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Abstract

With a growing population, changing climate and limited new land available, investigating
ways to make crops better at using nutrients and boosting yields is becoming a priority. Such
work could lead to improvements in human nutrition (i.e. biofortificajiothe remediation

and/or use of contaminated lands (e.g. phytoremediation), as well as general improvements in
crop yields. The current research has focused on investigating micronutrient variation in
Brassica napu&@n important oil seed crop and membef the agriculturally important
BrassicacegdeAn Associative Transcriptomic (AT) approach was used, exploiting the natural
variation in gene sequence and expression amongst a diversity paBehapugo explore
differences in the seed and leaf ionont@andidates from AT were validated by testing their
orthologous genes withrabidopsis thaliand-DNA insertional mutants; if the micronutrient
concentration was disrupted relative to a wild type control then the function was validated.
After verifying therole of the candidates iA. thaliang the markers from AT analysis could be
exploited in marker assisted selection to improve micronutrient use efficiency. In addition to
the AT andA. thalianaanalyses in seed and leaf, two other lines of enquiry were investigated.
First, the link between the seed ionome and glucosinolates (GSL) was investigated; this
research highlighted the disruption in seed ionome caused by breeding for low GSL lines and
hasimplications for its growth under nutrient deficient conditions. Second, the negative
association between time to flowering (prior to floral induction) and leaf ionome was
investigated with a leaf ionome timeline. This research highlighted a potentidbditween

the agedependent flowering pathways and leaf nutrient status, however further research is
required to assess whether leaf nutrients play an active role in floral induction. It is hoped that

such research will aid in the stabilisation of croddseand reduce fertiliser inputs.



Table of Contents

AADSTIACT . ...t 2
TabIE Of CONIENES.....ciiiiiiitee e e s r e e e e e e e e s 3
LIST Of TADIES ...t e e e e e e e e e e 8
IS Ao T T =P 10
(IS A Y o] o =1 T Lo =P 14
ACKNOWIEAGEIMENLS. .....ceiiiiiiiiiiei et e e e e e e e s e e e e e e e aannes 15
D =Tol FoT =11 [0 o PP PP PPPRPPRPIN 16
R i (oo [§Tox 1 o] o FO OO PPPPRP PP 17
1.1  Aimand Scope of PAD thesiS...........ooooiiiiii e 17
1.2 LITEIATUIE TEVIEW....eiiiiiiiiiiieiie e e ettt e e ettt e e e e e e e e e et e e e e e s e nnnnneeeee s 19
121 INEFOAUCTION........eeeeeee e e e 19
1.2.2  PlANE NULTION. ...ttt 19
1.2.3  Whatisnutrient use effiCienCy ..., 20
1.2.4  The importance of micronutrient use effiCienCy.........cccccoovvvviriieeeeniiciinnn. 21
125 Elements Of INTEIESL:.......ooii i 23
1.2.6 B. NAPUSN QENEIAL.....uiiiiiiiiiiiiieieeeeee e 38
1.2.7  Associative Transcriptomics (AT) ... 40
1.2.8  Quantitative genetics and IONOMICS..........ooiuurrriieeiiiiiiiiee e e 44
1.2.9  Quantifying multiple mineral elements...........ccccooiiiiiiiiiiiiiiiiee 46
1.2.10 Candidate gee functional validation...........cccccoeeuviiiiienniiiiiiiieee e 48
1.2.11  CONCIUSIONS ...ceeieiiiiiie ettt ettt e e e e e e 49

2 GeNEral MELNOGS......coii it e e e e e e 51
2.1 DA SBIS . i ettt e e e e e e e e e e e e e e e e e 51
211 Pre-existing data SeTS.........ocvuiiiiiie e 51
2.1.2  Selection and processing afggexisting data............cccccveeeeeiiiiieeiiiiiiieneeeenn. 53

2.2 Associative TransCriptomiCS (AT ... e e e e 53
221 AT PIPEINE. ..o 53



2.2.2  Analysis of AT graphed OUtPULS............coooriiiiiiiiiie e 53

2.3  Testing the predictiveapabilities of Markers...........ccccooviiiiiiiieeeiiiiieee e 56
2.4  Arabidopsis thaliand-DNA knoclout analyses of candidate genes.................. 57
241  Growth Of PlantS......ccoo i 57
2.4.2  GENOLYPING: cei ettt e e et e e e et e e e e e e e e e e e e e e e e e e e 61

2.5 Acid digestion and IGIS @NalYSIS.........ccuueeiiiiiiiiiiieeriiiiirie e 62

3 Seed ionome INVESHIGAtION.........cccciiiiiiiiee e e e e e e e e e e e e e e e e e e e e e e e s e eeeenaand 64
I A 1 1 (0T Do 1o o OO PP PP PP PPPPPP PP 64
3.2 Analysis of individual elements within seeds:...........cccccoiiiiiiiiiiiieees 66

3.2.1  Associative transcriptomic outputs, predictions and candidates: Cu

(oo alot=] gk 1 = LiTo] a I T aTECT=T<To DT 66

3.2.2  Associative transcriptomic outputs, predictions and candidates: Cd

CONCENTTATION 1N SEEM ... iiee ettt ettt ettt et et e et e e e e e e e e e e e et e e e e e e reenns 71

3.2.3  As®ciative transcriptomic outputs, predictions and candidates: Mn

CONCENTTATION 1N SEEM ... iieeieeeee ettt ettt et et et e e e e e e e e e e e e e et e e e e e e reenns 76

3.2.4  Associative transcriptomic outputs, predams and candidates: Zn

CONCENTTALION 1N SEEA .. .eee ettt et e et e e e e e e e e e aenaeens 80

3.2.5  Associative Transcriptomic outputs, predictions and candidates: Mo

CONCENTTALION 1N SEEU ... eeee ettt e et e e e e e e e e e e e 82

3.2.6  Associative Transcriptomic outputs, pietions and candidates: S concentration

in seed 85

3.2.7  Summary of AT results and concClusIQNS............coovviiiiieeeiiiiiiieeee e 91
3.3 Seed candidate gene analySIS.........cooiiuuiriiiieiiiiiiiiiee e 92

3.31 Seed candidate gene analysis: Cu and Cd seed candidates................... a3

3.3.2  Seed candidate gene analysis: S seed candidates...................cce oo 98

3.3.3  Sunmary of candidate gene analySiS........cccoccurieiiiiiiiiiiiiieee e 104
3.4 Chapter sSummary CONCIUSIONS............uuiiiiiiiiiiiiiiee e 105

4 Investigating the relationship between the seed ionome and glucosinola®@srnapus
107

4.1 (070 [ L0110 ] o TR 107



4.2  Case study specific MethodS:..........uuuuiiiiiiiiie e 109

4.2.1  Weighted Gene Gexpression Network Analysis (WGCNA)................... 109
4.2.2  Seed glucosinolate analySiS.........uueeeeeeeeiiiiieieiiiiiiiiee e 109
4.2.3  Seed Sulfate analySiS........cuuvviiiiiiiiiiiiie 109
4.2.4  Leaf SENESCENCE ANAIYSIS.......ccuuvvieieee e 110
4.2.5 POd i0N0ME INVESHGALION......ccciiiiiiieiee e 110
4.3 RESUILS.....eiiiiiiiiii et 114
4.3. 1 WGCNA IESUIS ...ttt 114
4.3.2  Seed GSL and sulfate analysSiS...........cccuuevieeiiiiiiiiieeee e 117
4.3.3 Leaf SENESCENCE ANAIYSIS. .....cciiiiiiiiiieee et 120
4.3.4  Podionome inVestigation............c..oooiiiiii it cce s 121
4.4  Chapter summary and CONCIUSIONS.........ccooeiiiiiuiiiiriiiiiirrrrrrere e e e e e e e e 127
5 Leaf ion0Ome iNVESHIGAtIQN.........uuiiiiiiiiiiiiii e e s 128
ST A [ 011 (0o [ U Tox i o o PO PP P PP PRRPPPPPIN 128
5.2  Analysis of individual elements within |@8Br................ccciiiiiiiiniee 129

5.2.1  Associative transcriptomic outputs, predictions and candidates: Cu

concentration iN 1eaf MALEIIAL..........ooun oo 129

5.2.2  Associative transcriptomic outputs, predictions and candidates: Cd

concentration iNleaf MAtEIIAL. .........oveei i 134

5.2.3  Associative transcriptomic outputs, predictions and candidates: Mn

concentration iNleaf MALEIIAL. .........oveei i e 138

5.2.4  Associative transcriptomic outputs, predictions and candidates: Zn

concentration iN 1eaf MALEIIAL..........oouno e 142

5.2.5  Associative Transcriptomic outputs, predictions and candidates: Mo

concentration iNleaf MAtEIIAL. .........ovee e 146

5.2.6  Associative Transcriptomic outputs, predictions and candidates: S concentration

INleaf MALEHTAL .....ovieiiiiieieeeee e e e e e e e e e e e e e e 150
5.2.7  Summary of Assmative Transcriptomic outputs, predictions and candid&ltéd

5.3 Leaf candidate gene analysSis...........coouuiiiiiiiiiiieic e 156



6

7

5.3.1 Leaf candidate gene analg: Cu and Cd leaf concentration..................... 158
5.3.2 Leaf candidate gene analysis: Mo leaf concentration.................ccc..ue..... 163

5.3.3 Leaf candidate gene analysis: summary, discussion and conclusians...164

5.4  Chapter summary and CONCIUSIONS.........uuuiiiiiiiiiiiiiieiiiieeeie e 165

Investigating the relationship between the wider leaf ionome and flowering........ 167
6.1 INErOTUCTION. ...ttt e e a e e e e 167
6.2 Leafionome and flowering specific methods:..........cccuvevevieeiii . 169

6.2.1  Controlling for spring and winter OSR ecotypes: splitting the diversity panel

according to flowering time anBLGEXPreSSiON.........cccceeeeeeeeiiii e 169

622 We2Grt ST SaalSydAalf A2y2YS80..4460W 287F

6.2.3 B. NapugloWering tIMe.........ouiiiiiiiiiiee e 170
6.2.4  Candidate gene analysis: growth condition variatioA.ithaliana.............. 170
6.2.5 Leaf ionome timeline iB. NAPUS............coeeeieiii it 171
6.3 RESUILS. .. 172

6.3.1  Controlling for spring and winter OSR ecotypes: splitting the diversity panel

according toFLGxpression and flowang time.............oevveeiiiiiiiiiieeeee e 172
632 ! aa20AFGAOBS (GNIYyaONARLII2YAO 2dziLiziaz
SAaSYUAL .. . SE.SY.SY.0A.Q e 181

633 1 3a20AF0A0S (NI YAONRLII2YAO 2dziLidziasz

O2SFFAOASY..(0..2F. AL NRLEGAZ2Y. Qo i, 186

6.3.4  Associative transcriptomic outputs, predictions and candidates: Flowering time

192

6.3.5 Summary of flowering time related associative transcriptomic outputs,

predictions and CaNAIdALES.............uuuuiiiiiiiiiiieieeie e 197
6.3.6 Flowering candidate gene analysSiS........ccccceeeeeeiei e 198
6.3.7 Leaf ion0me tIMeliNE.......oooiiiiiie s 201
6.4  Chapter summary and CONCIUSIONS..........uuuiiiiiiiiiiiiiieiiiree e 207
Conclusions and General diSCUSSIONS.........ccuuiiiiiiiirriiiieee i 210
7.1 General iISCUSSION. .....cciiiiiiieiiee et e e et e e e e e e e e e e e 210

LJIN

LJIN



7.2 Understanding micronutrient concentration Bl Napus.............cccevvvvveeeeeeeennnen. 216

7.3  Flowering time and leaflement concentration............ccccccvvevveeinnniiiieeeeeenees 222
7.4 OVErall CONCIUSIONS. ......cociiiiiiiiiie ettt 224
Y o] 011 T Lo = PSRRI 225
ADDIEVIALIONS. ... ettt e e e e e e e e e e e e e e e e e e e 246
RETEIEINCES. ...t e e e e et e e e s et r e e e e e e e 250



List of Tables

Table 2.4.1: Candidate genes found as pafrthe current project................ocoeeeeicciccnnnnns 59
Table 2.4.2.a variance component analysis from Thomas et al., (2016) for seed mineral
COMPOSIION INB. NBPUS....ceeiiiiiiiiii et e e e e e e e s s reeeeesaanne 65
Table 3.2.1.a Predictive capability of markers from Cu concentration in seed AT analy&s.
Table 3.2.2.a Predictive capability of markers from Cd concentration in seed AT analyéfs.
Table 3.2.3.a Predictive capability of markerem Mn concentration in seed AT analysis/8
Table 3.2.5.a Predictive capability of markers from Mo concentration in seed AT analy&is.
Table 3.2.6.a Predictive capability of markers from S concentration in seed AT analys&’
Table 3.2.7.a list of the candidate genes taken forward for further study in seeds........ 91
Table 4.3.1.a Markers from the most highly correlated module with seed S concentration
from WGCNA @NAlYSIS.......coiiieiiccit e e e e e e e e e e e e e e e e e e e e e s s e e s s e e s s sesesaaannes 116
Table 4.3.4.a variance component analysis from Thomas et al., (2016) for leaf mineral
COMPOSItION INB. NAPUS.....uuutiiiiiiiiiiieieiie e rereeeeeeeeeeaeeeeaaeaaaeseessseassaaaaasassaerarrrrrrrrrrereseees 128

Table 5.2.1.a Predictive capability of markers from AT analysis of Cu concentration in leaves.

Table 5.2.7.a a list of the candidate genes taken forward for further study from leaf element
CONCENIAtiON AT FESUILS....coiiiiiiieei e e e e e e e e e e e e e aaeaeeens 154
Table 5.3.3.a Flowering time correlations (as days relative to the first flowering line,
generated by a project student, MMartinez Ortufig against the expression (as RPKM) of all

CDS gene models whose orthologuesiinthalianaare annotatedas SOCAFLCLeaf element

O2yOSyiN}GA2yas & Y3kl3 52..Ly.R.4adY.YSRB | yR

Table 6.3.1.a Correlation table betwedfL CSOCZExpression, flowering time and leaf

nutrient concentration when the diversity panel is split according to ABGexpression... 174



Table6.3.1.bCorrelation table betweerFLCSOCExpression, flowering time and leaf
nutrient concentration when the diversity panel is split according to flowering time.....178
¢FofS chPodHdPl t NBRAOGAGBGS Ol LIOATAGE 2F YIFN]S

..................................................................................................................................... 183
Table6.30 ®F t NBRAOGAGS OFLIGAtAGE 2F YINJ] SNA TNR
D NI A2y Qe 188

Table 6.3.4.a Predictive capability afarkers from flowering time (as days) AT analysid.94
Table 6.3.5.a A list of the flowering candidate genes taken forward for further stud....197
Table 6.3.7.a ANOVA results for individual elements, as well as those from elements which
have been grouped/summed according to their Apparent Nutrient Remobilisation (ANR%) in

B. napusrom (Maillard et al., 2015) across vernalisation and development stages....204



List of Figures

Figure 1.2.5.a Schematic representation of primary and sedany S assimilation (adapted
from Mugford et al., (2011) and Koprivova and Kopriva, (2016)).........ccccccvrrrrrrvenrrnnnne. 34
Figure 1.2.6.a The triangle of U: Brassgenome evolution/structure in accordance with the
theory presented by (Nagaharu U., 1935)..........couuiiiiiiiiiiieeiee e 39
Figure 1.2.7.a The Renewable Industrial Products from Rapeseed (RIPR) population structure
from Havlickova et al., (2018).......cceiiiiiiiiiiiee et 41
Figure 1.2.7.b A schematic representation from (Trick et al., 2009b) of the various forms of
single nucleotide polymorphisms (SNP) within a DH (doubled haploid) line (the
polymorphisms @&e in bold within the SEQUENCES)...........ccuiiiiiiiiii 43
Figure 2.2.2.a An example AT Manhaitt output from the current study with key features
highlighted to emphasise the analysis ProCESS.........ccccciiiiiiiiiiiiiiiiiireer e 55
Figure 2.4.2.a: schematic from the $I&L FTDNA primer design tool (SIGnAL)................ 62
Figure 3.2.1.&5enome wide distribution of mapped markers associating with the Cu
concentrationin seeds (mg/kg DW) of all 383 accessions........cccccceeeeeeieiieeed 67
Figure 3.2.1.b Quantilguantile plot of observedclogioP values from AT SNP (left) and GEM
(right) analysis for Cu concentration in seeds against expeaiedsoP values..................... 68
Figure 3.2.2.a Genomwide distribution of mapped markers associating with the Cd
concentration in seeds (mg/kg DW) of all 383 acCesSioNnS...........ccccceevrvnrineiiiiriieeeeeeee. 72
Figure 3.2.2.b Gayme wide distribution of mapped markers associating with the Cd
concentration in seeds (mg/kg DW) of 274 acCesSIiONS.........cccceeeeeeeeeiveee e 3
Figure 3.2.3.a Gaame wide distribution of mapped markers associating with the Mn
concentration in seeds (mg/kg DW) of all 383 acCesSions...........cccccevvvenriiriiiiiireeeeneee. 77
Figure 3.2.3.lQuantile-quantile plot of observedclogioP values from AT SNP analysis (left)
and AT GEM analysis (right) for Mn concentration in seeds against expegttegP values.

Figure 3.2.4.a Genome wide distribution of mapped markers associating with the Zn
concentration in seeds (mg/kg DW) of all 383 accessions...........cccoceeevemeieiiiiiiiiieieeeeen. 81
Figure 3.2.5.a Genome wide distribution of mapped markers associating with the Mo
concentration in seeds (mg/kg DW) of all 383 acCessions...........cccceeevvvvvivieniinireneeeene. 83
Figure 3.2.6.a Genome wide distribution of mapped markers associating with the S
concentration in seeds (mg/kg DW) of all 383 acCesSions...........cccccevvvvvrivviriinineneeeee. 86
CAIAdz2NE o dH dT dF ¢.KS..ASSR.WAYLSNL.QG.2.YS50.92
Figure 3.3.1.a Candidate gene analyses of Cu (left) and Cd (right) in the se@dshafiana

insert mutants, as MG/Kg DW Of SEEU ISSUE.........cuieiriiiiiiiiiee e 94


file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189611
file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189611
file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189613
file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189613
file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189613

Figure 3.3.1.b Candidate gene analyses of Cu and Cd (as mg/kg DW) iAstedianainsert
mutants within stem and pod MALErAlS. .........cc.vvriiieiii e 95
Figure 3.3.1.c Candidate gene analyses of Cu and CdAetrhlianainsert mutants within
leaves, as Mg/kg DW Of €af tISSUE...........uuiiiiieiiiieee e 97
Figure3.3.2.a Candidate gene analyses of S s@ethalianainsert mutants HAG1/Myb28
GTR2Zand Perll), as mg/kg DW oOf Seed tiSSUE.........cccuvviiiieeiiiiiiieiee e 99
Figure 33.2.b Zscore graph detailing how each seed batch (as a different coloured line) from
the myb28/haglline varied in comparison to the average wildtype control (n= 6 for both,
where n is a subsample of seeds from a pooled sample of seeds from 12 plants).....101
Figure 3.3.2.c-&core graph detailing how leaf material (as a different coloured line) from
the myb28/haglline varied in comparison téhe average wild type control (n= 8 for both,
where nis an individual Plant)............coooooiiiii e 101
Figure 3.3.2.d candidate gene analyses of S skethaliana insert mutants seusdike2 and
Sbpl, as MQ/Kg DW Of SEEU TISSUE.........uuiiieeeiiiiiiiiieee ettt e e e e e e 103
Figure 3.3.3.a basic chemical structure of a glucosinolate (G&itams two S atoms......108

Figure 4.2.5.a Experimental desidor leaf ioname timeline and pod ionome experiments.

Figure 4.3.1.AWNGCNA (weighted gene exxpression network analysis) results for the top

module (Brown4) from S concentrations in SEEM............ccooviiiiiiiiieeeniiiiieiee e 115

Figure 4.3.2.&orrelation between the total S and total glucosinolate (umol/g) content of B.
napus seeds (r2= 0.8544, P<0.00L).....cocriiiiiiiiiiiii e 118

Figure 4.3.2.b Invagyating the fidelity of two different extraction protocols for seed sulfate
(UMoOl/g) extraction INB. NAPUS..........ccooeiiiiiii e e e e e e e e e e eaaaaas 118

Figure 4.3.3.a S (left) @Mo (right) concentrations (as mg/kg DW) within senesced leaves of
high S (HS) and low S (LS) seed lines under different N conditions............cccccceveeeee... 121

Figure 4.3.4.a Difference between the green seed, pod and stem of high S (HS) and low S (LS)
seed lines in spring (S) and winter (W) OSR ecotypes for S concentration (mg/kg.DV¥P3

Figure 4.3.4.b Difference in Mo (as mg/kg DW) in the seeds of high S (HS) and low S (LS) seed
lines in spring (S) and winter (W) OBRNAPUSECOLYPES......uuviiieiiiiiiiiiiiee e eiiiieeeee e e 124

Figure 4.3.4.c Difference in K and Se (as mg/kg) in the pods of high S (HS) and low S (LS) seed
lines in spring (S) and winter (W) SRB. NAPUSECOLYPES.......uuvviiiiiiiiiiiiiiee e esiiieeeeee e 125

Figure 4.3.4.d Difference in K, P and Mn concentration (as mg/kg DW) in the stems of high S
(HS) and low S (LS) seed lines in spring (S) and winteB(\WapugOSR ecotypes.......... 126

Figure 5.2.1.a Genome wide distribution of mapped markers associating with the Cu

concentration in leaves (mddg DW) of all 383 acCeSsSIONS...........cveeeiiiieeeeeeeeeeniienn, 130

11


file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189633
file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189634
file:///D:/Joe/Documents/aoife's%20shit/rsa/AoifeSweeneyPhD2018.docx%23_Toc189634

Figure 5.2.1.b Quantileuantile plot of observed;log:oP values from AT SNP (left) and GEM

(right) analysis for Cu concentration in leaves against expeagkdoP values................. 131

Figure 5.2.2.a Genomwide distribution of mapped markers associating with the Cd

concentration in leaves (mg/kg DW) of all 383 acCesSIaNS.........cevvvvveeviiiiiiiiiiiiieeeeeenn. 135

Figure 5.2.3.a énhome wide distribution of mapped markers associating with the Mn

concentration in leaves (mg/kg DW) of all 383 acCesSIaNS.........cevvvvveeviiiiiiiiiiiiieeeeeenn. 139

Figure 5.2.4a Genome wide distribution of mapped markers associating with the Zn

concentration in leaves (mg/kg DW) of all 383 accessianS.........uevvvvveevieeiieeiiiiiieeeeee. 143

Figure 52.4.b Quantilequantile plot of observed;logioP values from AT SNP analysis (left)

and AT GEM analysis (right) for Zn in leaf against expectedioPvalues......................... 144

Figure 5.2.5.a Genome wide distribution of mapped markers associating with the Mo

concentration in leaves (mg/kg DW) of all 383 accessianS.........uvvvevvveveeeiiieiieeiieeeeee. 147

Figure 5.2.6.a Genome wide distribution of mapped markers associating with the S

concentration in leaves (mg/kg DW) of all 383 aCCeSSIONS.......c.uvvviviieiiiiiiiiiiiiiieeeeeenn. 151
CAIdzNB p ®H &7 & ¢.KS..£.8L.F. WAY.G.SNL.Q0.2.Y.5.04856

Figure 5.3.1.a Candidate gene analysis of Cu (left) and Cd (right) concentrations in the leaves

of A. thalianainsert mutants as mg/kg DW of leaf tiSSue...........cccccviiviriireeeiiiiiiiieeeen, 159

Figure 5.3.1.b Bcore graph detailing how leaf material (as a different coloured line) from

the Cd leaf hma2 line (At2g369505ALK _069207C) varied in comparison to the average

wildtype control (n: 8 for both, where n is the number of individual plants sampled for

ANAIYSES).. ettt e e e e e e e e e —————————————————————taattaaaaaaaaaaaaas 160

Figure 5.3.1.c Candidate gene analysis of Cu (left) and Cd (right) concentrations in the stem

(top) and seeds (bottom) of. thalianainsert mutants, as mg/kg DW of leaf tissue....... 162

Figure 5.3.2.a Candidate gene analysis of Mo in the leaves of A. thaliana insert mutants, as

MQ/KG DW Of 1€AF LISSUE......uuiiiiiiiiiiiiiiieeeeeeee e 163
CAIdz2NE c dodH Pl DSYy2YS H6ARS RAAUNROGdzIAZ2Y 2F Y
SaaSyaAart tSIFF A2y2YSQ o6Y3Ik13I 520z OFftOdzAg (S
concentrations measured with IGRIS analysisdr each of the 383 accessions.............. 182
CA3Idz2NBE c dododl DSy2YS G6ARS RAAUGUNROGdzIAZ2Y 2F Y
leaf coefficient2 ¥ @ NA I GA2Yy Q F2NJ SaaSyidAil.f...SL.S188yid O3
Figure 6.3.4.a Genome wide distribution of mapped markers associating with the days to

flowering; calculated from the average of four plants............cccccooiiiiiiineiiiiecee e 193
CAIdz2NE cdodcdlF /FYyRARFGS 3ISYyS lyltegara 2F Ff
St SyYSydaqQ Ay S| F A thaigoaizSeit motants.... Y. 3k.1..3....5.299 2 F

12



Figure 6.3.6.b Candidate gene analysis of flowering candidates against P in leaf tissues (as
mg/kg DW) ofA. thalianainsert MULANTS.............oociiiiiieii e 200
Figure 6.3.7.a leaf development timeline (as days from SOWING)..........ccccvvereeerrnnnnnnn 202
Figure 6.3.7.b Total essential elements (mg/kg) within leaves at different developmental and
VEINAIISALION STALES....... ittt e e e e e r e e e e e e e e e e e e e e e annrnees 203
Figure 7.1.a temperature timeline for one of the polytunnels used during the growth of the
L o 0= T 1= 212

Figure 7.2.a seed: leaf ratios of all elements under investigation across the RIPR diversity

Figure 7.2.b ratio of S and Mo concentrations across seed and leaf tissues in the RIPR
AIVEISITY PANEL....ueiiiiiiiiieeeeee e 218
Figure 7.3.a Schematic repras@tion of the relationship between leaf nutrient

concentration and flOWeriNg tIMe...........uuiiiii i 222

13



List of Appendices

Appendix 1 AT output for Cu (mg/kg DW) seed on the 274 diversity panel................. 226
Appendix 2 AT output for Cd (mg/kg DW) seed on the 274 diversity panel................. 227
Appendix 3 AT output for Mn (mg/kg DW) seed on the 27drdity panel........................ 228
Appendix 4 AT output for Zn (mg/kg DW) seed on the 274 diversity panel................. 229
Appendix 5 AT output for Mo (mg/kg DW) seed on the 274 diversity panel................ 230
Appendix 6 AT output for S (mg/kg DW) seed on the 274 diversity .panel................... 231
Appendix 7 AT output for Cu (mg/kg DW) leaf on the 274 siityegpanel..............cccccee.. 232
Appendix 8 AT output for Cd (mg/kg DW) leaf on the 274 diversity panel................... 233
Appendix 9 AT output for Mn (mg/kg DW) leaf on the 274 diversity panel.................. 234
Appendix 10 AT output for Zn (mg/kg DW) leaf on the 274 diversity panel................. 235
Appendix 11 AT output for Mo (mg/kg DW) leaf on the 274 diversity panel................ 236
Appendix 12 AT output for S (mg/kg DW) leaf on the 27drsiity panel................c.c..u..... 237

Appendix 13 AT output for Total leaf essential elements (mg/kg DW) on the 274 diversity panel

Appendix 14 AT output for Leaf essential coefficient of variation on the 274 diversity 23®el
Appendix 15 AT output for Flowering time (days, data produced byaWdiGo José Martinez
Ortufio)on the 274 diVersity PANEL...........ooovi i 240
Appendix 16 dTest outputs for Myb28/HAG1 (AT5G61420/SALK_136312C) in comparison to
the wildtype control in seeds (as mg/kg DW for each element)...........cccccceeeviiiiiinnnnn. 241
Appendix 17 qTest outputs for Myb28/HAG1 (AT5G61420/SALK_136312C) in comparison to
the wildtype control in leaves (as mg/kg DW for each element)............cccoocvvvieeeiennnes 241
Appendix 18 Test outputs for Cd leaf HMA2 (AT2G36950/SALK_069207C) in comparison to
the wildtype control in leaves (as mg/kg DW for each element)..............ccccoeccnnnnnnns 241

Appendix 19550Ctorrelation tables between flowering (as daysl),C/SOCdxpression (as

RPKM) and leaf nutrients (as mg/kg DW) when split.........cccovvviiviiiiiiiiiii, 242
Appendix 20 ANOVA results for individual elements (in mg/kg DW) across flow<g T
LS. oo e e e e e e e e e e e et e e e e e e e e e e e e e e ee e e et e aaa e e e nannnnneaaernneennnnnes 245

14



Acknowledgements

This work would not have been possible without funding from the Biotechnology and
Biological Sciences Research Council (BBSRC); Renewable Industrial Products from Rapeseed
(RIPRBB/L002124/).

| will be eternally grateful for the help, supportandencad Y Sy & LINR GARSR o0&
supervisor, lan. Thank you for four fantastic years of research and badminton, | have

thoroughly enjoyed my time working with you and hope that you have likewise. Similarly,

many thanks to Andrea my exupervisor: your help @&cially at the start of my PhD was

Ay @ tdzr 6f S® CAdZNIKSNE @2dzNJ adzZLJLI2 NI Ay Fff GKA
been essential in the completion of my studies. | would also like to thank my thesis advisory

panel, Neil and Simon, for thdielp and support; your questions have helped shape my thesis

into what it is today.

Stan, thank you (and your research group) for help with the sulfur, sulfate and glucosinolate

analysis.

To all the members of the RIPR consortium, thank you for your éagement, questions and
support over the course of my studies. Particularly, | would like thank the research groups at
the University of Nottingham for help with the ionomic datasets (Prof. Broadley, Prof. Salt and
Prof. Young). Lolita, thank you for yqatience and help with setting up our own digestion

protocol at York.

A massive thank you to all the members (and former members) of the Bancroft lab for making
my time at York so enjoyable: Lenka: thank you for answering my infernal questions and
alwaysbeing willing to offer advice on experimental procedures; Natalia: your encouragement
has been a constant which | relied upon to get me through some of the tougher times in my
PhD; Zhesi: thanks for all your help with AT and computer problems; Lihogismal. the

best labtechs a PhD student could dream of, your help with setting up protocols and getting
to know the lab were invaluable; Helen, Jevo and Varanya: thank you for all the fun times we
have had, as well as the support and encouragement yoe pasvided throughout my
studies;Candida you helped make my first few months at York a lot less lonely and greatly
speeded my settling in; Junhee: you were a great student to teach and | think | learnt just as

much from supervising you as | hope you fyjon my supervision.

Finally thanks to my family for their love and encouragement through everything. Above all,

thanks to Joe for his unceasing love, support and preatling capabilities.

15



Declaration

I, Aoife Grace Sweeney, declare that this thisespresentation of original work and | am the
sole author. This work has not previously been presented for an award at this, or any other,

University. All sources are acknowledged as References.

The lonomic data used within the study has been publistsepaat of(Thomas et al., 2016)

with the author contributing to discussions surrounding sulfur and molybdenum.

Work on copper and cadmium was performed in part by an undergraduate student, Mr Jun
Hee Jung, with supervision from taathor as part of his final year undergraduate project at
The University of York. Full details and a breakdown of contributions are given throughout the

text.

Flowering time data used for reference within this research was generated as part of an
Erasmus/lfelong Learning Programme project by Bandido José Martinez Ortufi®nce

again this has been fully acknowledged within the text.

Glucosinolate data was generated by the author under the supervision of Prof. Stanislav
Kopriva at the University of Colognand in part repeated by Prof. Kopriva and his research

group, as is detailed throughout the text.

Finally, leaf senescence analysis was performed on field trial materials sampled by the author
but grown by ADAS and the University of Nottingham as gatt@Renewable Industrial

Products from Rapeseed (RIPR) consortium which the author is a member of. Full details are
yet to be published and are not within the remit of the current study, Fraset.,

unpublished.

16



1 Introduction

1.1 Aim and Scope of PhD thesis

The main aim of this research was to understand whether variation in micronutrient

concentration in the seeds and leavesBoapugOilseed rape) is caused by underlying
genetic loci. The project adopted a quantitative genomics approach, using Associative
Transcriptomics (AT) to measure the association between micronutrient concentration and
transcript sequence/abundance across a @ity panel ofB. napusinder nutrient sufficient
conditions The associated regions would then be explored for candidate genes which might
explain the variation observed in micronutrient concentration. This approach yielded two
types of candidates; thos&hich were already known to affect nutrient concentration as well
as other, novel candidates. The larg®NA insert mutant collection withiArabidopsis
thalianawas then exploited to verify the role of novel candidates. Orthologues of the genes
identified inB. napusvere then tested with the IDNA insert mutants ii. thalianafor
disruption in the nutrient of interest (relative to a wild type control). Once verified.in
thaliana,these candidates would make promising targets for future research tis&g.
napusdiversity panel and could be used as the first step towards breeding for improved

micronutrient use efficiency iB. napus.
Overall, the project focused on one main hypothesis:

Variation in micronutrient concentration in the seeds and leasf3. napusinder nutrient

sufficiency is a consequence of underlying genetic variation

This thesis will demonstrate how this hypothesis has been investigated WBitlapusTo

begin, there will be an overview of the background literature considargzbrtant for
understanding the project. The literature review will start with the basics of plant nutrition and
why it is important, both generally and in relation Bo napusDiscussion oB. napusreeding

in general, the diversity panel and AT willdav. Finally, quantitative genetics methods used in
other ionomics studies will be reviewed, alongside the various methods of verifying candidates
from these analyses. After establishing the background relevant to the project, the general
methods used thoughout the project will be described. Next, the research investigating seeds
will be presented; seed AT outputs will be given, alongside assessment of the trait
predictability of markers and an explanation of the candidates testeéd thaliana The next
chapter will investigate the relationship between seed glucosinolates (GSL) and the wider seed

ionome which was highlighted as part of initial AT analyses of individual elements within
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seeds. It will explain how Weighted Gene&pression Network Analgs{WGCNA), seed
sulfate/GLS analysis and investigations into the ionome of senescing leaves, stems and pods
was used to elucidate the association between the seed ionome and GSLs. In the fifth chapter,
work performed as part of individual element AT analyiithin the leaves will be detailed, in
accordance with those previously described for the seed. As with the analyses on seeds, the
final results chapter will elaborate on potential shared mechanisms highlighted in multiple AT
outputs; the association iveen the broader leaf ionome and flowering time. Experiments

with splitting the diversity panel, comparing AT results to flowering time data and a leaf
ionome timeline will be presented. Finally, all of the results will be collated, establishing key

findings and future research directions.
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1.2 Literature review

1.2.1 Introduction

Considering the primary aim of this research is to understand the genetic basis of variation in
micronutrient concentration withirB. napugwith implications for micronutrient use

efficiency), there is a wide range of topics which needs to be reviewed before any detailed
analysis utilising AT can be discussed. Firstly, some general background on plant nutrition will
be outlined; this will then be developed into the definition of natrt use efficiency and

highlight why micronutrient use efficiency is important (with an explanation as toBvimaps

was used in this study). A more detailed background for each of the elements this thesis has
considered will then be given; this will didthe understanding of AT analysis and provide a
summary of work performed previously B1 napudor the elements under investigation. The
literature review will finish with a summary of the methods that have been used to investigate
micronutrient concatration in the seeds and leaves Bf napuscomparing and contrasting

the relative efficacy of these methods to those used in other research.

1.2.2 Plant nutrition

Alongside light, water and air, all plants require a range of mineral nutrients to successfully
complete their lifecycle. Generally, these nutrients are split into two groups: the

macronutrients (N, P, K, Mg, S and Ca) and the micronutrients (B, Cl, Mn, Fe, Ni, Cu, Zn and

Mo). The primary distinction in these groupings is the relative amounts plagtsre;

macronutrients are required in relatively large amounts (>1000s mg/kg) whilst the

micronutrients are required in relatively small amounts (~:@3% mg/kgjAlloway, 2013)All

these nutrients are essential; specifically, an absence of any one of these nutrients will cause
death and/or prevent the successful reproduction of the pl@viarschner, 1995c)Alongside

0KS 1y26y SaaSyidalt StSySyida NS GKS WoSySTa
plants @n successfully complete their lifecycle without such elements (i.e. some are essential
within specific species, such as Na in C4/CAM pl@tisishi et al., 199Dhowever they are

known to stimulate growth in some way (e.g. replacement of essential elements in their less
specific functions, such as Na replacement of K in osmoreguo)dRdonSmits et al., 2009)n

addition to elements known to play a biologically relevant role within plants, there are many

other elements plants are known to take up which have no proven biological role and can be
G2EAO® LG A& AYLRNIFYyd G2 y23S GKFG GKS GSNY
organism(Lahner et al., 2003)rrespective of essentiality or toxicity. The presence of

potentially toxic elements (whether essential or not) within plant vegetative tissues is of

particular importance to human nutritioPage and Feller, 2015Jistoricdly, plant nutrient
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research has focused on investigating one or two elements at a time; indeed, this is often the
best approach for detailing nutrient essentiality and functionality. However an increasing
awareness of the interactive nature of most elentgewithin the ionome (e.g. the sharing of
uptake pathways or the requirement of one essential element in the biological activation of
another), alongside the availability of precise htghoughput and relatively costffective

methods for multielement aralysis (i.e. IGRIS/ICPO/AES), has led to a wave of new research

investigating the broader plant ionon{&alt, Baxter and Lahner, 2008; Baxter, 2015)

1.2.3 What is nutrent use efficiency?

¢CKS GSNY aydziNASYy(d dzaS STFFAOASyOe¢ KI A& dzy ¥2N
Generally, the definitions of nutrient use efficiency can be split into two groups: 1) those trying
to quantify nutrient inputs in contrast to yield outputs; 2) intigations into plant uptake and
internal utilisation. Both definitions have their strengths and limitatig@surley, Allan and
Russelle, 1994; Khoshgoftarmanesh et al., 2080) example, having a measurable output
allows for comparison, however what measurable output (e.g. crop yield, prafitivient
recovery) and whether there are other confounding variables (e.g. differences in climate,
production practices or baseline soil fertility) can all skew this definition of efficiency. In
contrast, looking at uptake and utilisation can provide i@rstific basis for understanding
efficiency but may not translate into field conditio(fsageria, Baligar and Li, 2008hese

Ydzt GALX S RSTFAYAGAZ2Yya KAIKEAIKG GKS O2YLX SEA
many interacting variables, i.e. genotype, environment and manage(esbgll and
ThorupKristensen, 2014)n the current study the genetic basis of micronutrient

concentration variation wamvestigated, representing the first step towards breeding crops
with improved micronutrient use efficiencA common theme amongst both types of

efficiency definitions is the ability to grow on nutrient deficient soils, i.e. an efficient cultivar
can poduce the same yield as an inefficient cultivar but with fewer inputs. However, there are
limitations to such approaches. For example, crops may yield better under deficiency but may
not match the output of an inefficient crop under current fertilisaticgimes(Gourley, Allan

and Russelle, 1994Fhese cultivars would require further breeding to boost yields and limit
other undesirable traits whitwere previously selected out of the elite cultivars. Furthermore,
there is always the risk that breeding an efficient crop for one or two nutrients will result in an
imbalance in other elements due to antagoniRietra et al., 2017).e.nutrient use efficiency
efforts may be better focused on groups of elements and ti@gikite et al., 2013)

Consequently, the current project has adopted a different approach by invéstjgautrient
concentration, which will likely be of relevance to nutrient use efficiency. It was theorised that

exploiting the natural variation in nutrient acquisition/assimilation of plants under nutrient
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sufficient conditions would highlight loci whighould boost nutrient use efficiency without
perturbing the rest of the ionome. The major flaws in this approach include the requirement
for maintaining current fertilisation rates (although this is not a particular problem for the
micronutrients as they @ required in such small quantities, atb@.4). Furthermore, reliance
upon natural variation under normal element concentrations may not give enough
discriminatoy power to identify associations and/or limit the efficiency mechanisms
uncovered leading to insignificant improvements. Despite these limitations, taking this
approach would at the very least provide further background information on plant nutrient

concentration, which may aid future efforts in breeding for efficiency.

1.2.4 Theimportance of micronutrientiseefficiency

In general, research on nutrient use efficiency has focused on the macronutrients, specifically

N, P and K. For example a simple searchotfided £ A OF G A2y RI Gl ol &S w2 So
LX yd aOASyOSa OFGS3I2NE @AStRSR Hcnn NBadz Ga
LIK23LIK2NHza 2NJ LR aardzyeé gl a aSHNODKSR oFf (K
were N focused, 1160 resultghen NOT phosphorus NOT potassium was used), and only 985

when a list of all remaining essential elements was used (separated with OR: S, Ca, Mg, Cl, B,

Fe, Mn, Zn, Cu, Ni and Mo) despite there being considerably more of these. It is easy to
understand wly research has focused on N in particular; it has previously been estimated that
OKSYAOIFT b FSNIATtAAFGAZ2Y &adzlll2NIa F22R LINE R
(Erisman et al., 2008Howe\er, the gain in crop yields associated with fertiliser addition has

several monetary and environmental (in terms of production and over application) costs. Given

the growing human population, along with the issues of food security, climate change and

limited availability of new croplands (and its distribution globally, with implications for nutrient
stripping), nutrient use efficient crops for improved yields have been expounded as part of

much wider systems based approaches to nutrient cy¢linges et al., 2013particularly in

relation to the maconutrients.

