Chapter 5
Journal article:
“Multivariate associations of flavonoid and biomass accumulation

in white clover (Trifolium repens) under drought”

Ballizany, W. L., Hofmann, R. W., Jahufer, M. Z. Z., & Barrett, B. A. (2012). Multivariate associations of
flavonoid and biomass accumulation in white clover (Trifolium repens) under drought Functional
Plant Biology, 39(2), 167—177. doi:http://dx.doi.org/10.1071/FP11193

The drought experiment in February 2009.
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Site meteorological data were recorded at a meteorological station approximately 3 km from the

experimental site.

Figure 5.1 Close-up of a well-watered sub-plot in the drought experiment.

The irrigation system can be seen as black pipes with smaller tubes leading to emitters in the pots.
The grey object is one of two rain gauges for the two treatments, connected to a data logger. In the
background, custom-built rain shelters for the water-limited sub-plots can be observed.
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Figure 5.2 A water-limited sub-plot in the drought experiment.

5.4.2 Measurements

Soil moisture content in one randomly chosen pot per replication per treatment was measured every
week using Time Domain Reflectometry (TDR, % volumetric water content; HydroSense, Campbell
Scientific Inc., Logan, UT, USA). To obtain a measure of plant water deficit stress, several
physiological measurements were carried out in the parental genotypes Tienshan and Kopu Il, and in
one randomly chosen F; genotype from each replication. A Li-Cor 6400 portable photosynthesis
system (LI-COR Biosciences Inc., Lincoln, NE, USA) was used to measure P,, photosynthesis (umol CO,
m? sec™); g, stomatal conductance (mol H,0 m™ sec™); and E, transpiration (mmol H,0 m™ sec™).
Physiological water use efficiency (WUE) was calculated from P, E™. A plant water status console
(3000 Series, Soil moisture Equipment Corp., Santa Barbara, CA, USA) was used to measure water

potential W (MPa) (Turner 1990).

At 17 weeks, plants were destructively harvested and dry matter (DM) was measured for above- and
below ground biomass. Shoots were oven-dried for 48 hours at 70 °C. Roots were washed free of soil
and oven-dried for 48 hours at 70 °C. Roots and shoots were weighed separately for root DM (RDM,
g), shoot DM (SDM, g), and the data were used to calculate root:shoot ratio (RSR) and total DM

(TDM, g). The index of relative chlorophyll content (SPAD value, the optical density difference at two
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wavelengths: 650 nm and 940 nm) was measured with a SPAD-502 leaf chlorophyll meter (Konica

Minolta Sensing Inc., Osaka, Japan).

5.4.3 Analysis of flavonoids by high performance liquid chromatography (HPLC)

Sample preparation and HPLC analysis followed established methods (Hofmann et al. 2000; Ryan et
al. 2002; Dong 2006). Plant material was sampled for flavonoid leaf analysis immediately prior to the
final harvest. Ten first fully expanded (FFE) trifoliate laminae from each individual were collected.
Immediately after collection, samples were flash-frozen in liquid nitrogen and stored at -34 °C. The
frozen samples were ground to a fine leaf powder with a mortar and pestle in liquid nitrogen, after
which the ground samples were freeze-dried for 48 hours in a freeze-dryer (W.G.G. Cuddon Ltd.,
Blenheim, New Zealand) and stored at -34 °C until analysis. The freeze-dried, ground plant material
(50 + 2 mg) was extracted in darkness with occasional vortex shaking for 12 hours in 3 ml MeOH-H,0-
HOAC (79:20:1). Following centrifugation, 2 ml of the supernatant was syringe-filtered into amber 2
ml HPLC vials with caps and used for HPLC analysis. Analytical HPLC was performed on an integrated
HPLC machine (Agilent 1100 series, Agilent Technologies, Waldbronn, Germany). Chromatography
was carried out with an injection volume of 10 pl and a flow rate of 0.8 mL min™, on a Merck
LiChroCART 125-4 RP-18 end-capped column (4 um, 4 mm x 119 mm), filled with Superspher 100
silica gel fitted with a LiChrospher 100 RP-18e 5 um guard column. The gradient solvent system
comprised filtered solvent A (1.5% H;PO,) and filtered solvent B (HOAc-CH;CN-H;PO,-H,0
(20:24:1.5:54.5)), mixed using a linear gradient starting with 80% A and 20% B, increasing to 67% B at
30 min, 90% B at 33 min, 100% B at 39.3 min, and back to 20% B at 41 min to 47 min total. In order to
maintain the integrity of naturally-occurring flavonoid compounds in the samples, the leaf extracts
were not hydrolysed. The resulting chromatograms thus contained numerous flavonoid peaks. These
were examined individually for their online spectra, which clearly identified them as derivatives of
the flavonols quercetin and kaempferol (Markham 1982). The integrated areas of all flavonol peaks
(measured at 352 nm) were added, and the result compared to an external standard curve prepared
using 0, 10, 25, 50 and 100 ppm rutin (quercetin 3-rutinoside). Thus the flavonol glycoside levels are

