
The CsiF6 gene expression is mainly influenced by the environmental conditions and
kernel developmental stage, and in a minor degree by the genotype. The CslF6 motif has
1767 bp in oats, regardless of the subgenome. The third exon of the Cs/F'6-44 and CslF6-
DD subgenomes encodes the same amino acid sequence. The Cs/F6-CC subgenome has 13
amino acid changes in the CslF6 motif when compared to the other ones. SNP were not
identified for the Cs/F6 homoeologs among the assessed genotypes, indicating that the
CslF6 proteins with the same functional properties are encoded in these genotypes. The
results presented in this study contribute to improve the understanding of the B-glucan

content in oats under subtropical conditions.
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consensus group as a function of genetic position; the
red line is a smoothing spline.
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