However, research looking into the micronutrients is also a priority: their dual role in the

nutrition of plants and animals, alongside the fact that many can be toxic contaminants, and

the increasing awareness surrounding the interdependesfagements within the plant
ionome(Baxter, 2015)has resulted in increased interest in micronutrient use efficiency
(Cakmak,2008) ¢ KS O2YY2y LIKNI}asS aig2 aaARSa 2F GKS
this research as a way of illustrating the intetation of research on food biofortification and
bioremediation(Guerinot and Salt, 2000) wSa S NOK OSYy i NAy3d 2y WKAR

micronutrient deficiency in humanghis includes vitamins as well as mineral elements) has
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gained prevalence and is of particular importance in developing countries where most human
population growth is expecteUN-DESA, 2017 ombined with the complications of faing

in a changing climate with increasingly degraded ¢bd$§ 2009; Khoshgoftarmanesh et al.,
2010) methods to improve micronutrient use efficiency in crops and increase the
concentration or bioavailability of essential elements within edible crop tissues may aid in
combatting hidden hunger (alongside other strategies such as dietary diversification,
fertilisation strategies and chemical fortificatiofy/hite and Broadley, 2009Dn the other

side of the coin, growth of crops on soils previously considered unproductive has been
suggested as a way of boosting yields. Micronutrient use efficiency mechanisms could be
applied to this area in a mber of ways: e.g. phytoremediation (the use of plants to remove

or immobilise contaminants and bring lands back into production), growth of tolerant crops for
non-food applications (e.g. biofuels crops which are bred to grow on toxic conditions, freeing
croplands for food production) and phytoextraction (using plants to remediate and extract
toxic elements, potentially allowing the reapplication of extracted elements for use elsewhere)
(Ali, Khan and Sajad, 2018urthermore, even within developed countries micramernt
deficiencies and toxicities occur; soil is a heterogeneous matrix and the availability of all
elements can vary significantly within a single figlihsinger et al., 2009As such it has been
argued that improving micronutrient use efficiencies in particular will never truly be solved
with soil amendments (e.g. fertilisers, limg or tilling); a combination of improved crop
genotypes and management practices will need to be implemented in order to meet the

demands of the ZLcentury and beyondGoulding, Jarvis and Whitmore, 2008)

With these issues in mind, the current research has focused on micronutrient use efficiency in
B.napusbh 24 2yfé& Aad AG 2yS 2F (GKS 62NI RQa Y24l
large and dierseBrassicaceadvViembers of this family include many vegetable species such as
cabbageB. oleracey turnip B. rapg and swedeB. napu}, which would be good targets for
biofortification strategies albeit with only limited application (e/ghite et al.,(2018).
Alternately, B. napuscould be used as a biofu@ilazzo et al 2013) work investigating
micronutrient use efficiency could also produce plants tolerant to soil contamination (either by
excluding the contaminants from uptake or through breeding for improved tolerance) and
therefore limit the need to grow noffiood crops on more fertile lands. Indeed it has often
been emphasised that for phytoremediation to be feasible it needs to not only help remediate
soils but produce an economic return (due to the long timescales involved in comparison to
conventional remediabn/extraction technologiegRobinson et al., 2003further, work on
micronutrient use efficiency may improve yieldsBbfnapugrown in general. Finallf3. napus
gl a dziAft A&ASR I as. IhadditoRt®RiBet direCt Hbliciions df iBeQvbrk being
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performed it: demonstrates proof of concept for using Associative Transcriptomics (AT) for
micronutrient investigations; provides another demonstration for how the complex genetics of
a polyploidcrop can be investigated for micronutrient use efficiency (with the potential to
expand into other crops, sek2.7for further details on AT) and allows the exjpddion of

existing genetic resources M thalianafor quick validation of the genes discovered gas
thaliana is a member of th&rassicaceaallowing orthologous genes to be tested for their

role in nutrient concentrationseel.2.6.b 2 1 S G(KSNB Kl & 6SSy |y SYL)
0SUGSNI ONRPLIAQ Fa LINI 2F GKS OdzNNByd NBaSI N

S

to geneticmadification (GM) technologies and the stance of the United Kingdom/European

Union on GM cropéECJ, 2018)

1.2.5 Elements of interest:
The current research has primarily focused on the elements within the ionome referred to as
micronutrients, specifically Molybdenum (Mo), Mangané@st), Copper (Cu) and Zinc (Zn).
These elements were selected because across both the seed and leaf datasets analysed as part
of the wider RIPR projec2.(L.]) theywere measured in both datasets (having an average
concentration greater than the limit of detection and a good percentage recovery from
digestion, >85%). They were not being studied as part of other projects and represented a
specific problem iB. napugindividual descriptions to follow). However, two other additional
elements were included in the current research; Sulfur (S) and Cadmium (Cd). These two
elements were included because of their relationship to one or more of the micronutrients
initially urder assessment. Mo research (particularly in seed) quickly highlighted a close
relationship to S nutritional status, eventually leading into a study encompassing S, the wider
seed ionome and glucosinolates (GSL, plant defence compound$), seéerthermore,
relatively recent research has highlighted links between Mo (one of the elements in Bhich
napusis particularly susceptible to deficien@nda number of elements (including Cu, Zn and
Mn) inB.napus(Maillard et al., 2016b)Cdwas included preemptively; it is well known that
Cd can interfere with the uptake and biological functions of many divalent catiarigding
those which were under investigation as part of this research i.e. Zn, Mn a(@hGppala et
al., 2014) Considering that the function and specificities of many of the candidates coming
from the Zn, Mn and Cu analyses were yet to be determined and the known problems
surrounding Cd toxicity (food being the primagurce of Cd exposure to the n@moking
human populationClemens et al., 2013)it seemed necessary to investigate it
simultaneously. If concentration mechanisms were shared between Cd and any of the other
elements under investigation it could potentially jeopardise their wtildar breeding nutrient
efficient food crops, but may have advantages in other applications, e.g. phytoremediation.
23



Considering the diverse range of elements under assessment as part of this research, and in
order to understand the analyses which have taken place, it is important to have a basic
understanding of the biological functionality of each element. Therefdre next section will
RSGFAET Ay ONRST GKS o6A2f23A0If WEATS aldzNEQ
obtained by the plant from the environment and used within its tissues. Through this analysis

it will be easy to understand the range of defiudy and toxicity symptoms plants display

when exposed to extremes in bioavailability. Each section will conclude with a brief summary

of the work so far iB. napusand related species.

1.25.1 Molybdenum (Mo)

As with all essential elements, plant accumulatiofMaf is dependent on its bioavailability in

the soil environment. Mo is thought to be available to plants as the molybdate oxyanion,
MoO«?, and is therefore most bioavailable under alkaline conditions (pH $8lisway (Eds),
2008) As such, Mo deficiency occurs on highly leached and weathered acidic soils.
Consequently Mo is often deficienn older/weathered soils (those >49ears oldYJones et

al., 2013)puch as those in Australia (where it is the second most common deficiency after Zn)
and China (where Mo deficiency affects 47% of agricultural soils), as well as in acidic sandy
soils, such as in Afri¢alloway (Eds), 2008The symptoms of Mo deficiency are similar to
nitrogen deficiency symptoms including leaf mgia chlorosis, leaf deformation (including
WHKALII AT QX gKSNB GKS fSIFI@Sa INB t2y3 yR yli
tissueg(Arnon and Stout, 1939; Marschner, 1995bdxicity symptoms for Mo in crops are

rarely observed as a consequerafeghe large range in critical deficiency and toxicity levels for
Mo (up to a factor of 1f)(Marschner, 1995b)The synptoms of Mo toxicity are relatively mild

in plants, generally resulting in leaf discolourat{&iser et al., 2005However, Mo is toxic to
ruminants (causing a disease known as Molybdenosis, which is effectively Cu deficiency).
Therefore the concentration within livestock feeds need be carefully controlled and

generally kept below 2 mg/kg DW of fora@aiser et al., 2005; Alloway, 2013)

Within plants, Mo is required as a cofacia four key enzymes: nitrate reductase (integral for
nitrate assimilation, explaining many Mo deficiency symptoms); xanthine dehydrogenase
(required in the oxidative metabolism of purines); aldehyde oxidase (important for ABA
biosynthesis) and sulfite adase (essential for sulfite detoxification/ the catabolism of sulfur
containing amino acid@jttner, 2014) To perform these roles Mo requires biological

activation through incorporation into a pterin complex (the molybdopterin complex/
molybdenum cofactor, MoCo), which is responsible for the catalytic activity of all Mo enzymes

within plant tissuegMendel and Schwarz, 201hemically, molybdate is very similar to
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phosphate and sulfate; all agvailable for plant uptake as divalent aniqiarschner,

1995b) It was this chemical similarity to sulfate which tedhe identification of the first

Y2t @0RFGS OGN YyaLR2NISNI AYy LXLFyGday ahem Aa |
(Tejadaliménez, 2007; Tomatsu et al., 2007; Baxter et al., 2008prtunately, conflicting
accounts concering the subcellular localisation of MOT1 have confounded the resolution of

its specific functionalityTomatsu et al., 2007; Baxter et al., 2008)contrast, the second Mo
transporter, MOT2, was shown to have vacuolar localisatigh thaliana(Gasber et al.,

2011) MOT 2transcripts were shown to accumulate withinngscing leaves whilsbhot2 T-

DNA lines showed an increase of Mo within the leaves and subsequent decrease in seeds
(Gasber et al., 2011Nevertheless it is still unknown how plants take up molybdate from the
soil, how expression of the genes involved in Mo accumulation/concentration are regulated or

whether molybdate is chelated within plants for storage/movemBittner, 2014)

It has previously been shown thBtassicaceaand legumes are particularly susceptible to Mo
deficiency. Within legumes this is presumably a consequence of the unique role that Mo plays
within the symbiotic N fixing bacteria of root nodules, fixing atmospherim NH; (Kneip et

al., 2007; Bittner, 2014 Perhaps the large demandrfS inBrassicaceaeanhich is thought to

be a consequence of producing large amounts of S rich secondary metabolites (i.e.
glucosinolate/GSL defence compoun(#&ao et al., 1997, 1993¢ads to an increased uptake

of Mo due to their chemical similarities. It is well documente@8iassiaceaethat there is an
antagonistic relationship between S and Mo (e.g. under S limitation there is an increase in Mo
accumulation(Schiavon et al., 2012; Maillard et al., 2016ehilst under increased S there is a
decrease in Mo concentratioffPasricha and Randhawa, 1972; Balik et al., 20B63h Cu

(Billard et al., 2014and Zn(Billard et al., 2015)eficiencies have been shown to increase Mo
uptake inB. napuslt was theorised that this relationship could be a consequence of the
dependence of a key enzyme (CNX1) in MoCo biosynthesis on Cu and Zn, which may then
regulate expression dfiOT1(Kuper et al., 2004; Llamas et al., 2006; Billard et al., 2014, .2015)
Furthermore, it has been shown that a number of element deficiencidse(SCu, Zn, Mn and

B) cause an increase in Mo uptakédBimapugMaillard et al., 2016b)This study also

suggested the link between Mo activation and the susceptibility to multiple element
deficiencieqMaillard et al., 2016b)However, an alternative hypothesis was also suggested:
the expression of the sulfate transportBnaSultrl.1was increased under S, Fe, Mn, Mo and B
deprivation. It is known that i and S can both utilise this transpor{&itzpatrick, Tyerman

and Kaiser, @08), indicating that perhaps the effects on Mo are caused indirectly through a

disturbance in S metabolisfMaillard et al., 2016hb)
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1.25.2 Manganese (Mn)

Unlike Mo, Mn is most bioavailable to plants undeidacsoil conditions (pH< @lloway (Eds),
2008) It has a variable oxidation staieom Mn'*to Mn™) but is most commonly found in
plants as MA" (Marschner, 1995b)Mn deficiency is the most commonicronutrient

deficiency in UK fields, occurring alkaline, organic rich, sey and calcareous sofl8lloway
(Eds), 2008)The symptoms of Mn deficiency include interveinal chlorosis, tissue necrosis and
increased susceptibility to freezing damage. However, Mn deficiency is relatively easy to
correct, either through seed coating or foligwrays(Brennan and Bolland, 2018ince Mn
bioavailability within the soil is heavily dependent on pH and redox status, plants can be
subject to extremes in bioavailabilitWaterlogging extremes in temperature ansbil
compaction significantly increase the availability of Mn, often causing Mn toxicity to develop
(Fernando and Lynch, 2015)oxicity symptoms for Mn argpecies dependenErJaoual and
Cox, 1998)inB. napughe symptoms include interveinal and leaf margin chloroses, $hape
RAAUGZ2NIA2Y 6 WO (rloiodk, $cattand Wraftéh, 200SHoNeet, Asiwith
deficiency the toxicity of Mn to crops can be managed; either witinij of acidic soils or
improved drainagéBrennan and Bolfad, 2015, 2011)

The uptake, transport, storage and role of Mn in plants has been well charactéviagulays
a fundamental role within plant proteins in one of two ways. Firstly it is known to act as a
catalytically active metalThe most welknownexamples ofhis are found within the oxygen
evolving complex in PSII (catalysing the photolyligater during photosynthesiéarber,
2009)and also as a cofactor within superoxidismutase (MnSOD) helping to prevent
oxidative damagéAllen et al., 2007; Bowler and Slooten, 19%8condly, Mn can act as an
enzyme activator in numerous enzymes involved in a variety of reactions e.g. oxidation
reduction, hydrolytiand decarboxylation reactior(#arschner, 1995bHowever in many
instancedVin can be replaced within its role as anzyme activator by other metals (such as
Mg)(Houtz, Nable and Cheniae, 1988; Christeller, 1981; Jordan and Ogren, 1981; Wildner and
Henkel, 1979)it is not just in itgole as an enzyme activator that Mn has to compete with
other elements; it has been shown that high concentrations of many elements (e.g. Fe, Mg, Ca
or P) can induce Mn deficiency, and vice vé&acha and Guerinot, 2014; Lynch and St.Clair,
2004) This competition is thought to be a resaftchemical similarities between the elements
(e.g. ionic radius and ligand binding capadi®arschner, 1995b)rheseclose chemical
similarities are also thought to be responsible for the broad selectivity of most Mn
transporters (many of which were previously identified as Fe or Ca transporters, e.gvVERIT1
and Grotz, 2002)AtNramp3(Thomine et al., 2000DsY SLKoike et al., 2004 CAXZPittman
et al., 20@) and ECA{Wau et al., 2002fPittman, 2005; Socha and Guerinot, 201@he
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2003, 2007)However, differencein Mn efficiecy have been observed in wheadiang, 2006)

and barley(Pedas et al., 20085uggesting that there may be more Mn specific pathways to
uncover.Once inside the plant, there appears to be a number of potential ways Mn may be
stored. Storage in the apoplast and va@ibhs been suggesté#iihrs et al., 2010; Hirschi et

al., 2000; Delhaize et al., 2003} has chelation with ocagic acid complexggernando et al.,

2010, 2012pnd mobilisation within the endoplasic reticulum/secretory pathwagPeiter et

al., 2007; Wu et al., 2002)

In B. napudMn specific research has been limited. When corrected for dry weight, Zn deficient
B.napuswere found to have much higher Mn than control platidlard et al., 2015)This
increase was attributed to favouring enzyme isoforms with different metal cofactors, e.g.
switching to MRSOD instead of Z6u SODAbreu and Cabelli, 2010; Billard et al., 2015)
Similarly, Mg deficienB. napusvas found to oveilaccumulate Mn and there appeared to be

an upregulation of some Mg dependent proteins capable of utilising Mn (albeit less
efficiently)Billard et al., 2016)Mn deficiency is not the only issue; Mn toxicity is a particular
problem forB. napu®on acid soils. However, natural variation in susceptibility to Mn toxicity is
known to exist amongdB. napusultivars(Moroni, Scott and Wratten, ZIB)and it was

theorised that Mn tolerance was genetically controlled by one locis imapugMcvittie et al.,
2011) QTL analysis supports this hypothesis; a major locus on chromosome A9 was observed,
with an orthologue of am\. thalianacation efflux facilitator MTP8 an Mn/Fe transporter)
relatively close byRaman et al., 2017Pther research has linked Mn to Hg accumulatioB.in
napus it was found that Hg uptake kinetics mimicked those of a low affinity transporter
(Esteban, Deza and Zornoza, 2018yas hypothesised that this might be a Mn transporter
since Mn appeared to compete with Hg for uptglsteban, Deza and Zornoza, 2013)is

could have implications for the bioremedial application8adssicas.

1.2.5.3 Copper (Cu)

Just like Mn, Cu has a variabledation state; present as both the unstable*@uad the more
stable Cé", and it is the cycling between these two states that forms the basis of its biological
role within plants(Marschner, 1995b)Within the soil environment, most Cu is complexed with
organic matter. As such availability is dependent on the pH (lower pH increases availability),
redox potential and preseare of other competing ions (e.g. Fe, Mn or @&ljoway, 2013,

Adrees et al., 2015 Consequently, Cu deficienisygcommon on sandy, calcareous, weathered
and organic rich soil@lloway (Eds), 2008Fu deficiency can be a problemBnnapusinder

high N and P fertilisation regimes and where there are high concentrations of Fe, Mn and Zn
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(Alloway (Eds), 2008 u deficiency symptoms include decreased growth rate, chlorosis of
young leaves, necrosis of apical meristems and wi(titgrschner, 1995b)Such deficiencies
are important for human nutrition; Cu is an essential element within the human diet
(alongside Fe, Zn, Ca, Mg, Se arff@/hite and Broadley, 2009pn the other hand Cu toxigit
can also be a problem and is primarily a consequence of anthropogenic activities such as
overuse of pesticides, fungicides and fertilisers (including slurries), alongside industrial and
urban activities which have all led to an increase in Cu in thesaitonment(Adrees et al.,
2015; Marschner, 1995b)n plants, Cu toxicity leads to reduced yields and tistl@rosis
(Burkhead et al., 2009hile in humans and animals it is rare for toxicity to occur as a
consequence of diet/plant consumptidGupta and Gupta, 1998)e. Cu toxicity is more

problematic in plants than animafédrees et al., 2015)

The uptake, transport, storage and regulation of Cu concentration has been widely
investigated. This is a consequence of the mudk of roles Cu plays within plants ranging
from photosynthesis and respiration, to cell wall remodelling, ROS metabolism and ethylene
signallingBurkhead et aJ 2009) Its role in all of these processes is a consequence of its ability
to act as an oxidising or reducing agéidtinsch and Mendel, 200%uproteins can be split
into two groups: those which function in electron t&far, e.g. plastocyanin, and those which
act as oxidases, e.g. cytochrome c oxidddarschner, 1995b)it is thought jants can take up
Cu in a number of ways: ZIP transporters are known to be upregulated in roots under Cu
deficiency and are thought to be involved in low affinity uptake of QWintz et al., 2003)
however their role has yet to be provémvivo(Pefarrubia et al., 20154 high affiity uptake
system has been suggested that involves the reduction &ftG€Cu in the rhizosphere
(Bernal et al., 2012nd uptake via CTRike transporters, known as COR$ancenon et al.,
2003) Alongside the increasedamscription of Cu transporte(®Vintz et al., 2003; Yamasaki
et al., 2009) another deficiency response has been suggested. A transcription factor known as
SPL7 is thought to be involved in sensing signalling Cu deficiency via miRNAs such as
mMiR398(Yamasaki et al., 200Z009; AbdelGhany and Pilon, 2008gading to a down
regulation in Cu dependent proteins (being replaced by Fe containing proteins of similar
functionality), conserving the remaining Cu for plastocyanin and maintaining photosynthesis
(Bernal et al., 2012; Araki et al., 2018nce within the cytoplasm, Cu is thought to be
immediately bound to either metallothioneins (preventing ROS damagd@tm, Bundithya
and Goldsbrough, 2003; Guo, Meetam and Goldsbrough, 2008) metallochaperones
(responsible for delivering Cu to where itis requiteth Q1 | € £ 2N} y Yy R [/ dzf 2 G0 |
2007b). Any excess Cu is removed from the cytoplasm ByATPases for detoxification or to
the plastids and secretory pathway; (G{MA58) and (Ctr HMA14)(Puig et al., 2007a)
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NRAMPs may also have a role if*@htracellular novement but this has not been shovim
planta(Liu et al., 1997)The mechanisms surrounding xylem and phloem loading of Cu in
dicots are poorly understood; Culisely chelated, e.g. with nicotianamirf€urie et al., 2009)
and potentially loaded as a complex into the phloem by YSL proteins (as observed in rice
(Zheng et al., 201pfPrintz et al., 2016)here are many reported mechanisms for tolerating
excess Cu: e.g. HMAS detoxificat{@mdresColas et al., 2006; Kobayashi et al., 208811
regulation of YSLEhen et al., 2011; Zhan et al., 2048} Clp protease degradation of
PAA2/HMAgTapken et al., 2015)

Cu deficiency or excess has negative effects on seed quaitynapusreducing seed size,

pod number, oil, concentration of protein and carbohydrates, whilst increasing the phenol and
non-protein N content of seed@&hurana, Singh and Chatterjee, 2008&)rther, excess Cu was
found to be much more toxic tB. napughan excess Zn (even when accounting for the
relative amounts required of each). No difference could be observed between specific toxic
effects of the two elements but Cu seemed to be retained in the roots and lower leaves,
potentially responsible for early leaf abscission (which would have major implications for its
use in remedial purposeglvanova, Kholodova and Kuznetsov, 201@}er research implied a
role for glutathione (GSH) chelation within the rootsBofnapugor Cu but not Zr§Zlobin,
Kartashov and Shpakovski, 201F)irther interesting interactive effects were observed when

B. napusvas subject to individual and combined Cu/Cd treatméhe/amba et al., 2016)t

was found that Cu was in fact more phytotoxic than liid,excess Cd enhanced Cu uptake
whilst excess Cu prevented Cd uptédkiwvamba et al., 2016)The shorterm effects of Cu

excess have also been evaluate@imapusEarly leaf wilting, a reduction in photosynthetic
pigments and a change in exprassof 10 genes involved in detoxification and concentration
were all observed@Zlobin et al., 2015)nterestingly the highest increasn gene expression

was in a homologue AtNRAMPA4n leaves; it was hypothesised this was a consequence of
perturbed Mn and Fe concentration under Cu excess, with the plant remobilising Mn/Fe via
NRAMP4 to maintain PSII actii8fobin et al., 2015 urther research has investigatgd
napusin Cu phytoremediation, utilising ED{Habiba et al., 2014nd citric acidZaheer et al.,
2015)as a means of improving Cu uptake. As previously mentioned for Mo, it was found that
Cu deficiency iB. napuenhanced Mo accumulatiofBillard et al., 2014 However it also
appeared that under Cu deficiency plants were able to remobilise Cu from older leaves, as well
as increase the expression of Cu transporters in the roots (COPT2) and leaves (Bil&#d)

et al., 2014) These results were in line with broader experiments looking at leaf element
remobilisation in a range of species, includBighguswhere Cu appeared to be remobilised
from older tissues during senescence, irrespective of deficiency cond{tweiiard et al.,
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2015) Further, it was found that 33 proteingere differentially regulated under Cu deficiency,
almost half of which were localised within the chloroplast (fitting with the sketwn role of

Cu within electron transport chainéBillard et al., 2014)nterestingly, it was previously shown
that miR398 increased in the phloem saBoihapusinder Cu starvation, one of the miRNAs
involved in he SPL7 Cu deficiency responsA.ithaliana(Buhtz et al., 2008)

1.2.5.4 Zinc (Zn)

Zn is the micronutrient most commonly deficient in cr@gpdoway, 2009)It is available to

plants in a number of forms: as the catiahg*and ZnOH as well as within soluble organic
complexes. As such, with increasing pH, organic matter and high mineral contents such as
CaC@ Zn becomes less bioavailadloway, D09) The presence of other elements is also
known to inhibit Zn uptake (e.g. Mg, Mn or Cd). As with most micronutrient deficiencies, the
typical symptoms of Zn deficiency are chlorosis and stunting, however unlike other
micronutrients these symptoms ampresent in both older and younger leay@dloway, 2013)
Since Zn is an essential element in human and animal mumriiimproving Zn accumulation in
the edible portion of crops has been a primary aim of both fertilisation and crop breeding
strategieg(White and Broadley, 2009; Alloway (Eds), 2088)is found to be toxic at high
concentrations: causing stunting, chlorosis in young leaves and displacing other elements (e.g.
replacing Mg within chlorophyl(Kipper and Andresen, 2018)s with Cu, the main sources of

Zn soil contamination vary from natural to anthropogenic.

The role Zn plays in plants is varied. It is found within all 6 enzyme clagsesstructural

roles (in protein folding, from tertiary structures to protein aggregation and interactions with
other biological components, e.g. other proteins, DNA/RNA and lipids)and is involved in
enzyme catalytic activities and can have simultaneolss in structural, regulatory and

catalytic function of proteingMaret, 2012; Auld, 2001; Maret, 2005; NABMB, 2018;

Broadley et al., 2007)The most common type of Zn binding proteins are the Zn finger domain
containing proteins which can regulate gene expression in a multitude of ways (e.g. DNA/RNA
binding, promotion of chromatin modification or RNA metaboligkiug, 1999; Englbrecht,
Schoof and Bohm, 2004; Broadleyag, 2007) Unlike Cu or Mn, Zn only exists ag'Zm

plants, thus explaining its role in structure and catalysis rather than redox dependent activities
(Ricachenevsky et al., 201%)t* uptake from the soil environment is poorly understood. IRT1,
which is a member of the ZIP transporter family, is thought to be btransport a range of
divalent cations (Cd, Cé*, Fe**, Mn?*and Zi*)(Korshunova et al., 1999; Connolly, 2Q0®)s
correct localisation in the root and displays metal dependent fi@sislational regulation

(Shin et al., 2013; Connolly, 200R)was previousi proposed that other members of the ZIP
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family were responsible for uptake of Zfrom the soil(Grotz et al., 1998howeverA.
thalianaT-DNA lines of two of the four most highly expressed root ZIP transporters suggested
they were important for rootto-shoot Mn (and possibly Zn) transpdMilner et al., 2013)

Other transporters with suggested roles in?Zooncentration and translocatioim planta
include: CDFs/MTPs (e.g. MTP1 is thought to be involved in vacuole sequestration of Zn
(Kawachi et al., 2009; Desbrosgamrouge et al., 2005)HMAs (e.g. HMA2 and 4 are thought
to be involved in rooto-shoot translocation of Zn and Qdussain et al., 2004)PCRs (e.g.
PCR2 is thought to play a role in Zn efflux from the roots and kowtcknes display sensitivity
to both Zn deficiency and excel&ong et al., 201pand VITs (althagh direct evidence for a
role in Zn transport has only been observed in (ideang et al., 2012).e. inA. thalianaVIT1

is known to be important for Fe localisation in se@dsn et al., 2006H) Transport as chelated

Zn has been suggested via YSLs \(éagers et al.(2006)and ZIFLs (e.glaydon et al.(2012)

The genes responsible forgelating Zn deficiency are starting to be uncovered; transcription
factors specific to Zn deficiency have been tested, e.g. bZIP19 and pZ#8ARcao et al.,

2010) the identification of common regulators between different element deficiencies has
begun, e.g. PHRBriat et al., 2015)and work utilising natural variation in Zn, gene expression
and various other traits, e.g. ZIP4 an@3RnA. thaliana(Campos et al.,®L7), are all

contributing to completing our understanding of Zn regulation. Conversely, research into
regulating extremes in Zn concentration has focused on plants known to accumulate excessive
Zn concentrations (known as hyperaccumulators), compdhiam to nonaccumulator

species (e.gran de Mortel et al., 2006)ifferent hyperaccumulators, (e.j§lishra,Mishra and
Klpper, 2017and differentpopulations of the same hyperaccumulat¢&chvartzman et al.,
2018) Research with hyperaccumulators has hidgtieg: upregulation/duplication of
transporters, e.g. CDEShahzad et al., 201®IMAS(Hanikenne et al., 2008nd NRAMPs
(Oomen et al., 2009yarious metal binding strategies, e.g. ntimol ligandg(Kozhevnikova et

al., 2014) nicotianamingDeinlein et al., 2012)nd organic acidéSchneider et al., 201,3and

sequestration of excess Zn within the cell wall, vacuole or trichomesK(gpger et al., 2000)

Within the Brassicayenus there has been a lot of research into Zn accumulation. This is a
consequence of its role as a nutrient infipaegetables and soil contaminant. For example,

leafy brassicas have been promoted as an alternative source of Zn from the usual food sources
(such as grains, fruit and tubers) as they have greater Zn concentration and lower phytate
(which limits the avdability of Zn for absorption within the intestine@White et al., 2018)The
investigation oBrassicagor phytoremediation has been widely reporté@oolong and

Randle, 2003; Soriano and Fereres, 2003; Gisbait,2006; Hamlin and Barker, 2006, 2008;
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Yu et al., 2012; Mourato et al., 2015; Podar, Ramsey and Hutchings, 2004; Purakayastha et al.,
2008; Belouchrani et al., 2016; Ebbs and Kochian, 18#i8ed one of the most famous
hyperaccumulatorsNoccaea carulescenshasionynirhlaspi caerulescens a member of the
Brassicaceaf asat, 2002; Verbruggen, Hermans and Schat, 20Bgfgsicasre considered

to be promising for phytommediation of metals due to their relatively high biomass, although

the induction of other mineral deficiencies (namely Mn and Fe) by excessive Zn accumulation
could limit its applicatiofEbbs and Kochian, 199As previously mentioned, experiments

looking nto the effects of Zn deficiency d napusave highlighted poor Zn remobilisation

(Billard et al., 2015; Maillard et al., 2018)hile those lookingt excess Zn have found that

GSH does not seem to play a role in tolerating excess Zn within the rddtsapugZlobin,

Kartashov and Shpakovski, 2017)

1.25.5 Sulfur (S)

As a macronutrient, S is required in much larger amounts than the elements previously
discussed. Upke of S from the environment occurs in a number of ways (e.g. accumulation
from atmospheric sulfur dioxide (2¥oor hydrogen sulfide (#%$), as well as uptake of organic S,
e.g. amino acids) however the main form plants take up is sulg@&) (Kopriva, 2015)As
SQ*A & (KS LINBR2YAYIlLyld F2N¥Y SEGNI OGSR o6& GKS
plants at a pH >6 (similar to M#,2.5.] (Curtin and Syers, 199@)ntil relatively recently, S
deficiency was comparatively unknown in cropping systems due to the deposition of
atmospheric S from industrial pollutigBristow and Garwood, 1984ihd the use of S rich
fertilisers (i.e. fertilisers which used sulfuric acid as part of the production progéssiiva,
2015) The symptoms of S defency include yellowing of leaves leading to chlorosis and
decreased biomass, alongside reduced protein metabolism/disruption in N metabolism
(Marschner, 1995a) On the other hand, S toxicity is very rarely observed in crops but is a
problem in lower nutrient input ecosystems exposed to high levels8fand Sgpollution,

such as forestéMaathuis, 2009; Nakamura et al., 2008)toxicity results in chlorosis and

interveinal necros (Chandra and Pandey, 2016; Lee et al., 2017)

The main pathway of S uptake in the plant is via sulfate transporters in the roots. SULTRs are a
large sulfate/proton ceransporter family divided into a number of groups (c.f. group 5 SULTR

in Mo, 1.2.5.7 (Takahashi et al., 2012proup 1 transporters are responsible for high affinity
sulfate transport, e.g. uptake of sulfate from the g&ibuached et al., 2008; Yoshimoto et al.,
2007, 2018)group 2 are low affinity transporters generally associated with-toeghoot

sulfate transportTakahashi et al., 200Q3roup 3 is responsible for transporting sulfate in

plastids(Takahashi et al., 200@hile group 4 is responsible for exporting sulfate from the
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vacuole(Kataoka et al., 2004; Takahashi et al., 2012; Gigolashvili and Kopriva, 2014; Kopriva,
2015) S is generally highly mobile within the plant and it is theorised that it can hepeated
throughout the plant in a number of different forms other than sulfate, e.g. as GSH, flavanoids
and amino acids (for a review s€ggolashvili and Koprivé2014). Within plant cells however,

sulfate which is not agwilated is stored within the vacuole (although the transporter

responsible for this is yet to be uncovered). The assimilation of S is generally split into two
pathways: primary and secondary S metaboliiigirel.2.5a). Primary metabolism involves

the gradual reduction of sulfate before becoming incorporated into cysteine. The initial step in
sulfate activation requires ATP sulfurylase to adenylate the sulfate ffofm@ I RS-y 2 aAy S ¢
phosphosulfate/APS), in the cytosol or plastid. This is a branching point between primary and
secondary S metabolism; APS can either be reduced (via APS reductase and sulfite reductase to
yield sulfide in plastids, which can then be inamated into Qacetylserine (OAS) via OAS

thiollyase to yield cysteine, either in the plastids or cytosol) or phosphorylated (via APS kinase)

F 2 NJY ALYKR 30L0K 2 | R-Bhysphivdulfate (PARS) which acts as a sulfate donor in many
sulfation reactions intte cytosol (i.e. secondary metabolis(Wugford et al., 2011; Koprivova

and Kopriva, 2016)Atmospheric S accumulation can occur, asf@@s sulfite within the leaf
agueous solution when soil S is limiting via leaf stomata, whilSti$lassimilated as sulfide
(Nakamura et al., 2009)
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Figurel.2.5a Schematic representation of primary and secondary S assimilation (adapted from

Mugford et al.,(2011) andKoprivova and Kopriva2016).

Arrows indicate reaction steps between each metabolite (given in bold) whilst key enzymes are
indicated in italics. Primary and secondary metabolisms have been split, with glucosinolates given as an

example of a secondary metabolite (i.e. a metabolite caisidered essential for plant survival).

Within the plant S is involved in a range of biological activities; namely through its
incorporation into amino acids (cysteine and methionine), but also within glutathione/GSH
(Noctor et al., 2012)as sulfolipid¢Shimojima, 2011)as a constituent of vitamins and
cofactors, via plant hormones (regulation through sulfation) and within numerous secondary
metabolites(Takahashi et al., 201#&)g. glucosinolatefHalkier and Gershenzon, 20@6)d
aliinins(Jones etl., 2004) The molecular mechanisms behind the regulation of S assimilation
are beginning to be uncovered (revieweddaprivova and Koprivé2014). A number of
transcription factors has ke found which are involved in controlling sulfate uptake and
assimilation. For example, mutants with reducgdMlexpression were unable to induce
SULTR1;Ranscription under S deficieng¢iMaruyamaNakashita et al., 2006Post

transcriptional regulation has also been implicated in S regulatiorexXample miR395

induction by S deficiency and regulation of ATP sulfurylase and SUK&&akhima et al.,
2009, 2011) Further, proteirprotein interactions have also been implicated. A good example

of this is the cysteine synthase complex: a complex of Serine Araatgferase (SAT) and OAS

34



thiollyase (OASTL), each regulated by the availability of the®twubstrate. Within the bi

enzyme complex only SAT is active while OASTL needs to dissociate to free the active site and
produce cysteine. Sulfide stabilises the complex allowing the synthesis of OAS, while OAS
causes the dissociation of the complex bynpeting with SAT for binding, allowing cysteine
biosynthesigDroux et al., 1998; Wirtz and Hell, 2006)

It is well known thaB. napuss highly sensitive to S and N defigars and therefore requires

high fertilisation rategZhao et al., 1997; Dubousset, Etienne and Avice, 2010; Zhao et al.,
1993) As previously mentioned for Mo (s&e2.5.)), it is thoughthat part of this increased

demand inBrassicass the production of secondary S metabolites, namely the glucosinolates
(GSL}jzhao et al., 1997, 1993ndeed there is evidence that transcription factors involved in

the control of GSL biosynthesis are involved in regulating sulfate assimilatiosattivation

assays with MYB28/29/76 (aliphatic GSL transcription factors) and MYB51/34/122 (aromatic
GSL transcription factors) highlighted the potential regulation of APS kinase and ATP
sulfurylase imA. thaliana (Yatusevich et al., 201L0n B. napuseeds there is such a strong
correlation between seed S and seed GSL that S was originally used as an indirect measure of
GSL contenBloem, Haneklaus and Schnug, 200%)e amount of GSL within the seed8of
napushas however been limited; after oil extraction the seed8ohapusare made into a
fABSai201 TFTSSRk LINRGSAY -mNKkitofal piBettids S10vedtogkR > & A Y
(Griffiths, Birch and Hillman, 1998. napu<lite varieties were bred to limit the GSL content

in seedqHalkier and Gershenzon, 2008his reduction in GSLs has been achieved namely
through an apparent knoe&ut in the major aliphatic GSL transcription fadityb28HAG1
(although it also appears to cause a reduction in leaf GSLs, with implications for plant defence)
(Harper et al., 2012; Lu et al., 201@ther research iB. napun S has focused on salt stress

and its effect on GSH biosynthesis (Rgiz and Blumwald, 20Q2he interaction of S with

metal stresses e.g. effect of mMiR3@hang et al., 2013r HS(Ali et al., 2014pn Cd, the

genes behind sulfate homeostasis (namely Cysteine synthase) via AT an&ysispnos

(Koprivova et al., 2014)nd modelling approaches to S deficieByunetMuguet et al., 2015)

1.2.5.6 Cadmium (Cd)

Unlike all of the elements previously discussed, Cd is not an essential element and is highly
toxic to plants and animals. Cd is accumulated &s&dconsequence of its chemical
similarities to other elements (i.e. other divalent cations, namely its analogtfe Zherefore,

it is most bioavailable to plants under the same conditions that other divalent cations are
available, i.e. slightly acidioits (Alloway, 2013)Furthermore, it has been hypothesised that

some of the toxic effects of Cd in plant cells may lserssequence of its replacement of
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essential elements within proteins (e.g. upregulation of Zn uptake systems under Cd stress
(Weber, Trampczynska and Clemens, 206js also thought to increase ROS damage as a
consequence of depleting reserves of antioxidants, specifically glutathione/GSH through the
production of phytochelatins (thiol rich peptides igh bind metals) or direct binding to GSH
(Schitzendiibel and Polle, 200R)any of the specific effects of Cd toxicity are however poorly
understood; in general the symptoms observed with Cd toxicity include growth inhibition,
wilting and chlorosig¢Gallego et al., 2012)t is found naturally in soils (commonly with Zn
minerals) at around 0-1mg kg' (Alloway, 2013)however human activities have increased Cd
concentrations within soils, predominantly from P fertilisers, but also through atmospheric
deposition from industrial processes, mining and sewage sludge appli¢@timppala et al.,

2014; Alloway, 2013)0ne of the main issues of Cd contamination is that the levels required to
inducetoxicity symptoms in plants are higher than those required in hunfi@uspta and

Gupta, 1998; Alloway, 20).30ne of the most famous and extreme examples of this was the
break out ofitai Itai disease in Japan in the 1960s; a disease which caused severe pain and
fractures, particularly in the long bones. It was subsequently found to be a form of
osteomalacigbone softening caused in this case by increased excretion of Ca in Cd damaged
kidneys) by the detection of elevated Cd in urine samples. The outbreak of the disease was
linked to the irrigation of rice fields with water which had been contaminated waitlir@m

mining activitiegNordberg, 2009)This case also illustrates the other issue of Cd
contamination of food: it is not necessarily a one off exposure to contaminated foods but
consistent, low level comsnption, as it takes 120 years for consumed Cd to be removed

from the human body (i.e. background levels of Cd in food needs to be carefully controlled)
(Inaba et al., 2005; Alloway, 201BJowever, it is important to note that Cd toxicity is not
necessarily a factor of total concentration within soil, it is the bioavailability that determines
plant uptake (with pH generally considered the most impot factor)Christensen, 1984)

Crops differ significantly in their ability to take up Cd, as such Cd toxicity in human populations
is avoidable with a diverse diet and suitable management practiésvay, 2013)The
Brassicaceaare known to be relatively good at accumulating Cd which is unfortunate for food
production but may have applications in bioremediation (i.e. use of plants to remove or

stabilise Cd within contaminated soi{&izwan et al., 2018)

As Cd is not an essential nutrient, it has been hypothesised tfat@idke into plants is a
consequence of indirect uptake through other nutrigransporters/channels (namely those of
divalent cations, such as €aCi#", Fé*, Mg and Zi3*)(Clemens, 2006)ransporters and
channels which have been implicated in Cd uptake into root cells include: ZIPs (e.g. AtIRT1
under Fe deficiencgvert and Grotz, 2002)NRAMPs (e.g. Cd/Mn accumulation in rice via
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OsNRAMP#ESasaki et al., 201R)and potentially Ca channels (e.g. tobacco transformed with
wheatLCTMisplayel Ca mitigated Cd toleran¢@&ntosiewicz and Hennig, 2004Ld which

does not become bound to root cell wafisY NI S & U 2 @rddertteXs the ceNsnsihought

to be immediately chiated (with GSH/phytochelatins) e.g. Cd coordination to S containing
ligands imB. juncegSalt et al. 1995) In addition to chelation, sequestration of Cd in the
vacuole is thought to be another tolerance mechanism, e.g. AtH(WW3el et al., 2009pr
AtCAX2 and @&Kaenkov et al., 2009)However, in some instances Cd can be remobilised from
the vacuole, e.g. AINRAMP3 an{Merbruggen, Hermans and Schat, 2009a; Thomine et al.,
2003; Oomen et al., 2009and loaded into the xylem for long distance transport, e.g. AtHMA4
(Mills et al., 2008)This is often the primary distinction between tolerant plants and
hyperaccumulators: tolerant plants wiiinit root-to-shoot translocation to minimise the
cytotoxic effects of metals in the above ground biomass, whereas hyperaccumulators (i.e.
those which accumulate concentrations of metals that are normally toxic) usually have
efficient rootto-shoot transprt, e.g.N. caerulescersppears to overexpre§dRAMP&Nd 4
(Oomen et al., 2009whilstA. halleriappears to have highétMA4expression in comparison

to A. thdiana(Hanikenne et al., 2008pPnce again, within the upper organs, Cd chelation and

sequestration are thought to be essential fod tolerance.