expressed here as rutin equivalents (Ryan et al. 2002; Olsen et al. 2010).

5.4.4 Statistical analyses

The statistical analysis included (i) estimation of phenotypic correlation coefficients, (ii) analysis of
variance, (iii) estimation of broad sense heritability based on plant means within and across

treatments, and (iv) multivariate analysis including principal component analysis and cluster analysis.
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Phenotypic correlation coefficients between the traits Q glycosides and TDM, and between principal
components 1 and 2 from the principal component analysis and the traits A% Q, A% K, A% QKR, A%
RDM, A% SDM, A% TDM, A% SPAD were estimated according to Falconer and Mackay (1996).

The analysis of variance for the traits Q, K, QKR, RDM, SDM, TDM, SPAD was carried out using the
Residual Maximum Likelihood (REML) (Virk et al. 2009) option in GenStat 12 (VSN International Ltd.,
Hemel Hempstead, United Kingdom). The Best Linear Unbiased Predictor (BLUP) values (Piepho et al.
2008) from the REML analysis were used in the generation of adjusted means. The linear models
used in the variance component analysis were completely random. The linear models used in the
variance component analysis within individual treatments (environments) and across treatments

were completely random.

Equation 5.1 The linear model used in the analysis across environments.

Yijk =M + g + e + by + (ge); + (gb)i + i

Where:

Yik is the value of an attribute measured from plant i in replicate k in environment (treatment) j,
and i=1,...,ny, j=1,...,n,, and k=1,...,n,, where g, e, and b are plants, environments and replicates,

respectively,

M is the overall mean,

g is the effect of plant /, N(O,ozg),

e is the effect of environment j, N(0,0%),

bj is the effect of replicate k within environment j, N(O,ozb),

(ge); s the effect of the interaction between plant i and environment j, N(O,ozge),
(gb) s the effect of the interaction between plant i and replicate k in environment j, N(O,ong),
Eiji is the residual effect associated with plant i in replicate k in environment j, N(0,0%).

Including the treatments (environments) as random effects enabled estimation of the type and

magnitude of genotype-by-treatment interaction.

The plant mean across-replicates broad sense heritability (Hy) within individual treatments for the

traits Q, K, QKR, RDM, SDM, TDM, SPAD was estimated (Falconer and Mackay 1996) using:
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Equation 5.2  Broad-sense heritability within treatments.

2
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where O'g is the within treatment genotypic variance component, o; Is the error variance component,

and n, is the number of replicates.

The plant mean across-replicates and across-treatments broad sense heritability (Hy,) for the traits Q,

K, QKR, RDM, SDM, TDM, SPAD was estimated (Falconer and Mackay 1996) using:

Equation 5.3  Broad-sense heritability across treatments.
2
g
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where a; is the across treatments genotypic variance component, a;.t is the genotype-by-treatment

interaction variance component, agz is the error variance component, n; is the number of treatments,
and n, is the number of replicates. Variance components were considered significant if they were 2 2
x standard error of difference (SE), as an estimated least significant difference (LSD) at the 5% level

(Jahufer et al. 1997).

Principal component analysis (PCA) was performed using the BLUP values obtained from the REML
analysis for all the traits. The BLUP values were standardised to a mean of zero and a variance of 1, to
reduce possible correlations between the traits and convert the traits into new, combined variables.
The biplots generated with the software packages GenStat and SigmaPlot enabled assessment of the
genotypic variation on a multivariate scale, and significance testing of effects in traits. The trait
means of each treatment, well-watered and water deficit, were correlated in an across-treatments
PCA, as was the ratio for each trait between water deficit and well-watered treatments, expressed as
percent change or delta percent (A%), calculated by ((water deficit - well watered)/|(well watered)|)
* 100 (Hewett and Moeschberger 1985). Clustering of the genotypes was performed using an
agglomerative hierarchical clustering procedure with squared Euclidean distance as a measure of
dissimilarity and incremental sums of squares as a grouping strategy. The GEBEI package was used to

perform the clustering (Watson et al. 1995).
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5.5 Results

5.5.1 Results soil dehydration test

The soil test results were consistent with those found in literature for sandy silt loam (Francis and

Kemp 1990; McLaren and Cameron 1990; Baumhardt et al. 1992) as seen in the drying curve (Figure

5.3).
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Figure 5.3 Soil moisture content per pot (averaged over 10 pots) over nine days of pot-soil
drying.

Plants started wilting on 16/01/2009.

5.5.2 White clover population germplasm source effects

Measured across white clover plants, most traits were affected by the water deficit (Table 5.1). The
flavonoids identified by HPLC analysis were glycosides of the flavonols quercetin (Q) and kaempferol
(K). The largest water deficit-induced increase of more than 100% was observed for Q glycoside
accumulation. This was in contrast to the relatively small water deficit-generated increase for K, thus
increasing QKR (Table 5.1). TDM as a summation of SDM and RDM was reduced by water deficit, due
to significantly decreased SDM production by 21%. The trait RDM was not significantly affected by
the water deficit treatment across all three white clover populations. The significant decrease in SDM

caused a significant increase by 50% in RSR across populations (Table 5.1).
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Table 5.1  Trait means across 32 white clover full-sibling F, progeny (Pr) and the means of their
parents Kopu Il (K) and Tienshan (T).

Traits: Q, quercetin glycosides (mg g™ DM); K, kaempferol glycosides (mg g* DM); QKR,
quercetin:kaempferol glycoside ratio; SDM, shoot dry matter (g); RDM, root dry matter (g); RSR,
root:shoot ratio; TDM, total dry matter (g) = SDM + RDM; SPAD, chlorophyll index; P, probability.
Traits are ranked by the degree of change. A%, water deficit-induced percent changes in eight traits.
In the column “A populations”, water deficit-induced changes of the trait means among the separate
populations T, K and Pr are compared.

lifription r//cft{i'red c‘/l‘;;il;izf A% P A populations 1
Q 2.17 4.57 110.81 <0.001 kT, 1T, PrT
QKR 1.07 2.05 90.49 <0.001 kT, 1T, PrT
RSR 0.28 0.42 50.08 0.004 Kns, Tns, PrT
K 2.14 2.49 16.16 0.024 kT, 1T, PrT
RDM 13.93 14.98 7.52 0.476 Kns, T4, Pr?
SPAD 47.20 49.94 5.79 0.010 KT, Tns, PrT
TDM 64.27 50.54 -21.38 <0.001 ki, T4, Pr
SDM 50.34 35.55 -29.37 <0.001 ki, T4, Pri

! Based on the LSD treatment x population interaction (P < 0.05); T significant increase; ¥ significant reduction; ns, non-significant
Examination of the water x population interaction showed that this effect was due to a significant
increase in RSR by 53% under water deficit in the F, progeny (Figure 5.4). The correlation between
the final harvest SDM and the total accumulated SDM over three cuttings was highly significant
(coefficient of determination r® = 0.91, P < 0.001). There was no phenotypic correlation between Q

glycosides and TDM in the well-watered or water deficit treatments (data not shown).
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Figure 5.4 Root:shoot ratio (RSR) means of the white clover parents Kopu Il and Tienshan, and
their full sib F, progeny.