Brassicaspecies (including. junceae, B. carinata, B. oleraggal B. napu$have been
suggested for use in phytoremedial purposes; they have high biomass, can be grown-for non
food purposes and are generally tolerant of higher Cd comraéinns than other cropgRizwan
et al.,2018) As such there is a relatively large body of recent research which has been
performed to understand Cd accumulation (amongst other elements such as Zh2sg4 in
variousBrassicapecies. It was previously found that exposur®ohapugo Cd stress causes
an increase in concentration of Fe, Zn, Cu and P in roots (as well as Cd), and a reduction in K.
Further, S was shown to increase with Cd exposuhich the authors attributed to a potential
increase in GSH or phytochelatin biosynthése&gsson, Bornmaand Asp, 1998)ollow on
experiments highlighted that phytochelatin biosynthesis was playing a role in Cd tolerance in
B. napugSelvam and Wong, 2008)hd explored the application of this species in
phytoremediation(Grispen, Nelissen and Verkleij, 20@Bdher experiments emphasized the
importance of vacuolar and cell wall sequestration as a long term Cd tolerance mechanism in
B. napugCarrier, Baryla and Havaux, 2003pmparison between the known accumulair
junceaandB. napusighlighted that most Cd was retained withimetroots of both specidsut
that B. juncedad greater accumulation in the shoot and increased lipid content within the
leaves(Nouairi et al., 2006) More recently a range of genome wide analyses has investigated
Cd tolerance iB. napusMeng et al.(2017)investigated NRAMP expression under Cd
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exposureChen et al.(2018)performed a GWAS on Cd accumulatand found a number of

A. thalianahomologuesIRT1, NRAMP6, PCS1, P&EZSE); Zhang, Zhao and Yar{g018)
investigated Cd responsive ABC transporter genes; witikshg et al.(2018)used the same
methods to investigate Cd responsive RNA helicase genels andl.,(2018)found Cd

responsive HMA transporters. All of this research has focused on the phytoremedial potential
of B. napushowever it is important to note that therimary use of oil derived from this

species is for human consumption (not biofuel). Therefore, careful analysis and regulation of
cultivars which can tolerate or accumulate Cd would need to take place to prevent accidental
contamination of the food chairindeed this is probably one of the most convincing arguments
against the use dB. napusn phytoremedial applications (c.f. use®f napugor

phytostabilisatiorand biofuel productio{Campbell et al., 201))

1.2.6 B. napusn general

As previously mentionedBrassica napufilseed rape) is a globally important vegetable oil

crop. However, it is only within the past 50 years that it has bexan economically

important oil crop. Breeding to reduce antinutritional components, such as glucosinolates

(GSL), and efforts to boost seed yields have resulted in Oilseed rape beiritjldngest

source of vegetable oil worldwide in 2017/{8llender and King, 2010iSDA, 2018)n

addition to its role as an oil crop, napuss also an important vegetable crop, with crop types

grown for their leaves (e.g. kale and fodders) and roots (e.g. swede) for both human and

animal consumptionB. napuss a allotetraploicamphidiploid, derived from the hybridisation

of the diploid specieBrassicarap® O2 y (i N&A 6 dzi A y 3 BrisSica¥léragead Sy 2 YS 0
002y iNAROGdzGAY 3T (GKS W/ Q 3ISyYy2YS0 (bakahatisitok S NH S R
2002)(Figurel.2.6.a). It has been theorised that the hybridisation betwegnrapaand B.

oleraceatook place during human cultivation, sometime less than 10,000 yearéTaigh et

al., 2009b) As a further complication, extensive genome triplication has been detected in each

of the diploidBrassicajenomes, i.eB. napuss a paleohexaploi(Lysak et al., 2005, 2007)
Importantly, the model organisrA. thalianais a member of the same family Bsnapugthe
Brassicaceaaliverging ~20 Mya) and as such it is possible to trace orthologous genes between

B. napusandA. thalianadue to their close phylogenetic relationsh{ipang et al., 1999)
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Brassica nigra

Brassica carinata Brassica juncea

Brassica oleracea Brassica rapa

Brassica napus

Figurel.2.6aThe triangle of U: Brassica genome evolution/structure in accordance with the tlyeor
presented by(Nagaharu U., 1935)
Six Brassica species are portrayed: the three diploid species are sBmagsita rapa; Brassica nigaad

Brassica oleracgaas igheir genome structure and chromosome number (i.e. AA (n=10); BB (n=8);

The large size (~1.2 Gb) and repetitive nature oBhaapugienome has made the

production of a draft genome sequence Br napussignificantly more complicate(Chalhoub

et al., 2014) For example, there can be up to six cogita single orthologous gene frofn
thalianain the B. napuggjenome (giving a total of 12 different allelic variar{tS8halhoub et al.,
2014) Furthermore, due to the amphidiploid nature Bf napusmany genes will have
corresponding homoeologues (whichd& 06SSy RSTAYSR a a3SySa 2N
same species that originated by speciation and were brought back together in the same
3Sy2YS o6& | ff 2Gbie Réedtiy Bkl Ddssink2B6)EwitHinyéach of the A
and C sulgenomes. It has been estimated that the transcribed sequences of these
homoeologues will vary ~3.5% of the time. Consequeartly SNPs detected in such regions
can appear to have multiple (>2) base calls (one from eaclyenbme, see next sections,
1.2.7(Trick et al., 2009b)rhe presence of these homoeologues is further complicated by the
extensive homoeologous exchanges (HEs) that have been obseBedadapugBancroft et al.,
2015; He et al., 2016; Chalhoub et al., 20C9nsequently, both SNP calling and the correct
assignment of CDS gene models to-genomes is significantly more complicatedinnapus
and other recently formeallopolyploids. The AT approach used in the current research

mitigates such issues (s&e2.7). Crucially, howeverthese HEs have been shown to segregate
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widely in the germplasms used fBr napusn crop breedingHe et al., 2016)it has been
theorised that these HEs have been placed under selective pressure during the breeding
procesqChalhoub et al., 2014For example, the low glucosinolate (G$henotype (see
sectionl1.2.5.5for further information on GSL) is now thought to be a consequence of a HE,
resulting in the substitution of a region on the G2@mosome with a homoeologous region
from the A genome. This replaces a functional copy of a major positive aliphatic GSL
transcription factor fnyb28/HAG) with a norfunctional one, significantly reducing the
concentration of GSL within the seeds and iegdo the development of the modern low GSL
varieties in the past 50 yea(€halhoub et al., 2014; He et al., 201B)rthermore, it has been
shown that the majority of HEs involve substitutions of C genome sequences by A genome
sequencegHeet al., 2016) It had previously been theorised that this is a consequence of
repeated interspecific crosses betweBnnapusandB. rapaduring cultivation(Liu et al.,

2016) however it may also be explained through the substitutioB ofapusC genome

sequences by thB. rapaderived A genome sequences in HHs et al., R16)

1.2.7 Associative Transcriptomics (AT)
Associative Transcriptomics (AT) is a form of GWAS; using historical recombination events and
linkage disequilibrium to identify loci associated with the trait under investigation. Therefore,
like all GWAS studies, AT requires a large and geneticallgéipanel of plants. In the current
research, a diversity panel comprising 383 double haploid or inbred accessi®nsaygus
were exploited. The panel consisted of: spring oilseed rape (123 accessionsyistami
oilseed rape (11 accessions), sweded@2@essions), kale (3 accessions), fodder (6 accessions),
winter oilseed rape (169 accessions) and an unassigned group (44 accessions, i.e. crop type
information unknown), for further detailsee2.1.landFigurel.2.7.a. As with all forms of
GWAS, the use of a genetic diversity panel in AT can cause spurious-traitkessociations
due to underlying population structure (Q) and relatedness (kinshiZhgng et al., 2010a)
To control for these associations a number of different approaches have been taken
throughout the literature (reviewed iRrice et al.(2010) Population stratification is relatively
easy to @tect using Genomic Control methods. These methods estimate the inflation of p
values caused by underlying population structure (i.e. genome wide inflation of association
statistics) and are often used as a correction for underlying population structucé és the
methods used in the current study for GEM analysee2.2.1andDevlin and Roede(1999).
Other methods used to correct for underlying population structure infer genetic ancestry, e.g.
Structure Association (SA)bdelbased approaches or Principal Component Analyses
(PCA)/noamodelbased approaches. These methods split the panel intepaydulation
clusters and then investigate associations within the clugierige et al., 2010)The SA
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approaches produce a Q matrix (an estimation of the relatedness for each genotype to each
sub-population, where K@ populations) but are computationally intensive (e.g. STRUCTURE
(Pritchard, Stephens and Donnelly, 2000ADMIXTUR(Alexander, Novembre and Lange,
2009). The PCA approaches are computationally more efficient (e.gNBIGEA{Price et al.,
2006), using the top principal components as covariates to correct for population

stratification, but do not produce a Q matrix. However, neither of these approaches correct for
unequal relatedness (K) amongst individuals (Price et al., 2010). Mixed Modpjirgpehes

on the other hand are able to account for both population structure (Q) and relatedness (K)
using both random (a phenotypic covariance matrix which represents the sum of heritable and
non-heritable random variation, the K matrix) and fixed effefthe functional genotype and Q
matrix). The AT approach used in the current research combines all three methodologies: using
a PSIKO (Population Structure Inference Using k@Al and OptimizatiofPopescu et al.,

2014b) derived Q matrix which utilises PCA and compressed mixed linear modelling (CMLM)
through GAPIT (Genome Association and Prediction IntegratedLipad et al., 2012)which
generates the K matrix automatically. The CMLM approach was used as older MLMcapproa
using TASSHKRBradbury et al.(2007) see next paragraph) were computationally challenging

with the large datasets under anaig$Zhang et al., 2010a)

o

I .
PR T

Figurel.2.7.a The Renewable Industrial Products from Rapeseed (RIPR) population structure from
Havlickova et al., (2018).

The top of the figure is a dendrogram produced from a distance matrix showing the relatedness of all
355 536 SRs in the RIPR panel. In the middle are all the major crop types in the diversity panel colour
coded (spring OSR = orange; saviriter OSR = green; swede = light blue; kale = dark blue; fodder =
black; red = winter OSR; grey = unassigned crop type) shdwérexpected clustering. On the bottom is
the population structure as determined using PS{RGpescu et al., 2014p8howing a supopulation

structure of k=2 with mixturecross the panel.
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However, unlike most other GWAS analyses, AT uses transcriptome data-gegNata);

giving functional genotype data as variation in gene sequence (single nucleotide
polymorphisms/SNP) and gene expression (gene expression markersitGERKM (reads per
kb per million aligned reads). Furthermore, until relatively recently there was no reference
sequence for thé3. napuggenome(Chalhoub et al., 20147s such, before AT could be applied
as a technology, methods for calling the functional genotypes and the creation of a linkage
map were required. To circumvent the lack of a reference sequdiek et al.(2009b)used
94,558 publicly availabBrassicaunigenes (assemédl from 810,000 publicly available
expressed sequence tags (ESTE]jEk et al., 2009as the reference sequence against mMRNA
seq data from young leaves. SNP identification thgriated the publicly available MAQ
software(Li, Ruan and Durbin, 200®)develop an approach for the identification of SNPs in
the absence of a genomic reference seque(iogck et al., 2009b)Jsing this methodology,
Bancroft et al.(2011) exploited this mRNAeq approach to screen a smllnapusnapping
population of 37 double haploid lines, using sequence variation and transcript abundance. SNP
linkage maps were then constructed and used to alignBhrapuggenome againshe A.
thalianareference sequence and the genome sequence assemblies of the two progenitor
speciesB. rapaandB. oleracedBancroft et al., 2011he use of this mMRNgeq approach to
measure transcript abundance was further validated in the worHigfjins et al (2012)
highlighting differential expression in homoeologous gene pairs after polyploidization (again

emphasising the utility of mRNgeq GWAS analysis for pdlyids).

With these resources in place the first AT analysis was publisheldtper et al.(2012)

highlighting hypothesised dietions corresponding to the low glucosinolate (GSL) phenotype in

B. napusThis AT approach generated the A and C genome pseudomolecules (sequence
scaffolds representing the 19 chromosome®ohapu$from the unigenes and linkage maps
developed byBancroft et al.(2011)but with manual interrogations of genome sequence

scaffold assemblies to identify false assemiyi¢arper et al., 2012)Anaher aspect in which

the two methodologies differed was in how interhomoeolog polymorphisms (IHP: where
sequences differ between homoeologous loci) were inferfadyrel.2.7.b). Automated SNP
detection in polyploids can be confounded by the presence of these IHPs, confusing allelic
variation with homoeologue variatiotdarper et al.(2012)0 dzA f 4 dzLl2y G KS & O dzNR
described byHiggins et a)(2012) instead of utilising a consensus sequence derived from ESTs

of the A and C genomes the new approach inferred IHPs based on the diploid A and C genomes

of DHB. rapaandB. oleracegHarper et al., 2012)0nce the A and C pseudomolecules had
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been constructed, with the SNPs correctly called and assigned, the 1s&\i@ads were

Ff A3y SR (2 GKS ySgté aOdzZNBERé NBFTSNByORe aSldzS

GEM analysis. AT analysis could then take place: SNPs were analysed with a Mixed Linear
Model (MLM) within TASSHERradbury et al., 200f)sing a STRUCTURE derived kinshipxmatr
to account for population structuré@Evanno, Regnaut and Goudet, 200&gainst the trait

data, whilst a linear regression was performed between the R&&il (GEMs) and the trait
data. The MLM modelling approach was used to account for both population structure and

relatedness in the association analysis.

Genomic sequences Called bases

Diploid species (AAor@ = 51 f Ay S Sdefeingioh gpscigs

Cultivar 1 locus(S®3)» 'ACCTAGCT AGCTA|eglcT
Cultivar2locus (S ®3)Y» 'AGCTACCT AGCTRAlclcT
simple SNP

Allotetraploid B. napus AAJ = 51 fAYyS)STFTS

. ’ [ |
Tapidor locus oVYhGciTAGCT
Tapidor homoeologue OC2A G!TIT A C C T

1 1
. O'Lp 1 1
Ningyou 7 locus AGiciTACCT AGYTA|clcT

Ningyou 7 homoeologue 0C2 4 G!T!T A € C T

AGYTA|S|ICT

[Rp—_—

inter-homoeologue polymorphism hemi-SNP

Figurel.2.7.b A schematic representation from (Trick et al., 2009b) of the various forms of si

nucleotide polymorphisms (SNP) within a DH (doubled haploid) lithe polymorphisms are in bold

within the sequences).
Two full line boxes highlight where allelic SKBge been represented, while the broken box represents andnter
K2Y2S8t232dz8 L2t a8Y2NLIKAAY O6LI t{0btdKADBKOdZMB yYRKIS Y yI y £If ¢

within a homoeologous sequence. The ambiguity codes from the Internatioriahldf Biochemistry (IUB) are given

Subsequently, several studies have exploited AT to interrogate the genetic basis of many traits
in B. naps with slightly modified approaches e.g. with a larger diversity pénekt al., 2014;
Koprivova et al., 2014nd/or newer AT methodological approaches and an even bigge

diversity pane(Wood et al., 2017; Havlickova et al., 20I8)e most recent modifications to

the AT approach were recently describedHavlickova et al(2018) However, as they are

relevant for understanding the current research they are detailed in brief here. A major
AYLINRGSYSyld 2y GKS 2NARIAYIl -0 NGy ¥CNIKBERZY 23 &

2015) Instead ofelying on assembled unigenes from acrBsassicapecies, this approach
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uses the coding DNA sequence (CDS) gene models from the published sequences of the
progenitorsB. rapaandB. oleraceausing the publishe®. napugienome sequence to

interpolate B. napusspecific CDS gene models. To be specific, markers were assigned to either
the A or C sulgenomes within the pattranscriptome based othe sequences of the diploid
progenitors (and interpolationof th8. napusspecific CDS gene models within the pan
transcriptome based on the order of the neighbouring CDS gene m@delst al., 2015)
Consequently the developed pdranscriptome has significantly more CDS gene models than
the publishedB. napuggenome (by ~35,00@He et al., 2015; Chalhoub et al., 20a4y

enables greater discriminatory power to map markers to specific genomes, resolving a greater
number of simple SNRBlavlickova et al., 2018\nother advance utilised in the current AT
approach is the use of PSIKO (Population Structure Inference using-R€eind
Optimisation)(Popescu et al., 2014k) generate a Q matrix to account for population

structure. As previously described, this method combines the best of model anthadat

based approaches to acaotfor population structure within larger datasets. This Q matrix is
used with an automatically generated K matrix during CMLM SNP association analysis with the
R package GAP(Oipka et al., 20120nce again this enables the advantages of MLM analysis
(i.e. controlling for population structure and kinshigthiva Q + K approach) whilst minimising
computational burden from the large datas@thang et al., 2010a§5EM analyses were further
improved with the use of the Q matrix (i.e. fixed effect linear modelling) to account for
population structure and genomic control methods (describeBévlin and Roede(1999) to
account for p value inflation. The results of these analyses are outputted alsaifan plots

(see sectior2.2.2). In this research, AT is therefore used for the first time to identify potential
candidates underlying micronutrient concentratiorechanisms with IGKIS data from the

RIPR diversity panel for a number of elemgiisomas et al., 2016However, the candidates
identified with this approach require validation. The next section will describe alternative
quantitative genetic approaches used to investigate ionomics before moving onto the various

methods used to validate candidates.

1.2.8 Quantitative genetics and lonomics
Quantitative genetics relies on the ability to link an observed phenotype to particular genes or
loci (i.e. forward genetics). Some of the first quantitative genetic approaches utilised large
mutant mapping populations to identify candidate genes. Argu#iByfirst large scale
jdzZl yOAGEFGA GBS ISYySGAO SELISNRYSY lLatingtetdla 2y 2YA Oa
(2003)with Fast neutronmutagenized plants (ionomics being defined as the quantitative
study of an organisms ionome in relation to its physiology, development and genetic
composition(Salt, Baxter and Lahner, 20R8Jhis study screened ~12,500 plants with a
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combination of ICRMS and IC®/AES. This led to the identification of 51 mutawtth altered

St SYSydrf LINPFA{S® LYRSSR (GKAa Aa (GKS aiddzRe
because the majority of mutants identified had multiple elemental disturbances, highlighting
the interdependence of elements in the ionorleahner et al., 2003However, such forward
genetic approaches have been limited by the need to clone the genateoést; i.e. one of

the first mutants cloned from the 2003 study (Enhanced SubefihBSB11) was identified in
2009 with a deletion mapping approach (utilising bulk segregant analysis and DNA
microarrays) six years after the initial stu@axter et al., 2009 Approaches such as this to
mapping mutations are hot uncommon in ionomics research(&gng etal., 2004; Chao et

al., 2011; Tian et al., 2018hd with the improvement in sequencing technologies (i.e. next
generation sequencing methods), mapping by sequencing is now also being applied in

ionomics e.g(Kamiya et al., 2015)

Comparable mapping approaches applying natural variation have also been used to find
causative genes. For exampiys et al.(2006)identified the Na transporteHKT1;¥rom wild
populations ofA. thalianawith DNA microarray BSA (Beld segregant analysis) and reverse
genetics (utilising a-DNA line in validation), the same transporter identified in mutant screens
with similar methodgGong et al., 2004)0ther approaches to understanding the link between
the genome and ionome have involved screening cDNA libraries of hyperaccumulators in yeast
(e.g.Delhaize et al., 2003; Bozdag et al., 2014; Zhou et al., 28&8)ral variation has also

been exploited in quantitative trait loci (QTL) mapping. In one experinveatygdenhil et al.,
(2004)studied the genetic variation of a number of elements (Ca, Fe, K, Mg, Mn, Na and Zn)
with recombinant inbred lines (RILs) and QTL analysis. This study found multiple QTL for most
elements, some of which docalisedbetween different elements. This docalisation was
explained as a result of either: pleiotropy (i.e. similar elements sharing accumulation
mechanisms) or due to the linkage of multiple genes within a(@dugdenhil et al., 2004)

Other experiments have expted BSA and RIBaxter et al.(2008)used BSA to find a rough
location for the Mo transporteMOT1using a DNA microarray, before using a RIL population

to find recombinants and fine map thMdOTllocus.

Such mapping approaches are very advantageous for identifying rare allelic variants, making it
more likely that a novel allele will be found for the phenotype of interest, however this is often
at the expense of precision (i.e. a large regidthe genome will be highlighted). Further,

these mapping and QTL approaches are often based on limited genetic material (e.g. two
parental genotypes, although more complex mapping populations are now available, e.g.
MAGIQKover et al., 2009)Bazakos et al., 201 penome Wide Association Studies (GWAS)
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on the other hand are dsed on large and genetically diverse panels, i.e. they still use linkage
disequilibrium (LD) but this is based on historic recombination events. A good-fullow
example is the work in the Na transportdKT1;1 previously identified with mutantGong et

al., 2004)and natural variation screening approachas et al., 2006)t was also confirmed
with a range of techniques, including GWASBhxter et al.(2010)in a diversity panel of 337

A. thalianaaccessions. This study built on the previous worktefell et al.,(2010)which

found HKT1;ISNP association peaks with Na in a much smaller panel (95 genotypes) as part of
a much wider GWAS feasibility study (studying some 107 separate phenotypes, 18 of which
were ionomic). There are numerous instances in the lite@ffGWAS being applied to study
the genetic basis of mineral element variation in crops e.g. Zn and Fe in maize kdmeis

et al., 2018) Mn toxicity in ricgShrestha et al., 2018nd Ca concentrations in wheat grains

(Alomari et al., 2017)

The main advantage of GWASs is that it allows the exploration of the genome in comparatively
finer detail compared to traditional mapping approaches, sometimes even identgpiecjfic
candidate genes in the process (e-grper et al., 2012However, this is highly dependent on

the extent of LD in therop under investigation. An excellent example would be rice: LD in wild
outcrossing species of rice decays much more quickly in comparison to tfiersking

varieties under cultivation (e.@ryza rufipogomecays over ~20kb vs ~150kkC0nyza

sativa(Huang et al., 2012,04.0). On the whole, GWAS approaches have been limited in a
number of ways: initially by genome sequencing technologies and the requirement for markers
mapping the whole genome (particularly amongst polyploid crops); the confounding effects of
populationstructure leading to false positives (i.e. linking causative alleles tecansative

loci due to ancestry) and the lack of detection of rare alleles (i.e. the minimal representation of
rare alleles within the diversity panel prevents the detection ofiicant associations with

the phenotypejBourke et al., 2018Associative Transcriptomics is a form of GWAS, which
instead of using genomic DNA makes use of mB#¢panalysis to avoid some of the

aforementionedimitations of GWAS, particularly in polyploids.

1.2.9 Quantifying multiple mineral elements

The ability to phenotype large numbers of plants is essential for quantitative genetics and
ionomics. By far the technique most commonly applied in plant ionomlicslistively

Coupled Plasma (ICP) spectroscopy; be #MSKICPmass spectrometry) or IGBES (IGP

optical emission spectroscopy)/IHES (ICRitomic emission spectroscopyiihe principle

behind both techniques is very similar: the samples are ionisddimductively coupled

LX FaYlFr WL/t QU0 YR GKSY (KS OavwsOtlisgsmadsi A2y 27T

46



ALISOGNRYSONE oWa{ Q0 F2NJ aSLI NI GA2Y FyR |jdz yi
ratios, whilst O/AES rely upon optical/atomic esms spectroscopy (i.e. measuring the

emitted electromagnetic radiation from ionised samples to give their concentration). Both
techniques rely on thorough digestion of the plant material under investigation to prevent
problems with sample introduction @nalytical biases (which has implications for the plant
materials under investigation, e.g. seeds are harder to digest than |¢ahesed et al., 2011)
These two techniques have been favouseithin the plant ionomic community for a number

of reasons: the ability to analyse multiple elements at a time; both are relatively cheap and
have large sample throughpdbjingova et al., 2013)CPMS analysis has significantbyer

limits of detection (LOD) in comparison to {OFAES (IGRIS at 1€-1e*ug g'; ICRO/AES
0.00110 pg di(Djingova et al., 201Rhowever ICRO/AES is easier to run, simple to maintain
and more coseffective(Husted et al., 2011)CPMS was the technique used in the current
research becausefdhe large number of elements with a wide range of concentrations in the
plant materials under investigation. However, ICP techniques are not the only methodologies
used in multielement ionomic research and sometimes a combination of techniques is ased t
determine a broader range of elements (eQueralt et al., 2005; Phahhien, Wright and Lee,
2012; Barbosa et al., 2015)his would not have been a feasible option in the current research
considering the large number of samples analysed (383 genotypes with 5 replicates in seeds
and leaves(Thomas et al., 2015)The phenotype data used in the current study is detailed in
the general methods2(1.1) and was generated as part of the Renewable Industrial Products

from Rapeseed consortium (RIRBBSRC, 2004 sdetailed inThomas et al(2016)

Other techniques often used in ionomic studies include: Atomic Absorption Spectroscopy (AAS:
however this is typically a single element techniqueay)XFluorescence Spectrometry
techniques (XRF: although it has a much higher LOD in comparison to teeH@iBues and
can therefore determine fewer elementis plantag) and Neutron Activation Analysis (NAA:
however this is limited by the requirement for an experimental nuclear rea@jingova et

al., 2013) Other fast spectroscoptechniques based on secondary indices have also been
used for indirect analysis of element composition within plants; such as Ultraviolet, visual,
Near and Midnfrared Spectroscopy (UV, Vis, NIR and MIR), alongside chlorophyll a
fluorescencdvan Maarschalkerweerd and Husted, 2013pwever, they are limited in a
number of ways: they are indirect analyses and therefeguire careful calibration; many
elements are stored in nemetabolic pools (e.g. the vacuole or cell wall), and therefore will
not be analysed and as of yet medfiement determination with such techniques is limited
(van Maarschalkerweerd and Husted, 2Q1R)addition to the mere quantification of elements
within tissues, it is important to note that a range of experittad techniques for analysing the
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localisation and speciation of elements in plants has been developed, elGPMS (Laser

Ablation ICRMS), SIMS (Secondary lon Mass SpectrometXRFS(Synchrotron XRF) and XAS
(Xray Absorption SpectrometrgZhao et al., 2014 5ince such techniques have not been used
within the current analyses (although based on the same chemistopes in quantification),

they are discussed no further and the reader is referre@hao et al.(2014)for a review.

Similarly, anion analyses have not been discussed as these were analysed as part of a similar

but separate project (i.e. HPLC analysiKaprivova et al.(2014)and Alcocket al.,(2018).

1.2.10 Candidate gene functional validation

Once a candidate gene has been identified, the role it may play in nutrient concentration
needs to be validated. There are a number of approaches which can be used for candidate
gene validation, including physiological analyses, genetic transformatiogearatic
complementation(Pflieger, Lefebvre and Causse, 20@hysiological analyses provide

evidence for the role of the candidate gene in the trait bahnot provide definitive proof. An
example of this would be work on thb1 gene in maize and teosin{®oebley, Stec and

Hubbard, 1997)In this work expression analyses were performed which highlighted that the
expression ofbl was twofold higher in maize thn its progenitor species teosinte, implying a
role for this gene in the evolution of the unbranched maize phenotype during domestication.
However for this role to be definitively proven genetic complementation analyses had to be
performed(Doebley, Stec and Hubbart®97) Other techniques used in verifying candidate
gene function have sought to disrupt the expression of the candidate gene, including

OGN RAGA2y L+t Ydzil3SySaira | LILINRFOKSA 0adzOK |
DSy 2 YWe@ailum et al., 2000a, 200Qpinsertional mutagenesis {INA(Feldmann and

Marks, 1987), RNA{Hannon, 2002xnd genome editing (e.g. CRISPR/Cas9, ZFN or TALENs
(Bortesi and Fischer, 20)5However, all ofhese methods are significantly more complicated

in polyploid species due to functionally redundant homoeologiézgerald, Kazan and

Manners, 2012)For example, when TILLING was performesl inapusa novel method

needed to be developed in order to distinguish between just two paralogues, screening 1000s
of plants to eventually identify 3 functionally compromised mutgivi&ang et al., 2008)
Considering there can be six copies of a single ortholegene fromA. thaliana, this

highlights the resource intensive nature and impracticalities of TILLIBGhapusparticularly

for multiple candidatesCRISPRas9 has also been used to target multiple homoeologues of a
gene inB. napugYang et al., 2018however the plants produced with this method are
considered transgenic. This therefore allows the validation of the candidate gene but limits the

agronomic impact of the plant materials produced with such an approach.
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The current research has balanced the need for verifying a large number of candidate genes
with the practicalities of candidate gene validation in polyploids. Instead of validating the
function of the candidate withiB. napusthe current research has elgited the extensive T

DNA mutant libraries available /A thalianafor quick and coseffective validation of

orthologous gened h Qa | £ £ S& > . I NNJI I&he yhutanydRpla9ed YisSulstidn im 1 M p 0
the concentration of the element of ierest relative to the control, it would validate that
candidate for a role in the element under investigation and therefore warrant further
investigation irB. napugby exploiting the genetic variation within the diversity panel or
through TILLING mutasit This method has allowed many candidates to be assessed within a
significantly shorter timeframe than any of the other methods mentioned, however it has a
number of drawbacks. Firstly, as previously mentioedhalianaand B. napugiverged ~20
Mya(Yang et al., 1999Therefore, candidate genes identifiedBnnapusnay have

functionally diverged from theiA. thalianaorthologues, meaning results from either species
may not be applicable in the other. Other issues have included a lack of suitabialianaT-

DNA insert lines, e.g. some candidate genes did not havBMATinsert hie inA. thalianaor

Fff LT ydGa LINRRIODOSRAFSRHFSNESIPE2G8LISR- | & GAf
DNA lines used in the current analyses were not subjected to transcript quantification (e.g.
with gRFPCR) and therefore whether they are true kkouts or merely knocklowns was

not determined (i.e. some candidates may have been rejected incorrectly). Additional issues
relate to the growth conditions oA. thaliana All plants were grown in a nutrient rich soil
environment and harvested at the sandevelopmental time point. This could have masked
phenotypes which only become apparent under nutrient deficient conditions or at certain
developmental phases. Finally, only nutrient concentrations were analysed, therefore other
important phenotypes coulttave been missed which may indirectly affect nutrient
concentration (e.g. plant size, developmental defects or fertility). The current research should
therefore be considered an initial screen, looking at many candidates quickly which can then

be taken orfor further validation inB. napuge.g. with TILLING).

1.2.11 Conclusions
Investigations into nutrient use efficiency within plants have been complicated by the
complexity of the ionome, the variousdeff A 1 A 2y a 2F WydziNASyid dzasS S
genomes of many crop plants. Developments in sequencing and phenotyping technologies
KIS tSR G2 Iy SELX2a8A2Yy Ay WL2y2YA0&aQ NBaSlH
these new sequencing amhenotyping technologies: Associative Transcriptomics was used to
circumnavigate the issues limiting genetic research in polyploid crops and3GRalysis was
exploited to investigate multiple elements B1 napusAsB. napuss an economically
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important oil crop with high nutrient demands and is closely related to many important crop
species, it was deemed to be an excellent candidate for investigating micronutrient
concentration.Sixelements were subsequently studied: Mo, Mn, Cu and Zn as essential
micronutrients, while S and Cd were investigated due to the likelihood of interactions with one
or more of the primary micronutrients. Novel candidate genes identified from these analyses
were further investigated witlA. thalianaT-DNA insertion lines, wist candidates with a

known role in micronutrient concentration would make suitable targets for future TILLING or

MAS
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2 General methods

2.1 Data sets

2.1.1 Preexisting data sets

As part of the RIPBBSRC, 201dynsortium, a diversity panel of 3& napudines was
generated(Havlickova et al., 2018)r leaf transcriptome analysis which would detail

sequence variation in the form of single nucleotide polymorphisms (SNPs) and as gene
expression markers (GEMs), constituting the functional genotypes. Plantdtiis panel

would be further utilised in the generation of various sets of trait data for the consortium,
including both the leaf and seed concentration data used within this study. Together, the leaf
transcriptomic and trait data would be analysed bynGme Wide Association with an

Associative Transcriptomics approach (AT).

As described in Havlickova et al., (208K S RAGSNBAGE LI ySt O2yairai!
Ge8LISaqQyY aLINAy3 2Af aSFiRterNilseeifrapé (1lHaccesss)) Oneded A 2 Y & 0
(27 accessions), kale (3 accessions), fodder (6 accessions), winter oilseed rape (169 accessions)
and an unassigned group (44 accessions, i.e. crop type information unknown). These plants

were grown by collaborators at the University of Nottiagh, as described in Thomas et al.,

(2016). In brief, plants were initially grown in fine grade comyiizsted growth media (<3 mm

particle size, Levington Seed and Modular plus sand F2S, Everris Ltd., Ipswich, UK), before

being transplanted into individu&@ L pots with Levington C2 compost (Scotts Professional,

Ipswich, UK) after approximately 2 months growth (late October 20d8uary 2014). The

plants were grown in a randomized block design (five plants per accession) in two unheated
polytunnels (singlakin, Visqueen Luminance Skin, Northern Polytunnels, Colne, UK) with no
additional lighting. Plants were watered 3 times daily with an automatic irrigation system

(Hunter Irrigation Controller, Hunter Industries, San Marcos, CA, USA, provided by Hortech
Systems Ltd., Holbeach, UK). Sampling for RNA extraction was performed on the second true

leaf as described iBancroft et al.(2011) whilst sampling for ionome analysis occurred

around the 68" true leaf in early March 2014sadescribed in Thomas et al., (2016) (see below

for further details on the functional genotypes and phenotype data). There was no additional
fertilisation until after plants were sampled for leaf ionome analysis. The fertiliser was

Kristalon Red NPK (Ya@jmsby, UK) and was applied via a direct feed injector (Dosatron

D3GE2, Tresses, France) from late March to May 2014. Plants were bagged before flowering

to prevent cross pollination and harvested for seed in July 2014.
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The functional genotypes were gerated from the aforementioned leaf RNA, as detailed in
Havlickova et al., (2018). In summary, the leaf transcriptome of all lines was sequenced with
the lllumina (HiSeq 2000) sequencing platform giving 100 base read length mRNAseq data (by
the Earlham Istitute, formerly The Genome Analysis Centre). The Illumina reads were then
processed by Dr. Z. Helf@informaticianin the Bancroft group, University of York) according
to the methods outlined ifHarper et al.(2012)and Bancroft et al.(2011)to give the final SNP
and GEM data setsrom the SNP file the genetic architecture of the population wadyard

(as detailed in the Introductiofseel.2.7) and Havlickova et al., (201&0d a Q matrix was
generated using PSIKO (Population Structure Inference using f&Aehnd Optimisation
(Popescu et al., 2014ajiving the highest likelihood as a subpopwatk=2. The kinship

matrix was automatically generated by GAPIT &@d. andLipka et al.(2012). For the final

AT analysis 9,839 simple SNPs and 246,558 hemi SNPs (wha&kdwnd allele frequency
>1%) were utilised. Out of 116,098 CDS gene models within the referendeapaariptome,
53,889 had significant expression (defined as >0.4 mean reads per kb per million aligned

reads/RPKM) and were therefore used in AT amalys

Two sets of ICRIS trait data were generated for the purpose of this study (as previously
described inThomas et al(2016) whilst anion analysis has been describedlcock et al.,
(2018)and was not included as part of this projebt brief, five plants per accession were
sampled by collaborators at the University of Nottinghasd: [@aves were sampled at the&%

leaf stage and seed material was haeekat the end of theexperiment. Leaves were freeze
dried and ground together (i.e. one sample contained multiple leaves from the same plant)
and a subsample of ~0.2g DW of leaf material was digested in 70% nitric acid within a
microwave digester (as dedoed in Thomaet al.,(2016)). For seed analyses4 3eeds were

left to predigest in 70% nitric acid overnight. Samples were then heated on hotplates f€115
for 4 hours. Weights for seeds were calculated using the method outlinBdmku et al.,

(2013) Boththe leaf and the seed ionome were then analysed withM3 (Inductively

Coupled Plasma Massesprometry, leaf ICRMS analysis performed at the University of
Nottingham and seed IGRS analysis performed at the University of Aberdeen). Leaves were
analysed for 28 separate elements, of which 7 (Ag, Co, Cr, Ni, Pb, U and V) were excluded from
further analysis, since their average concentration was either below or very close to the limit
of detection (LOD, se&5for further details). Similarly, of the 22 elements analysed in seed,

only 15 were carried forward (the 7 elements excluded being As, Co, Cr, Fe, Ni, Pb and Se).
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2.1.2 Selection and processing of geisting data

As explained previoush..5, only 6 of the elements from the leaf and seed ionome data sets
were selected for further analysis, including; Molybdenum (Mo), Copper (Cu), Manganese
(Mn), Zinc (Zn)Sulfur (Sand Cadmium (CdJhese6 elements were selected becausk) they

are essential micronutrients (Mo, Cu, Mn and Zn) or interact with them (S and Cd); 2) they
were accurately measured across both the leaf and seed data sets (i.e. Fe and Ni were
excluded, se 2.1.1); 3) were not under investigation as part of any other projects associated
with the wider RIPR community (i.e. B); 4) displayed similarities or interadiioelements

which fitted the first three criteria (S and Cd).The data for each of these elements was treated
simply; any element concentration which was more than 5 standard deviations away from the
arithmetic mean was removed, an arithmetic mean wastlelculated for each of the 383
accessions under analysis. The arithmetic means of the 383 lines was then utilised in AT

analysis.

2.2 Associative Transcriptomics (AT)

2.2.1 AT pipeline

As part of the project, AT was performed on a number of element concentrations within the
seed and leaf ionomic data sets (s2&.2. In general, AT was performadaccordance to the
methods previously outlined iHarper et al.(2012) with R scripts modified by Dr. Z He. All
analysis toolplace using the statistical package R. For performing SNP associations an edited
version of the R script GAPIT (Genomic Association and Prediction Integrate(Lipéalket al.,
2012)was used to carry out compressed Mixed Linear Mode{ligang et al., 2010pjtilising
the PSIKO Q matrix to account for population struc{@a&PIT was responsible for
automatically generating the K matri€pllars et al., 20175EM associations were exectite
using the R script Regress, to perform fixed effect linear modelling with RPKM data and the
PSIKO Q matrix as fixed effects against the leaf/seed ionomic trait data. Genomic control
measures were applied to GEM analysis to account for p value inf@mrlin and Roeder,
1999) For an irdepth analysis of this approach and why it was used to investigate nutrient

concentration inB. napuglease refer to the introduction, see2.7.

2.2.2 Anaysis of AT graphed outputs

The AT pipeline generated results as Manhattan plots (a specialised scattétiglot
2.2.2a); with the-log1l@Pvalues from the SNP aBEM association analyses on thaxys,
plotted against the pseudomolecules (representing theBl®iapushromosomes, AA10, C1

C9) based on the CDS gene model order using the R script Grapher V11 (modifigdfpem
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et al.,(2012) by Dr. Z. He). Using the graphed outputs from the AT pipeline, it was possible to
identify the more highly associated markers, which could be contperéhe pseudomolecule
database and subsequently related to their orthologous gends thaliana(via The

Arabidopsis Information Resour€EAIR, 20159nd Araport(Krishnakumar et al., 2015)

Included in these analyses were two type 1 error testsh@)alse discovery rate (highlights

the point at which 5% of the most highly associated markers are expected to be false
positives); B) the Bonferroni corrected significance threshold (p=0.05/number of markers
scored). Usually the use of both these threkl tests would be sufficient for determining
whether a biologically relevant association had occurred, providing evidence that a gene of
interest would be present within the association peak under analysis. Frequently however,
analyses failed to pass bér of these thresholds. In these instances, association plots were
analysed in a number of wayBigure2.2.2a): 1) if a clear clustering of markers was observed,
i.e. within ~100 CDS gene models and above the general noise of markers, it was considered an
association peak worth searching for a gene relevant to the element under assessment, 2)
GEMs were specifically analysed for standalone markers above the bacgrnmise of the

rest of the Manhattan plot as single markers in the GEM analyses may highlight a gene with
direct involvement in the trait, i.e. its expression is closely related to the concentration of the
element of interest, 3) where no distinct assdma peaks could be discerned, the markers
were sorted according to the significance of their association and the top markers from each
chromosome (A1L0, C19) were assessed for any involvement in the element under
consideration (this method was used st there was a range of markers from different

locations across the genome for assessing trait predictability2 s®e
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Figure2.2.2a An example AT Manhattan output from the current study with key features highlighted

to emphasise the analysis press.