Error bars are + SE.

5.5.3 Physiological effects of drought

Physiological measurements indicated significant differences across white clover populations for the
traits WUE, P,,, E, g, and W (Table 5.2), where WUE was increased by water deficit and the other traits
all decreased, with a reduction in W by more than 50% the strongest response. There was no
significant difference for any of the traits WUE, P,, E, g, and W among the parents and progeny
populations individually and also no significant difference in the drought-induced DM decrease

among the three populations for these traits (non-significant water deficit x population term).
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Table 5.2 Trait means and water deficit-induced percent change.

Five physiological traits in clonal copies of white clover plants potted in soil under both well watered
and water deficit treatments. Data were averaged across 3 white clover genotypes (three full-sibling
F. progeny, the parent Kopu Il, and the parent Tienshan), and ranked by the degree of change. Traits:
W, water potential (MPa); E, transpiration (mmol H,0 m™ sec™); P, photosynthesis (umol CO, m™ sec
!); g, stomatal conductance (mol H,0 m™ sec’); WUE, physiological water use efficiency, (P, E™). A%,

percent change; P, probability.

Trait Well watered Water deficit A% P

WUE 4.86 5.57 14.56 <0.05
P, 22.08 15.32 -30.6 <0.05
E 4.79 2.87 -39.99 <0.05
g 0.61 0.30 -50.71 <0.05
1Y -1.28 -1.96 -53.04 <0.01

5.5.4 Variance and heritability

There was significant (P < 0.05) genotypic variance (a;) among the white clover genotypes for the

physiological traits RDM, SDM, TDM, RSR, SPAD and the biochemical traits Q and K glycosides and

QKR within individual treatments (Table 5.3).
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Table 5.3

Within-treatments genotypic (a;), and experimental error (ai) variance components,
standard errors (1SE) and broad sense heritability (Hy).

Eight physiological traits measured across 2 parents and 32 white clover progeny cloned and tested

under water deficit and well watered treatments. Traits: Q, quercetin glycosides; K, kaempferol

glycosides; QKR, quercetin:kaempferol glycoside ratio; SDM, shoot dry matter; RDM, root dry matter;
RSR, root:shoot ratio; TDM, total dry matter = SDM + RDM; SPAD, chlorophyll index.

Well watered Water deficit

Traits (0,+SE) (.+SE) Hs (0,+SE) (.+SE) Hp

Q 0.25+0.11 0.56 +0.10 0.57 2.29+0.67 1.27+0.22 0.84
K 0.54+0.15 0.24+0.04 0.87 0.78+0.22 0.31+0.05 0.88
QKR 0.09+0.02 0.04+0.01 0.85 0.61+0.16 0.16+0.03 0.92
RDM 23.01+8.04 27.10+4.72 0.72 13.15+3.85 7.25+1.26 0.84
SDM 81.59 + 25.06 57.85 + 10.07 0.81 23.20+6.72 11.91+2.07 0.85
RSR 0.005 + 0.002 0.012 + 0.002 0.54 0.006 + 0.002 0.004 + 0.001 0.82
TDM 166.08 £47.95 83.05+ 14.46 0.86 59.04 + 16.98 28.75+5.01 0.86
SPAD 6.43+2.42 9.47 +1.65 0.67 11.07 £4.40 18.75+3.26 0.64

Across treatments, all traits except SPAD had significant (P < 0.05) genotypic variance (Table 5.4). The

genotypic variance for the percent change (A%), was only significant (P < 0.05) for the traits QKR,

RDM and SPAD (Table 5.4). There was significant (P < 0.05) genotype-by-treatment (O';_t) interaction

for the traits Q, QKR, TDM and SPAD (Table 5.4).