In this example, the genome wide distribution of mapped markers associating with the Mo
concentration in seeds (mg/kg DW) of all 383 accessions is displayed (the concentration for each
accession is based on an averageM3results from the seeds bfdifferent plantssee3.2.5for a

detailed AT analysis). TIBNP associations (top) were calculated with the R script GAPIT (Lipka et al.,
2012), using a compressed linear mixed model capable of accounting for population structure and
relatedness with a Q matrix inferred by PSIKO (Popescu et al., 2014). GEM iassobattom) were
calculated with the R script Regress, performing fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables #melseed Moconcentration as the response variableogoP

values from the SNP and GEM assaaiatinalysis were plotted against the pseudomolecules
(representing the 1B. napushromosomes) based on the CDS gene model order (labelled on the X axis
from chromosome ALC9). For the SNP analysis, black and dark red points represent simple SNPs and
hemiSNPs that have beemkage mapped to a genome, whieey and light red points represent hemi
SNPs whichre displayed in the genome of the CDS gene model they were calledTranwo type 1

error tests are portrayed as dashed lines when associatiass phese thresholds; the Bonferroni

corrected significance threshold of 0.05 as light blue and the 5% false discovery rate (FDR) as dark blue.
Frequently AT analyses failed to pass either of these thresholds, in these instances no dashed line

appears onlie AT plot, such as in the GEM output of the current example. Therefore in addition to
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using these thresholds to determine association peaks for further analysis, a number of other

approaches was taken: 1) clear peaks of ~100 CDS gene models, whichgiidaibte thresholds were

still analysed for relevant candidate genes; 2) stafmhe GEM markers above the noise of the rest of

the association plot were always investigated further, as single GEM markers may indicate direct
involvement of that gene spdaially within the trait; 3) when no distinct association peak could be

observed, the top markers of each chromosome were investigated for a potential role in the trait, e.g.

those on A9 in the GEMs highlight the deletion close to the gene of interesttfrembove SNP

association peak. Only candidateih a plausible rolén the trait under investigation were taken

forward for further study imA. thalianad 6 KA OK KIF & 20@A2dza fAYAGIF GA2yas !

knowledge of the trait)

From this analysis, candidate genes could be selected and testedwiitalianaT-DNA

insertional mutants (seg.4). This method clearly lacked objective critefdathe selection of

OF yYRARFIGSa I'YyR NBfASR dzll2y GKS | dzi K2NR& | 0Af
implications for the novelty of those candidates identified). Thresholds were not lowered from
5% to maintain consistency across analyses and emalniparison of AT results to previous

AT analyses, as well as GWAS analyses within the liter&unthermore, some of the most
highly associated markers or candidates did not have an orthologotislianagene within

the pseudomolecule database these instances the candidates could only be analysed

silica Briefly, the CDS for the markers were compared to all others withiBtmapuRIPR
(BBSRC, 201gantranscriptome Yvith a script written by Dr. Z. He) and across plant species in
the NCBI database with BLAST (Basic Local Alignment SearphltSobul et al., 1990) This
analysis was useful for unannotated lone GEM markers, making it particularly easy to identify

potential uncharacterised transporters B1 napus

2.3 Testinghe predictive capabilities of markers

The most highly associated markers from AT analysis were used in the generation of predictive
markers, regardless of whether a candidate gene could be identified or if the marker was
thought to be directly involveth variation of the element analysed. These predictive markers
could then be further exploited by breeders in marker assisted selection (MAS) for
improvements in NUE (nutrient use efficienci. this end, the RIPR diversity panel was split

into two subses: a training panel of 274 lines and a test panel of 109 lines. The panel was split
so that there was a representative of each crop type in both diversity panels, with roughly two
thirds of all lines in the larger pan@{T analysis was therefore perfoed twice for each trait
analysed: firstly, on the 274 diversity panel for the selection of predictive markers; and again

on the full 383 diversity panel for added clarity in candidate gene selection.
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Highly associated SNP markers were identified fron2fe AT analysis; SNP data from both

the 274 and 109 panels was collected for each of the markers identified, alongside the allelic
effects estimate generated as part of the 274 analyses. Trait data for the 274 panel was then
aligned against the SNP datadaain average trait value for each allele of the SNP was
calculated. This calculation enabled the identification of the allele associated with an
increase/decrease in the trait. The allelic effect was then divided between the alleles of the
109 panel in aardance to the effect observed in the 274 panel. The 109 SNP panel was
recoded with the allelic effect estimate, standardised and rescaled according to trait data from
the 274 panel. The observed and predicted trait data for the 109 panel was then compared
with a simple correlation to assess the predictive capability of each SNP. Multiple SNPs could
be combined to improve trait predictability by simply averaging the predicted trait values prior

to comparison with observed values.

It was also possible to malpredictions from GEM data. Again, 274 trait data were analysed
with AT analysis and the most highly associated GEM markers were selected. From the AT
analysis, the gradient and intercept of the marteait association were extracted. RPKM data
from the 109 panel was then transformed accordingly to generate the predicted trait data.
Once again this was compared to the observed trait data with a simple correlation. Again,
multiple GEMs could be combined by averaging predicted values and comparing thieen to t

observed data.

In addition to individual predictions, both SNP and GEM predictive markers could be combined
into a single prediction, greatly improving their predictive capacity. Furthermore, it was often
possible to use the predictive markers across multiple traits da@and S concentrations in

seed, se63.2.5and 3.2.6) reducing the nurbers of markers needed for MAS and indicating

potential biological links between traits.

2.4 Arabidopsis thalian&DNA knoclout analyses of candidate genes

2.4.1 Growth of plants

Once candidate genes had been identified from AT analysi2(8ethey were tested withA.
thaliana T-DNA knock out linesT@ble2.4.1). If these mutants dplayed disrupted element
concentrations relative to a wildtype control, then it would indicate that these genes play a
role in plant nutrient concentration and should be investigated further. Mutants were selected
through The Arabidopsis Information ResteTAIR, 2015 nd ordered throughhe National
Arabidopsis Stock Cent(8choll, May and Ware, 2000) possible, multiple mutant lines were

ordered for the same candidate to improve the adleas of finding plants homozygous for the
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insert and provide greater evidence for the role of each gene in nutrient concentration.

Following the seeds arrival, they were imbibed in water fod8ours before planting. Seeds

were sown into F2 soil withiR24 potg24 plants per tray, individual 5 éroell per plant). For

each genotype 24 seeds were sown and after 2 weeks thinned so that 12 plants remained per

line. Plants were grown in Aracons and Aratubes (Arasystems) to improve harvesting and limit

the potential for seed contamination. Plants were grown under 16 hours of light, with day time
GSYLISNI GdzZNBa 2F Hne /e /ey R fyrayaiKal oliSNGS amiS2yiRal 82135 |
those which were identified as being homozygous or heterozygous would be left to set seed,

harvested and threshed individually.

Once plants had bedoulked and segregation of the insertion was observed, the next

generation was grown for analysis. For leaf candidates, plants were grown in P24 pots under

short day conditions (12 hour day/ night,26¢ / (G SYLISNJ (4 dzZNS NIF y3IS0 {2
of leaf material recovered and ensure accurate B analysis. For those mutants with
suspected/known roles in flowering time induction, plants were transferred to long day

conditions (16 hour day) until a week after bolting was observed. Leaf materials were then
harvested and dried intheoven at8n e/ F2NJ ny K2 dzZN&E Ay LINBLI NI i

analysis (se&.5).
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Table2.4.1: Candidate genes found as part of the current project.

¢KS LI

NI A Odztf |

NJ G NJ A

candidate was selécSR FTNRBY { Dbt

6{ 0

KD9 a

0D0O

dzy RSNJ Ay @SadAadardazy Aa

IABSY

AYS (KISA O3 A Y0 SR NFRBEE o F2 81 2.
K 2 D/ b 6.4.06.2 Weighted IGéne @nlpressionMtiNdrkRA\Baly$isA\WGCNR) DAL RE Db !

thalianaAGI code is given alongside a brief description of gene function. Insert lines were obtained froatitihaNArabidopsis Stock Centre (NAStDoll, May and Ware,

2000))

artSe

6 A0K

GKSANI 2NRSNI L5
69Y SE2y=:

ty

IAPSYy Ay
LY AYyGNRYZ

LINE Y2 (G SNE |

AN

Gb! { /& MRERMK CIKISSIRK HNJ Yi KaS FHNSYIS (ghlyaa > K 2YdzFKK2(3Y 200 28 3
YATHEYQCL @AT VTOGGAKS p785S Wi,

0 2NRSNXAYaSNI

AACGTCCGCAATGTGTTATTAAGTTGTC, SANCCEE TTGAATTTCATAACCAATCTCGATRITACgah ATAATAACGCTGCGGACATCTAGAAT&md right genomic

primers used for genotyping the lines are given. Starred (*) primers were generated by an undergraduate project studenti®r Jung, under the supesian of the

author, whilst starred lines were analysed in part by the undergraduate (further details given throughout the text).

Trait Peak | SNP/GEM/ AGI Description NASC ID | Segregating| Insert LB Left genomic primer Right genomic primer
WGCNA site
Cdleaf* A3a S AT2G36950 Heavy metal N657327 H E LBb1.3| CGTGGTGCCTTTAAAGAT( CATTAGTTGATCGAGAAAAT
transport/detoxification N662850 H E LBb1.3| CGTGGTGCCTTTAAAGAT( CATTAGTTGATCGAGAAAAT
superfamily protein
Cd seed* C3 S AT3G24450 Heavy metal N527460 S | LBb1.3 | CACAAGGCAAATGTTTTG( GCCCATGTGGAAAGAAAAG
transport/detoxification N924500 S | p745_ | CACAAGGCAAATGTTTTG( GCCCATGTGGAAAGAAAAG
superfamily protein wise
Cu leaf* C2 S AT1G65840 polyamine oxidase 4 N676662 H P LBb1.3 | CAAGTGGTTGACCAATTC{ TCAAATTATTCAATGGCGA
N675516 H P LBb1.3| CAAGTGGTTGACCAATTC| TCAAATTATTCAATGGCGA
Cu leaf* C2 S AT5G19390 | Rho GTPase activation proteii N684257 H E LBb1.3| TTTGTTGGATCATCGCCT, TACCAAGTCTGCGTCTATC
(RoGAP) with PH domain —ge=a775 H i Bb1.3 | AGAGAGTCGTAGCTCGGA TGGACCACTCTTGAAAACT
Cu leaf* c2 S AT1G65930 | cytosolic NADRdependent | N662539 H E LBb1.3 | GCGTTTGAGAAGATCAAG{ ATCAGTGGCACGGTACTGA
Isocitrate desh&’g;"ge”ase (4509094 S E LBb1.3 | GCATTCAAAAATTCACATC| TTCTTAGTAGCTTCAGCACT]
Cu leaf* C1 G AT4G24930 | thylakoid lumenal 17.9 kDa | N668742 H | LBb1.3 | CATACCTGCGAAATCGTG] GGGATCGTCAATGGAAAAG
protein, chloroplast
Cu seed* A7 S AT1G68100 ZIP metal ion transporter N669663 H U LBb1.3 | GCATAGCAACAAGTATCA({ AAACCGAACCGAAACGCAA
family CTT*
N840161 H U SAIL_L| TGTAGTCAAAACAACAAA] TCGGACAAACCAGAACAGG
B3 CAAG*
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Trait Peak | SNP/GEM/ AGI Description NASC ID | Segregating| Insert LB Left genomic primer Right genomic primer
WGCNA site
Cuseed* A3 S AT4G05030 Copper transport protein N418855 3 | 08474_| AGGTATTGCTTGACTCATA AGGATGTAGTGCCGTTTCTT
family gabi GG*
S seed c2 GIW AT5G62090 SEUSSIKE B5LK N674571 H P LBb1.3| TTGCCAAGTTTTGAATGA] GCAATCCCTTAAAAATCTC
N65894 H E LBb1.3| AGATCACACTGCCATTCA] CTGGTGATATGCATAATCC
S seed A8 S AT4G14030 seleniumbinding protein 1 N698382 H E LBb1.3 | TCATCTCCAAGACAGGAC| ACAGTGTACGTGGACACAT]
(SBP1) N647322 S E | LBbL3| TCATCTCCAAGACAGGAC| ACAGTGTACGTGGACACAT
Mo/S c2/C GIW AT2G40550 E2Ftarget gene 1 N671574 H P LBb1.3 | ACAGAGCTCGTAAGCAAG| TAGGGCAAACCTGGGAGAT
leaf/flowering | 7/C9 N684052 H P LBb1.3 | ACAGAGCTCGTAAGCAAG| TAGGGCAAACCTGGGAGAT
MolS leaf AL0 SIW AT1G01070 | nodulin MtN21 /EamAike N676358 H E LBb1.3| AATGGTCGATCATTTCGT( AAGGCTCAAGAGAGCACAT|
trans”("dt'\jmﬂ'g’s';’mte'” N667569 H i LBb13 | AATGGTCGATCATTTCGT( AAGGCTCAAGAGAGCACAT
MolS seed, total | A2, SIGIW AT5G61420 Myb28 N686854 H E LBbl.3| TCCAACTCTCCATGTTGG| CTCTTTCCACACCGTTTCA|
nutrient seed A9,
c2,
c7,
c9
MolS seed, total | A9, SIG AT5G62680 GTR2 N668259 H P LBb1.3 | AACAGAGTCAACCGCCGT| TGCAGCCAGCACACTAGAT
nutrient seed 9 N572700 S P LBb1.3 | AACAGAGTCAACCGCCGT| TGCAGCCAGCACACTAGAT
MolS seed, total | A2, GIW AT5G62130 Pertlike family protein N656392 H E LBb1.3 | TGCTCGAGATCAAGAAAG| AATGTCAGAAAACTGGATG
nutrient seed Cci N554073 S P LBb1.3 | TCCACCAAACCTGTGAAA{ AAATTTCCTCCCAAAAATT(
Total nutrients | C3 G AT2G38480 CASRLIKE PROTEIN 4B1,| N685431 H P LBb1.3 | AAGCAAATACGCCACAAT( CAGAAAACACAATCTTCCAA
leaf/flowering CASPL4B1 G
N684873 H P LBb1.3 | AAGCAAATACGCCACAAT( CAGAAAACACAATCTTCCAA
G
Total nutrients | C4 G AT2G45660 AGAMOUSike 20 N657480 | LBb1.3 | AAGGATGAGGTTTCAAGC| GAAGAAGATATGGTGAGGG
leaf/flowering N684965 | LBb1.3 | AAGGATGAGGTTTCAAGC| TGGCGAATTCATAAAGTTT
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For seed candidates, the second generation was grown in exactly the same way as the first and
allowed to set seed. Seed from multiple individuals of the same genotype were then combined
and mixed (individual lines frequently having too few seeds to Wwfight requirements for

accurate element analysis). This was then split into ~6x100mg samples in preparation for the

next stage of analysis (s@eb).

2.4.2 Genotyping:

After 2-5 weeks of growth, plants were sampled for DNA extraction. A leaf was sampled from
each plant with forceps and placed into a gabelled Eppendorf tube (forceps were cleaned
between each sample with 70% ethanol and samples stored on ice througBdu#) was then
extracted following the CTAB method: plant materials were I\{&8dgen TissueLyseril)500

ul of 2x CTAB bufferpf€ S| (i S R 2 Bexadgrydtrimetbylammonium bromide, 28ml 5M

NaCl, 10ml 1M TrBICI pH8, 4ml 0.5M NBDTA pH8, 56ml d8). Lysed samples were
incubatedatc ps/ F2NJ M K2 dzNJ 0 SUcdBmisa$24:1) Brif koitekiggy 2 F
After centrifuging for 5 minutes at 14kg, approximately 500f the upper aqueous layer of

the sample was transferred to a new tube whét was mixed with 900 ul of ethanol/sodium
acetate (96Qul ethanoland 4& f oa &2 RAdzy | OSGlFdS0d { I YLX Sa
then centrifuged the following day for 10 minutes at 14Kg. The supernatant was removed and
the pellet carefullywashed with 70% ethanol. Once all the ethanol had been removed, the

pellet was resuspended in 100l of water.

Genotyping utilised the Salk Institute Genomic Analysis Laboratory (SIGDBAIA Frimer

Design online too{SIGnALAand the ThermoFisher Scientifict A 32t SNF SOl u LINR Y ¢
(ThermoFisherpo generate primersTable2.4.1). Plants were genotyped with the use of three
primers in two separat®CR reactiong-{gure2.4.2a). The first PCR reaction determined

whether the plant had a WT copy of the candidate gene; by using the left andyggbimic

primers amplification would only occur if the plant had at least one copy of the gene without
the insert (i.e. there would be no amplification for lines homozygous for the insert). The
second reaction required the universal insert primealfle2.4.1) and the right genomic

primer; with this reaction amplification would only occur if the plant had at least one copy of
the gene with the insert (i.e. there wouleemo amplification for wild type lines). Using this
method, it was possible by a process of elimination to determine if the lines were homozygous,
heterozygous or wild type (i.e. wild type lines would only produce a product in PCR1,
homozygous lines woulonly produce a product in PCR2 and heterozygous plants would show

amplification in both reactions).

61



BPos

T-DNA E: ||||||

o0 NN HEEN

Genome LP Flanking Sequence 410 + N - -
L [
1
RP
L *N= 0 ~300

pZone | Ext5 Max N | Ext3 |pZone

Figure2.4.2a: schematic from the SIGNALONA primer design too{SIGnAL)

On the left land side the diagram shows how primers are designed based on the seleDidd Thsert

lines used. Parameters can be changed to optimise the design of the primers: N (difference between the
insertion site and the flanking sequence, defauB@bp), MaxNroaximum difference of the insertion

site and the sequence, default 300), Ext5/3 (region reserved for not picking primers), Pzone (region used
to pick primers, default 100bps), LP/RP (left and right genomic primers);BRADorder primer) and

Bpos (the @stance between the insertion site and the left border primer). For this experiment all

LI N YSGSNRE 6SNB STl Fd RSTFI dzAf G t(NEerM&NSEer) RSAAIYSH
followed the same basic principles applied in the SIGo8lL(i.e. placement of genomic specific primers
away from insert site) wherever primers designed with the SIGnAL tool failed to amplify or were not
available. On the right hand side can be seen a representation of how the primer system works on a gel
under optimal conditions and a three primer PCR reaction. For the purposes of this experiment two
separate PCR reactions were undertaken instead of the 3 primer approach to ensure accurate
determination of genotype (e.g. 3 primer PCRs can give inaccuratiésragien one set of primers has

better amplification). Homozygous (HM), heterozygous (HZ) and wild type (WT) plants can be
distinguished based upon the size of the product (base pairs, ~900= WT, ~ 410+N= HM).

DNA was amplified in a 20pl reaction mixturenzning 10ul of 2xMastermix

(Thermoscientific 2x Mastermixg pl of water (sigma), 0.fl of both left and right primers and

1kf 2F 5b! ® t/w O80fSNI O2yRAUAZYEA BSNB whne/
AaS02yRa&E 9RSONBHBYIoanmwd/ TRHSWNE YA&@zi S0 E wmn
ppe/ FT2NJon &aSO2yR&Z THe/ F2NI M YAydziSo E wHd
amplification, PCR products were visualised on a 1% agarose gel and genotyped as described

previously Figure2.4.2a).

2.5 Acid digestion and IS analysis

Prior to ICRMS analysis the plant materials needed to be digested. The dried plant
material/seedsvere weighed and ~100mg of material was left to soak in 4ml of 70% Trace

Analysis Grade HN@r 12 hours. After soaking, the samples were heated on a hot plate at
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Samples werg¢hen sent to the University of Nottingham for KBS analysis (machine and
standard details described ifhomas et al(2016). For each digestion performed, two
operational blanks and twsamples of certified reference material (CRM) of leaf (WEPAL IPE
132 BroccoliBrassica oleraced GC standards UK) were included. This basic digestion protocol

was the same for all plant materials analysed in this study.

Results from the IGRIS analysis we processed; the element specific operational blanks from
each digestion were averaged and subtracted from each sample data point. These were then
multiplied by initial sample volume and divided by the dry mass of the sample digested. From
this value, theconcentration of each element under analysis was calculated (as mg/kg). CRM
inclusion allowed the percentage recovery of elements from each digestion to be calculated
(by comparing returned element concentrations to certified concentrations). Any element
which displayed poor recovery (<85%) was removed from analysis. Furthermore, for each run
an element specific limit of detection (LOD) was calculated; the standard deviation of the
operational blanks was calculated (by assuming a dry weight of 0.1g)hianditue was

multiplied by three to give the LOD. Any data points below the LOD were also excluded from
further analysis. All analysis was performed using R (version 3.1.2) or GenStadiiioh,

VSNI).
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3 Seed ionome investigation

3.1 Introduction

In the first part of this chapter results from AT analysis of individual element concentrations
will be described (for Mo, S, Mn, Cu, Zn and @igling the relative trait predictability of both
SNP and GEM marke&3), followed by an in depth analysis of potential candidates within
association regions oF reference, the heritability of each element concentration under
investigation is included from analyses performed as part of Thomas et al., (2016atdee
2.4.2a. However, an investigation of individual elements (although common and useful in
ascertaining specific biological functionality) fails to consider that elements within the ionome
are not necessarily independent of one another. It is widely known wibademic literature

that oversupply or undersupply of one element can disrupt multiple other elements within the
ionome. This is thought to be a consequence of shared uptake/ transport pathways, signalling
crosstalk and interactions in the biological adtion or roles each element plays (whether
positive or negativéBaxter, 2015)For example, it was previously found witiinthaliana

that Root System Architecture (RSA) traits were differentially modified depending upon
whether an element was deficient on its own or in tandefith other elements, highlighting
interaction in signalling between different nutrient uptake mechanigkellermeier et al.,

2014) A more specific example B1 napusitilised plants grown under various nutrient
deficiency conditions. It found many instances where nutrient deficiency causedraase in
another element (a relevant example being Mo, whose uptake was strongly increased under S,
Fe, Cu, Zn, Mn and B deprivatidfaillard et al., 2016bH) Conversely, oversupply of an

element can pertrb the rest of the ionome. For example Cu exceds ithalianawas shown

to have broad effects on the whole plant ionome, disrupting both the root and shoot ionome
differentially (increased Mg, Ca, Fe and Zn and decreased concentrations of K andt$via roo
a decrease in shoot K, Ca, P and Mn concentraflaagueux et al., 2010Therefore if and

when common candidates were identified between individual analyses, the two would be
combined and investigated further. A full list of the candidates taken forward to agétysi
thalianais listed within the summary of AT results and conclusiBr&s7), with details of

which elements they will be tested for in the next section.
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Table2.4.2avariance component analysis fromhomas et al., (2016) for seadineral composition in
B. napus
Variation (as a %) is shown for each element under investigation associated with genotype, habit,

experimental design and residual factors, calculated from Residual Maximum Likelihood (REML)

analyses.
Response variate: Cu Cd Mn Zn Mo S
Genotype 32 9 12 21 41 31
Habit 0 8 1 12 21 13
Experimental design 6 40 55 14 7 37
Residual factors 62 42 32 53 31 19
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3.2 Analysis of individual elements within seeds:

This section outlines the AT analysis of Cu, Cd, Mn, Zn, Mo and S concentrations in seed. It
gives AT results and tests the predictive capability of markers, introducing potential candidate

genes to be tested iA. thaliana.

3.2.1 Associative transcriptomic outfs, predictions and candidates: Cu concentration

in seed
AT analysis for Cu concentration in seeds on the 383 diversity panel revealed three minor SNP
association peaks (A3/C3, A7 and A9/C9) which all failed to clear the Bonferroni corrected
significanceahreshold Figure3.2.1a), see2.2for an overview of hovAT Manhattan plots are
generated and interpreted. There were no clear associations identified in GEM association
analyses. This is unsurprising considering how little Cu concentration obsgogefP values
deviate from the expectedogioP values within the GEM analysidure3.2.1b).
Furthermore, when GEM and SNP AT analysis was performed on the smaller 274 diversity
panel (see() for AT 274 outputs) to test for the predictive capability of markers for Cu
concentration in seed, only two markers were found to be predictive to p<@8hle3.2.1a:
one SNHB03g052290.1:1BG (orthologue of AT4G02790: Ribosome biogenesis GTPase A) and
one GEMCab022352.2with no orthologue information).
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Figure3.2.1a Genome wide distribution of mapped markemssociating with the Cu concentratioim

seeds (mg/kdbW) of all 383 accessions

The average concentration of Cu in seeds was calculated from 5 sep&aate from ICRMS analysis for
each of the 383 accessiorBNP associatior{top) were calculated with the R script GARLipka et al.,

2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKRopescu et al., 2014apEM associatior(®ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and

RPKM data as explanatory variabdesl seed Cu concemition as the response variable.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the Cg&hemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeStN\isni
which have not been linkage mapped but assigned to the genome of the CD8&gdakthey were

called from.The two type 1 error tests are portrayed as dashed lines only when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Figure3.2.1b Quantile-quantile plot of observedclogioP values from AT SNP (left) and GEM (right)
analysis for Ciconcentrationin seed against expected;logioP values

The red line indicates a thegtical perfect fit of the expectedlogioP values, while the grey area

indicates the 95% confidence interval under the null hypothesis of no association between seed Cu and

SNP markers.

Table3.2.1a Predictive capability of markers from Cooncentrationin seed AT analysis.

For assessing the predictive capability of markers the highest&Xkers from discerniblassociation
peaksandthe most highy associated GEMs were analysed. The marker typedn gs either SNP or

GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) and sample size (n) are given for the predictions
made on the 109 diversity panel. Markers that were significantly predictive, p<0.05, are highlighted in
bold.

Marker type Marker Position AT 274cloghoP R p n
GEM Cab007173.1 A10_019817543 01981606 5.03 0.047 | 0.628 | 108
GEM Cab038228.1 AQ09_004386449_00438550 4.87 -0.032| 0.746 | 108
GEM B08g087210.1 C08_029468363_0294715] 4.41 0.039 | 0.691 | 108
GEM Cab022352.2 A08_003714499 00371542 4.39 0.257 | 0.007 | 108
SNP B039g052290.1:187:G C03_020492339_02049454 5.89 0.257 | 0.007 | 108
SNP B09g181770.1:1848:( C09_053777463_05378259 4.85 0.173 | 0.075| 107
SNP Cab003772.1:1203:A A03_014714789_ 01471743 4.33 0.106 | 0.277 | 108
SNP Cab010815.1:783:G| A03_032648901_03264655 3.91 -0.057 | 0.560 | 108
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Despite only finding minor association peaks (which did not pass either the Bonferroni
corrected significance or 5% false discovery rate thresholds) in the Cu concentration in seed AT
results, a number of potential candidates was foulds important toassess clear association
peaks even if they do not pass significance thresholds or lack predictive markers due to the
possibility of associations with rare alleles (which GWAS techniques have limited capacity to
detect) and the limitation of analysing algmiversity pane(seeError! Reference source not
found.). The best candidate was found within the predictive A3/C3 SNP association peak
(p<0.05 for markers urat analysis);Bo3g053000.1s an orthologue oHeavy metal ATPase 5

in A. thaliana (HMAS AT1G63440)1 a known Cu transporter involved in the Cu
compartmentalisation and detoxification proce@mndresColas et al., 2006However

AtHMADSis thought to be primarily expressed within the roots, where it is responsible for

loading Ctiinto the xylem(AndresColas et al., 2006; Kobayashi et al., 2008; Deng et al.,.2013)
Andysis of this candidate witA. thalianahas already been performg@ndresColas et al.,

2006) and, although the seed was not tested for disruption to Cu concentration, it was found

to be highly expressed in the flowersAfthalana. The authors of this paper surmised that
GKAa ol & tA1Ste (2 R2 6AGK KAIK SELINBaairzy 4
LI Iy G G NI ya LkttNIpBiskoenomits ipdrdiid.edlJs however its occurrence in

the Cu concentration in seed AT SNP association analyses provides an interesting addendum.
Nevertheless, it was determined that assessing the sed&d tfalianaT-DNA insert mutants

for the effects of this gene would be unhalihfas even if disruption was observed it would be
impossible to distinguish whether this was a seed specific effect or a result of whole plant
disruption in Cu concentration (since its primary effects are within the roots). Performing a Cu
tracer experimat at seed loading witliHMAS5disrupted would allow its role in seed to be

determined.

However HMA5was not the only potential Cu candidate within the A3/C3 SNP association
NEIA2yd ! OFYRARIFIGS 6AGK (KS RSATOEMM30WES2Y & O2
found which would be within the correct AT SNP association region (but does not have an
associated CDS gene model within Bienapugpantranscriptome). It is predicted to have

metal ion binding capacity but was not identified as a Heavy rasgiciated isoprenylated

plant protein (HIPP; a type of metallochaperone with a metal binding domain -aedn@nal
isoprenylation motif\De AbredNeto et al., 2013)Nonetheless, it was decided that it would

be worthwhile to test this withirA. thalianaas it is poorly defined in the literature.

The A7 SNP association peak had a number of potentididates. The most promising
candidate from this region wasab018316.1which is an orthologue dARL(IAA Alanine
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resistant 1 AT1G6810) which has metal ion transmembrane transporter activity and is part
of the LIV1 zinc transporter (LZRT) subfanaifythe ZIP familyTaylor and Nicholson, 2003)

was originally identified during screening for IAA mutants from chemical (EMS) mutagenesis.
Alongside an implied rolia IAA amino acid conjugate metabolism, it was found to share
similarities to ZIP transporters but failed to rescu8acharomyces cerevisiagl zrt2double
mutant when expressed in low Zn conditions (in contrast to o#i@genes)Lasswell et al.,

2000; Grotz et al., 1998%ubsequent research has suggested that IAR1 works antagonistically
with MTP5 (AT3G1210Metal Transport Protein)swhich is a cation diffusion facilitator,
regulating metal homeostasis mtellular compartments where IAAmino acid conjugate
hydrolysis occurs (the hydrolases responsible requiring metal cofa¢Rag)pey et al., 2013)
Further, when AR1IT-DNA insertional mutants were assessed they displayed disruption in
multiple eements within their leaves, including both Cu and Zn (according to the PiiMs

databaseg(Baxter et al., 2007ahttp://www.ionomicshub.org/home/PiiM% However, given

that the localisation of IAR1 action is still unknown, it was considered prudent to test whether
this was a leaf specific effect or whether it woaldo show disruption within the seed (as
suggested by the AT results). It is widely known that transition elements can share and
compete for transporters (particularly those present as divalent cations); therefore a range of
elements was assessed in theedeof theA. thalianaT-DNA lines (including Cu, Zn, Fe, Mn and
CdHall ad Williams, 2003)
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3.2.2 Associative transcriptomic outputs, predictions and candidates: Cd concentration
in seed

Cdconcentration inseed AT analysis for the 38&ersitypanel Figure3.2.2a) produced a

number of association peaks in the SNP association analysis which failed to clear the

Bonferronicorrected significancthresholdof 0.05(A3/C3 and A8However, a number of

GEMs passed both tHsfalse discovery ratécFDRand Bonferroni thresholds in the GEM

association analysis. Despite not clearing the Bonfewomiected significanctéhreshold, two

SNP markers were found that were predictive foro@dcentrationin seed (p<0.05); one on

A3 ard one on C9Table3.2.2a). For the GEM association analysis, three significantly

predictive markers were found (p<0.05); one on A9, C1 and C5. Both these results are in

contrast to where the predictive markers wouté expected from the 383 GEM association

analyses (i.e. within the association peaks displayed on the 383 AT plots). When the AT

Manhattan association plots for the 38®Bversitypanel Figure3.2.2a) and the 274iversity

panel Figure3.2.2b) were compared; only the SNP association peaks on Agf@&ined

consistent. As such the search for potential candidates was limited to this area, as it was most

likely to give candidates with a rotelated tothe trait.
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Figure3.2.2a Genome wide distribution of mapped markers associating with the Cd concentration in
seeds (hg/kg DW) of all 383 accessions.

The average concentration of Cd in seeds was calculated from 5 separate plants frbt8 HDRlysis for
each of the 383 accessiorBNP associatior{top) were calculated with the R script GARLipka et al.,
2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al2014a) GEM associatior(ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables and seed Cd concentration as the response vaaghferalues
from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AXC9) For the SNP analysis, black and dark red points represaptesSNPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeStN\isni
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests arportrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Figure3.2.2b Genome wide distribution of mapped markers associating with the €shcentration in
seeds hg/kg DW) of 274 accessions.

The average concentration of Cd in seeds was calculated from 5 separate plants frbt8 HDRlysis for
each of the 274 accessior®NP associatior{gop) were calculated with the R script GARLIpka et al.,
2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al2014a) GEM associatior(ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variabdesl seed Cd concentratias the response variabld.ogoP values
from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AXC9) For the SNP analysis, black and dark red points represaptesSNPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeSNisni
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests arportrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Table3.2.2a Predictive capability of markers frontd concentration in seed AT analysis.

For assessing the predictive capability of markers the highesth&ixeers from discerniblassociation
peaksandthe most highy associated GEMs were analysédemarker type igjiven as either SNP or

GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) and sample size (n) are given for the predictions
made on the 109 diversityanel. Markers that were significantly predictive (p<0.05) are highlighted in
bold.

Marker type Marker Position AT 274logl0P R p n
GEM B059143470.1 C05_044454166_044456461 11.72 0.199 | 0.039 | 108
GEM B09g088240.1 C09_027093568_027093892 11.32 0.186 | 0.054 | 108
GEM Cab000382.1 A09_033333496_033335711 1131 0.194 | 0.044 | 108
GEM Bo1g021550.1 C01_007680298_007683081 11.03 0.196 | 0.042 | 108
SNP B09g171570.1:189:C| C09_050570395_050570844 4.95 0.343 | <0.001| 102
SNP Cab008036.4:797:T| A10_015636261_015631086 4.93 0.182 | 0.091 | 87
SNP Cab023006.1:1851:Af  A06_003183873_003190307 3.65 0.140 | 0.149 | 107
SNP Cab002648.1:216:C| A03_008522315_008523559 4.94 0.487 | <0.001| 98
SNP Cab015851.3:354:T| A03_002505534 002507914 3.86 0.092 | 0.374 | 96

Within the A3/C3 SNP association region, the best candidate foun®a&3083230.Which is

an orthologue oAT3G24456 RSAa ONAGSR |a | aKSIF@ge YSOlft NI
AdzZLISNFFYAE & LINRGSAYyé0® LG O2yidlAya whicKiSI g Y
thought to be involved in Cu ion transport/binding. There has been no research focused upon

this gene in the literature (i.e. it only appears to have been studied as part of genome wide
analyses, such d&abro et al.(2008) and it is does not seem to have been characterisesl in
thaliana.Cu is known to indirectly affect plant Cd sensitiy@arriéSegui et al., 2015as such

it was decided to test this candidate further wigh thalianaT-DNA insert mutants for effects

on both Cu and Cd concentration.

GEM association outputs from the 383 diversity panel were assessed dingiite

inconsistency with the 274 GEM association outputs (again emphasising the issues of analysing

a split diversity panel, ség1). However all of the GEMs whi passed the Bonferroni and 5%

FDR thresholds were unannotated for orthologuegithaliana.As such they were compared

against the rest of the patranscriptome and across species in the NCBI database with BLAST
(see2.2.2). Two of the GEMs assessed this way came up with similarities to Zn ion binding
proteins.Bolg12476@vas similar to 10 other CDS gene models within thetpamscriptome

whose orthologues were describedAn thalianaasAT1G5230@inc binding ribosomal

protein family proteind @1 NBE Ay 3 FTNBY |y | f A-Z3By(Cag2b661)dddh NE 2 T
02 {6SE: 3™ (Cab013044)). CaB6431aligned well with 3 other CDS gene models

74



whose orthologues are describedAn thalianaas AT5G164704inc finger (C2H2 type) family

proteind @ NEAY 3 FTNRY |y | { A-Bg€H0E1050D2 NES&:B&n { Q pT
125 Bo3g012060.). Cd and Zn are chemically very similar and thought to be able to

compete for shared transport pathways ahohding sitegClemens, 2006 nlthough the

literature on Cd incorporation into Zn fingers is spass¥ f dza{ I = ! R YOl &1 FyR
2018)Considering that these analyses took place understoess Cd conditions, it perhaps

highlights the close association between the two edeits or the sensitivity of seed tissues to

Cd levels (particularly since AT5G16470.1 is thought to be involved in the ROS response/ stress
tolerance(Grotz et al., 1998) Despite this, as the actual GEM markers from the association

analysis were unannotated, analysis of these related CDSrgedel orthologues was not

taken any further.
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3.2.3 Associative transcriptomic outputs, predictions and candidates: Mn concentration
in seed
As previously observed in Cu and Cd seed concentration AT analyses, SNP and GEM AT
analyses of Mn concentration in seefdsled to pass the Bonferroni corrected significance
threshold of 0.05. Nevertheless, three distinct association peaks can be observed within the
SNP association outputBigure3.2.3a) on Al, A3 and A5 which pass the 5% FDR threshold.
The presence of these peaks in the SNP association analyses is easy to understanddvhen Q
plots are observedHigure3.2.3b) which show a marked deviation from the expected p values
for the SNP markers and minimal aberration for the GEMs (which show no clear associations
within AT outputs)Note, the differencein p values between the Q plot and Manhattan AT
output is a consequence of filtering out SNPs with a minor allele frequency of <1%. However
when SNP associations were investigated further in the AT 274 diversity panel, it was found
that the top 42 moshighly associated SNP markers had a minor allele frequency of less than
5%, making it impossible to test the predictive capacity of the SNP markers or find candidates
in these regions. The most highly associated GEMs were assessed for trait predictiadbility

two were found to correlate with the Mn concentration in seeds, p<O0T#b(e3.2.3a).
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Figure3.2.3a Genane wide distribution of mapped markers associating with the Moncentration in
seeds g/kg DW) of all 383 accessions.

The average concentration of Mn in seeds was calculated from 5 separate plants frdAS I@kalysis

for each of the 383 accessior&NPassociationgtop) were calculated with the R script GAPLipka et

al., 2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2084 GEM associatior(ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables aadd Mn concentratioms the response variable.ogoP values
from the SNP ath GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points representesBifPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeSNisni
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Figure3.2.3b Quantile-quantile plot of observedclogioP values from AT SNP analysis (left) and AT

GEM analysis (right) for Mooncentrationin seeds against expected;logioP values.

The red line indicates a theoretical perfdittof the expectedclogioP values, while the grey area

indicates the 95% confidence interval under the null hypothesis of no association between seed Mn and

the SNPs/GEMs.

Table3.2.3aPredictive cajbility of markers from Mn concentration in seed AT analysis.

No predictive markers could be found from S&Bociation analysis, whitke top 6 GEMs were
assessedThe marker type is indicated (GEM), alongside their name and position, followed by their
logioP value from the 274 AT analysis. Finally, the correlation coefficient (R), significance (p) and sample
size (n) are given for the predictions made on the 109 panel. Markers that were significantly predictive

(p<0.05) are highlighted in bold.

Markertype | Marker Position AT 274log10P| R p n

GEM B03g178370.1 | C03_062203601_06221170 7.84 0.017| 0.864 108
GEM Cab002086.1 A03_026944047_02694585 5.88 0.207 | 0.032 108
GEM Cab033883.1 A05_006148761_00614807 5.51 0.037| 0.708 108
GEM B02g134920.1 | C02_042824094 04282499 5.16 0.157| 0.104 108
GEM BnaA08g025000 A08_002633555_ 00263191 5.084 0.0674| 0.488 108
GEM Cab019042.1 A04_004690992_00468638 4.84 0.223| 0.021 108
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Despite the low predictive capability of the SNP markers, it was observed that the most highly
associated SNP marker was on C3 (for both AT 383 and 274), den@e8g3206-l0g:0P:

12.02, minor allele frequency: 0.004). This marker corresponds tathalogue inA. thaliana
calledCOPT4At2¢37920.1, a copper ion transmembrane transpori{@ancenoret al., 2003)

It has been disputed whether this is in fact a Cu transporté. ithaliana (as it lacks key
methionine residues to perform its function as a"@ansporter(Puig et al., 2007a)however

in rice it is thought to act cooperatively with other COPT proteins to mediate high affinity Cu
transport(Yuan et al., 2011 here is no evidence of it functioning in the transport of other
elements; however it has been shown to be transcriptionally suppressed in roots by Mn and Zn
deficiency(Yuan et al., 2011However a£OPT4s thought to be involved in embryo
development, leading to the development arrest of mutant lines, it was not analysed further in

this study(TAIR, 2015)

The two wekly predictive GEMs (p<0.05) corresponded to candidates with only minimal
biological significance for seed Mn concentration. The marker know@ab802084., has an
orthologue inA. thalianaannotated as &odium bile acid symporter fam{BASS6
AT4G22840)1 which when disrupted shows decreased photosynthesis and growth under
ambient CQ(South et al., 2017Mn plays an essential role in photosynthesis as part of the
oxygenevolving complex of photosystem Il, which could explamlihk toBASS6However,
when FDNA lines were assessed on the PiiMs data@aster et al., 2007aMn
concentrations were nofound to be significantly disrupted in leaves. As this is the primary site
of photosynthesis, which was the hypothesised link betwB&$S@nd Mn concentrations in
the seeds, it was decided not to pursue investigation of this within the $aathermore, the
second GEM did not have a clear biological role in Mn concentration variation either.
Cab019042 . lorthologue ofAT3G53090/2ubiquitin-protein ligase {UPLY, could potentially
be involved in Mn concentration by targeting Mn containimgtpins for degradation (which
would be important for seed Mn concentrations as it is a highly immobile element within
plants). However this was considered too tangential to warrant further investigation of this

gene.

79



3.2.4 Associative transcriptomic outputgedictions and candidates: Zn concentration
in seed

AT outputs for the Zn concentration in seeds did not show any clear association peaks and

failed to clear the Bonferroni corrected significance thresh&idyre3.2.4a). No markers

could be found within the SNP association analysis for predictions and only the highest GEM

showed weak predictive capacity in GEM association analBedg(71060.1Localisation:

C03_060372458 06037294AT 274&logioP: 7.97, R: 0.213, p: 0.0266, n:108). Unfortunately

this GEM is unannotated and no functional information is availabfe thaliana Interestingly,

three minor association peaks within the GEM AT Matam outputs on A9/C9 and C2 occur

within a region previously identified in an AT study of glucosinolates (GSL) ifLsestdal.,

2014) These regions also appears to a greater extent in Mo and S seed concentration AT

analyses (se8.2.5and3.2.6 and has been analysed in greater depth for candidates as part of

these studieslt is interesting that the Zn AT outputs didt show any relation to the Cd AT

outputs as the relationship between Zn and Cd concentration in plant tissues is well

documented (sed..2.5.6. This could be a consequenceBofnapuseing relatively tolerant to

Cd, possibly through effective exclusion mechanisms (e.g. ineffective root to shoot

translocation(Nouairi et al., 2009) Thereis no correlation between Zn and Cd concentrations

in the seeds (R0.05, p=0.38, n: 380) but there is a positive correlation in the leaeeb(1

for the leafinteractome, R: 0.41, p<0.001, n: 385). This perhaps fits with the theorBthat

napushas poor shoot Cd translocation, as when the ratio of the two element concentrations in

the seeds and leaves are compared the net accumulation of Zn is increased in comparison to

Cd (Zn:Cd 200:1, where ([Z84/[Cd] seed/([ZN] lea[Cd] leaf), as explaied in Thomas et al.,

(2016))
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Figure3.2.4a Genome wide distribution of mapped markers associating with the @mncentration in
seeds g/kg DW) of all 383 accessions.