The broad-sense heritability H, for most of the traits measured from the plants within the water

deficit treatment, with the exception of SPAD, were higher than 80% (Table 5.3). Under the well-

watered treatment, H, for the traits K, QKR, SDM and TDM were at a similar level. Broad-sense

heritability for Q glycosides in the well-watered treatment was 57%, and 84% under water deficit.

The Hy, for the traits across treatments was significantly lower than under both individual treatments,

K glycosides being the only one exceeding 50% (Table 5.4). The H, for the A% traits QKR, RDM and

SPAD all exceeded 50%.
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Table 5.4

Across-treatments genotypic (a;), genotype-by-treatment interaction (a;_t), and

. 2 .
experimental error (o) components of variance.

Standard errors (£SE), as well as broad sense heritability (H,) for eight physiological traits measured
across 2 parents and 32 white clover full sibs cloned and tested under water deficit and well watered
treatments. Traits: Q, quercetin glycosides; K, kaempferol glycosides; QKR, quercetin:kaempferol
glycoside ratio; SDM, shoot dry matter; RDM, root dry matter; RSR, root:shoot ratio; TDM, total dry
matter = SDM + RDM; SPAD, chlorophyll index. A%, percent change of each of the eight traits across

treatments. Only traits with significant (LSD P<0.05) broad sense heritability detected for a;,

genotypic variation are presented.

Traits | o SE 0, +#SE 0. #SE Ho | A%(04#SE)  A%(0,#SE)  A%Hy
Q 0.67+030 059+022  091+0.11 0.60 |2293+1886 13892+2418 -

K 0.61+0.17 0.04:0.04  0.28+0.03 090 |634+381 2416421 -

QKR | 020£0.07 0.15£0.05  0.10:+0.01 0.68 | 1604+683  3196%556  0.60
RDM 3222 : 3.76 £ 2.44 ;7117 g 0.75 | 682 £ 315 1622£282  0.56
SDM g:ig i 10.50 £ 5.63 :42'28 g 079 | 1£21 207 £ 36 -

RR | oooe ooon Ot 071 |selxals 29434512 -
TDM %233;233 : 27.38 £ 11.56 2'58‘20 : 0.79 | 5840 270 +47 -
SPAD |3.68+2.43 5.08%2.48 1%7'11 g - | 5226 143125 0.52

5.5.5 Percent change trait correlations

There was a significant (R? = 0.236, P = 0.003) positive correlation between the TDM drought
response (percent TDM reduction from the well-watered control, or A% TDM) and the Q glycosides
drought response (percent Q increase from the well-watered control, or A% Q) (Figure 5.5). Thus,
genotypes that increased their Q glycoside levels more were able to maintain more of their TDM

under water deficit.
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Figure 5.5 White clover dry matter response under water deficit.

Dry matter response expressed as a percent of total dry matter (TDM) production of the well
watered control (A% TDM), versus quercetin glycoside (Q) response (A% Q, Q glycoside accumulation
under water deficit expressed as a percent of Q glycosides of the well watered control). The

phenotypic correlation was significant (R? = 0.236, P = 0.003).

5.5.6 Multivariate trait responses to drought across treatments

The across-treatments biplot (Figure 5.6) is based on traits for which there was significant (P < 0.05)
genotypic variation among the 32 full-sibling progeny and the two parents across both the water
deficit and well-watered treatments. Principal component 1 explained 39% of the total trait variation,
and the second principal component explained 23% of the variation. Based on the angles between
the directional vectors in the PCA, trait Q glycosides had a negative association with the traits related
to dry matter; RSR, RDM, and TDM. K glycosides was negatively associated with QKR and SPAD
(Figure 5.6).

There were three genotype groups generated from cluster analysis (Figure 5.6). A number of
individuals in group 2 had above average expression for the traits RSR, RDM, TDM, SDM, SPAD and

QKR. Most members in genotype group 3 and some members in group 1 had above average Q
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glycosides expression. Parental genotype Kopu Il was a member of group 1 and the parental

genotype Tienshan stood separately from all other groups.
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Figure 5.6 Biplot representing 34 white clover genotypes evaluated across the well watered and
water deficit treatments.

Chart data were generated from a principal component analysis of adjusted means (BLUPs from
REML analysis). Each directional vector represents a trait: Q, quercetin glycosides; K, kaempferol
glycosides; QKR, quercetin:kaempferol glycoside ratio; SDM, shoot dry matter; RDM, root dry matter;
RSR, root:shoot ratio; TDM, total dry matter = SDM + RDM; SPAD, chlorophyll index. The symbols

indicate three genotype groups detected using cluster analysis.

5.5.7 Multivariate trait responses to drought percent changes between treatments

The overall plant responses to water deficit are shown in the delta % PCA biplot (Figure 5.7). Here,
the principal components were calculated from the percent changes (A% between the two
treatments for each genotype and trait. The first principal component accounted for 54% of the
variation, and 21% was explained by the second principal component. The delta biplot reveals close
proximity of changes in morphological traits with changes in Q glycosides and QKR (Figure 5.7). For

example, the higher the increase in Q glycosides production (A% Q), the higher was maintenance of
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TDM production (i.e. less pronounced decrease in A% TDM), thus reflecting the finding from Figure

5.5.

Five genotype groups were generated from cluster analysis (Figure 5.7). A number of genotypes in
group 4 had above-average expression for the traits A% RSR, A% QKR, A% RDM, A% SPAD, A% TDM
and A% SDM. A number of members in genotype group 3 had above average A% Q glycosides and A%
K glycosides expression; and all group 5 genotypes showed high A% Q glycosides expression. Both

parental genotypes Tienshan and Kopu Il were included in group 2.
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Figure 5.7 Delta biplot representing 34 white clover genotypes, evaluated for the percent change
(A%) between the well watered and water deficit treatments.

The directional vectors represent A% for each trait: Q, quercetin glycosides; K, kaempferol glycosides;
QKR, quercetin:kaempferol glycoside ratio; SDM, shoot dry matter; RDM, root dry matter; RSR,
root:shoot ratio; TDM, total dry matter = SDM + RDM; SPAD, chlorophyll index. The symbols indicate
five genotype groups detected using cluster analysis.

5.5.8 Plant traits linked to the principal water deficit measure A% PC1

Plant trait responses in correlation with A% PC1 explained the majority of the variance in A% TDM,
A% RDM, A% RSR, A% SDM, A% QKR, and A% SPAD (Table 5.5), while correlation with A% PC2

explained the majority of variance in A% K. PC1 and PC2 both explained the majority of variance in

97



A% Q. A% K glycosides was not linked to any of the other traits, and was not related to PC1 (Table
5.5).

Table 5.5 Correlation coefficients (r) and probabilities P for the drought-induced percent change
(A%)

Eight plant traits linked to principal components PC1 and PC2 of the delta PCA biplot. The A% means
were regressed against PC1 and PC2 scores. Traits are ranked by their Pearson correlation
coefficients r with PC1.

PC1 pPC2

Trait r P R P

A% TDM 0.941 <0.001 0.083 0.642
A% RDM 0.919 <0.001 -0.212 0.230
A% RSR 0.797 <0.001 -0.368 0.032
A% SDM 0.792 <0.001 0.322 0.063
A% QKR 0.759 <0.001 -0.248 0.157
A% SPAD 0.647 <0.001 0.039 0.827
A% Q 0.571 <0.001 0.673 <0.001
A% K -0.070 0.696 0.952 <0.001