The average concentration of Zn in seeds was calculated from 5 separate plants frbt8 EZRIlysis for
each of the 383 accessior®BNP associatior{gop) were calculated with the R script GARLIpka et al.,
2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2014apEM associatior(ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling withe Q matrix and

RPKM data as explanatory variables aadd Zn concentratioas the response variabld.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based oh¢ CDgenemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeSNisni
whichhave not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of @98ght blue and the 5% false

discovery rate (FDR) as dark blue.
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3.2.5 Associative Transcriptomic outputs, predictions and candidates: Mo
concentration in seed

When AT analysis for Mo concentrations within seeds was perforiFigdre3.2.5a), some

distinct similarities were observed to both seed S concentrationsKepee3.2.6.a) and

previous work on GSL in sedds et al., 2014)Association peaks observed on A2/C2 and

A9/C9 in the SNP association analysis (and to a much lesser extent in the GEM association

analysis) closely resemble those of the major aliphatic glucosinolate regHABIMyb28.

Despite not passing the Bonferroni corrected significance threshold, both SNP and GEM

markers were found which were capable of predicting not only for Mo, but for S, Mg, B and Zn

concentrations in seed in more than one instan€al{le3.2.5a). In addition to the known GSL

association peaks an additional association peak on A7 was observed within the SNPs.

However when further investigated the minor allele frequency of all thetrhigghly

associated SNPs assessed were significantly small, preventing predictive assessment for this

association region. Since no Mo specific candidates could be found and the similarities

observed between the AT associations in SNP and GEM analysedatzstbr Mo

concentration in seeds will be discussed as part of S concentration in seed AT analyses in the

next section.
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Figure3.2.5a Genome wide distribution of mapped markers associating with th® concentration in
seeds g/kg DW) of all 383 accessions.

The average concentration of Mo in seeds was calculated from 5 separate plants frdAS I@kalysis

for each of the 383 accessior®NP associatior{top) were calculated with the R script GAPLipka et

al., 2012) using a compressed linear mixewdel capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2014apEM associatior(bottom) were
calculated with the Rcript Regresgerforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables aadd Mo concentratioms the response variable.ogoP values
from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AXC9) For the SNP analysis, black and darkpeitits represent simple SNPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeSNisni
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Table3.2.5a Predictive capability of markers from Mooncentrationin seed AT analysis

For assessing the predictive capability of markers the highesth&ixeers from discerniblassociation

peaksandthe most highy associated GEMs were analysddhe marker type is given as either SNP or

GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis. The

correlation coefficient (R) and sample size (n) are given for the predictions made on the 109 panel for

Mo, SMg, B and Zn. Markers that were significantly predictive (p<0.05) are indicated with: p<0.001
(red***), p <0.01 (blue**) and p<0.05 (*).

I\/s;keer Marker Position Al‘(;rgig‘; IEAFS) SR B(R) 'EAR?) Zzn (R)| n
GEM | B09g012580.1 CEngg%iﬁ?( 1oz | 08B 0.5;26* 0.199* | 0.239* | -0.202* | 108
GEM | B09g181240.1 ngggiggg& 1279 | %497 | 0123 | 0036 | 928 | 0.207 | 108
GEM Cab038259.1 AE%BZ%E%SG?S 14.46 0339 0-5;57* 034 | 0227 0-2;68* 108
GEM | Cab038300.1 A(i%?)%%?ﬁi%lz‘” 1560 | 0310 o.zias* 0342 | 4205+ | -0.215¢ | 108
GEM | Cab038301.1 A(i%?)%%?;?lﬁm 1462 | 024 o_f;el* 0361 | o40x | 0233+ | 108
SNP Btoéfll:GTm.l: C(jggggg?éé?s‘ 516 | 0417 0.11;83* 0-271% 1 0471 | -0.125 | 108
SNP Bogggéf?o'l: C?gagg‘éggigas a3g | 03 0.5;86* 0-264% | 0212 | <0212+ | 108
NP Cabgzg:zfo.lzz A(i%B%%:s;%giSG sea | 037 0.(3;76* 0.319" | 200 0.3;12* 106
SNP Cabgiizfo'l:l Ai%é;%i%gi% 504 | 03 o.éfg* 031471 0197+ 0.2;94* 106
SNP 302%122?240'1: C(iéggggiggsz ag2 | 03 o.f:?s* 0248« | %27 | 015 | 106
SNP Bozfllgg:ngo.l: C?éggiéigiizj ses | 038 0.5;14* 0.211% | 0.248* | -0.169 | 105
NP CabO;;_Zrm.l:? A(i%a(;%s;%ié(?? 552 | 035% 0.?;17* 0.286" | 1,7 0.2;73* 106
SNP Cabigi?go'l:z Ai%é;%i%gi% 521 | 0346 0.5;55* 0-315% | 0158 0.2;66* 105
SNP Cabgjg:ZA79.1:2 A(i%?)%%i%i%%?’? 651 | 0340 o.§;46* 0-352% 1 0157 0.2;94* 106
SNP Bogfgéggo'l: C(_)?)nggggi?e a3z | 03¥ o.f;lo* 03307 | 0211+ 0.2;53* 105
NP Cabgéé:?':l.l:l A%E%ﬁigign a2 | 031 0.5'93* 0225 | 22 | 014 | 108
SNP Cabgﬁg:zfo'l:l A(i%?)%%:’;zggi% 56 | 0.251* o.éfss* 0.259* | 0.149 | -0.165 | 98
snp | CaP021724.161 A02 033083524 oo | o507+ | 0535+ | 0.212¢ | 0.038 | 0028 | 108
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3.2.6 Associative Transcriptomic outputs, predictions @anttlidates: S concentration

in seed
AT analysis for S concentration in seed material was the only analysis within the seeds to pass
the Bonferroni corrected significance threshold for both SNP and GEM association outputs
(Figure3.2.6.a). Five clear association peaks are observable on A2/C2, A9/C9 and C7 in both
the SNP and GEM AT Manhattan outputs, seemingly coinciding with GSL association peaks
contaningHAG1/Myb28a major aliphatic GSL regulator). Numerous predictive markers could
be found from the AT analysis for both SNPs and GEMs (p<0.05), however they were not only
predictive for S seed concentration, they were also capable of predicting famber of other
element concentrations within the seetddble3.2.6.a): namely Mo (which displays distinct
similarities in AT outputs), as well as B, Mg, Mn, Sr and Zn (see AT Zn GEM outputs) in more

than one instance for both the SNPs and GEMs.
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Figure3.2.6a Genome wide distribution of mapped markers associating with the@centration in
seeds g/kg DW) of all 383 accessions.

The average concentration of S in seeds was calculated from 5 separate fpdam ICPMS analysis for
each of the 383 accessior®BNP associatior{gop) were calculated with the R script GARLIpka et al.,
2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2014apEM associatior(bottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables aadd S concentrativas the response variable.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AAC9) Forthe SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have been linkage mapped to a genome, while grey and light red points represeSNisni
which have not been linkage mapped but assigned to the genome of the CDS geeletmgdvere

called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Table3.2.6.a Predictive capability of markers from &ncentrationin seed AT analysis.

For assessing the predictive capability of markers the highesth&ixeers from discerniblassociation
peaksandthe most hidly associated GEMs were analys€e marker type is given as either SNP or
GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis. The
correlation coefficient (R) and sample size (n) are given for the predictiadg on the 109 panel for S,
Mo, B, Mg, Mn, Sr and Zn concentration in seeds. Markers that were significantly predictive are
indicated with: p<0.001 (red***), p <0.01 (blue**) and p<0.05 (*).

Marker - AT 274 Mo Mg Mn Sr Zn
Marker Position S(R B (R n

type togior| S® | ®) [B® R | ® | ®R| ®
- - - - - 1
GEM Cab0138300 AO%BOB%?EZ%;M 31.84 0,;3*03 0.31* | 0.342 | 0.20 | 0.08 | 0.01 0531 0
. — * *kk 5% 8 9 8
- - - - 1

Cab038301| A09_003874397 0.661 0.00 | 0.23
GEM 1 003872142 33.06 | . 0.*%84 03*61 o.*24 0;)2 A - g
- - - - 1

Cab038298| A09_003885476 0.635 0.05 0.26
GEM 3 003883159 35.89 | ., O*'fl44 0.339 o.*24 s 0.;7 o g
- - - - 1

B02g16179| C02_051022984 0.559 0.26 | 0.11
GEM - 3451 0.248| 0.262 | 0.21 | 0.15 0
0.1 051026770 ok N - o s | 5 6 | g
- - - - 1

B02g16185| C02_051074261 0.537 0.19

GEM — 35.73 0.249 | 0.209 | 0.19 | 0.10 007 |0
0.1 051077445 ok - " o 5 7* 8
- - - 1

Bo4g14236| C04_038656985 0.522 - 0.16 | 0.17
GEM 0.1 038658185 2344 | 0;577 0.174 | 023 0061 75 3 |0
5 7 8
- - - 1

B08g09126| C08_03081889¢ 0.514 - 0.07 | 0.19
GEM — 36.59 0.313 0.16 | 0.19 0
0.1 030819173 ok | 0182 1% 7 ™ g
- - - 1

Cab021710| A02_033160073 0.462 - 0.06
GEM 1 033155303 1517 | | 0343 (0] 0141 023|002 7|0
*kk 2 * 8
- - 1

Bo9g01776| C09_00522370C 0435 | - - 0.28 | 0.12
GEM 0.1 005226066 2L79 1 | 0129 0.113 0'818 Oiig 8x* 9 g
- - - 1

Cab021700| A02_033237611 0.341| - - 0.14

GEM 1 033234397 1747 | e | 0,151 0.116 0';5 0'416 4 0'??5 g
- - - 1

Cab021665| A02_033436338 0.315 - 0.04 | 0.17
GEM 1 033434395 1945 | 0;568 0.093 02'32 0531 3 5 g
Bo9g01154| C09_003764308 0.79* . . ; ~_1013| 026 8
SNP 0.1:93:A 003765093 1345 | " 0;376 0.392 0535 0'*25 8 2 |9
- - - - 1

B09g01153| C09_00375615€ 0.772 0.07 | 0.24
SNP — 13.89 0.368 | 0.267 | 0.30 | 0.17 0
0.1:329:T | 003757704 ok o - o 3 2 & |,
- - - - 1

Cab038280| A09_003976556 0.656 . 0.03 | 0.28
SNP | oasic 003972004 | 1021 | o) o.izz 0.23 016 | 012 | 7,7 | S5 | 0
— *: *: 9 5 5
- - - - 1

Cab038279| A09_003982037, 0.645 0.05| 0.30
SNP | T oea0 A 003978463 10.66 | .. o.*309 0;3;35 017 006 | "g7 | 25| 0
% + 9 5 6
- - - - 1

Cab021725| A02_033078961 0.642 0.37
SNP = 13.03 0.512 | 0.314 | 0.25 | 0.26 | 0.14 0
1:2274:G | 033071276 ok o o e il I

(o]
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I\/I;Fr)l;er Marker Position ';“(:Ligé S (R) IEAR?) B (R) IEAR% IEARn) (SRr) (ZF?) n
o | e o) 1y 08 o3 0200 o | 0| 82
e ety [P L IR PPN PP R C PR
SNP Boc,)igzﬁl;? Coggg‘;’gizgs" 16.83 | 95" 0.363 o.*é64 017 | 012 0';5 0'514 é
- 8 | 3 6

SNP Cit:’ggzlgd' A(i%—gosg?;%i%iz“ 12.49 | 053 o.é27 o.élz o.s)s 0.1 02'31 o.é)z é
SNP C_fﬁ%@gil A%‘g%ﬁﬁi%n 132 | 0303 o.*::sk13 o.é25 (;27 o;g 0'709 0.14 é
o |commot v sosrind oo (082 s - foa | ase| 020 021
e e [l ) P P PP R T Y
6 | 8 7

o s o gomonsd | 058] e o[z aon |00 021
gt | 7 7

P e IR X Pros PP P PR T E

Themost obvious candidate for S concentration in seed$AS1/Myb28At5G61420), since S

is a constituent of GSL and it is well documented that variation in the GSL concentration of
seeds also affects the S concentration, to the extent that S concentration can be used to
estimate GSL content in the seedBofmapugBloem, Haneklaus and Schnug, 200%)e close
similarity of the Mo AT results to the association regions around the CDS genesmibesie
orthologues correspond tBlAGIMyb28 could be explained in a number of ways. For
example, chemical similarity of $Gnd MoQ? could result in increased Mo concentration in
seeds as a consequence of sulfate deficiency or via the role of Mo as a cofactor in aldehyde
oxidase 4 (AT1G04580) which is involved in the generation of aromat{tb@&t et al.,

2009) However, exactly why the regions (e.g. A2/C2 and A9/C9) should hava&SEM
markers capable of predicting for the concentration of other elements in seed is unknown (i.e.

B, and to a much lesser extent Mg, Mn, Sr and Zn). As such it was deemed necessary to test the
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seed of arA. thalianaT-DNA insert mutant foHAG1/Myb28o determine if element

concentrations other than S would be disrupted.

One reason why these regions may be coinciding with GSL for multiple element concentrations
is that they could contain several different genes which have been selected/bred withdihe lo

for low GSL in seeds (as the association regions are broad, e.g. the A9/C9 association peak
contains ~870 CDS gene models). For example, in the S concentration of seed A9 association
LISF1Z GKSNB NB wmn /5{ 23Sy SAaiasdrthologoésh OK K| @
gene descriptions, one of which (AT5G615€C@b038296 )lis only two gene models away

from aHAG1/Myb28CDS gene model. For Mg, a potential candidate in this region would be
Cab040264.1whose orthologous gene is an Mg transporteiGT: AT5G64560 Yiwhich

appears within the same AT association peak on A9 in the SNP and GEM outputs. However,
narrowing down candidates in this region is extremely difficult for this reason and it was
therefore not possible to assess all potential candidates as parti®&thdy.Furthermore,

given the large size of the association regions invoivisdikely that many candidate genes

related to the phenotype would be identified by chance. Therefore only a reduced set of the
most likely candidates was carried forwawith HAG1/Myb28

The first of these wa&TRZAT5G6268)) present in 3 association peaks for S seed
concentration as the CDS gene mode#h038257.1/Cab038255.1/Bo9g015100t vas

identified as part of an AT study of GSL in seeds as potentially being involved in loading GSL
into seedqNour-Eldin et al., 2012; Lu et al., 201#)would be interesting to irestigate

whether disruption in this gene would affect the concentration of multiple nutrients in the
seed, as it would likely disrupt S concentrations through its impact on GSL transport. Another
candidate within the same association regions (i.e. A2/&?)yell as a standlone GEM on C4

in GEM association analyses, were the CDS gene models
Cab047952.2/Cab021700.1/B029g162860.1/Bo4gl423&thbse orthologous gene is

described as Rertlike family proteifAT5G6213) There is very little information ofhis

gene within the literature and it was therefore selected for further investigation. Another
candidate in the C2 association region which could have an effect on multiple elements was
B02g161850.1whose orthologue ISEUSSIKELSLKAT5G6209Pwhich § involved in
embryogenesis and pogimbryonic developmenflee et al., 2014pnd couldtherefore cause
disruption in the seed ionome. Finaltyab010445.6vas found in the S seed SNP association
region on chromosome A8, whose orthologue correspondSBe1i.e. selenium binding

protein 1, AT4G1403) Its expression is known to be tightly bound to S concentratiéh in

thaliana(as they are chemically similar Se is able to replace S in proteins and other

89



compounds, causing toxicity). However, SBP1 proteins have been shown to accumulate in the
presence of Cd and other stresses requiring GSH for tolefghagowieux et al., 2009)

representing a good candidate for further testingfinthalianaseeds for effects on multiple

element concentrations in seeds.
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3.2.7 Summary of AT results and conclusions

Analysis of seed element concentration data with AT yielded aoeummf potential candidates
to take forward to analyse with. thalianaT-DNA lines (summarised Trable3.2.7.a). Many
candidates identified as part of the initial Aanalysis were already known within the literature
to play a role within the trait under study (at least wittin thaliang and were not

investigated further as part of this project. These previously identified candidates represent
good targets for furtler study with the TILLIN®McCallum et al., 2000b)If lines could be

found with mutations in the candidates highlighted, they could be assessed directly for a role
within the trait inB. napudo confirm the AT result$zor the candidates taken forward infa
thaliana T-DNA lines, many could have roles within the concentration of multiple elements
(either by appearing in more than one AT output or through previous roles identified within
the literature). Where possibltherefore these would be analysed for an effect in elements
other than the one they were originally identified for. For examplaG1/Myb28nd GTR2
appeared in multiple AT outputs and markers within association peaks could predict for

multiple element conentrations within seeds.

Table3.2.7.alist of the candidate genes taken forward for further study in seeds.
Detailed are lhe original AT trait analysis the candidate was found for, its marker witleipan-
transcriptome AGI code, description . thaliang line ordered from NASC and other potential element

interactions are listedCu and Cd lines were analysed as part of an undergraduate project.

Trait AT Marker AGI Description Line ordered | Interaction
2
Cu seed* NA AT4G05030| Copper transport protein| Gk197D03 ?
family
Cu seed* Cab018316.1 AT1G68100| ZIP metal ion transporterl SALK_047876( Zn, Mn, Cd
family SAIL 891 Hod  Fe
vl
Cd seed* B03g083230.1 AT3G24450 Heavy metal SALK_027460 Cu
transport/detoxification 35.15.x
superfamily protein WiscDsLox481
-484J7
Mo/S Cab021728.1/Cab03829¢ AT5G61420 Myb28 SALK_136312( Mo, S, B,
seed 3/B02g161590.1/Bo7g09¢ Mg, Zn, Sr
590.1/B09g014610.1
Mo/S Cab038257.1/Cab038255 AT5G62680 GTR2 SALK_052178( Mo, S, B,
seed 1/B09g015100.1 SALK_072700 Mg, Zn, Sr

40.35.x

Mo/S Cab047952.2/Cab02170( AT5G62130| Perklike family protein | SALK_039375( Mo, S, B,

seed 1/80291652801.1/8049142 SALK_054073 Mg, Zn, Sr
S seed B02g161850.1 AT5G62090 SEUSSIKE ZSLK) SALK_039276 ?
slk2
1/SALK_08995
4
S seed Cab010445.6 AT4G14030| seleniumbinding protein | SALK_147323( Mo, S&

1 (SBP1)
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3.3 Seed candidate gene analysis

Many of the candidate genes identified from AT analysis were applicable to other elements
within the seed ionome (see previous section for a summary of the candidates taken forward
for analysis irA. thaliang Table3.2.7.a). This applicability was either a result of the candidate
being shared across multiple elements (¢§.G1/Myb28 or because previous descriptions of
the selected candidate have imgdi a role in another element within the literature (other than
the one tested by AT). For the latter, it is important to evaluate whether the candidate has an
effect on either of the elements, as it is possible that the diversity panel may not be digplayin
enough variability for the element the candidate was originally described for (thus it is
important to rule out if it could possibly be playing a role in multiple nutrients). Furthermore,
the concentration of many elements is known to correlate sigaifity within seedsKigure
3.2.7.a), which could imply some level of interaction between many of the elements under

assessment and must be considered as part of tiadyesis.

. W : ONO
W) () (=) ()

QO (1)

(0 O,
total_nus_seed

I R: ~0.51 R: ~0.20.5 |I R: ~0.40.5 R: ~0.30.4 R:~0.20.3

Figure3.2.7a¢ KS aSSR WAY(iISNI OG2YSQ

Sgnificant correléions (p<0.001) for all element concentratiowgthin the seed are displayed, with the

R value representing the lines connecting the elements (thicker and darker lines are more highly

correlated key for each displayed directly below). Element concentratigmish show a significant

positive correlatbn are displayed on the left whilst those which are negatively correlated are displayed

on the right.Both positive and negative associations are compared to the sum total of the element
O2yOSYyUNY GA2ya oWwWaG20l t vy dzi Nifiudl glémentsinByshaw@ onthie2 KA I K )
ionome as a whole (e.g. large variation in seed S concentration). Diagrams were generated with

Cytoscape 3.2.1, using the R correlation coefficient as edges.
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This section will start with the analysis of Cu and Cd seeddated originally used as part of

an undergraduate project. These candidates were chosen from AT analysis performed as part
of this research and investigated further under the supervision of the author by an
undergraduate student who designed primers, gri plants and analysed seed and

stem/pod materials with IGRIS. For the purposes of this project, the samples werdiltged

and analysed with IGKS after initial results were found to be too variable to analyse.
Additionally, Cu/Cd lines were regrowas part of the research presented here to assess the
effect within leaves and confirm previous analyses (from the literature and Pikider et al.,
2007a). Following on from the Cu/Cd analysis, the next section will focus on those candidates
from S/Mo AT analyses. These candidates were only analysed within seed tissues as there was
no evidence within the literature for a role in other tissues. The onlggens to this are
GTR2andHAG1/Myb28There is evidence within the literature that GTR2 is involved in

phloem loading, however since its primary effect would be observed in the seed only this
tissue was analyse@ourEldin et al., 2012HAG1/Myb28&n the other hand was assessed in

leaves as well as seed, since the primary site of its action is disputed.

3.3.1 Seed candidate gene analysist and Cd seed candidates

Given that for the three candidate genes picked for further analysis from Cu and Cd could all
potentially show variation for another element, it was decided that these candidates would be
analysed together across multiple elemenFor seed and stem analyses, all element
concentrations under assessment had averages greater than the LOD and had a percentage
recovery >80% (Mn had 100% recovery, Fe 80%, Cu 88%, Zn 90% and Cd 96%). Unfortunately,
one of the Cuarl mutant lines SALK047876Cfailed to yield any homozygote or

heterozygote plants for analysis (i.e. all plants were genotyped as wild type). Therefore only
one mutant SAIL_891 HO08.ytould be analysed for this line. When seed tissues were
analysed no disturbance in elentahconcentrations was found for any of the candidates

under any of the elements specifically tested (Cu, Cd, Mn, Fe arkigtine3.3.1a shows only

Cu and Cd analyses). This could be a result of inaccuracies in weighing, as all lines involved
produced very little seed. As a result, subsequent seed analyses would combine seeds from

multiple plants to improve the accuracy of HBFS results.
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Figure3.3.1a Candidate gene analyses of {aft) and Cd(right) in the seeds ofA. thalianainsert

mutants, as mg/kgdDW of seed tissue.

Wildtype; A. thalianaCol0, Cu:AT4AG05030= Cu transporte(GKk197D03, AT1G68100 iarl
(SAIL_891_HO08.y1Cd:AT3G24450 €dhmal (SALK_027460.35.1pandCdhma-2 (WiscDsLox481

484J7. The mean and standard error are shown for each line, n = 4 in all instances except Cu transporter
where n = 5, n being theumber of individual plants sampled for seed materib. significant

differences were found between any of the candidates under any elemm@mtentration (displayed for

only Cu on the left and Gzh the right). Highlighted inorangeare the candidates which were picked out
specifically from AT analysis of the elemeanhcentrationbeing portrayedCu ANOVA: F:0.53, p:0.718,

df 4,16; Cd ANOVA 2.23, p:0.111, df 4,16

When the stem materials were assessed, a number of distinct difteeswas observed.

Within the stem and pod materials Garl (AT1G68100) was found to have significantly lower
shoot Cd concentratiorF{gure3.3.1b). This was unsurprising considering previous research
has found disruption within the leaves for Cd in this line (Pi{Baxter et al 2007a).

However, other element concentrations (including Zn and Cu) have been shown to vary in this
line in leaf material. Why only Cd concentrations would vary is uncertain; perhaps this is part
of its suggested role in the compartmentalisatiorcafions (differing between the essential Cu
and Zn, in comparison to the toxic and lower concentrations of Cim@dl (AT3G2445D

was found to have lower Cd and Zn concentrations in st&igsi(e3.3.1b). Interestingly Cd
hma2 was not significantly different from either the wildtype control or the other mutants.
This is potentially to do with the variability of the results obtained. It would likelgignificant
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with further testing and a larger sample size. Considering thailk@dis meant to have Cu ion

binding/transport activity, it is surprising that it was found to vary for both Cd and Zn and not

Cu concentrations (Cu ANOVA: F 0.86, df 4,A.611). This may be because this function has

been inferred from sequence information (i.e. it is a conserved protein domain) and as such

could have binding capacity for a number of elements, such as Cu, Cd, Co and Zn (NCBI,

https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=2382)LFurthermore this gene

is thought to be primarily expressed within the stemAinthalianad & G K S

OA2FyLFfeiAcC

F 2 NJ LX | yhilip:/ldakupoforddd/éfp/cqi-bin/efpWeb.cgi), coinciding with the

ionomic results. However this candidate was identified in seed AT outputs. This could be a

consequence of the difference betgn identifying a gene iB. napusand testing its

orthologue inA. thaliana For example, this gene may have a slightly different expression

pattern inB. napusnaking it more important during seed loading or it could be a consequence

of morphological dierences between the stems 8f napusandA. thaliana
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Figure3.3.1b Candidate gene analyses of Cu and Cd (as mg¥g in seedA. thalianainsert mutants

within stem and pod materials

Wildtype A. thalianaCol0, Cu: AT4@5030=Cu transporte(Gk197D03), AT1&8100 Sarl
(SAIL_891_HO08.v1); CArx524450 €dhmal (SALK_027460.3%X) andCdhma-2 (WiscDsLox481

484J7. The mean and standard error are shown for each line, n = 4 in all instances except Cu transporter

where n =5, n being the number of individual plants sampled for stem/pod materials. Elements are

displayed as mg/kg DW of stedighlighted inorangeare thecandidates which were picked out

specifically from AT analysis of the element bemgpstigated Only Cd (left) and Zn (right) showed any
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significant differene in comparison to the wildtype contraCd ANOVA: F 8.73, df 4,16, p<0.001; Zn
ANOVA: F 5.271f 4,16, p 0.007.

Leaf tissues were analysed as part of a separate ICéhduthe recovery of all elements ihe
followinganalysis was significantigwer (Mn had 93% recovery, Fe 65%, Cu 75%, Zn 81% and
Cd 93%) but all elements had averages abovd. @B .TheCu transporteprotein family

candidate (AT4@030) showed a significant decrease in €ncentrationand a significant
increase in Cd and Loncentrationswithin the leaves in comparison to thldtype control
(Figure3.3.1¢). It did not show anyariationin the stem or seed@~igure3.3.1aandFigure
3.3.1b),. Cuconcentrationggave anegative result in this candidate as there was apparently
less Cwvithin the digested material than within the water controls. This is likely a consequence
of the very small weight of plants produced giving innaccurate element concentrations and a
very low (~75%) recovery of this element during digestion. The resultsifomutant are
therefore highly questionable for Cu concentrations. Visually this mutant was much smaller in
comparison to the wildtype plants and displayed purple discolouration (indicative of ROS
damage), implying the candidate gene may have an eidente in broader leaf nutrient
concentration regulation, consistent with the obserwdidruption in the ionome of the plants.
Alternatively, another mutation in the line could have caused the stunted appearance.
Interestingly, a significant reduction<p.05) in Cu concentration was observed in the leaves of
the Cdhma?2 T-DNA line figure3.3.1c). This is in contrast to the stem where it did not show
any significant differences, unlikedhma1l. This could be a consequence of the insertion in
each line being in a different locatioperhaps disrupting expression pattermal did not

show any variation between elements in the leaves in contrast to what has previously been
observed (PiiM¢Baxter et al., 2007a)Fe had very poor recovery (~65%) and showed no
significant difference between any of the lines (Fe ANOVA,; F 0.35, df 4,40, p 0.84).
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Figure3.3.1c Candidate gene analyses of Cu and Cd saethalianainsert mutants within leaves, as
mg/kg DW of leaf tissue

Wildtype A. thalianaCol0, Cu: AT4G050305u transporte(Gk197D03), AT1G68100sr1l

(SAIL_891 HO08.v1)JdCAT3@4450 =Cdhma-1 (SALK_027460.35.15.x) addhma-2 (WiscDsLox481
484J7)The mean and standard error are shown for each line: Col rCa &ansporten= 3; Cuarl n=
11,Cdhma1 n=5,Cdhma2 n=12, n being the number of individual plants saeapfor leaf material.
Elements are displayed as mg/kg DW of leaghlighted inorangeare the candidates which were
picked out specifically from AT analysis of the element being portrayely. the Cu transporter protein
(At4g05030) showed any significant difference to the wildtype control (in Cu, Cd ar@uZ&NOVA (top
left): F 6.39, df 4,34,p<0.001; Cd ANOVA (top right): F 9.04, df 4,34, p<0.001; Zn ANOVA (bottom left): F
4.46, df 4,34p 0.005; Mn ANOVA (bottom right): F 2.75, df 4,34, p 0.044
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3.3.2 Seed candidate gene analysis: S seed candidates

Many of the candidates from S AT analysis could affect other element concentrations within
the seed ionome. This is because they also appearpdra®f other element AT outputs and
were predictive (p<0.05) for other element concentrations in the seed ionome (e.g. B, Mg, Zn,
Sr and Mo). The analysis was split into two, with three candiddMgbZ8/HAG1, GTRihd

Perll) analysed together and the raaiming two SLKand SBP)run separately. All candidates
displayed are homozygous for the mutation unless otherwise stated. It is important to note
that seeds were combined from multiple plants in order to achieve weights to give accurate
digestion resultsFor the first roundriyb28/hagl gtr2 andperl)) percentage recovery for the
elements under investigation (B, Mg, Zn, Sr and Mo) ranged from B@B%. Only Sr was
excluded due to having an average concentration below the LOD. For the secondseussl (
like2andsbpl) all elements which were successfully analysed were tested. This was because
seusdike2could have broad implications for the seed ionome as it is involved in embryo
development. Of the 20 elements which could be accurately analysed daxglelements

without CRM values) only Al was excluded from analysis for having an average concentration
across mutants lower than the LOD. Of the remaining 19 elements, 3 had a low percentage
recovery (Fe 69%, Co 82% and Ni 84%) leaving 16 elementamnallgeed across seed tissues

(recovery ranged from 94%11%; B, Na, Mg, P, S, K, Ca, Mn, Cu, Zn, As, Se, Sr, Mo, Cd and Ba).

Within S analysed-{gure3.3.2atop left), all candidates showed a reduction in S
concentration in comparison to the wildtype control (exceerll-1). Aligtr2 lines showed
similar reductions in S concentration, regardless of whether they were homozygous (HM) or
heterozygous (HZ). The effeatthough significant, was not a large drop likely because only
GTR2vas disrupted. Perhaps the effect would have been great8ifiRwas disrupted as

well, as demonstrated for GSgtr(2 mutant displayed lower GSL within seed, but significantly
lower whenboth gtr 1 and2 were disruptedNour-Eldin et al., 2012)gtr 2-1 HZ andjtr 2-2

HM also displayed a reduction in Mo concentration. An explanation for this could be a
potential role for Mo in aromatic GSL biosynthesis. If there was a reduction in GSL
concentration within the seeds it would result in reduced demand for Mo contagilifghyde
oxidase 4, which is required for converting benzaldehyde to benzoic acid in aromatic GSL
production(lbdah et al., 2009) Per1{2 also displayed disrupted S concentration unpkell

1. It has been surmised this could be due to alternative splicing, as many alternatively spliced
forms of this candidte are possible and the two inserts within each mutant are in different

locations, i.eperltl may have been spliced out.
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Figure3.3.2a Candidate gene analyses of S sekdthalianainsert mutants (HAG1/Myb28 GTR2and

Per1l), as mg/kgDW of seed tissue

Wildtype; A. thalianaCol 0; AT5G142=myb28/hag1(SALK_136312C); AT5G626&f0r2-1

(SALK_052178C) agti2-2 (SALK_072700.40.35.x); AT5G621p@r+1 (SALK_052178C) apdrl2
(SALK_05407%3The mean and standard error of 6 batches of seed per line are shown-&suytles of

seed from a pool of seeds from 12 plants) for all lines exge@A HZ where 12 batches were included

(12 subsamples of seed from a pool of seeds from 24 plantsn&hts are displayed as mg/kg DW of

seed. Where there are the letters HZ or HM within a line it indicates that heterozygote and homozygote
plants respectively have been analysed. Significant differences between lines are indicated when letters
are not shaed from posthoc analysis Bonferroni p<0.0S ANOVA: F 209.63, df 6, 41, p<0.001; Mo

ANOVA: F 31.41, df 8], p<0.001; Mg ANOVA: F 5.58, #4F, p<0.001; Zn ANOVA: F 13.72, dfi5,
p<0.001.
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The most significant effect was observed within thgb28/hagl mutant line Figure3.3.2a
andFigure3.3.2b). This line also showed significantly lower Mo and significantly higher Mg
concentrations in comparison to the wildtype control and other mutants. Furthermore, when
just the Columbia wildtypeontrol andmyb28 haglmutant were compared many other

element concentrations within the seed ionome appear to be disrupkegiufe3.3.2b; Mg, P,

S, K, Co, Cu, Adp, Cd, Pb, p<0.05). As an extension of this analysis, it was decided to assess
leaf tissues (sincklyb28 HAG1lis meant to regulate aliphatic GSL throughout the plants).

Once again a multitude of element concentrations appears to be disrupted withifirthis
(Figure3d.3.2¢; B, S, As, Se, Mo, Cd and Ba, p<0.05).riyb28/haglwould affect multiple
element concentrations within the ionome across both leaf and sessdiéis is not known. One
theory suggests thatlyb28/HAGImay play a role in the S deficiency response. Previous
NBaSI NOK KI &sulfuddsfidiénhayin8utedSRd) riiay ihibit the transcription of
aliphatic GSL genes by interacting with Myb28%1 and down regulating GSL biosynthesis in
favour of sulfate use in primary metaboligdarabi et al., 2016)This is in line with previous
research with has shown a general reduction in GSL production under S deficiency conditions
(Falk, Tokuhisa and Gershenzon, 20@8)sucltf. thalianaT-DNA lines an®. napudow GSL

lines (effective Myb28/HAG1 knockits) could be perceiving the reduced GSL concentrations
as S deficiency, perturbing the rest of the ionome as they respond to rectify the imbalance
(e.g. stimulation of root formation or increased transporter capacityhether this has a

positive effect on the nutrient use efficiency of the plants requires further study. Perhaps
simulating nutrient deficiency under sufficiency conditions could improve plant nutrient use
efficiency, or it could cause ionomic disturbanestprbing plant metabolism with wide and
unexpected consequences. Indeed, whether this would even constitute nutrient use efficiency
Ad RSLISYRSyid 2y (KS RSTAYAUAZY 2F WSTFFAOASYO
potentially use more of the nutrida supplied, but whether this would be turned into an
increased yield is debatable (and could be considered an oversimplification of the argument),
and would require much further resear¢lu et al., 2016ajurthermore, there is some

evidence that root morphology is disruptedrimyb28myb2%nockout lines(MartinezBallesta

et al., 2015)Alternatively given that GSL are plant defence compounds, perhaps the plants
were more susceptible to pest damafigeekweelder et al., 2008)hich in turn disrupted the
ionome. The most simplified explanation could be increased root/leaf damage within the low
GSL lines. This may be one of the reasons why previous research on this line failed to see any
differences between the macronutrients (under low or high S) as they greren in
hydroponicqMartinezBallesta et al., 2015h contrast to the current experiment which was

performed in soil.
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Figure3.3.2b Z-score graph detailing how each seed batch (as a different coloured line) from the
myb28/haglline varied in comparison to the average wildtype control (n= 6 for bothhere nis a
subsample of seeds from a pooled sample of seeds from 12 plants

Only dements which had a recovery >85% and an average concentration greater than the LOD were
analysed. The mean and standard deviation of the wildtype controls are used to calculate the number of
standard deviations each mutant deviates from the average ofaidtype control in each element
concentration, in accordance with methods previously outlifeghner et &, 2003)and in use by PiiMs
(Baxter et al., 2007aA ttest was used to determine whether the difference between wildtypd an

mutant lines was significant for each element (p<0.001***, p<0.01**), as detailed in the apper{d)ces
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Figure3.3.2c Z-score graph detailing how leaf material (as a different coloured line) from the
myb28/haglline varied in comparison to the average wild type control (n= 8 for bpthere n is an
individual plant).

Only elements whit had a recovery >85% and an average concentration greater than the LOD were
analysed. The mean and standard deviation of the wildtype controls are used to calculate the number of
standard deviations each mutant deviates from the average of the wildtypga@dn each element
concentration, in accordance with methods previously outlifieghner et al., 2003)nd in use by PiiMs
(Baxter et al., 2007aA ttest was used to determine whether the difference between wildtype and

mutant lines was significant for each element (p<0.001***, p<0.01**, p<0.05*), as detailed in the

appendices).

Of the other two candidates that were tested, one line#gfusst A {fafled @ produce any
homozygous plantsSALK_03927§@nd was not carried forward (i.e. it was wildtype). The
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other seusdike?line showed altered B, Mo and Mg concentrations within the seed, whilst
sbpl only varied for Mo concentratior-{gure3.3.2d). Neither of these mutants displayed
variation in S concentration. This was unexpecteds@rsdike2as it was the most highly
connected marker from WGCNA analysis (as detailed in the next ch4BeiWWGCNA one

of the highest GEM hits from seed S AT anagysisa predictive GEM marker (s82.6). This
likely reflects the genetic background of the low GSL phenotype imapusa
deletion/homeologous exchange coulduwse an association with multiple GEM markers as all
their gene expression levels would be equally disrupted in a deletion type eventsusst
like2causes disruption in element concentrations other than S wihithalianaprovides
further evidence fothe theory that multiple elements may show disruption in the low 8SL
napuslines asan indirect result of how the low GSL lines were hieal the broad association
peaks may contain multiple candidates capable of causing-alelthent phenotyes, with
breeding for the low GSL phenotype indirectly perturbing the ionome 1s2€). Whyslk

would show disruption in B, Mo and Mg concentrations is yet tediablished. Interestingly,
the sbpl knockout T-DNA line showed lowered Mo concentration in comparison to the
wildtype control. The expression 8BP1s thought to be linked to the S status of cells with its
promoter being strongly induced under S sttien conditiongHugouvieux et al., 2009 he
biological function o6BP1s as yet unknown. However the suggested role in S and Se
concentration could link it to Mo via the chemical similarities of these elem@mésschner,
1995c)

102



B (mg/kg DW) Mo (mg/kg DW)
16 - b 2.5 - b
=14 s
% 12 - a ab % 2 - a a
210 215 -
> b o
g 6 - £ 1
m 3 205 -
0 T T O I T T
e N O e N O
A SR S
S \%@? & S & &
S & o &
S S $ O
S v & ¥
& &

Mg (mg/kg DW)

5400 - b
< 5200 -
E 5000 -
4800 - a ab
S 4600 -
£ 4400 -
o 4200 -
= 4000 -
3800 - : :
4 N O
&
™ & o0
& ©
\g N
& @
&5
v

Figure3.3.2d candidate gene analyses of S sel&dthalianainsert mutantsseusslike2 and sbpl, as

mg/kg DW of seed tissue

Wildtype A. thalianaCol0O; AT5G2090=seusdike2/slk(SALK_089954); ATA4®30=sbpl

(SALK_147323C). The mean and standard error of 6 bat€sesa per line are shown for all lines (i.e. 6
sub-samples of seed from a pool of seeds from 12 plants); elements are displayed as mg/kg DW of seed
(for B, Mo and Mg). Significadifferences between lines are indicated when letters are not shared from
post-hoc analysis Bonferroni p<0.05. B ANOVA (top left): F 6.65, df 2, 15, p 0.009; Mo ANOVA (top right):
F 9.03, df 2, 15, p 0.003; Mg ANOVA (bottom left): F 4.78, df 2, 15, p 0.025.
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3.3.3 Summary of candidate gene analysis

A number of candidates was successftdisted withA. thalianaT-DNA lines. Cu/Cd candidates
identified from seed AT analysis failed to reveal any significant differences within the seed
tissues. However this was likely a result of the small weights used initially in this study. When
analysisvas expanded to include stem and leaf materials, some significant differences were
observed. Th€u transporter family proteiplants were very stunted and slow growing,
producing very little biomass for accurate analysis of leaf tissues. Nevertheliedieh

seemed to display reduced Cu concentrations combined with increased Cd and Zn
concentrations in leaf tissuekAR1did not display any elemental variability within the seeds or
leaves of theA. thalianaT-DNA lines investigated, in contrast to pi@ys research which found
variation in Cu and Zn concentrations within the leaves but did show reduced stem/pod Cd
concentration. Results from tHdMA proteinidentified from Cd seed AT analyses were
contradictory;Cd HMAXkeemed to show a reduction of Zn and Cd concentration in the
stem/pods, whilstCd HMAZhowed a reduction in Cu concentrations within leaves. It was
hypothesised that this may be a consequence of differences between the two insertion lines

and requires father testing inA. thaliana

S analysis also revealed some unexpected resvitb28/HAGlanalysis caused disruption to
multiple element concentrations within the seed and leaf tissues. It was expected to cause
disruption in seed S concentration via ithaections to GSL biosynthesis but not to have such
a wide impact on the rest of the ionome. Alongskgb28/HAG] the other GSL related gene
tested wasGTR2gtr2 T-DNA lines revealed a slight reduction in S and Mo concentra®ieriL
displayed some digption to S concentration but given the little information present within
the literature on this gene an adequate explanation could not be foalkd-DNA lines

showed disrupted Mo, B and Mg concentrations in seed, wliigt had a slight reduction in

Mo concentration in comparison to the wildtype control. Given that these candidates were all
found within the S seed AT analyses and that many show-glahient disruptions

emphasises the difficulty of analysing such broad association regions. Many elensnbe
showing similar associations as a consequence ofBawapusvas bred for low GSLs rather
than any common biological mechanism. However, the link between the wider plant ionome
and GSL was previously unsuspected and was therefore carried fomt@rfdither analysis

(as detailed in the next sectioA).
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3.4 Chapter summargonclusions

This chapter has focused on investigating the genes behind nutdaceatration in the seeds

of B. napuslt has been explored for a number of elements (including Mo, S, Mn, Cu, Zn and
Cd) using an AT approach. Utilising AT, a number of individual candidate genes was
highlighted; some of which were already known to plagla in nutrient concentration, while
others represented potentially novel candidates for further testing. Analyses performed on
Cu/Cd candidates from seed did not show any disruption in the concentration of the elements
under investigation. One explanati for this could be that the weights of seed analysed
prevented accurate measurement of element concentrations. Alternately, this could be a
consequence of analysing orthologueginthalianainstead of analysing the candidates

directly inB. napugeither as a consequence of functional redundancy or divergeBwah of

these conclusions are supported by the observation that some of the candidates under
investigation were found to display disruption in element concentration in different tissues.
For example, theCu transporter family proteiplants were stunted with purple discoloration

and displayed increased Cd and Zn concentration within leaf tissues. This candidate may have a
different expression pattern or a divergent functionAnthalianain compaison toB. napus,

whilst it could also be that the larger weights of samples used in the other tissues improved
the accuracy in which I@RS results could be interprete&urthermore, this also highlights

the importance of scoring for other important phetypes, such as plant size, which may

LINE GARS FdzNIGKSNJ SELX | yI GA 2y ShnfarlyiitheSurrént y RA R (0 S
research onarl failed to validate previous research which had shown variation within the
leaves for Cu and Zn concentratidiiMs,Baxter et al.(2007). This could be a consequence

of differences in the developmental time point analysed between the two experiments and the
growth conditions (i.e. perhaps the plants were sampled at different growth stages and/or the
growth medium differed, such as growtim nutrient rich soil or inert substrate and liquid

fertiliser).