The first principal component (PC1) from the delta % PCA (Figure 5.7) represented the overall
principal water deficit measure for all eight traits. Genotypes located towards the negative end of
PC1 showed, for example, less drought-induced reduction in TDM, together with more pronounced
increases in Q glycosides and QKR, whereas the opposite held true for the positive end of PC1. In
Figure 5.8, Figure 5.9 and Figure 5.10, this PC1 was correlated against well-watered trait data that
showed significant variation of means. Under the well-watered treatment, TDM had a significant
negative correlation (P = 0.001) with the principal water deficit measure PC1 (Figure 5.7), which
indicated that plants with higher DM production under the well-watered treatment had more
positive PC1 scores (e.g. by decreasing DM) under water deficit. The ratio between Q glycosides and
K glycosides showed inverse relationships with PC1 (Figures Figure 5.9, Figure 5.10). Thus genotypes
that had high QKR levels under well-watered (Figure 5.9) and water deficit treatments (Figure 5.10)
reduced their DM production least under water deficit, and in turn increased their Q glycosides and
QKR most. Compared to the principal water deficit measure PC1, QKR under water deficit (P < 0.001)
increased from well-watered (P < 0.05), showing up to a two-fold shift from K glycosides towards Q

glycosides (Figures 5.9, 5.10).
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Figure 5.8 Relationship between overall drought-induced DM decrease delta PC1 biplot scores
and total dry matter (TDM) production.

Well watered treatment of 32 F;, progeny and two parent white clover genotypes. Drought-induced
DM decrease as estimated on the PC1 axis altered from less change to more change as dry matter

production increased (R’ = 0.29, P = 0.001).
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Figure 5.9 Relationship between overall drought-induced DM decrease delta PC1 biplot scores
and QKR in the well watered treatment.

Correlation for 32 F, progeny and their two parent white clover genotypes, as observed in the well

watered treatment (a) (R*=0.16, P < 0.05)
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Figure 5.10 Relationship between overall drought-induced DM decrease delta PC1 biplot scores
and QKR in the water deficit treatment.

Correlation for 32 F;, progeny and their two parent white clover genotypes, as observed in the water

deficit treatment (b) (R*=0.62, P < 0.001).

5.6 Discussion

5.6.1 Responses to drought

Water deficit resulted in a number of significant morphological and physiological changes in the
white clover populations (Tables Table 5.1, Table 5.2). The strong decrease in water potential (Table
5.2) is in line with other studies illustrating a high degree of water stress in white clover (Turner
1991; Hofmann et al. 2003a). As expected, stomatal opening was reduced (Table 5.2), resulting in
decreased transpiration and limited photosynthesis, similar to other findings in white clover (Grieu et
al. 1995). Because of a larger water deficit effect on transpiration compared to photosynthesis, WUE
increased (Table 5.2), reflecting other observations in water deficit-stressed white clover (Barbour et
al. 1996). It was of further interest to note population-specific water deficit responses in the form of
increased RSR in the F; progeny (Figure 5.4). Other studies have also indicated enhanced RSR under

water deficit in white clover (Caradus and Woodfield 1998) , and the findings for the F; progeny can
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be utilised in plant breeding selection processes, as higher RSR often implies improved moisture

balance under water deficit (Chaves et al. 2002; Blum 2005).

5.6.2 Heritability of traits

The high broad-sense heritability (Hy) for most traits under the water deficit treatment (Table 5.3)
and across treatments (Table 5.4) indicates significant genotypic variation and genotype-by-
treatment interaction, which is useful for white clover breeding programs focussed on abiotic stress
resistance, as it allows for a broad range of genotype selection. However, high GxE variance reduces
overall heritability, as it is in the denominator of Equation 5.3. From the percent change (A%) traits
with significant genotypic variation (Table 5.4), A% QKR showed the highest H, which is important as
QKR increased significantly under water deficit and this was related to maintenance of growth under
drought (Figures Figure 5.7, Figure 5.9, Figure 5.10). The estimated significant genotype-by-
treatment interaction for the traits Q, QKR, TDM and SPAD (Table 5.4), indicate a relative change in
ranking among the F, progeny for the expression of these traits across the water deficit and well-
watered treatments. This also indicates the sensitivity of these traits to the two treatments applied.
Furthermore, the genetic factor G, and therefore heritability, will most likely have been increased by
the choice of two extreme parents (Kopu Il and Tienshan) for the wide cross, compared to when two

similar parents would have been used (Abberton 2007).