S seed AT analysis gave a number of candidates. However considering the large size of the
association peaks, many candidates may have been present purely by chance. Therefore only a
subset of the most likely candidates were analysed. Given the similafiEsved between

the S AT outputs to those of previous GSL analysest al., 2014)t was important to test

both Myb28/HAGland GTRZor their effects on the seed ionome (i.e. the candidates thought

to be responsible for the GSL association peaks)nie28/haglline displayed disruption in

multiple element concentrations, whilgfir2 displayed only a slight reduction in S and Mo

concentration. Variation in S concentration in these lines had been expected as a consequence
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of the close relationship between seed S and the GSL. There were numerousantaates

in the broad association peaks in S concentration from seed AT analysis and many of the other
AT outputs seemed to mirror the association peaks observed in S. It is thought this might be a
consequence of breeding for the low GSL phenotyd® mapus with breeding resulting in the
selection of other traits (including differences in multiple element concentrations). The low

GSL phenotype is thought to be a consequence of a homoeologous exchange (replacing a
functional copy oMyb28/HAGwith anone-functional copy) it is possible that multiple genes
have been indirectly selected or show variation in expression as a consequence of this.
Nevertheless, since tdyb28/HAGImutant appeared to have a mulglement phenotype,

the link between GSL artkle wider seed ionome was therefore investigated further.
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4 Investigating the relationship between the seed ionome and

glucosinolates iB. napus

4.1 Introduction

From the seed candidate gene analysis and AT results, it became apparent that there may be a
link between the wider seed ionome and the glucosinolate (GSL) content of sdgdsdpus

GSL are the secondary S metabolites (s2e5.5 responsible for the distinctive bitter taste of
BrassicaceaeegetablegEngel et al., 2002; Halkier and Gershenzon, 200@&)y are thought

to act as plant defence compounds. UporitidzS Rl YI 3S D{[ Q I NB K&RNERf
into a number of different toxic compounds, e.g. isothiocyanates, thiocyanates and nitriles
(Halkier and Gershenzon, 2008he biosynthesis of GSL is thought to occur namely in rosette
leaves and silique walls of the plarisargensen, NotEldin and Halkier, 2015)he GSL are

then transported throughout the plant via phloem specific transporters (GTR1 and
GTR2NourEldin et al., 2012; Andersen et al., 2013; Andersen and Halkier,. Z01et)

biosynhesis of GSL can be broken down into three steps: 1) amino acid chain elongation by
insertion of methylene groups into side chains; 2) the formation of the core GSL structure
(Figure3.3.3a); 3) secondary transformation/ modification of initial GSL. Almost all of the
genes involved in core GSL biosynthesis have been identiffedaliana(Halkier and
Gershenzon, 2006)Jnderstanding GSL biosynthesis, tissue specificity and reguiatone of

the main aims oBrassicdreeders for many reasons. The primary reason in Oilseed rape is to
limit the concentration of GSL in the seed (as the GSL breakdown products are harmful to
animals Griffiths, Birch and Hillmai(1998)and seel.2.5.5 whilst maintaining high GSL
concentrations in the leaves for effective plant deferfca et al., 2014; NotEldin et al.,

2017) In other members of th8rassicaceaayhose primary purpose is for human

consumption, the main aimds been to increase specific GSL concentrations (e.g. sulforaphane
in broccoli,B. oleracea cv. Itali@hang et al., 1992)n the edible portions of the crop for anti

carcinogenic purposg#ialkier and Gershenzon, 2006)
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Figure3.3.3abasic chemical structure of a glucosinolate (GSL) contains two S atoms.
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indolic and aromatic, depending on the aminddithe GSL is derived from). All GSL have a thiogl

moiety and a sulfonated oxime.

To investigate the potential link between S, GSL and the seed ionome, a number of approaches
was taken. Firstly, WGCNA analysis was performed for S and Mo cotiomstia seed (the

two elements under analysis whose AT plots gave the most closely associated results) to assess
whether there were similarities between the networks of genes being uncovered

corresponding to the different elements. Next a subset of higth law S concentration seed

lines was compared for GSL and sulfate content to confirm previous observations within the
literature. Then the senescing leaves of high and low S Beedpudrom a field trial under

high and low nitrogen fertilisation (N) e assessed for differences in the leaf ionome

because it was suspected that N status and nutrient remobilisation may differ between the

lines (i.e. perhaps the seeds were signalling a S deficiency resulting in a change in how the
plants were remobilisingutrients). Finally the pod, green seed and stem ionome of high and

low S seed lines was investigated. Since the primary site of GSL biosynthesis is disputably the
pod wall it would be interesting to assess how the ionome differed. This section wilbgtart

looking at the specific methods required in these investigations, before moving on to discuss

the outcome of each experiment in turn.
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4.2 Case study specific methods:

4.2.1 Weighted Gene Gexpression Network Analysis (WGCNA)

The WGCNALangfelder and Hoath, 2008)was performed in accordance to the methods

outlined inHarper et al.(2012)for Mo and S concentrations within sead these elements

showed the greatest similarities to seed GSL AT outputs. For the method in brief, the RPKM
expression data from all 53,889 CDS gene models was used to cluster tBerggfidines.

The scaldree topology of the network was then appiiaxated with a soft thresholding power

2F i I'mMH® ¢KS (2LRf23A0Ft 20SNIFLI oF o0lF&A0 YS
between any two genes) was calculated for all CDS gene models based on the scaled
correlations from soft thresholding. These wédhen clustered based upon their topological

overlap to produce a dendrogram. The dynamic toegting algorithm was used to cut the
dendrogram at 0.25, giving a network consisting of 330 modules. From these modules a

network could be constructed by emplimg the function blockwiseModules which would use

0KS WY2RdzZ S SA3ISy3aSySQ O60GKS FANBG LINARYOALX S
representative expression for the group of genes/module) in a correlation against the trait

data. This allowed netw&s of genes with close trait associations to be discovered.

4.2.2 Seed glucosinolate analysis

For total glucosinolate extraction four replicates (seeds from 4 plants) of 18 accessions
representing the 9 highest and 9 lowest total S seed lines were analyseshdgsis, 50 mg of
seeds was homogenised in 70% methanol before being left to incubat€ @tf@é045 minutes,
this was to prevent myrosinase degradation of the GSL. The samples were then centrifuged
and the supernatant added to a pprepared sephadex aainn. Once the samples had been
washed with water and 0.02M sodium acetate buffer, i®f sulfatase was added and the
samples left to incubate at room temperature for 24 hours. The next day the glucosinolates
were eluted with waterand run on the HPLC @tmoScientific, UltiMate 3000 Standard LC

Systems) quantified usirg29nm UV relative to a sinigrin control.

4.2.3 Seed Sulfate analysis

Seed sulfate analysis was initially performed alongside GSL analysis, utilising the same 18
accessions representing the 9 hast and 9 lowest total S seed lines. 50mg of seed was
homogenised in cold water and incubated for 1 hour at 4°C, and then transferred to 95°C for
15 minutes. Samples were centrifuged and the supernatant taken and diluted 1:2 before being
analysed with Elmental Analysefsotope ratio mass spectrometry (HRM, ThermoScientific,

Dionex IC8100).However, when preliminary results were analysed it was thought that this
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method may not be adequately controlling for myrosinase degradation of{ESles and
Rossiter, 1996(see0). As such, the experiment was repeated by colleagues at the University
of Cologne for 6 accessions (i.e. thei@hest and the 3 lowest total seed S lines) but utilising
hot water and incubating at 95°C for 1 hour instead of 4°C. All other aspects of the protocol

were kept the same.

4.2.4 Leaf senescence analysis

Alongside use of plant materials grown under glasshooseéitions, materials grown under

field conditions were used to assess differences in the ionome of senescing leaves. Leaves
were collected from a field trial in Bessingby (Bridlington, 34R04'36.1"N 0°13'58.5"\\bn

19" June 2015. 18 accessions represemn9 high and 9 low S seed lines were sampled across
two treatment types:normal N application (300 kg N/ha) and low N application (60 kg NAa)
clearly senescing leaf was taken from four plants of each accession/trial plot. Full details of the

field trial are yet to be published, Frasatral.,unpublished.

Leaf senescence analysis took place over tweMSRuns, each digested in two different

ways. The first run comprised 40 leaf samples from the HN conditions (representing 10
accessions with &&f from 4 plants of the same accession) and was digested broadly in
accordance to the protocols outlined for leaf analysis in previous research using Microwave
digestion(Thomas et al., 2016The protocol deviated slightly from thaublished in three

ways; firstly individual leaves were analysed (because samples were below 200mg in weight),
these were oven dried (rather than freeze dried) and a different CRM was Qabtdge 41

NCS ZC7301RGC standards, UK). The second roundhalyais was performed under the
conditions previously detailed for acid digestion and-M¥analysis in the General Methods

on hotplates 2.5), for the remaining.04 samples from HN and LN conditions (18 accession on
LN, 8 accessions on HN, all with a leaf from 4 separate plants of the same accession). Analysis
was split as part of the development of the new digestion protocol testing at The University of

York, dediled in General Method<).
4.2.5 Pod ionome investigation:

4.25.1 Growth of B. napus

For both the leaf ionome tiine (6.3.7) and the pod ionome experiments the saBenapus

plants were used with the experiment designed so that the remaining plants from the leaf
ionome timelne could be used within the pod ionome experiment. As such, 12 accessions with
four individual replicate plants were growRigure4.2.5a); this encompasse@ winter Oilseed

rape (OSR), 6 sprimM@SR, 6 high S seed and 6 low S seed lines (i.e. 3 high S winter OSR (HS/W) ,
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3 low S winter OSR (LS/M¥)high S spring OSR (HS/S) and 3 low S spring OSR (LS/S)). 48 plants
were grown per P60 tray with F2 soil. There g8rtrays of plants (240 plants in total) for the

two experiments and plants were arranged randomly within each tray. The trays were kept

within a growth cabinet (SANYO MBBD) under 16 hour days, with a day time temperature of
Hne!/ YR | yumafk4e /(A ¥YS fYAYANINT 28a ¢6SNBE INBGY dz
they reached the @true leaf. Once individual plants of trays 4 and 5 had reached'theué

leaf, they were moved to vernalisation conditions: 6 weeks of growth at a constant

GSYLISNI GdzZNB 2F ne/ SAGK y K2dzNJ RFéad 6{!b,h C
were repotted into 4 inch pots and grown under glasshouse conditions okimg those of the

original growth chamber (16 hour days, temperature range cfild ¢ / 0 @
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TRAY 1 Key
Ls/wd High Sulfur seed winter ecotype
LS/Sa LS/Wc |LS/Wa High sulfur seed spring ecotype
Ls/wd LS/Wa |LS/Wb LS/W  |Low sulfur seed winter ecotype
LS/Wa |LS/sd LS/S  |Low sulfur seed spring ecotype

2nd true leaf

VERNALISED

LS/Wc
LS/Wa

Sth true leaf

Sth true leaf

LS/Sa

Ls/Wb_|L5/Sc_|LS/Whb
LS/Wa Ls/sd

LS/Wc LS/Sa
Ls/Sc Ls/sa

Ls/Wh_|Ls/sb_[L5/sd

LS/sb |LS/Wa

7th true leaf
7th true leaf

Figure4.2.5a Experimental desigrfor leaf ionome timeline and pod ionome experiments.

Five trays containing8 individual plants were grown with a randomised layout. These 48 plants represented 12 accessions: 3 high sulfur sesldeddteape (OSR)
accessions (HS/W, dark blue); 3 high sulfur seed spring OSR (HS/S, dark orange); 3 low sulfur seed @fRI{lu®)End 3 low sulfur seed spring OSR (LS/S, light ora
plants were grown per accession (as indicated with a, b, ¢ and d, although there is no differentiation in the figure betv@ef a & A 2y a A GKAY 31
each HIWN, HS/S, LS/W and LS/S). The leaf each plant was sampled for in the leaf ionome develdpnatinglsees.2.5 isindicated next to the tray leel, e.g. plants in
tray 1 were sampled for their2true leaf. Trays 4 and 5 were subject to vernalisation (growti*@tfdr 6 weeks, with 8 hour day length) after reaching thérde leaf. Only

the plants of trays 4 and 5 were-potted to allow forfurther growth and flowering as part of the pod ionome experiment ($e&5.2.
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4.25.2 Sampling for variation in pods

It was observed that seed S and Mo concentrations (amongst other elements) appeared to be
varying with seed glucosinolate (GSL) content. To investigate whether the link between S/Mo
and GSL was a result of how seeds were loaded, an experiment was desigoatpare the

pod ionome between high and low S seed lines. Plants from trays 4 and 5 were allowed to bolt,
flower and develop pods, leaving 8 plants per accession to be analysed (96 plants in total).
After roughly 35 days of development after flowering, padere sampled while green. Pods

were counted from the bottom of the stem upwards, the first ten pods being discarded, with

the next five sampled for analysis. Thus the stem was cut just above theoti0and just

below the 18" pod. Pod, stem and any sgamaterials collected were then photographed as a
visual reference. Each of the five pods was then cut open and the seeds within were separated
from the pod walls. Stem, pod and seed materials were then stored separat@@@t/  dzy (i A f
they could be freee dried and analysed with IGFS.Some plants were incompletely fertilised

(i.e. the pods contained no seedsiy these instances it was usually impossible to sample a set
range of pods and therefore pods which visibly contained seeds were selettbe stem. Of

the 96 plants sampled, the sampling method was altered in this way for 9 plants. These were
highlighted during data analysis so that if any appeared as outliers they could be removed
(outliers were classified as-#3 standard deviations fra the average of each element
concentration), no outliers were removed in this way. The only outliers removed were some of
the values for stem LS/S ecotypes in B which were ran in a separadt¢S@ih and were
significantly different to the other LS/S dgpes analysed (p<0.01) and one B concentration in

the seeds which was negative relative to the water controls.
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4.3 Results

4.3.1 WGCNA results

The most highlgorrelatedmodulefor seed Soncentrationgr>=0.51, p=1.06x1#) was also

the third highest nodule for seed Mo (negatively correlated=0.14, p=7.10x1%). Figure
4.3.1ashows the most highly connected genes from the nieidS o | Yed SrAd)&E8 Q a2 N
each gene is described Tmble4.3.1a. Looking at the module in this way is useful for a
number of reasons. Firstly, this module contaamsorthologue oHAG1/myb28AT5G61420)
further confirmingthe assertion made frorAT analysis that this could be the gene primarily
responsible for the caelation observedbetweenGSL.S, M and a number of other element
concentrations Secondly, it can bebserved from the markers ifiable4.3.1athat many of

the genes selected for this module are all relatively close together. This is a pattern commonly
observedfollowinga deletion. Since all the genes within such regions are removed, they all
have similarly disrupted expression patterns and are tfareallfound within the same ce
expression modul€This further corroborates the hypothesis that the similarities of all the AT
outputs is related tdHAG1/myb28as the lowGSlphenotype observed iB. napuss a
consequence of a deletidmomologous excange(Harper et al., 2012; Lu et al., 2014; He et al.,
2016) Thirdly, this approach has highlighted some genes which were not initially detected in
the AT analysis. For example, the marker with the highest degree (oectadness) ian
orthologue ofSEUSHEke 2(SLKAT5G62090B029g161850.11 This gene is known to be involved
during embryogenesis and floral development throulyé coordination ofauxin distribution
(Bao, Azhakanandam and Franks, 2@i@) could therefore play a role in the nutrient status of
the developing seed. Finally, the WGCNA analysialbaseen able tprovide additional
evidence tasupportsome of the less well annotated genes flagged byaralysisFor

example Pertlike (Perl. AT5G6213@rthologue 0fB02g162860./1B04g142360.L isa gene

that ispoorly characterise@Moriyama et al., 2008)ith no known link to S or glucosinolates,
which ha yetbeen identifiedwithin the most closely associated module for seed S

concentrdion andisone of themosthighly associatedsEMs from AT analysis.
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Figure4.3.1a WGCNA (weighted gene eexpression network analysis) results for the top module
(Brown4) from Soncentrationsin seed.

Results are presented as a degree sorted circle representing those genes with the greatest
degree/connectivityas brger red nodes, hile the least connected genes arepresented bysmaller
green nodes. The gene withihe node is indicated by itAGlcode, whilethose nmarkers which are

unannotated inA. thalianahave been labelled as such.
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Table4.3.1a Markers from the most highly correlated module with seedcBncentrationfrom

WGCNA analysis.

Pseudomolecule marker names, AGI codes and a brief description of gene functionality (from The

Arabidopsis Information Resouf@AIR, 2015)are provided in a degree sorted order. Markers with

higher degree are the most highly connected.

Marker ATG Description Degree
B02g161850.1 AT5G62090.2 SEUSSke 2 22
B02g164170.1 AT4G28360.1 Ribosomal protein L22p/L17e family protein 21
B02g161790.1 AT5G61970.1 signal recognition particteelated / SRRelated 21
B02g164070.1 AT5G62350.1 Plant invertase/pectin methylesterase inhibitor 21
superfamily protein
B02g164190.1 AT5G62500.1 end binding protein 1B 21
B02g161770.1 AT5G61960.2 MEI2like protein 1 20
B02g161590.1 AT5G61420.2 myb domain protein 28 19
B02g161810.1 AT5G62000.3 auxin response factor 2 19
B02g162860.1 AT5G62130.1 Perllike family protein 18
Bo4g142360.1 AT5G62130.2 Perllike family protein 18
B02g161630.1 AT5G61780.1 TUDORSN protein 2 17
B02g164130.1 AT5G62430.1 cycling DOF factor 1 16
B08g091260.1 unannotated 16
B02g161730.1 AT5G61910.4 DCD (Development art@ell Death) domain protein 15
B02g163990.1 AT5G62190.1 DEAD box RNA helicase (PRH75) 15
B02g162870.1 unannotated 15
B02g161500.1 unannotated 14
B02g164140.1 unannotated 13
B02g161640.1 AT5G61790.1 calnexin 1 11
B02g164000.1 AT5G62200.1 Embryespecific protein 3, (ATS3) 11

B029g164050.1

B02g164020.1
B02g164150.1
B02g161720.1

AT5G62290.1

AT5G62210.1
AT5G62460.1
AT5G61910.4

nucleotidesensitive chloride conductance regulator (ICI 11

family protein
Embryaspecific protein 3, (ATS3)
RING/FYVE/PHD zinc fingaperfamily protein

DCD (Development and Cell Death) domain protein

1
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4.3.2 Seed GSL and sulfate analysis

For the analysis of seed GSL 18 accessions (representing the 9 highest and 9 lowest total S
concentration lines, witld replicates/seeds from 4 separate plants) were analysed with HPLC.
A correlation was found between total seed S and GSL in seed, helping to support the
hypothesis that the main source of S concentration variation in seed comes from differences in
GSL catent (Figure4.3.2a, r’=0.0.854, n 18, p<0.001). Based on the stoichiometry of S to GSL,
with the basic structure of a GSL having two S moledtiakier and GershenzoB006) a

linear relationship between S and GSL in the seeds could be expected, as is broadly observed in
the current research. The relative contribution of proteins and lipids to the S concentration of
seeds has previously been deemed relatively constant betviegh S and low S lin€Bloem,
Haneklaus and Schnug, 2008)Ifate however does not seem to have been studied in depth.
Theaefore it was deemed important to measure the seed sulfate concentration to prove that it
was purely variation in seed GSL content responsible for the relationship between total S, Mo
and the GSLs. To measure seed sulfate two different extraction prowweoésused (see

4.2.3; the cold protocol was performed initially utilising the same 18 accessions that were
analysed for GSL content, while the hot protocol asatlya subset of this group, measuring
sulfate in the 3 highest and 3 lowest total S lines (again with 4 replicates). The repetition of the
experiment with different methods was deemed necessary as it was thought the original cold
protocol had inadequatelgontrolled for myrosinase degradation of GSL into sulfate which
would skew analysiBones and Rossiter, 1996jowever when the two methods were

directly compared based on the same six accessions it was found that thsreansignificant
difference between the results of the twarotocols {-test: t 0.32, df 10, p 0.753&ndthe cold
extraction protocol was in fact showing less variation in comparison to the hot extraction
method for high S lines={gure 4.3.2b). Considering then that more accessions were measured

utilising the initial cold extraction protocol it was decided that these results would be used.
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Figure4.3.2a Correlation between the total S and total glucosinolate (umol/g) content®f napus

seeds (2= 0.8544, p<0.001).

Four independent seed samples of the 18 accessions representing 9 of the gHelof the lowest

total seed S lines were analysed for glucosinolate content with HPLC (average per accession displayed
with standard error bars for each measurement, S data comes from the original RIPR measurement of

seed S concentration)
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Figure 4.3.2b Investigating the fidelity of two different extraction protocols for seed sulfatgmol/g)

extraction inB. napus
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Six accessiongith 4 independent seed samplegere analysed for seed sulfatégth two different

extraction protocols: one utilising a cold incubation, the other a hot incubation. Average sulfate content
for high S¢range and low Sklue) accessions arer@sented with +f one standard erroms error bars.

The two methods were congredwith aone way ANOVA with post hoc Tukey and Bonferroni tests
(ANOVA: F 52.46, df 3, 8, p <0.0@) expected there was a significant difference between the high and
low S lines, however there was no significant difference between the two extragt@hods. As such

the larger data set from the cold extraction protocol was carried forward into further analysis.

The considerable variation observed between the sulfate concentration of high total S lines

and low S lines {test: t=13.10, df ~9.18, p<@Q, n 18) was surprising for a number of

reasons. Firstly, sulfate was not expected to vary significantly within $Béuksm, Haeklaus

and Schnug, 200%)nd was in fact significantly correlating with the GSL conténb(974,

p<0.001, n 18). This was unexpected as it has been suggested within the literature that the

main site of GSL biosynthesis is actually the pod(®Bhaiem, Haneklaus and Schnug, 2007)

This observation could be explained simply by a supplydemand effect: plants which

produce more GSL require a greater supply of free sulfate to the pod walls which may also give
the seeds access to a greater supply of sulfate. These observations would fit in well with the

Mo hypothesis, that Mo was coreging negatively with seed sulfate€0.476, p<0.01, n 18)

as would be expected if the two were competing for a shared transp@Biner, 2014)

Alternatively, a more controversial theory has been suggested: that there may be some level of
GSL biosynthesis within seeds. It has been suggested that the seeds are capable of reductive
assimilation of sulfate and could incorporate them into the sudtermoiety of GS{Toroser,

Griffiths and Thomas, 1995Jhis again would pvide an explanation as to why seed sulfate

was high in the high S lines, with Mo following as a structural analogue of sulfate. On the other
hand, other researchers have advocated that lines with low GSL have both a metabolic block in
GSL productionandSeRa g A 0K &St SO0 A @A (iBoent, Haneklgua dnd WA y O2 Y
Schnyg, 2007; Josefsson, 1971, 197Bhis research found that lines with low GSL seed showed

'y AYONBIFasS Ay { 6A0GKAY GKS LR2R ¢glftfta |yR ad
(Josefsson, 1971, 1973; Bloem, Haneklaus and Schnug, Z6@&7jnay explain why lines with

low total S had reduced concentrations of sulfate (i.8. WK G KS { o0SAy3 NI LILJ
process/the vacuole) and the negative relationship to Mo as it would have increased access to

any shared transporters. The only other link between GSL/S and Mo would require Mo to play

a biosynthetic role in GSL pnaction. This is known to be the casefinthaliana forbenzyl
glucosinolateglbdah et al., 2009lthough these are thought not to occur B napusseeds in

large concentrationgToroser, Griffiths and Thomas, 1996jnally, it could be that neither

protocol effectively controls for GSL breakdown into sulfate. This could explain why there
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appears to be little information on the date/GSL relationship within the literature, i.e. as it is
difficult to conclusively separate GSL from sulfate concentrations (due to myrosinase

degradation of GSL) they have not been widely reported within the literature.

4.3.3 Leaf senescence analysis

HS and_S lines were compared for differences in remobilisation by comparing their senesced
tSIFgSa FTNRY | FASER GUNARLFE gAGK | £2¢ 6[bZ cn
conditions. This analysis was split across two different digestion protocdIEC#MS runs

(see4.2.4). As such, two different CRMs were used in comparison with the data outputted,
restricting the number of elements which could be assessedss both analyses. |IGFS

analysis generated information for 31 elements, however 12 did not have a CRM values (Ag, Al,
Be, Cr, Cs, Li, Pb, Rb, Ti, Tl, U and V), 6 had a recovery <85% in one of the runs (Ba, Ca, Co, Fe,
Na and Ni) and the average measuent for Cu concentrations across samples in the second

run was below the LOD. Therefore, 12 elements were left for direct comparison (As, B, Cd, K,

Mg, Mn, Mo, P, S, Se, Sr and Zn). The tweMEPuns were compared for the different HN

lines. A two sided-test was used on each of the elements analysed. Only Cd was highlighted

as being significantly different across the two-@8 runs and therefore excluded from further
analysis (Cdtest: t-2.79, df 16, p< 0.05). Overall, 11 elements (As, B, K, MgVlElnP, S, Se,

Sr and Zn) were compared across senescing leaves for difference in remobilisation between
HS/LS and HN/LN.

It was observed that the LS lines on LN had significantly higher S concentrations remaining in
senesced materials in comparison tither HS or LS lines on HRgure4.3.3a). This result
corroborates the previously reported interaction between S and N status of plants, i.e. where
N is limiting it can have adverse effects on other elements within the ionome. This may imply
that under LN condition the LS lines are less efficient at remobilising nutrients from leaves or
rather that under LN conditions LS plants accumulate more Snwihikir leaf tissues. It is

clear, however, that there is a difference in how the HS and LS lines are using S within their
tissues, but that it does not have a significant effect under normal N fertilisation conditions.
This could impact NUE where the @srio grow plants with less fertiliser. However, this
requires further investigation to understand whether there is an impact on crop yield and if
either the HS or LS lines display an advantage under the lower N conditions. The different
treatments also Bowed variation in Mo concentratiorF{gure4.3.3a) however in this

instance the difference occurs between HS/HN plants and HS/LN plants. The H8#&tad
significantly higher Mo concentrations in comparison to the HS/LN (and LS/LN lines). This is

likely to be a consequence of the dependence of N assimilation on the Mo containing enzyme
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Nitrate reductase (required in the first and rate limiting stepgN assimilatiorfSchwarz and
Mendel, 2006). When there is an abundance of N, Mo will be required to a much greater
extent to enable the effective assimilation of the additional N. Whether this could have an

effect on GSL concentrations (which also require N) needisiustudy.

4
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Figure4.3.3a S (left) and Mo (right) concentrations (as mg/kaW) within senesced leaves of high S

(HS) and low S (LS) seed lines under different N conditions.

Mean and standard errorare displayed for 9 ecotypes within each grouping (HS/HN, HS/LN, LS/HN and
LS/LN). Significant differences are indicated where the letters are not shared. S ANOVA: F 4.94, df 3, 32,
p 0.006; Mo ANOVA: F 4.75, df 3, 32; p 0.007.

Of the other elements asse=d, only Sr concentrations showed a significant difference
between the groups, with LS _LN having a significantly larger concentrations in senesced
tissues in comparison to the HS_HN leaves (ANOVA: F 4.26, df 3,32, p<0.05). This does not
provide much bioloigal detail as the difference is across both treatments (i.e. not between
HS/LS or HN/LN) and was therefore not further investigated. All other element concentrations

analysed showed no significant difference between any of the groups.

4.3.4 Pod ionome investigion

As the pod is meant to be the primary site of GSL biosyntheBisnapusand the seed and

leaf ionome ofA. thalianaseem to be perturbed by variation HAG1/Myb283.3.2), it was

decided that HS and IBS napusdines would be assessed for variation within the pod and stem.

Of the 23 elements analysed (B, Na, Mg, P, S, K, Ca, Li, Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Se, Sr, Mo, Cd), 14 had a percetagNBE O2 GSNE xypz 6.3 Dbl I a3z t 3
Mo, Cd). Some of the essential micronutrients had poor recoveries; Cu at 79%, Ni at 76% and

Fe at 69%. If the average concentration of an element was below the LOD in one tissue (seed,

stem or pd) it was excluded from further analysis as the aim was to look for differences
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across tissues. This includes 11 elements: Na, Li, Be, Al, V, Cr, Fe, Ni, As, Se and Sr. As a result,
12 elements were taken forward into analysis for variation in green sgedis, and stems (B,
Mg, P, S, K, Ca, Mn, Co, Cu, Zn, Mo, Cd).

S concentrations were found to significantly vary within the green seed, pod and stems of HS
and LS lined~{gure4.3.4.a). Within seeds the relationship was the same as that previously
observed in the RIPR panel, i.e. the high S seed lines had high S and vice versa. However, the
pod data was somewhat more conigated with the low S lines having slightly higher S
concentration than the high S lines (i.e. the opposite of what was observed in seed with the

LS_S lines having significantly more S, p<0.05). The stems also mirrored this dynamic, with the
LS_S ecotypdwaving significantly higher S concentrations than all the others (p<0.05). This
variation between winter OSR/spring OSR/ LS/HS ecotypes is in line with previous research
which investigated various stages of seed and pod development in winter and spring OSR
ecotypeg(Bloem, Haneklaus and Schnug, 200 Hjs study showed that winter OSR egqaty

seemed to accumulate S and GSL much more slowly and consistently than spring OSR ecotypes
throughout pod development. This may account for the differences observed between LS_S

and LS _W ecotypes in the pod and stem data sets. If the winter OSR eda@ésnger to
accumulate GSL the difference in S concentrations between the low and high S lines may not
have fully established at the time of sampling. This suggests a link between how the pods
RSOSt2L) FyR K2¢g (GKS D{[ Q e seefs\ Thacuredt$tidK S a A a
aimed to assess the pods of spring and winter OSR ecotypes at the same developmental time
point; plants were sampled after ~35 days post flowering when the pods were still green and
looked approximately of equivalent dewgimental stage (e.g. similar size and colouration).
However, since differences were observed between the LS_W and LS_S ecotypes this was
unsuccessful. Nevertheless, it was interesting that the increase in S concentration within the
pods of LS_S lines wascampanied with an increase in the S concentration within the stems.
This was previously unreported within the literature and implies a wider level of disruption in S
concentration across low glucosinolate spring OSR varieties. It would be interestirgsons

the sulfate and GSL concentrations within the stems of these plants to see if they were also
perturbed, as this would have implications for theories concerning the movement of GSL into

developing seeds.
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Figure4.3.4.a Difference between the green seed, pod and stem of high S (HS) and low S (LS) seed

lines in spring (S) and winter (W) SRecotypesfor S concentration (mg/kg DW)

Values for S (as mg/kg) are gifengreen seed (top left pod (top right) and stem (bottomijhe mean

and standard error are displayed for ea8haccessions for each (HS_S; high S spring OSR, HS_W; high S
winter OSR, LS_S; low S spring OSR, LS_W; low S wint®ifl3e)t letters indicate a significant

difference between means calculated from a post hoc bonferroni test (p<0.05) of ANOVA results: SEED

[F 29.15, df 3,8, n 12, p<0.001]; POD[F 10.73, df 3,8, n 12, p 0.004]; STEM [F 19.44, df 3,8, n 12, p<0.001].

Although S was the only nutrient to vary betwett)e HS and LS lines across all tissues,
variation was observed within the green seeds for Mo concentrations. This was exactly the
same pattern as previously observed in the rest of the diversity panel (i.e. an increased
concentration of Mo in the low S ks, particularly LS_Bigure4.3.4b). However, since there

is not a concomitant increase in the Mo concentration within pods it is clear that thisdéed
specific effect. It is interesting that there is a significant difference in Mo concentration within
the seeds of the LS spring and winter OSR ecotypes. The pattern of Mo and S concentrations
could imply a shared sulfate transporter, i.e. highena@ntration of Mo within the seeds of

the LS_S ecotypes because of the increased S concentrations in the LS_S pods/stem. If the
plants are moving more S to the pods but are for some reason unable to transport this S into

the seeds it would enable an incis=in movement of Mo into the seed via a shared
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transporter. It would be interesting to assess if the flux of Mo into the seeds was higher in LS
accessions. Alternatively, perhaps Mo is being used for the biosynthesis of aromatic GSL, in
whichcaseanamdla A4 2F GKS O2YLRaAGA2Y 2F D{[Q AY

Mo seed (mg/kg DW)

Mo (mg/kg DW)
o O O O o
N DO PN D
o

o

HS_S HS_ W LS_S LS_ W
SEED

Figure4.3.4b Difference in Mo (as mg/k@pW) in the seeds of high S (HS) and low S (LS) seed lines in
spring (S) and winte(W) OSRB. napusecotypes.

The mean and standard error are display@dccessions for each (HS_S; high S spring OSR, HS_W; high
S winter OSR, LS_S; low S spring OSR, LS_W; low S wintBiffeBR} letters indicate a significant
difference between mans calculated from a post hoc bonferroni test (p<0.05) of ANOVA results: [F
39.61, df 3, 8, n 12, p<0.001]

Of all the other element concentrations highlighted within AT analysis (B, Zn, Mg and Sr) none
showed any variation between HS or LS accessions in seeds, pods or stems. This was
unsurprising as selection of lines was based on their S seed (high in canparisw) and
flowering time (spring/early in comparison to winter/late) phenotypes. Testing the green seed
was merely a way of confirming that the phenotype (i.e. high and low S concentrations) was
occurring within the seeds when the pods and stems vemiag analysed for ionomic
variation. Nevertheless the results may provide some information at least for B. Within the
RIPR diversity panel mature seed data there is a strong negative correlation (p<0.001) between
seed S concentration and B concentrat{igure3.2.7.a seed interactomg When the green
seeds, pods and stems were analysed there was no significant difference between the HS and
LS groups for B concentians (ANOVA F0.16, df 3, 8, n 12, p 0.922). This could reflect
partitioning of B into the seed coat (which at the time of pod sampling was yet to develop),
which is thought to be the primary site of B storage in the Sgaghert and von Wirén, 2016)
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On the other hand, it could be that the lines selected for the current analysis did not display a
significant difference between the HS and LS lines used (ANOVA F 3.36, df 3, 8, n 12, p 0.076).
The link between B, S and GSL would be easy to test acrodiséngity panel merely by

analysing the seed coats separately with-NC®. Why B and potentially the seed coat would

be linked to the GSL/S content of seed is unknown, but may support the developmental
hypothesis suggested Ifisloem, Haneklaus and Schnug, 2087)ther biologicatraits that

have been progressively bred into crop plargg( low GSL lines have been bred for increased
yield, perhaps this has affected seed size and therefore B concentration as part of breeding

programmes).

Within the pods, Se and K were shown to vary between the four treatmé&igsire4.3.4.c). K,
however, did not show any significant difference between treatments when-postanalysis

was performed (ANOVA: F 5.06, df 3, 8, n 12, p 0.03). Se shoeitba gattern to S within

the pods, with the LS_S lines having the highest concentration. Like Mo, Se is also known to be
a structural analogue of sulfate, which may be an additional indicator that perhaps sulfate
movement within the plants has been perbed. Nevertheless, the difference was not

significant when compared to HS_S ecotypes, again perhaps indicating that the way that

winter and springdSRecotypes are accumulating elements is different.
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Figure4.3.4.cDifference in K and Se (as mg/kg) in the pods of high S (HS) and low S (LS) seed lines in
spring (S) and winter (WSRB. napusecotypes.

The mean and standard error are display8@ccessions for each (HS_S; highrBgOSR, HS_W; high

S winterOSR, LS_S; low S sp@8R, LS_W; low S win@BR)Different letters indicate a significant
difference between means calculated from a post hoc bonferroni test (p<0.05) of ANOVA results: K [F

5.06, df 3, 8, n 12, p<0.05hd Se [F 7.4, df 3,8, n 12, p<0.01].

125



Within the stems only S concentrations showed a consistent pattern among ecotypes: P, K and
Mn concentrations all showed significant differences between the various ecotypes under
assessment, however the differencegliighted with post hoc Bonferroni testing provided
fAGOES TRRAGAZ2YIE AYyAAIKE Ayld2 K2pFguekKS aSSR
4.3.4d). For example, K concentrations once again provided no informative data; only the

LS_W and HS_S lines showed significant differences (p<0.05). P concentrations displayed a
significant difference between spring and wint@BRecotypes in LS lines, while Mn

concentrations showed a significant difference between spring and wib&Recotypes of HS

lines. Once again this may substantiate the observation that winter and Sp@&fgcotypes

acquire/utilise nutrients differentlygee6).
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Figure4.3.4d Difference in K, P and Mooncentration(as mg/kgDW) in the stems of high S (HS) and
low S (LS) seed lines in spgi (S) and winter (WBB. napugOSR ecotypes.

The mean and standard error are displayed, 3 accessions for each (HS_S; highGS$pHISg W; high

S winterOSRLS_Spw S sprinSR, LS_W; low S win@BR)Different letters indicate a significant
difference between means calculated from a post hoc bonferroni test (p<0.05) of ANOVA results: K [F

4.22,df 3, 8, n 12, p<0.05]; P [F 6.63, df 3,8, n 12, p<0.05] and Mn [F 5.93, df 3, 8, n 12, p<0.05]

126



4.4 Chapter summary and conclusions

The aim of this chapter was to investigate the relationship between seed GSL and the wider
seed ionome. It began by verifying the observations made as part of AT analysis with WGCNA
analysis of seed S and Mo concentrations. The most highly correlated efod@ and one of

the most highly correlated modules for Mo contained an orthologuelAG1/Myb28the
transcription factor involved in regulating aliphatic GSL biosynthesis). This gene had previously
been shown to disrupt the seed and leaf ionomedothalianaT-DNA lines discussed in the
previous chapter3.3.2. To further support previous research on S and GSL, a subset of high
and low S (HS and LS) seeds veaessed for its sulfate and GSL concentration. There was a
significant correlation between S and GSL concentrations in seed, as well as sulfate. It was
initially thought that the remobilisation of nutrients could be different between the HS and LS
lines. D test if there were differences in remobilisation, the senescing leaves of HS and LS lines
were tested on high (HN) and low N (LN) conditions. There was a significant difference
between the HS and LS lines under LN conditions with the LS seed linesahgnaater
concentration of S within the senesced materials. This demonstrated the close relationship
between S and N nutrition in plants and could have implications for the growth of LS seed lines
under limited N. Finally, the pod ionome investigation \wagormed, contributing to the leaf
senescence analysis. Once again the LS lines generally contained significantly higher S
concentrations, supporting the observation that plant wide S concentration had been

perturbed during breeding for low seed GSL. idegr, no wider effect on the rest of the seed,

pod or stem ionome was observed. The seed ionome therefore requires further investigation

in relation toHAG1/myb2&nd the GSLs. This could be investigated with specific research
focusing on sulfate concentians in stems and pods. It is possible that the linking of multiple
elements to the GSL can be explained by the interlinking nature of nutrient status (abiotic) and
biotic responses (GSL being defence compounds). Alternatively, the close associatide coul
0KS NBadzZ &G 2F 28SFNBR 2F ONBSRAy3a F2NIt2¢ D{[ Q

region which could affect the nutrient concentration in the seeds.
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5 Leaf ionome investigation

5.1 Introduction

Within leaf a total of 28 elements was analysed with-M¥analysis (see General methods,

2.1.1). Of these, only Mo, S, Mn, Cu, Zn and Cd were assessed as part of this study, as detailed
in the introduction (sed.2.5. As with the seed ionome investigation (Sethis chapter on

the leaf ionome will detail the leaf AT results for the elements undenystadividually. Again

for reference the heritability of each element under investigation is included from analyses
performed as part of Thomas et al., (2016), Sable4.3.4.a. It will consider the predictive

capacity of markers, discussing potential candidates within association regions and introducing
those which have been taken forward to further analysis withhalianaT-DNA lines. Once

again, many elements dilgyed similarities between AT results/selected candidates. Where

this occurs it will be discussed in detail and candidates analysed accordingly. Distinct
similarities were observed between almost all GEM association analyses of leaf element
concentrationsprthologues of the floral regulatofSOCHhnd FLGvere consistently within the

top GEM hitsA lot of previous research in the area of flowering has suggested links between
individual elements and flowering time, dHall, Saviand Slafer, 2014)However, within this
study, multiple element concentrations displayed a close associati@®O©hnd FLCimplying

a link between the wider ionome and flowering (not just individual macronutrients). As such,

these relationships wer analysed further as part of a separate chapter @ee

Table4.3.4.avariance component analysis from Thomas et al., (2016) for leaf mineral composition in
B. napus
Variation (as a %) is shown for each element under investigation associated with genotype, habit,

experimental design and residual factors, calculated frasidRial Maximum Likelihood (REML)

analyses.
Response variate: Cu Cd Mn Zn Mo S
Genotype 17 11 15 24 22 40
Habit 5 1 5 6 10 15
Experimental desigr 29 59 48 30 6 17
Residual factors 49 29 32 40 61 28
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5.2 Analysis of individual elements within leaves:

This section outlines the AT analysis of Cu, Cd, Mn, Zn, Mo and S concentrations in the leaf. It
gives AT results and assesses the predictive capabilities of markers, introducing potential

candidate genes to be tested M thaliana.

5.2.1 Associative transcripinic outputs, predictions and candidates: Cu concentration
in leaf material
AT analysis of Cu concentration in leaves of the 383 diversity panel revealed two relatively
small SNP association peaks on A2/C2, with the association peak on C2 just passing the
Bonferroni corrected significance threshokdure5.2.1a). None of the GEMs cleared the
Bonferroni corrected significance threshold and they aléthto give any clear association
peaks. However, when-Q plots were assessed for Cu concentration in leaves within the GEM
analyses it becomes apparent that the AT model is overcorrecting for type 2 errors, as the
observed p values are much lower tham#e the model expect${gure5.2.1b). This is
perhaps emphasised with the predictions made from the 274 diversity panel; despite the clear
association peakislentified within the SNP association analyses no predictive markers were
found, while four predictive markers were found within the GEM AT association analyses
(Table5.2.1a).
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Figure5.2.1a Genome wide distribution of mapped markers associating with the €uncentration in
leaves (mg/kgbW) of all 383 accessions.

The average concentration of Cu in leaves wasutated from 5 separate plants from IBFS analysis

for each of the 383 accessior®N\P associatior{sop) were calculated with the R script GAPLIpka et

al., 2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKRopescu et al., 2014apEM associatior(®ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory vdnlies and leaf Cu concentration as the response variabteyoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the Cg&hemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have beemkiage mapped to a genome, whieey and light red points represent hei@NPs
which have not been linkagaapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and4lial$e

discovery rate (FDR) as dark blue.
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Figure5.2.1b Quantile-quantile plot of observedclogioP values from AT SNP (left) and GEM (right)
analysis for Ciconcentration in leavesgainst expected;logioP values

The red line indicates a theoretical perfect fit of the expeattmtnoP values, while the grey area
indicates the 95% confidence interval under the null hypothesis of no association between the Cu

concentration in leaves and SNPs/GEMs.

Table5.2.1a Predictive capability of markers from AT analysisCuconcentration in leaves

For assessing the predictive capability of markers the highesth&ixers from discerniblassociation
peaksandthe most highy associated GEMs were analysed. The marker type is given as either SNP or
GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) amapda size (n) are given for the predictions

made on the 109 diversity panel. Markers that were significantly predictive are highlighted in bold.

Marker type Marker Position AT 274log10P R p n
GEM B02g057690.1 C02_017047389_01704845 9.16 0.284 | 0.003 | 109
GEM Bo1g039440.1 C01_011993289_01199423 9.09 0.326 | <0.001| 109
GEM B01g139020.1 C01_039714822_03971696 8.01 0.281 | 0.003 | 109
GEM Cab040172.1 AQ09_005225883_00522330 7.95 0.206 | 0.032 | 109
SNP B02g051300.1:1383:7 C02_014686167_01469072 5.02 0.185 | 0.069 | 97
SNP Cab031385.2:756:T| A02_009517638_00952027| 4.42 0.150 | 0.126 | 106
SNP Cab039789.1:318:T| A03_006053883_00605424 4.11 -0.019| 0.847 | 106
SNP B02g018010.1:1818:4 C02_005166106_00517159 3.38 0.152 | 0.152 | 91

Despitefinding no predictive markers within the SNPs a number of potential candidates was
observed. This lack of predictive capacity was common within these analyses, highlighting the
limitations of GWAS for identifying rare allelic variants and of usingtadsgisity panel for
testing the predictive capability of markers (seé). Within the A2/C2 association region the
candidateAT1G6624@&nown asATX1(antioxidant like ) should occur, however it does not
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have a CDS gene model within the geamscriptome. Nevertheless, based on the AGI
information of the CDS gene models within the A2/C2 region it should be found within this
region. ATX1 is a known Cuwaplerone and is required for Cu homeostg8hin, Lo and Yeh,
2012) It is interesting thaATX1should be present within the leaf SNP association analyses
whenHMADbIs present within the seed SNP association analyses3(2e® as it has been
suggested the two interac(AndresColas et al., 2006; Puig et al., 2001bhas been
suggested that ATX1 is responsible for delivering Cu to HMAGS for detoxification within the
roots and delivery to the shogAndresColas et al., 2006Puig et al., 2007b)he presence of
ATXwithin the leaf SNP association analyses EiMASwithin the seed SNP association
analyses could be highlighting the primary sitétAdX1/HMASction. Perhaps ATX1 works
redundantly with other chaperones indfroots to deliver Cu to HMA5 (with this root to shoot
translocation being essential for seed Cu concentrations), while ATX1 works specifically with
some other transporter in the leaves (e.g. COPTS5) playing an essential role in leaf Cu
concentration(Shin, Lo and Yeh, 201sATX1linsertional mutants have already been well
characterised irA. thaliana(Shin, Lo and Yeh, 201i2jvas not investigated further as part of
this study.

Given thatATX1does not have a CDS gene model within the-panscriptome, the A2/C2
association region wasxplored for other candidates. There were no other candidates found
within the region with a described role in Cu concentration. As such, analysis focused on the
most highly associated candidates in the region whose functional annotations did not rule
them out of a potential role in Cu concentration. The first of these B@2g052580.1whose
orthologue inA. thalianais described as Polyamine Oxidase 4 (PAD4G65840)1 while the
second wa$02g052640.1whose orthologue i. thalianais described a€ytosolic NADP+
dependent Isocitrate Dehydrogenase (CICAHLG65930)1 PAO4 is thought to catalyse the
oxidation of spermine into spermidine within the root peroxisome (i.e. polyamine catabolism
(KamadaNobusada et al., 200B8and is thought to play a role in cell oxidative balance
(Sequeraviutiozabal et al., 2016)Polyamines such as spermine/spermidine have been
implicated in many physiological processes including abiotic stress tolef@iicand Tuteja,
2010) CICDH is known to be involved in the redox homeostasis ofMdéigsndi et al., 2010)

A final candidte was selected from a minor association peak onB62g018010.1whose
orthologue inA. thalianais described aRho GTPase activation protein (RhoGAP
AT5G19390.pwith PH domaifPHGAP2), which may be involved in cell polarity and mitosis
(Stockle et al., 2016; Hwang et al., 2008)
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The CDS gene models for which GEMs were identified did not have annotations that suggested
involvement in Cu concentration. These GEMs wBo2g057690.1whoseA. thdiana

orthologue is an uncharacterised Reticulon family prot&im{G68230)2Bo1g039440.1

whose orthologue is described ashglakoid lumenal 17.9 kDa protein A. thaliana
(AT4G24930)and is the most highly associated GBd19139020.1whoseA. thaliana

orthologue is &ukaryotic aspartyl protease family proté,T3G12700)1 Cab040172.1

whose orthologue is described on TALlRmesch et al., 2012)a Pyrido&al phosphate (PL-P)
dependent transferases superfamily protéiTdG66950)1 It was decided therefore that

only the top GEM (AT4G24930) would be tedtmddisruption within the leaf ionome dA.
thalianainsert lines. Interestingly, the second highest GEM from the AT outputs for Cu
concentrations in leaf on the 383 diversity panel Wah003267..lwhose orthologue ir\.

thalianais the major floral intgrator SOCIAT2G4566) However, there were many instances
where SOChndFL®rthologues were the most highly associated GEMs in multiple leaf

element concentration AT outputs. This did not always correspond to the same CDS gene
Y2RSfS So3d F2NI /R O02yOSydNIGAZY SOCOZWI Fn Ay
that isamongst the most highly associated GEMs). As this became the focus of a follow up

experiment it will be discussed as part of the next chapter Gee
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5.2.2 Associate transcriptomic outputs, predictions and candidates: Cd concentration
in leaf material

Of all the leaf AT analyses, Cd concentrations in leaf AT results were arguably the most

successful. A number of association peaks was observed in SNP associdyisis.anao

association peaks on A3 and two minor association peaks on C9, one association peak on A6,

A7, AB and C&(gureb.2.2a) were detected. Th6&GEM association analysis revealed very little

at first but yielded a number of potential candidates when investigated in greater depth. Two

predictive markers (p<0.05) were found within the GEM AT analyses and one SNP in AT

analysesTable5.2.2a).
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Figure5.2.2a Genome wide distribution of mapped markers associating with the €@ghcentration in
leaves (mg/kgbW) of all 383accessions.

The average concentration of Cd in leaves was calculated from 5 separate plants frift8 BEDRlysis

for each of the 383 accessior®N\P associatior{sop) were calculated with the R script GAFLIpka et

al., 2012) using a compressed linear mixed model capable of accounting for populatiotusérand
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2014apEM associatior(ottom) were
calculated with the R script Regrepsyforming fixed effect lineamodelling with the Q matrix and

RPKM data as explanatory variables &af Cd concentratioas the response variable.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have beemkiage mapped to a genome, whieey and light red points present hemiSNPs
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected signéitce threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Table5.2.2a Predictive capability of markers from AT analysisCd concentration in leaves

For assessing the pestive capability of markers the highest SiBrkers from discerniblassociation
peaksandthe most highy associated GEMs were analysed.The marker type is given as either SNP or
GEM, alongside their name and position, followed by thkigioP value fran the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) and sample size (n) are given for the predictions

made on the 109 diversity panel. Markers that were significantly predictive are highlighted in bold.

Marker type Marker Postion AT 274log10P R p n
GEM Cab031859.1 A08_021311613_ 02131413 6.00 0.287 | 0.003 109
GEM B04g024850.1 C04_004021498 00402394 6.00 0.271| 0.004 109
GEM B08g117680.1 C08_041396264_04139785 5.94 0.088 | 0.364 109
GEM Bo6rg016920.1 C06_003381602_00338284 5.92 0.187 | 0.052 109
SNP Cab011211.1:2640:G A03_030093862_03008929 4.33 0.491| <0.001 | 109
SNP B09g171620.1:85:T| C09_050592304_0505934§ 3.81 0.052 | 0.617 109
SNP B09g135680.1:2288:( C09_041790860_04179435 3.17 0.144 | 0.136 95

Within the predictive SNP peak on A3 (the second peak, passing the Bonferroni corrected
significance and FDR thresholds) two velbwn and well characterised Cd transporters were
identified: Cab011213.2nd Cab011209.2whose orthologues iA. thalianaare heavy metal
ATPase HMA2 AT4G30110)1andheavy metal ATPase(HMA3 AT4G30120)1

respectively. HMA2 is a known Zn/Cd transporting ATPase important for the xylem loading of
Zn(Wong et al., 2009while it has been shown that HMAS is important for the vacuolar
storage of CdMorel et al., 2009)Given that these candidates were already well characterised
in A. thalianathey were investigated no further in this research. However, within the first peak
on A3 a CDS gene modgéhb002809.1has an orthologous gene An thaliana described as an
uncharacterised heavy metal transport/detoxification superfarpilgtein (AT2G36950.)1

which was identified as a heavy metal associated isoprenylated plant pi@eifbreuNeto

et al., 2013) This had not previously been investigated wAththalianaT-DNA insert mutants

and was therefore taken forward for further analysis.

Within the remaining association regions in the SNPs, a number of previously idegified

with a role in the Cd response of the plant were identified. On the A7 association peak, a CDS
gene model calle€ab009060.has an orthologue iA. thalianathat iscalledNPF6.2
(AT2G26690)1 It was previously found that this nitrate transportasplayed strong

upregulation under Cd stress and a nitrate dependent Cd sensitive phenotype in an insertional
mutant line(Li et al., 2010)Another previously recognised candidate was found on the A8
association peak?lant Cadmium Resistanc§PCR1AT1G14880 ) lwas within the correct

localisation inA. thalianadespite not being present within the paranscriptome. WherPCR1
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was overexpressed ix. thaliana,plants had increased tolerance to Cd, while they displayed
increased sensitivity when it was disruptésbng, 2004 )Furthermore, within the SNP peak on
C9, two CDS gene moddBnPg134860.1/B09g134880.wvere found whose orthologue i.
thalianais described as the mitochondrial ABC transpodiVI3(AT5G58270)1 As with
PCR1plants which overexpres&TM3have enhanced Cd tolerance, while those without it
show increased sensitivity. UnliRCR lit has been suggested that this occurs due to the
export of glutamine synthetase conjugated &dm et al., 2006afinally, the most significantly
associated GEM marker on ABisaA02g00090vhose orthologue is described as
Pyrophosphorylase @PAG AT5G09650)land is known to be upregulated An thalianain
response to Cd treatmer{Barry et al., 2006)

Of the predictive GEMs, the first wdsetmost highly associated GEM in AT results for leaf Cd
concentration;Cab031859.bn A8, whose orthologue iA. thalianais described as a

methinonine aminopeptidas@T1G1327) It is predicted to have a metal ion binding domain
and metalloexopeptidase activiff AIR, 2015)Other than this it is not well characterised

within the literature. It would make for an excellent candidate to be assessedAwitfaliana
insertional mutants considering its high associatio AT outputs and the number of Cd

specific candidates which had been observed alongside it in these analyses. However, due to
time constraints a more kdepth analysis was not possible. The second predictive marker
corresponded to a very well characteed gene; the major floral integrat&@0OC1
(AT2G45660.brthologue 0fBo4g024850.Llmentioned as part of the Cu concentration in leaf

AT analysisThis will also be discussed in greater detail in the following chapter.
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5.2.3 Associative transcriptomic outpyfgredictions and candidates: Mn concentration
in leaf material
In complete contrast to the Cd concentration in leaf AT analyses, the AT outputs for Mn
concentrations in leaf material was the least succeg$figiure5.2.3a). When investigated in
detail, there were no clear associations within either the SNP or GEM AT analyses.
Interestingly, the SNP association outputs pass the Bonferroni correcpeificance threshold
and the 5% false discovery threshold; demonstrating that it is important to look for good
association peaks along with high p values in GWAS analyses. Despite a lack clear of
association peaks in AT analysis, three GEMs and one SHRowed to be predictive for leaf

Mn concentration Table5.2.34a).

138



-log10P
4

3

A1 A2 A3 A4 A5 A6 A7 A8 A9 A0 C1 C2 C3 C4 C5 C6 C7 C8 C9

..
.
.

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 C1 C2 C3 C4 C5 C6 C7 C8 C9

Figure5.2.3a Genome wide distribution of mapped markers associating with the Moncentration in
leaves (mg/kgdDW) of all 383 accessions.

The average concentration of Mn in leaves was calculated from 5 separate plants frdnSi@ralysis

for each of the 383 accessi®NnSNP associatior{top) were calculated with the R script GARLIpka et

al., 2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2014apEM associatior(bottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables &al Mn concentrationas the response variabld.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromoome AXC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have beemkiage mapped to a genome, whieey and light red points represent hei@NPs
which have not been linkage mapped but assigned to the genortteed©DS gene model they were
called from. Théwo type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false
discovery rate (FDR) as ddnlie.
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Table5.2.3a Predictive capability of markers from AT analysiBMn concentration in leaves

For assessing the predictive capability of markers the highesth&ixeers from discerniblassociation
peaksandthe most highy associated GEMs were analysed. The marker type is given as either SNP or
GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), siigance (p) and sample size (n) are given for the predictions

made on the 109 diversity panel. Markers that were significantly predictive are highlighted in bold.

Marker type Marker Position AT 274log10P R p n
GEM BnaA09g49870D | A09_044670075_04467212, 10.20 -0.004 | 0.971 | 109
GEM B09g174920.1 C09_051742405_05174419 8.02 0.169 | 0.078 | 109
GEM Cab006306.1 A06_019056334_01905781 7.52 0.179 | 0.063 | 109
GEM Cab019794.2 A01_004090150_00408864 7.18 0.051 | 0.597 | 109
GEM B02g023580.1 C02_006152073_00615288 6.91 0.105 | 0.277 | 109
GEM Cab038054.1 A02_014437442_01443920 6.66 0.218 | 0.023 | 109
GEM B02g083700.1 C02_023285173_02328681 6.65 0.260 | 0.006 | 109
GEM Cab032604.2 A02_005555254 00555845 6.64 0.076 | 0.433 | 109
GEM B09g181240.1 C09_053471789_05347282 6.45 0.275 | 0.004 | 109
GEM Cab003267.1 A03_011912889_ 01191527 6.29 0.169 | 0.079 | 109
GEM B03g021940.1 C03_007477013_00747849 6.25 0.033 | 0.735 | 109
GEM Cab007391.2 A10_017777444 01778754 6.22 0.117 | 0.227 | 109
SNP B059g039310.1:171:A| C05_012732381_0127363( 5.54 -0.070| 0.503| 94
SNP B05g039310.1:1230:1 C05_012732381_01273630 5.48 -0.092 | 0.347 | 106
SNP B059g039310.1:749:G| C05_012732381_01273630 5.05 -0.067 | 0.493 | 106
SNP B029g028890.1:408:A| C02_008692620_00869392 4.74 0.242 | 0.012 | 108
SNP Cab040440.1:232:T | A07_000215898_00021252 4.63 0.004 | 0.972 | 103
SNP BnaC03g44950D:228:1 C03_031706050_03170764 4.28 0.177 | 0.098 | 88
SNP B02g028790.1:960:A| C02_008644153_00864886 3.94 0.191 | 0.065 | 94

All of the GEMs that were predictive for Mn concentration in leaves waennotated When

a BLASTAIltschul et al., 1990)as peformed to compare these GEMs to all other CDS gene
models within the pariranscriptome and plant species in the NCBI databaseqs:8, no

CDS gene models anntdd with A. thalianaorthologue information were found. Perhaps the
reason why Mn leaf concentration assessment with AT has proven ineffective is because the
mechanisms involved in Mn concentrationBnnapusyary significantly from those .

thaliana However, this seems highly unlikely as previous work has linked an orthologue of the
cation efflux facilitator transporteMTP8to Mn tolerance irB. napuTL analysilkaman et

al., 2017) As observed in Cu and Cd leaf concentration AT an&¢3&handFLCGwvere

amongst the most highly associated GEMs. The predictive SNP Bagg128890.1:408;A
corresponded to an orthologue iA. thalianaof a transport protein particle (TRAPP)

component AT5G58030)1 No evidence of a role for this TRAPP candidate in leaf Mn
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concentration could be found within the literature (other than the general secretion of

proteins containing Mn as a cofactor) and it was investigated no further.
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5.2.4 Associative transcriptomic quuts, predictions and candidates: Zn concentration

in leaf material
The SNP outputs for Zn concentration in leaves did not yield any association peaks, however
the GEM association analysis seemed to show a potential deletion {ffigh@e5.2.4.a).
Deletions within GEM association analysis are often observed as association peaks since all the
genes within the region have their expression disrupted lgydbletion. As previously
observed in the Cu leaf concentration GEM association analysis, the Zn leaf concentration SNP
Q-Q plots suggest that the model has been too stringent with the observed p values falling
below those that were expectedrigure5.2.4.b). Accordingly, no SNP markers were found that
were predictive for Zn concentration within the leaves, whilst 5 GEMs displayed predictive

capacity (p<0.05Table5.2.4.a).
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Figure5.2.4a Genome wide distribution of mapped markers associating with the gmcentration in
leaves (mg/kgbW) of all 383 accessions.

The average concentration of Zn in leaves was calculated from 5 separate plants friMB EBRAlysSis

for each of the 383 accessionSNP associatior{top) were calculated with the R script GARLIpka et

al., 2012) using a compressed linear mixed model capablecobanting for population structure and
relatednesswith a Q matrix inferred by PSIKRopescu et al., 2014apEM associatior(®ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variables &&f Zn concentratioms the response variabld.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (tep¢sen
19B. napushromosomes) based on the Cg&hemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have beemkiage mapped to a genome, whieey aml light red points represent herR8NPs
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonfermai corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Figure5.2.4b Quantile-quantile plot of observedclogioP values from AT SNP analysis (left) and AT

GEM analysis (right) for Zn in leaf against expectgab:oP values.

The red line indicates a theoretical perfect fit of the expeatlmtnoP values, while the grey area

indicates the 95% confidence interval undee null hypothesis of no association between the Zn

concentration in the leaves and the SNPs/GEMs.

Table5.2.4.a Predictive capability of markers from AT analysiZn concentration in leaves

For assssing the predictive capability of markers the highest 8MdFers from discerniblassociation

peaksandthe most highy associated GEMs were analysed. The marker type is given as either SNP or

GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) and sample size (n) are given for the predictions

made on the 109 diversity panel. Markers that were significantly predictive are highlighted in bold.

Markertype Marker Position AT 274log10P R p n
GEM Cab013955.2 | A09_042635665_04263693 7.97 0.205 | 0.033 109
GEM B02g056290.1 | C02_016642943 01664539 6.76 0.150 0.120 109
GEM B03g027950.1 | C03_010615262_01061963 6.51 0.261 | 0.006 109
GEM Cab007716.1 A10_017146559 01714393 6.39 0.179 0.063 109
GEM B079116050.1 | C07_046288528_04629047 6.25 0.256 0.007 109
GEM B08g032470.1 | C08_010730007_01073072 6.20 0.214 | 0.025 109
GEM B02g079140.1 | C02_021942569_0219446(Q 6.17 0.214 0.025 109
GEM Cab013586.1 | A09_040779359_04077980 6.15 0.085 | 0.377 109
GEM B05g004680.1 | C05_001368506_00136997 6.11 -0.008 0.935 109
GEM B09g002180.1 | C09_000123371_00012574 6.10 0.123 | 0.204 109
GEM Bo8g108310.1 | C08_038595797_03859736 6.07 0.108 | 0.263 109
GEM Cab046623.1 A10_008626408_00862845 5.92 0.174 0.071 109
SNP Cab033019.2:475:4 A07_010108135_01010597 3.86 0.109 | 0.309 89

144




Unfortunately, the GEM at the top of the GEM association peak on A9 was an unannotated

marker. It most closely blasts ©@ab031842.1whose orthologue if\. thalianaAT1G13880.1s

anELM2 domaircontaining proteim { Q tTnpX 9Y n0uI gKAOK Aa |

factors(Marmiroli et al., 2014)However, no direct link to Zn concentration in leaves coeld b
established from the literature and this was pursued no further. There were no other
candidates identified in this association region with a link to Zn leaf concentration. The top
GEM on C8 however w®8g032470.1orthologue ofAT1G31260.Which is desribed as a

zinc transporter precursor @IP10. It has been described as having*Zransport capacity

(TAIR, 2015rand is grouped with a number of known Zn transporters in phylogenetic analysis

of cation transport families withii. thaliana(IRT&2 and ZIP 7& 8) (Maser, 2001)As of yet it
is not thought to have been characterised witlinthalianainsert lines but due to time

constraints was not assessed further as part of this study.
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5.2.5 Associatie Transcriptomic outputs, predictions and candidates: Mo
concentration in leaf material
Given the distinct similarities observed between Mo and S concentrations following seed AT
analysis (particularly in relation to the GLS) it was surprising that atam$hip between the S
and Mo AT outputs was observed in the leaves5&.6. In fact, when leaf S and Mo
concentrations were correlated a significant positegerelation was observed (R: 0.514,
p<0.001, n: 385). This is in direct contrast to the relationship observed within the seed which
has a significant negative correlation between the two-Q0Ri66, p<0.001, n: 380). A distinct
association peak was obsed on C1 in the SNP association analysis and a few less well
defined SNP association peaks on A7, A10, C3 arieldl®eb.2.5.a). The GEM association
analysis showed no clear associations but did provide some predictive markers (p<0.05, unlike

the SNPsTable5.2.54a).
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Figure5.2.5a Genome wide distribution of mapped markers associating with the Mo concentration in
leaves (mg/kgDW) of all 383 accessions.

The average concentration of Mo in leaves was calculated from 5 separate plants fronSi&falysis

for each of the 383 accessior®N\P associatior{sop) were calculated with the R script GAFLIpka et

al., 2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKRopescu et al., 2014apEM associatior(®ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory variabdesl leaf Mo concentratioas the response variable.ogoP values
from the SNP and GEM association analysis were plotted against the pseudomolecules (fteqy¢se
19B. napushromosomes) based on the Cg&hemodel order(labelled on the X axis from

chromosome AAC9) For the SNP analysis, black and dark red points represent simple SNPs and hemi
SNPs that have beemkiage mapped to a genome, whieey and light red points represent her8NPs
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two type 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonfeoni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.

147



Table5.2.5a Predictive capability of markers from AT analysiBMo concentration in leaves

For assessing the predictive capability of markers the highesth&ixeers from discerniblassociation
peaksandthe most highy associated GEMs were analysed. The marker type is given as either SNP or
GEM, alongside their name and position, followedHsir ¢logioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) and sample size (n) are given for the predictions

made on the 109 diversity panel. Markers that were significantly predictive are highlighted in bold.

Marker type Marker Position AT 274log10P R p n
GEM B09g183340.1f C09_054156036_05415745 20.23 0.413 <0.001 109
GEM Cab004528.1| A03_018750262_01875110 16.18 0.229 0.017 109

The association peak within the SNP AT output on C1 was very narrow (containing only ~69
CDS gene models), passing the Bonferroni and 5% false discovery thresholds without yielding
any known Mo specific candidates. A large number of potential candidatbsware general

roles were observed (e.g. auxin response factors, cytokinin response factors, multiple
transcription factors). An example of these more general candidates wouthbg037120.1
whose orthologue i#T4G23710.1a vacuolar ATP synthasabunit G2. MoG¥ is known to be
stored within the vacuole of Brassica spedidale et al., 2001and since Mype ATPases are
involved in acidifying the vacuo{€inbow and Harrison, 199#)is would affect the availability

of Mo to the rest of the leaf. However, the mostdik of these general candidates is
Bo1g037430.lorthologue oNLPAAT4G2402Pwhich is involved in modulating nitrate

sensing and metabolisiiCastaings et al., 20QMlo plays a central role in N metabolismitis

the Mo-molybdopterin (MeMPT) domain of Nitrate Reductase that is the nitrate reducing
active site(Campbell, 1999)nterestingly whemLPAvas knocked out ii\. thalianathere was

a threefold reduction in nitrate reductase enzymatic activity (with no reduction in total N)
(Castaings et al., 2009) would make sense for a transcription factor involved in nitrate
sensing and metabolism to be involved in regulating leaf Mo concentration due to its key role
in nitrate assimilation. Heever, knocking ouNLPAvould not necessarily provide evidence of

a direct role in Mo concentration within leaf, as when mutants were previously tested a wide
range of N starvation symptoms were displayed which would affect multiple nutrients
indirectly (Castaings et al., 200%®Rather it would be better to assess if the expression of any of
the genes known to be involved in Mo transport/assimilation were disrupted irNtbie7
knockout, thus providing a link beeen N and Mo regulation. Furthermore, the SNP
association peak on A7 was shown to contaab020822.{orthologue ofNitrate Reductase

AT1G77760) while the orthologue of an ammonium transporté&T1.5 AT3G24290was
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found close to the association ak on C3B03g083120.), adding credence to the assertion

that NLP7 may be involved in the crasgulation of N and Mo concentrations in the leaf.

The association peak on A10 was also very narrow and contained no obvious Mo candidates.
Once again therevas a humber of general candidates which could affect Mo within leaves, for
example Cab033364.1/ Cab029905.1. Its orthologuk ithhalianais NACHAT1G02250 Jland

is involved in xylem formation and would thus impact leaf (dbao et al., 2016 However, it

would likely disrupt more than just Mo concentrations in leaves and was therefore not
considered likely to be responsible for a Mo specific association peak. Another general
candidate wasCab029913.1{orthologue ofUSUALLY MULTIPLE ACIDS MOXHED OUT
TRANSPORTERSZBIAMIT28 AT1G01070)1 Thiscandidatehad previously been tested

with A. thalianainsertional mutants and displayed disrupted Mo within the leaves (RiiMs
(Baxter et al., 20073)however it was tested to confirm these results (as it seemed an unlikely
candidate) and to expand the range of elements it was tested for (e.g. if there was any link to S

concentrations given the positive association between leaf Mo and S)

Of the predictive GEMs on€4b004528 Jlwas unannotated, whild09g183340.has an
orthologue inA. thaliana AT5G02820.1described agSpol11/DNA topoisomerase VI, subunit

I LINE { & fugthérdnvestigaiion it was found to EBRASSINOSTEROID INSENSITIVE 5
(BIN5)/ ROOT HAIRLESS 2 (RH2)nvolved in endoreduplication and when disrupted
displays wide ranging phenotypesdestunting and hairless roofslartung et al., 2002;
SugimotaeShirasu et al., 2002; Yin et al., 200®)would therefore not make a good candidate
for analysis with insertional mutantplants would likely not grow very well and it would be
impossible to distinguish dire¢ie. a specific regulatory role in Moncentrationin leaves) or
indirect effects (. Mo disruption as an effect of its role in root hair developmem)Mo

concentration in leaves
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5.2.6 Associative Transcriptomic outputs, predictions and candidates: S concentration
in leaf material

Once again, neither the SNP nor GEM AT analysis for &nt@tions in leaf passed either the

Bonferroni corrected significance or 5% FDR threshélidgei(e5.2.6.a). Three association

peaks were investigatedithin the SNP AT analysis; A6, A9 and C9. Once again, GEM AT

analysis appeared to show close association to flowering time candidates (further discussed in

6). Two SNPs and all 10 GEMs analysed were predictive (p<0.05) for S concentrations in leaf

material Table5.2.6.a).
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Figure5.2.6a Genome wide distribution of mapped markers associating with the S concentration in
leaves (mg/kgbW) of all 383 accessions.

The average concentration of S in leaves was calculated from 5 separate plants frbt8 EPRIysis for
each of he 383 accessionSNP associatior{gop) were calculated with the R script GARLIpka et al.,
2012) using a compressed linear mixed model capable of accounting for population structure and
relatednesswith a Q matrix inferred by PSIKPopescu et al., 2014apEM associatior(ottom) were
calculated with the R script Regrepsyforming fixed effect linear modelling with the Q matrix and
RPKM data as explanatory varialbdesl leaf S concentratioas the response variabld.ogoP values

from the SNP and GEM association analysis were plotted against the pseudomolecules (representing the
19B. napushromosomes) based on the C&hemodel order(labelled on the X axis from

chromosome AXC9) For the SNP analysis, black and darkpeitits represent simple SNPs and hemi
SNPs that have beemkiage mapped to a genome, whieey and light red points represent hei@NPs
which have not been linkage mapped but assigned to the genome of the CDS gene model they were
called from.The two tye 1 error tests are portrayed as dashed lines when associations pass these
thresholds; the Bonferroni corrected significance threshold of 0.05 as light blue and the 5% false

discovery rate (FDR) as dark blue.
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Table5.2.6.a Predictive capability of markers from AT analysitS concentration in leaves

For assessing the predictive capability of markers the highesth&ixeers from discerniblassociation
peaksandthe most highy associated GEMs were anagls The marker type is given as either SNP or
GEM, alongside their name and position, followed by thkigioP value from the 274 AT analysis.

Finally, the correlation coefficient (R), significance (p) and sample size (n) are given for the predictions

made on the 109 diversity panel. Markers that were significantly predictive are highlighted in bold.

Marker type Marker Position AT 274log10P R p n
GEM Cab002472.4 A03_007577717_00758334 20.32 0.402 | <0.001 | 109
GEM Cab045257.1 A09_023545564 02354814 19.85 0.413 | <0.001 | 109
GEM Cab007824.2 A10_016640393_01663860 18.64 0.415 | <0.001 | 109
GEM Cab005591.1 A09_021405072_02140736 17.91 0.496 | <0.001 | 109
GEM Bo4g024850.1 C04_004021498_00402394 17.61 0.427 | <0.001 | 109
GEM B07g005670.1 C07_001731985_00173259 17.22 0.550 | <0.001 | 109
GEM Cab003830.1 A03_015086160_01508842 17.20 0.378 | <0.001 | 109
GEM Cab005327.2 A09_018954048_01895606 17.18 0.494 | <0.001 | 109
GEM Cab017845.1 A09_022634254_ 02264022 17.05 0.415 | <0.001 | 109
GEM Cab025356.1 A05_002862036_00286527| 15.96 0.416 | <0.001 | 109
SNP Cab045287.1:1751:A| A09_023798471_02380248 4.10 0.512 <0.001| 108
SNP BnaA06g34040D:219:| A06_026508326_02650670 3.99 0.017 | 0.860 | 108
SNP Cab039046.2:195:A | A08_017541264 01754321 3.98 -0.029 | 0.770 | 107
SNP Cab035444.2:1693:A| A06_026149390_02615178 3.75 -0.088 | 0.365 | 109
SNP Cab039021.1:766:C| A08_017418744 01742006 3.72 0.136 | 0.195 | 93
SNP Cab039028.1:3366:C; A08_017443847_01745200 3.60 0.151 0.165 | 86
SNP Cab005584.1:373:G | A09_021344941_ 02134622 3.01 0.550 <0.001| 81

The SNP association peak on A6 yielded no S specific candidates. Instead, a number of other
general candidates were found; including phosphate and nitrate regulatory candidates and
root hair developmental candidates. One of the interesting candidatesGab835423.3

whose orthologue iAA. thalianais theEARLY FLOWERING MYB PRCERMNAT2G0350))

which is responsible for the flowering response to environmental cues. This is intriguing when
compared to the GEM AT analysis, which seems to be highlighting of the famous floral
integrators (discussed further B). No candidates were taken forward from this region. Again
the SNP association peak on A9 gave npeSific candidates and appeared to cross the
centromere. This is in contrast to most of the other association peaks which occur towards the
end of the chromosome where recombination is more likely to occur. The association peak on
A9covered an extrmely large region of ~900 CDS models, making it incredibly difficult to
analyse (perhaps indicating an association as the result of a large chromosomal
rearrangement)Furthermore, these regions are very hard to analyse as it is likely that

candidates releed to the trait will be within the association region by chanteio genes were
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found which could play a role within S concentration in the lea€e$005432 /1Cab005436.1

are orthologues of a Mo cofactor sulfurylase proteT(G30910)lin A. thalianaand

Cab045260.% an orthologue oTARJAT1G340401 RS a4 ONXA 0 PRidokay ¢! Lw | &
phosphate (PLRJependent transferases superfamily protéimh ¢ K A O K -sudflir fyas® I ND 2 y
activity. The C9 association peak was relatively narrow, and tst highly associated SNP
B09g037180.has an orthologue iA. thalianainvolved in GSL metabolisfaNJO GSX2

AT1G62540)1 Specifically it is known to be involved in the conversiomethylthioalkyl

glucosinolates to methylsulfinylalkyl glucosinolafes. S oxygenatior{Hansen, Kliebenstein

and Halkér, 2007) The predictive SNPs corresponded@ab045287 . lorthologue of
AT1G33680.Which is a KH domain containing protein, whilsthb005584.vas unannotated.

In all, no S specific candidates were found from leaf S concentration SNP AT anadysis wh

would be useful to test with aA. thalianainsertional mutant.
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5.2.7 Summary of Associative Transcriptomic outputs, predictions and candidates
Very few candidates were taken forward from leaf AT analysis of individual element
concentrations Table5.2.7.a). This was a result of the majority of the candidates already
being previously tested iA. thalianaand/or due to a lack of being able to narrow down the
candidatedn broad association regions. The GEM data for many of the elements revealed a
link to flowering time; therefore these candidates were investigated in more detail as part of

the next chapter (seé).

Table5.2.7.aa list of the candidate genes taken forwarfor further study fromleaf element
concentrationAT results.

Detailed are theoriginal AT trait analysis the candidate was found for, its marker within the pan
transcriptome, AGI code, descriptionAn thaliang line ordered from NASC and other potential element

interactions are listed. Cu and Cd lines (*) were analysed as pant wdergraduate project.

Trait AT Marker AGI Description NASC ID Interaction?
SALK_151770C
Heavy metal (Cd leaf HMA 1) Cu
Cd le& | Cab002809.1| AT2G36950 transport/dgtoxmcat‘lon SALK_069207C
superfamily protein Cu

(Cd leaf HMA 2)

SALK_118752C

. . (PAO4 1)
*

Cu leaf* | Bo2g052580.1 AT1G65840 polyamine oxidase 4 SALK_062544C -
(PAO4 2) )
Rho GTPase activation S?;ﬁggSAiGSQC ?
Cu leaf* | Bo2g018010.1 AT5G19390| protein ((Fj%gr(:](gﬁP) with Pl SALK_083351C 7
(RhoGAP2) )
cytosolic NADR+ SA(IE:ITE%5:214)17C ?

Cu leaf* | Bo2g052640.1 AT1G65930 dependent isocitrate
dehydrogenase (CICDH SALK_009094 ?
yareg (CICDH 2) ;
thylakoid lumenal 17.9 SALK_099907C s
Cu leaf* | Bo1g039440.1] AT4G24930 kDa protein, chloroplast (Cu GEM) 7

SALK_099741C
(UMAMIT28 1)
SALK_147481C
(UMAMIT28 2)

nodulin MtN21 /EamA
Mo leaf | Cab029913.1| AT1G01070| like transporter family
protein (UMAMIT28)

The lack of candidates taken forward is to some extent a reflection of the difficulties of plant
nutrient research. The ionome within plants is integral to plant growth, development and
metabolism, so under conditions of nutrient sufficiency there are ndiffgrent pathways and
feedback mechanisms ensuring that the plant maintains a safe working range for all elements
within the ionome. The crosglk and interactions of these elements could be wide ranging,
making the selection of specific candidates ertely difficult. In addition, plants are very good

at coping with variable amounts of elements within their tissues and the broader environment

(i.e. there is a range of acceptable concentrations). Therefore finding enough variation within
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the panel that $ specific to differences under nutrient sufficiency which could influence

nutrient use efficiency is challenging. This is exemplified by the AT outputs of Cd
concentrations inleaf. Asangha a Sy G Al f St SYSyd IyR (G2EAO WKS
strong selective pressure to minimise the biological effects of this element within tissues under
all conditions (through specific detoxification pathways, such as sequestration or chelation).
Selections against Cd within tissues may explain the strasaregion peaks observed within

the Cd AT SNP outputs. The other (essential) elements analysed as part of this study are
regulated in many different ways and at multiple levels of plant organisation and may
therefore show weaker associations to specificcmanisms. Seed AT analyses may have given
clear AT outputs comparatively Bs napuss predominantly grown for seeds. Therefore the
seeds may have been under greater selective pressure during breedind)(eading to

clearer associations.
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5.3 Leaf candidate gene analysis

As discussed previously, very few leaf candidates were taken forward from leaf AT analysis due
to many candidates already being well characterised previously or a lack of obvious candidates
in broad association peaks (candidates liste8.th7). As with seed analyses, the

concentrations of some elements within the leaf ionome are known to correlate significantly
(Figureb.2.7.a), which highlights the interdependent nature of elements within the ionome.
However, unlike the seeds, very few significant negative associations appear to be present
within the leaf. In fact, very few correlations were observed between the seed and leaf

datasets (reflected in correlation, ratio and discriminant analyses performed as pEnbafas

et al.,(2016). The observation that the top GEMs in many of the leaf AT outputs were

flowering time related emphasises the interactive nature of all elements within the ionome (as

discussed as part of the next chaptéy,

&)

@ @ R ~0.30.5
@ R ~0.30.3

D= » )

Figure5.2.7a¢ KS t SI'F WAYGiSNI O0G2YSQad

Sgnificant correlationgp<0.001) for all elemérconcentrations within the leaf are displayed, with the R
value representing the lines connecting the element concentrations (thicker and darker lines are more
highly correlated, key on the right hand side). Element concentratidgrish show a significant positive
correlation (p<0.001) are displayed, very few element concentrations showed significant negative
(p<0.05) correlations (Cd vs CsORI04; Cs vs Zn,-R191; Ba vs Rb,-B.191). The diagram was

generated with Cytoscap& 2.1, using the R correlation coefficient as edges.
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In this section, the investigation of the candidates taken forward from leaf AT analysis will be
discussed. The first part will focus on Cu and Cd leaf concentration candidates which were
originally partof an undergraduate project performed under the supervision of the author. As
with the seed, these candidates were chosen from AT analysis performed as part of this
research and taken forward into further analysis by the undergraduate student, Mr Jun Hee
Jung (who designed primers, grew the plants and analysed seed and stem/pod materials with
ICRa{ dzy RSNJ 1KS I dziK2NQRa &adzLlSNBAaA2yod | 26SOS
generated as part of the current research; only the stem and seed analfytesleaf

candidates were performed by Mr. Jung (which werglitated and reanalysed for this study).
The next section will focus on the Mo leaf concentration candidate that was carried forward,
which was only analysed within leaf tissues as there veasvidence for a role outside of this

tissue.
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5.3.1 Leaf candidate gene analysis: Cu and Cd leaf concentration

Cu and Cd leaf concentration candidates were analysed simultane&iglyds.3.1a). Of the
candidates which were found within leaf Cu concentration AT analysis, none varied
significantly in comparison to the wildtype control for Cu concentration in leaves (Cu AIROVA:
1.08, df 4, 35, p 0.38Considering theseandidates were chosen due to their high association
and multiple occurrence in the Cu in leaf concentration AT SNP analysis (due to a lack of
obvious testable candidates in a strong association peak) this is perhaps unsurp@g.

was never successfulpenotyped and was not taken furtheiicdh2 could not be tested as it

grew poorly and all the plants which survived to be genotyped were found to be wild type. This
could have happened because it was essential for Cu concentration in plants, howeeer sin
cicdh1 displayed no phenotype it is thought likely that an insert exists in this line elsewhere,
causing the growth defective phenotype. However, the percentage recovery of Cu from leaves
in this analysis was low (<75%), so perhaps Cu concentratiard wary if the recovery was

better (e.g. maybe the Cu was bound within material more recalcitrant to digestion). On the
other hand, Cd had an acceptable percentage recovery (~93%) and did show some significant
differences. Of all the candidates carriedviard onlyCd leahma-2 showed any significant
differences within the leaves (the other insert line ordered in this g&teleathma-1, only
produced wild type plantsCd leahma2 was analysed for both Cu and Cd concentration. This
showed no signifigat variation in leaf Cu concentration but displayed a significant increase in
leaf Cd concentratiorFigure5.3.1a, Cd ANOVA: F 42.71, df 4, 3%0000). However, Cd was

not the only element to show a significant difference between the wildtype controlGohtkaf
hma2. When ttests were performed between the wildtype control and all other elements
successfully analysed as part of 488 analysia range of element concentrations varied
(Figure5.3.1b).
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Cu (mg/kg DW) Cd (mg/kg DW)

el

Cu (mg/kg DW)

Figure5.3.1a Candidate gene analysis of Cu (fgind Cd (rightconcentrationsin the leaves ofA.

thaliana insert mutants as mg/kdoW of leaf tissue

Wildtype: A. thalianaCol 0; At2g36950 kma-2 (SALK_06920FAt1g65930=cicdhl (SALK_05624FC
At5g19390=rhogap-1 (SALK 088689@ndrhogap2 (SALK 08335)CTrhe mean and standard error

are shown for each line,:8 for all lines analysedvhere n is the number of individual plants used in
analysesHighlighted in orange are the candidates which were picked out specifically from AT analysis of
the element being portrayed\o significant differences were observed for@mcentrations but Cd
concentrationdisplayed some differences (as indicated by differences in lettethigANOVA: F 1.08,

df 4, 35, p 0.38; Cd ANOVA42.71], df4, 35 p<0.0Q.
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Figure5.3.1b Z-score graph detailing how leaf material (as a different coloured line) frone tbd leaf
hma-2 line (At2g36950SALK _069207C) varied in comparison to the average wildtype controB for

both, where n is the number of individual plants sampled for analyses

Only elements which had a recovery >85% and an average concentration greater than the LOD were
analysed. The mean and standard deviation of the wildtype controls are usetttdata the number of
standard deviations each mutant is away from the average of the wildtype control in each element, in
accordance to methods previously outlinfidahner et al., 2003nd in use by PiiM@axter et al.,

2007a) A ttest was used to determine whether the difference between wild type and mutant lines was

significant for each element concentration (p<0.001***), as detailedppendix18.

SinceCdhma-2 displayed a significant increase in leaf Cd concentration it was decided that the
stem and leaf analyses would bed#uted and analysed to assess whether the effect was
localised to the leaves. No significant differences wereeplesi for Cd concentrations in

either stem or seedHigure5.3.1c, Cd stem-est: t 2.34, df approx. 3.2, p = 0.096; Cd seed t
test: t 1.95, dlapprox. 3.15, p = 0.142), although Cu concentration in seed was significantly
reduced while the stem material showed no significant differeégure5.3.1c, Cu stemt

test: 1 2.3, df 6, p = 0.061; Cu seetdst: t 2.62, df 6, p= 0.04). The general patterCathma-2

in stem and seeds showed a reduction in these elements and arguably the small sample size of
n= 4 limited statistical power. Therefgrthese tests should be repeated before any certain
conclusion can be drawn about the activity of this gene. However, the pattern as it currently
stands could imply thatd leaf HMAncreases the Cd concentration in leaf tissues at the
expense of those istem and seed. Interestingly, the concentration of other elements within
the leaf may provide some explanation for this; a typical Cd toxicity response involving both
cellular detoxification and sequestration. The concurrent increase in S concentrathun thie

leaf tissues of these lines would suggest that toxicity pathways had been induced, generating
the S rich chelating agents required to cope with increased Cd toxicity and thereby increasing
the flux of S e.gramaguchi et al(2016) Once again, Mo concentration may be varying as a
result of the chemical similarity between M@and S@ (Marschner, 1995hwhile B

concentration may vary as a consequence of the way the plants are sequestering the excess
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Cd. To be specific, the only proven role for B in plants is as péa ckll wall within the
rhamnogalacturonan Il (RGII) polysaccharide domain of pectin (one of four pectin
polysaccharide domain@obayashi, Matoh and Azuma, 1996; Funakawa and Miwa, .2015)
well known that the presence of Cd causes cell wall modifications; increasing the pectin
content and production olow-methylesterified pectin (which can bind divalent cations,
including Cd)Loix et al., 2017)It is possible that the increased Cd concentration resulted in a
greater requirement for B in the cell walls of roots (through increased pectin), reducing B
available to the leaf. Further evidence may be seen in the reduction in Ba concentration within
the leaf materials, another divalent catiam planta, which is also perhaps being trapped as a
consequence of cell wall modifications within the roots. The other divalent cations (which
could be accurately measured), including the essential nutrients®dgnd Mn, may be less
affected by this increased binding capacity because of their relatively higher concentration
within tissues. However, this does not explain why Sr would not show the same pattern of
reduction. Perhaps this is a consequence of thatie binding capacity of Bait has a higher
atomic number in comparison to ¢as well as all other divalent cations under assessment,
followed by Cd) and therefore likely has a higher binding affinity (i.?*Bad Cd* have

greater binding affiity in comparison to the other divalent cations and thus outcompete
them). This would imply thatd HMAZlays some role in increasing the uptake of Cd from the
soil (or its translocation from the roots), which would be relatively easy to test by anatiising

roots of the mutant plants for relative Cd concentrations.
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Figure5.3.1c Candidate gene analysis of Cu (left) and Cd (riglaiycentrationsin the stem (top) and
seeds (bottom) ofA. thalianainsert mutants, as mg/kdoW of leaf tissue

Wildtype: A. thalianaCol 0; At2g36950 €d leahma-2 (SALK_06920FCrhe mean and standard error
are shown for each line, n5 where n is the number of individual plants sampled for analyiNes
significant differences were observed for @ghcentrations, but Cdisplayed some differences (*=
p<0.04). Cu stemtest: t 2.3, df 6, p = 0.061; Cu seetist: t 2.62, df 6, p= 0.04; Cd stertest: t 2.34,
df approx. 3.2, p = 0.096; Cd seewst: t1.95, df approx. 3.15, p = 0.142
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5.3.2 Leaf candidate gene analysis: Mo leaf concentration

As previously observed (according to the PiiMs datalfBa&ter et al., 2007%)Mo was
significantly disrupted in leaves of tlimmamit 28 insert mutants (97% recovery from digestion,
Figure5.3.2a). However, it was also found that S concentration was significantly higher
(p<0.05) in both insert mutant lines (95% recovery from digestion). Other elements showed
inconsisency between the two lines e.gmamit281 had more B in comparison to the
wildtype control andumamit28-2, but only Mo and S showed consistently high in comparison
to the wildtype control for both lines investigated. The other element predicted to vary
according to the PiiMs database was K (89% recovery), which in this experiment showed no
significant difference to the wildtype control (although there were significant differences
between the two lines). This could be due to the fact that different inlbeets were analysed

as part of this study, or it could be that when you assess multiple elements within one
candidate you are statistically more likely to find an association by chance. Considering the
candidate was picked out from Mo AT results and testedS due to its relationship with Mo

in B. napusthis adds credibility to the role &iMAMIT 28n leaf Mo and S.

Mo (mg/kg DW) S (mg/kg DW)
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Figure5.3.2a Candidate gene analysis of Mo in the leaves of A. thaliana inserttamis, as mg/kgDwW

of leaf tissue

Wildtype: A. thalianaCol 0; At1g01070 emamit 281 (SALK_09974)@ndumamit 282
(SALK_14748)Crhe mean and standardrer are shown for each line, Col n=U8yamit 281 n= 12,

umamit 282 n= 8, where n is the number of individual plants sampled for analyssignificant

difference between the wildtype control and the Mo and S concentrations was observed (Mo leaf
ANOVA: F 6.34, df 2, 25, p 0.006; S leaf ANOVA: F 6.28, df 2, 25, p 0.001)
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5.3.3 Leaf candidate gene analysis: summary, discussion and conclusions

Many of the candidates highlighted by AT analysis had previously been tested for a role in the
element under investigation, resulting in very few candidates being taken forward into
investigation with A. thalianaKO mutants. Furthermore, many of the GEMs were shared across

multiple elements and were tested as part of the following chapter Gee

Fa Cu and Cd candidates, none of the candidates analysed for variation in leaf Cu
concentration varied significantly from the wildtype control plants. It is thought this was
primarily due to the way they were selected; to be specific, markers which were mos
commonly occurring in the top association peaR&0Q4, CICD&hd RhoGAR not necessarily

that they had any indication of a major biological role relevant to leaf Cu concentration. These
were analysed since the main candidate in the region of intefgS{1(a known Cu

chaperone), did not have a CDS gene model in thetigarscriptome, although it should be

within the syntenic block as indicated by the other CDS gene models and\thikaliana
orthologues. One of the Cu candidateicihrl) displayed atunted phenotype. However

there were no TIDNA insertions within the candidate gene and therefore there must have

been a spurious-DNA insertion elsewhere. Ti@ghma-2 candidate (with Cu binding capacity
according toTAIR, 201%) produced some interesting results. It displayed no sigmific

variation in leaf Cu concentration (p>0.05) but did display a significant increase in Cd
concentration within the leaves (p<0.001). A number of other element concentrations was also
disrupted in the leaf, namely a significant decrease in B and Baminaten (p<0.001) and a
significant increase in S, Mo and Cd concentrations (p<0.001). This was thought to be a result
of Cd toxicity mechanisms that cause increased S as the plant utilises S rich chelating agents
and decreased B as more Cd is sequestaii¢hin the cell walls of roots. Mo could be

following as a structural analogue of S0while Ba may also be binding to the Cd modified cell
walls. Other tissues (seed and stem) analysed showed no disruption or increase in Cd
concentrations, makin@d hma2 a good potential candidate for phytoremedial purposes. The
Mo candidateumamit 28showed a significant increase in both S and Mo concentration
(p<0.01). This contributes to previous research which observed a similar increase in leaf Mo
concentraton (according to the PiiMs databafaxter et al., 20073)and adds weight to the

link between S and Mo concentrationB naps. Other element concentrations showed

inconsistent results between the two mutant lines analysed as part of this study.

Overall, analysis of the limited leaf candidates was successful with two candidates being
validated for a role withi\. thaliana Markers from this study could be used for MAS to breed

for either increased S/Mo uptake/concentrations in the leaves for nutrient use efficiency , as
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well as either increased (for phytoremedial purposes) or decreased (for human consumption)

Cd concentrations.

5.4 Chapter summary and conclusions

In this chapter the genes controlling nutrient concentration within the leaveds. alapuhave
been explored. An AT approach was applied to a number of specific elements within the leaves
(including Cu, Cd, Mn, Zn, Mo a8jl Unlike seed analyses, only a very limited number of
candidates was taken forward to be tested withthalianaT-DNA insert lines. This was a

result of very few novel loci being identified which had not been previously test&d in
thaliana.Perhaps his is a consequence of there being many associated loci of small effect or
that the traits under investigation were highly conserved across the diversity feeef.1).
Furthermore, perhaps the limitations of the paranscriptome coverage have limited the
candidates identified, e.g. the lack of a CDS gene modalfigd Additionally, well known
candidates were not tested further, suchldMA 2+3n Cd (se&.2.2), but would make good
targets for further testing with radiation/EMS TILLING or MAS. Furthermore, a common
pattern was observed amongst most GEM AT outputs. dstiues of the floral regulators
SOCHhndFLGwere frequently the most highly associated GEMs. This became the focus of
subsequent experiments, as detailed in the next chag@et,herefore the overall number of
candidates investigated for the leaves has been limited (alongside the previously discussed
limitations of studying candidate genesAnthalianaand experimental design limitations, such

as lack of transqui quantifications of the “IDNA lines analysedee7.1).

Of the candidates taken forward for further analysis, two were successfully validaged in
thaliana The Cd unidentified candidate had significantly (p<0.001) higher concentrations of Cd
within its leaves and showed disruption for a number of other elemnéreduced B and Ba/
increased S, Mo and Cd (p<0.001)). It was theorised that these elements may be disrupted as
part of a Cd toxicity response; increased S (and Mo as an analogue) for the production of
chelators to deal with the increase Cd within thamit decreased B in the leaf as the root cell
walls are modified to sequester the excess Cd and reduced Ba as a consequence of binding the
same sites in the cell wall as Cd (but with higher affinity). However, this merely a theory and
requires further vatiation. For example, other tissues such as the roots could be analysed with
ICRMS (e.g. for a change in B), whilst levels of GSH or phytochelatins could be measured with
mass spectrometry and HPLC (&dgndozaCdzatl et al., 2008)'he Mo candidateymamit 28
displayed increased Mo and S concentrations in leaves, corroborating previous research which
found an increase in B(PiiMs,(Baxter et al., 2007apnd a close relationship between Mo

and S irB. napusOnce again, these candidates could betfar investigated by exploiting the
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natural variation within the diversity panel, potentially leading to MAS for phytoremedial

purposes in the case of Cd HMA or improved S/Mo efficiency XoAMIT28.

166



6 Investigating the relationship between the wider leaf ionome

and flowering

6.1 Introduction

Individual AT GEM analyses of leaf elements were commonly giving ortholodtieGoi

SOCHhs some of the most highly associated GEM AT results. When the trait data was further
investigated, it was shown that not only were many of the element concentrations within the
leaf ionome negatively correlated witiLGrthologue expression and positiyetorrelated

with SOCbrthologue expression, they showed an overall negative correlation to flowering
time i.e. the longer the plants took to flower the less concentrated the elements within the
leaves were (as measured in days taken to flower relatithedastest flowering genotype,
Table5.3.3a). There are many potential explanations for this observation. Firstly, there are
both spring and wintefoilseed rape) OSR ecotypes within the RIPR diversity panel. This could
create these associations if the plants were sampled prior to fulfilling the vernalisation
requirement of all lines. Alternatively, the floral regulators could in some way be integact

with the nutrient status of the plants. To investigate this relationship further a number of
experiments was designed. Firstly, an attempt was made to control variation for flowering by
the analysis of a split data set; the data was split accordirkg.t@xpression and then by
flowering time (as measured by a project student Mn@ido José Martinez Ortufio, see

6.2.3. The intention waghat by lookingat winter and springOSR ecotypeseparatelyit would

be possibleto removethe associatiorobservedwith the floral regulators Whenthis failed,

G fdzSa F2NJ GKS wiz2aGrt €SFT SaaSydAalrt A2y2YSQ
(seeb6.2.2). These were analysed with AT and the association regions highlighted were
analysed for common candidates with the flowering time (in days) AT analysig (lusin
flowering time data generated by Miartinez Ortufio) Candidates from these analyses were
initially tested inA. thalianainsert lines before a wider leaf ionome timeline was conducted in

B. napus
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Table5.3.3aFlowering time correlationgas days relative to the first flowering linegenerated by a project student, MMartinez Ortufig against the expressioflas RPKM)

of all CDS gene models whose orthologuestirthalianaare annotated asSOCAFLCleaf element concentrations I & Y3k {13 52 | yR &dzYYSRX | yR
Yield is only indicative as any side stems outside of the pollination bags were removéthaeeas et al., 2016R values are difgyed to 3 decimal places, significant

correlations (p<0.001) are indicated in bold and underlined, while those for p<0.05 are only in bold, n=297. The tahlesis fwohighlight positive correlations (red) and

negative correlations (blue). Relativdfdiences in expression (average RPKM for each CDS gene model) are indicated in yellow for RPKM average values.

Floweri | A2 FLC | A3FLC | ALOFLC | C2FLCB | C3FLCB | C3FLCB | COFLCB [ COFLCB | A3 SOCL [ A4 SOCL | A5 SOCL [ C3SOCL | C4SOCL | C4SOC] .
Trait | ngtime | Cab0361| Cab0024| Cab00766| naC02g00| 03g00547 | 03g02425| 09g17337| 09g17340| Cab00326| Cab04575| Cab02535| Bo3g0388| B0o4g0248 | 1 Bo4gl
(days) 25.1 72.4 1.1 490D 0.1 0.1 0.1 0.1 7.1 41 6.1 80.1 50.1 957201 | @
Na -0.470 -0.096 -0.470 -0.335 -0.472 -0.248 -0.424 -0.189 -0.090 0.382 0.267 0.370 0.281 0.392 0.214 -0.095
Total -0.439 -0.140 -0.438 -0.382 -0.412 -0.219 -0.407 -0.242 -0.082 0.384 0.269 0.407 0.290 0.418 0.181 -0.063
Mg -0.426 -0.045 -0.409 0.213 -0.468 -0.153 -0.382 -0.114 -0.155 0.287 0.166 0.335 0.172 0.385 0.133 | -0.004
s 0420 | 0224 | 0512 | -0.428 0414 0303 | 0428 | 0313 0,015 0.440 0.393 0.434 0.328 0.443 0313 | -0.029
Ca -0.379 -0.048 -0.327 -0.157 -0.379 -0.116 -0.274 -0.091 -0.126 0.269 0.067 0.324 0.181 0.388 0.052 0.012
Mo -0.367 -0.253 -0.455 -0.317 -0.339 -0.344 -0.390 -0.233 0.002 0.405 0.275 0.370 0.285 0.398 0.203 -0.135
Cd -0.311 -0.104 -0.299 -0.195 -0.314 -0.173 -0.240 -0.110 -0.087 0.182 0.020 0.241 0.072 0.301 0.094 0.149
Sr -0.299 0.002 -0.268 -0.089 -0.336 -0.078 -0.226 -0.050 -0.163 0.213 0.010 0.274 0.124 0.329 0.014 | 0.017
Ti -0.297 -0.105 -0.263 0.162 -0.300 -0.100 -0.212 -0.117 -0.095 0.196 0.089 0.283 0.175 0.302 0.106 | -0.009
As -0.286 -0.148 -0.238 -0.268 -0.263 -0.151 -0.220 -0.126 -0.029 0.317 0.179 0.354 0.254 0.382 0.093 | -0.117
Cu -0.228 -0.158 -0.312 -0.319 -0.246 -0.238 -0.236 -0.245 0.104 0.403 0.282 0.285 0.303 0.299 0.188 0.024
Mn -0.216 -0.187 0.221 -0.281 -0.139 -0.085 -0.130 0.191 0.055 0.244 0.181 0.198 0.232 0.201 0.122 | -0.087
Ba -0.214 -0.017 -0.204 -0.020 -0.246 -0.039 -0.158 0.009 -0.140 0.217 0.000 0.257 0.125 0.303 -0.021 -0.070
B -0.203 -0.078 -0.353 -0.237 -0.254 0.163 -0.290 -0.182 -0.054 0.282 0.137 0.202 0.185 0.205 0.102 | -0.132
P -0.180 -0.076 -0.300 -0.339 -0.237 -0.200 -0.265 -0.214 0.087 0.221 0.241 0.159 0.157 0.163 0.155 0.030
Al -0.161 -0.124 -0.048 -0.101 -0.123 -0.013 -0.057 0.080 -0.001 0.167 0.101 0.231 0.105 0.233 0.014 -0.129
K -0.154 -0.087 -0.139 -0.227 -0.096 -0.088 -0.160 -0.146 -0.013 0.164 0.146 0.168 0.150 0.135 0.072 -0.082
Rb -0.110 -0.010 -0.091 -0.211 -0.066 -0.073 -0.108 -0.101 -0.009 0.058 0.060 0.049 0.066 0.032 0.007 -0.023
Cs -0.107 -0.081 -0.153 -0.167 -0.139 -0.009 -0.123 -0.067 0.034 0.114 0.138 0.052 0.141 0.049 0.053 -0.190
Se -0.095 -0.050 -0.099 -0.025 -0.015 0.029 -0.057 -0.064 -0.059 0.012 -0.026 0.041 -0.030 0.035 -0.039 -0.051
Zn -0.048 -0.065 -0.090 -0.169 0.017 -0.080 -0.014 -0.095 0.063 0.049 -0.020 -0.007 0.007 0.012 -0.009 0.128
Fe -0.017 -0.124 -0.014 -0.121 0.060 -0.005 0.024 -0.058 0.149 0.045 0.089 0.049 0.057 0.030 0.065 -0.041
Yield (@) 0.011 -0.001 0.092 0.000 0.106 0.077 0.085 -0.021 -0.031 -0.096 -0.086 -0.102 -0.053 -0.084 -0.071 NA
Zlcz\c,iv;):lsr; NA 0.255 0.574 0.494 0.432 0.318 0.548 0.256 -0.021 -0.327 -0.438 -0.360 -0.470 0217 | 0011
Average
RPKM 42.25 8.79 45.66 32.50 120.63 1.94 9.26 29.14 17.21 21.49 2.16 3.72 5.81 9.73 NA
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6.2 Leaf ionome and flowering specific methods:

6.2.1 Controlling for spring and winter OSR ecotypes: splitting the diversity panel
according to flowering time arfeLGexpression
Considering that an association between leaf nutrient status kowiefring time may be a
consequence of the presence of spring and winter ecotypes within the diversity panel (i.e. the
leaves were at different developmental stages and could therefore have had different nutrient
statuses) it was cogent to test if the rafatship was maintained when the panel was split into
spring and winter ecotypes. It was quickly observed that the ecotype information associated
with the diversity panel seemed to display inconsistencies. For example spring ecotypes with
highFLG=xpressian and winter ecotypes with lowLCTherefore in order to be certain that
the panel was being correctly split, actual flowering time data was required. A suitable dataset
had been previously produced as part of an Erasmus/Lifelong learning project byntld&a
José Martinez Ortufio (as detaileddr2.3. The data was then split in two ways: according to
flowering time (as days to flowering) and based orFA8:xpression (as RPKM). The A3 copy
of FLGwvas used as it was consistently the most highly associated marker in AT analyses. Data
was trimmed so that only accessions with both flowering time and leaf nutrient information
were analysed, allowing for direct compoin. Furthermore, only lines which were designated
as a spring or winter oilseed rape (OSR) ecotype were included (i.e. exotics, spring fodders,
synthetic swede, swede and anything with no ecotype information were removed from
analysis). The dataset wasthordered according to eithéfLGxpression or flowering time in
days, split into halves and then quartiles. Each subset was then assessed for correlations:
between element concentrations, flowering time and the expressiofLdind SOC1

orthologues.

622 Ww2Grf tSIFF¥ SaaSyiAalt A2y2YSQ @3 W/ 287
¢KS wiz2art tSIFHF SaaSydalrt A2y2YSQ gl a OF f Od
element concentrations from the RIPR dataset that were successfully analysed wi#tSI{DP

leaves (11 elements in total: B, Ca, Cu, Fe, K, Mg, Mn, MonB Z)a This total was then

analysed by AT and the associated regions of the genomes were assessed for the presence of
OFYRARFGS GNIXAG O2yiNREf 3ISySao LG sl a O2YLI N
successfully analysed with I8F5; Al, As, B, Baa(dCd, Cs, Cu, Fe, K, Mg, Mn, Mo, Na, P, Rb, S,
{8 {NE ¢A YR %yov odzi GKS NBadzZ §& sSNB | fY2
G20t Q gFa G(63DBY TZRHIONR OdBPHS (KS WO2STFTAOA

the essential elements were included; these were individually ranked fra383 (1 being the
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line with the lowest concentration and 383 being the highest), the averageanad standard

deviation across all elements for each accession was taken. The standard deviation was then
RAGARSR o0& (GKS I@SNY3IS G2 3IAGS GKS WwWO2STTAOA
was possible to distinguish which lines had consiyehigher element concentrations from

those which had either consistently lower element concentrations or those which displayed a

lot of variability. The purpose of this approach was to provide a clearer picture of overall

concentrations in comparisoni® KS Wwi2dFf YSGiK2RQ Fa Al ¢é2dzZ R

abundant macronutrients.

6.2.3 B. napuglowering time

Flowering time was analysed as part of a separate project by a visiting studena@slidc

José Martinez Ortufip)ts use within this study wastaplitting the panel (se6.2.1) and

comparison to leaf element concentration data. Briefly, all the accessions from the whole RIPR
diversity panel were sown (4Xgcessions, October 2014) with four replicate plants per

accession each within a glasshouse. Once established, the plants were moved outside to
vernalise over winter (21/11/14 to 13/2/15). Flowering was measured relative to the earliest
accession to floweras soon as yellow was observed on the flowering bud it was considered to
have flowered and every plant which flowered thereafter was counted relative to the first (i.e.

the first accessions were counted as day zero and everything following was the nohuasts

relative to the first accession). The average flowering time for each of the four plants per
accession was used in further analysis (for splitting the panel and in AT analysis). Plants which
failed to flower were removed from analysis. In totaiktleft flowering data for 368 accessions

to be analysed with AT. This data was used within this study to: perform correlations against
FLZSOCDbrthologue expression and leaf element concentration ddiab{e5.3.3a); split the

panel in an attempt to break the association between leaf nutrients and flowering time (see
6.3.1); and to compare AT outputs (s68.40 (2 (K2aS 2F waz2drt €SI ¥
632 | YR (GKS wO2SFFe3@A Syl 2F O NRAFGAZ2YyQ 6488

6.2.4 Candidate gene analysis: growth condition variatigh thaliana

Unlikethe A. thalianalines grown for seed and general leaf analytsis,plants grown for the

leaf ionome flowering variation were grown under two conditigakhough still within the

same P24 pots). After a few weeks of growth at (12 hour day/ night, h6gemperature

N} y3IsSos KEEF GKS LXLFyida 6SNB Y20SR (2 akKz2N
YAIKG LG mMpe/ 0 FyR KFEF GKS L¥-#yd/a reVIRNIGER:

range). This would allow the investigation of the potentiahgring lines under both short and
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long day conditions to investigate whether there was any link between flowering and the leaf

ionome.

6.2.5 Leafionome timeline iB. napus
Plants for use in the leaf ionome timeline experiment were the same as those growrefor

pod ionome comparisons. For details of how the plants were growndsg2es(J).

To understand whether the link between flowering time and leaf nutrigricentration

observed in AT analysis of the leaf ionome was the result of differences between spring and
winter ecotypes or an adaptive mechanism to variable leaf nutrient concentration, a leaf
ionome timeline experiment was designed. 5 trays of planteewggown so that leaf
development stage could be compared between undamaged plants at different developmental
stages, under vernalised and n@arnalised conditions. The second true leaves of plants from
tray 1 were sampled once the plants had reached4fi¢rue leaf. Plants from trays 4 and 5
were moved into vernalisation conditions at this development stadérife leaf, see above).
The 2¢and 4" trays were sampled for their'Strue leaf once the plants had reached thé 7

true leaf, whilst the plats of the 3 and 3" trays were sampled for their7true leaf when

they reached the 9true leaf. The leaves of the plants were dried and stored until they could

be digested and analysed with KOS (as described &5).
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6.3 Results

6.3.1 Controlling for spring and winter OSR ecotypes: splitting the diversity panel
according td~LGxpression and flowering time

None of the methods utilised for splitting the panelut remove the association between leaf

nutrient concentrations and flowering time completely. This is unsurprising considering the

number of CDS gene models included in analysis @LUaind 6 forSOCY, the number of

elements under analysis (21, i.betnumber of elements accurately analysed in leaves: Al, As,

B, Ba, Ca, Cd, Cs, Cu, Fe, k, Mg, Mn, Mo, Na, P, Rb, S, Se, Sr, Ti and Zn), and the quantity of

measurements for each trait under analysis (at least n: 63). This gave many instances where a

signficant association (p<0.001) occurred between a CDS gene model and a trait (data not

presented, cf(Thomas et al., 2016yr full correlation tables comparing all elements within

leaves, as well as in comparison to seed and vaotiusr trait datasets, alongside stepwise

discriminant analysis). As such, analyses were limited to looking at associations between the

various elements against the orthologuesFafGA3 Cab002472.4) alglDC1C4

B04g024850.1) which were the most highlg@sated with leaf nutrients, the most highly

expressed copy dFLQC3 Bo3g005470.1) and the flowering time in days. Furthermore, only

analyses which were significant to p<0.001 were considered. As the number of observations

was generally large the chanoétype 1 errors was increased, therefore a more stringent p

value was used throughout these analyses alongside comparison to effect size (p<0.001

ASYySNIrffe NBFESOGSR I KAIKSNI STFFSOG aAail Skt St

+/-0.2, medum +/-0.5, large +0.8(Nakagawa and Cuthill, 2007; Sullivan and Feinn, 201Q)

give a general overview of what was happening within the leafriema number of summed

totals was included (i.e. data was summed to give a general overview): total ionome (sum of all

element concentrations in the ionome); essentials/nessentials (sum of essentials (B, Ca,

Cu, Fe, K, Mg, Mn, Mo, P, S, Zn)heseenial (Al, As, Ba, Cd, Cs, Na, Rb, Se, Se, Sr, Ti) element

concentrations included in the study); Mobile/immobile (sum of essential elements considered

to be mobile (Cu, Fe, K, Mg, P and S)/ immobile (B, Ca, Mn, Mo,BEZmjapuqsee6.3.7and

Maillard et al., (2015)

Analyses with were split based upon A3.GxpressionTable6.3.1a) values were effective

in removing any correlation between leaf nutrients and flowering time for both Q1 (the lowest
quartile/hinge, i.e. the lowesELQxpression) and Q4 (the highest/uppgrartile/hinge, i.e.

the greatestFLG=xpression). However, there was a significant (p<0.001) association between
0KS WwWadzy G20Ff A2y2YSQ 061 y RLGHdflodveriggtimairk@2. A Y RA
Further whenFLGand SOCExpression were comped it was found that these were also
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significantly associated with time to flowering, suggesting that the method of splitting the data

had been ineffective for this group. Considering that Q2 plants had a low to intermédi@te
expression in comparisol the other groups, this would suggest that it is the difference

between the spring ecotypes causing the association. This fits well with the AT results;

population structure is controlled as part of AT analysis (with the use of a Q matrix) so it would

be hypothesised that any associations observed were not a consequence of variation between
different ecotypes. However, when this group wasaralysed with everything defined as a

winter (n 22) ecotype removed, the correlation between&AChnd flowering vas

maintained (RN ®c g7 = LF ndnam Yy nnoX +a 6+a GKS | a2
A2y 2 Y-6%22, p 90.001, n 44), but the association betwEe@and flowering was finally

broken (R 0.131, p 0.398, n 44). This is interesting as it impheshth link between flowering

and leaf nutrient status may ndte vernalisation dependent (siné&.ds no longer correlating)

but may be associated with the flowering pathway in generab@€ integrates signals from

multiple pathways(Lee and Lee, 2010None of the variou§LGomologues as part of this

reduced set showed a significant correlation to flowering time (as p<0.001, although the A2
FLGwas close, r 0.470, p 0.0013), whtlsree SOChomologues did (A34.554, A5 £0.582

and C4 as above, p<0.001 n 44). In addition, it was found that for Q3 a significant (p<0.001)
association betweenthe MBLGSELINB & &A 2y YR (GKS WwWi2Glt A2y2Y
Y206 Af S asmahiined. Cansidering the apparent link between nutrients and flowering

time in general it was therefore decided to try splitting the data based on flowering time.
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Table6.3.1a Correlation table béween FLESOCZExpression, flowering time and leaf nutrient concentration when the diversity panel is split according t¢&IA3
expression.

Correlation tables for flowering time data (as days, 663, ASFLCC3FLGind C4SOCRPKM expression values, yield (as g from 6 plants), all elements within the leaf
ionome (as mg/kg) and a range of summed totals (total ionome: sum of all eleimethiesionome; essentials/neressentials: sum of essential/na@ssential elements
included in the study; Mobile/immobile essential (see ); sum of elements considered to be mobile/ immdhileapugsee6.3.7, (Maillard et al., 2015) Data for the

diversity panel was split based &h.CGexpression into quartiles/hinges from lowest (Qd highest (Q4) and tested for associations (Q1 top left, Q2 top right, Q3 bottom left
and Q4 bottom right). R values are displayed to 3 decimal places, significant correlations (p<0.001) are indicated dhupaldriimed, while those for p<0.05 are prih

bold. The table is coloured to highlight positive correlations (red) and negative correlations (blue).
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Q1 Trait ELCN:67) :;O—g;%g C3 FLCB03g00| C4.SOC1B04g02| Flowering time Q2 Trait FLC A3 FLCCab| C3 FLCB03g00| C4 SOC1Bo4g02| Flowering time

: P 5470.1 4850.1 (days) n:66) 002472.4 5470.1 4850.1 (days)

Na -0.063 0.123 0.069 -0.164 Total lonome -0.400 -0.060 0.361 -0.539

Non-essentials -0.068 0.121 0.076 -0.162 Essentials -0.392 -0.041 0.361 -0.532

Al -0.230 -0.082 0.273 -0.157 Cd -0.184 -0.296 0.454 -0.483

Se 0.067 0.289 0.089 -0.141 Mg -0.404 -0.126 0.295 -0.474

Mobile essentials |  0.018 -0.117 0.163 -0.137 Immobile -0.277 -0.079 0.312 -0.471

essentials

Rb 0.025 -0.139 -0.030 -0.126 Ca -0.277 -0.078 0.311 -0.469

K 0.086 -0.094 0.033 -0.125 Non-essentials -0.378 -0.346 0.210 -0.447

Total lonome -0.071 -0.109 0.302 -0.094 Na -0.379 -0.351 0.207 -0.444

Essentials -0.068 -0.120 0.305 -0.085 Mo -0.258 -0.225 0.259 -0.441

Yield (g) -0.255 -0.251 -0.013 -0.069 As -0.171 -0.120 0.303 -0.437

Fe -0.020 0.003 -0.034 -0.031 Mobile essentials|  -0.337 -0.015 0.288 -0.419

Mg -0.216 -0.102 0.305 -0.025 Sr -0.208 -0.001 0.243 -0.388

Cs -0.075 0.071 -0.014 -0.021 S -0.337 -0.118 0.252 -0.375

P 0.118 0.166 -0.021 -0.019 Ti -0.251 -0.046 0.280 -0.355

Zn -0.011 -0.045 0.026 -0.019 Mn -0.122 -0.102 0.242 -0.343

S -0.082 -0.059 0.187 -0.014 Ba -0.135 0.076 0.167 -0.295

cd -0.112 -0.037 0.270 0.000 B -0.301 0.032 0.115 -0.245

Cu -0.030 0.131 0.060 0.013 K -0.142 0.077 0.178 -0.226

Mo -0.051 | 0287 | 0.147 0.036 P -0.367 -0.172 0.060 -0.213

Mn -0.056 0.075 0.007 0.073 Zn 0.079 -0.075 0.062 -0.169

Ca -0.204 -0.017 0.353 0.112 Fe -0.095 -0.092 0.093 -0.161

Immobile -0.204 -0.016 0.352 0.113 Cu -0.044 -0.095 0.087 -0.153
essentials

Sr -0.156 -0.014 0.306 0.117 Yield (g) -0.163 0.011 -0.013 -0.141

Ti -0.074 0.040 0.263 0.133 Rb -0.032 0.087 0.037 -0.114

As -0.233 -0.203 0.313 0.157 Al 0.082 0.186 0.043 -0.079

Ba -0.146 -0.051 0.276 0.187 Cs -0.118 0.156 -0.115 -0.031

B 0.026 0.104 0.032 0.226 Se -0.012 -0.090 -0.035 0.103

Flowering (days) | -0.039 -0.015 -0.113 NA Flowering (days) | 0.449 0351 ImeEam O NA |
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03 Trait ELCN:66) :SEE;%CZ C3 FLCB03g00 | C4 SOC1B04g02| Flowering_time Q4 Trait FLC A3 FLCCab| C3 FLCB03g00 | C4 SOC1B04g02| Flowering_time
' 4 "| 5470.1 4850.1 (days) n:67) 002472.4 | 5470.1 4850.1 (days)
S 0.150 -0.128 0.273 Mg 0.092 0.150 0.134
Mo 0.144 -0.133 0.173 Non-essentials 0.127 0.137 0.080
Ba 0.146 -0.005 -0.113 Na 0.127 0.135 0.082
Immobile 0.148 -0.053 0.027 As 0.115 0.013 -0.073
essentials
Ca 0.150 -0.053 0.024 Ca -0.014 0.174 0.034 -0.216
Sr 0.186 0.029 0.078 Immobile -0.014 0.176 0.032 0211
essentials
B 0.079 0.012 0.034 Mo 0.165 -0.100 0.025 -0.201
Ti 0.302 -0.060 0.067 -0.196 Sr -0.034 0.144 -0.006 -0.174
Mg 0.102 0.010 0.116 -0.189 Al 0.075 0.123 -0.071 -0.144
Total lonome -0.011 0.064 -0.187 Cu -0.077 -0.096 0.036 -0.136
Mn -0.152 -0.014 0.219 -0.180 Ba -0.040 0.053 0.003 -0.120
Essentials -0.003 0.056 -0.180 Cd -0.096 0.177 0.027 -0.104
Non-essentials -0.070 -0.141 0.157 -0.172 Ti -0.107 -0.072 -0.023 -0.037
Na -0.076 -0.141 0.160 -0.169 Yield (g) -0.027 0.138 0.120 -0.020
Fe 0.008 0.018 0.202 -0.134 Cs 0.092 -0.043 -0.028 0.009
Mobile essentials [ 0.416 | 0.015 0.053 -0.121 Total lonome 0.119 0.128 0.024 0.015
Al 0.137 -0.075 -0.021 -0.111 Essentials 0.115 0.124 0.021 0.027
Yield (g) 0.261 0.143 0.124 -0.098 S 0.016 -0.126 0.168 0.043
cd 0.179 -0.036 -0.065 -0.081 Mobile essentials|  0.137 0.092 0.015 0.092
Cs 0.038 0.279 -0.080 Mn -0.036 0.172 -0.064 0.143
K 0.054 -0.061 -0.032 P 0.023 -0.180 0.104 0.147
As 0.098 0.074 0.078 -0.028 Rb 0.065 0.066 0.010 0.155
Se -0.069 -0.014 -0.060 -0.024 K 0.134 0.117 -0.060 0.162
P 0.240 -0.071 0.237 -0.023 Zn -0.153 0.145 -0.020 0.165
Rb 0.351 0.077 -0.096 -0.023 Fe -0.056 0.105 -0.166 0.169
Zn 0.118 -0.039 -0.080 -0.003 Se 0.096 -0.015 -0.088 0.208
Cu 0.088 -0.133 0.119 0.118 B 0.115 -0.105 -0.028
Flowering (days) 0.003 0.121 NA Flowering (days) -0.059 -0.001 -0.129 | NA
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Splitting the panel based on flowering time data had a much greater succes3 aste (

6.3.1b). It removed the association betwedfLCSOC1o flowering in all quartiles except Q1
(where there was a significant association withSQICL Within this quartile (made up of
entirely spring and 2 winter OSR ecotypes according to accession information), there was a
significant association (p<0.001) between flowering time, essential elements and the total
ionome. The more immobile elements seed to show better associations 8OCExpression
both in Q1 and Q4. However this could have been a confounding effect of the more abundant
Ca. Nevertheless, the results of these associations further support the conclusion that the
apparent association iereen flowering time and leaf nutrients is a consequence of the earlier
flowering spring ecotypes. However the association Witlinay be a consequence of
spring/winter ecotype differences i.e. there is an association between flowering and leaf
nutrientsindependent ofFLCbut this is amplified wheRLQxpression is also considered.

Note, splitting based on CROCExpression was also performed (data not presented, see
Appendix19) and supported the conclusion that earlier flowering genotypes were more
readily associated with higher leaf nutrient concentrations (i.e. Q4 had significant, p<0.001,
associations with the total ionome etc.). Since none of the methodgpliting the data

seemed to adequately remove the association between flowering time and leaf nutrient
status, it was decided that AT analyses would be examined more closely to try to find any

common candidates between leaf nutrients and flowering time.
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Table6.3.1b Correlation table betweerFLCSOCExpression, flowering time and leaf nutrient concentration when the diversity panel is split accordinfioering time.
Correlation tables for flowenig time data (as days, sée2.3, ASFLCC3FLGind C4SOCRPKM expression values, yield (as g from 6 plants), all elements within the leaf
ionome (as mg/kg) and range of summed totals (total ionome: sum of all elements in the ionome; essentialgasentials: sum of essential/nassential elements

included in the study; Mobile/immobile essential (see ); sum of elements considered to be mobile/ immdhitapus(see6.3.7, (Maillard et al., 2015) Data for the

diversity panel was split based on flowering time data (as days to flogerito quartiles/hinges from lowest (Q1) to highest (Q4) and tested for associations (Q1 top left, Q2
top right, Q3 bottom left and Q4 bottom right). R values are displayed to 3 decimal places, significant correlations Yp«@ i@dicated in bold andnderlined, while those

for p<0.05 are only in bold. The table is coloured to highlight positive correlations (red) and negative correlations (blue).
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