5.6.3 Trait correlations and plant breeding perspective

Because no significant direct association between the traits Q glycosides and DM was discovered in
this F, population within either treatment, plant breeders can select white clover genotypes showing
high Q glycoside levels separately from the trait DM. Furthermore, water deficit significantly
increased Q glycoside accumulation and the significant positive correlation between the drought-
induced DM decrease and the drought-induced Q glycosides increase (Figure 5.5) indicates that plant
breeders should select for the difference in Q glycosides between treatments (A% Q), not just for the
highest Q glycoside levels absolute. This can have profound implications for breeding programs with
the opportunity of selecting genotypes that show high A% Q, together with combined sustainable

herbage yield and maintenance of DM under drought.

5.6.4 Multivariate analyses

In the across-treatments biplot (Figure 5.6), the significant genotype-by-treatment interaction
indicates a change in relative ranking of genotypes across the two treatments. For example, the
genotype performance for DM and Q glycosides expression changed across the two treatments.
However, the across-treatments analysis has provided an estimate of average performance of each

genotype and thus reduced individual treatment effects, which may have also resulted in the change
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in type and magnitude of association among traits such as Q glycosides and DM as observed in the

delta % biplot (Figure 5.7).

5.6.5 Cluster analyses

From the five genotype groups generated from cluster analysis in the delta % biplot (Figure 5.7), a
number of genotypes in group 4 with above average expression for the traits A% RSR, A% QKR, A%
RDM, A% SPAD, A% TDM and A% SDM, and all group 5 genotypes which showed high A% Q

glycosides expression, could be used as potential breeding material.

5.6.6 Plant traits linked to the principal water deficit measure A% PC1

The principal water deficit measure (A% PC1) (Figure 5.7, Table 5.5) involved most of the important
agronomic traits, including A% DM production. This is similar to observations of responses in UV-B-
treated white clover populations (Hofmann et al. 2001). Yield potential (YP) is defined as the
maximum DM vyield realised under non-stress (well-watered) conditions, and reduced biomass or YP
under drought represents the integrated response to water deficit stress of all biochemical,
physiological and growth processes (Blum 2005). It was of particular interest to note that
maintenance of dry matter production under water deficit was related to increases of Q glycosides
and QKR (Figure 5.7). The differential response within the F; progeny to water deficit (Figure 5.7)
further indicates underlying potential genetic variation that would enhance plant selection focused
on improving white clover performance under moisture stress. The correlation of A% PC1 with well-
watered TDM data (Figure 5.8), is reflective of suggestions that rapid growth rate renders plants

more sensitive to abiotic stress (Smith et al. 2000).

5.6.7 Metabolic implications of flavonol activity

Gene expression of the key enzymes flavonoid 3’-hydroxylase (F3’H) and flavonol synthase (FLS)
(Winkel 2006) in the quercetin biosynthetic pathway is up-regulated by the effects of drought stress
(Fan et al. 2008), and was demonstrated by anti-sense technology (Lewis et al. 2006). Recent findings
on different MYB transcription factors explain how MYB gene expression controls flavonol
biosynthesis and thus contributes to abiotic stress resistance (Mehrtens et al. 2005; Stracke et al.
2007; Czemmel et al. 2009; Yang et al. 2009; Stracke et al. 2010a). The ratio between Q glycosides
and K glycosides showed negative association with A% PC1 demonstrating that genotypes with high
QKR reduced their DM production least under water deficit, and in turn increased their Q glycosides
and QKR most (Figure 5.7 and Figure 5.10a, b). The ratio between Q glycosides and K glycosides
under the water deficit treatment showed a marked shift from K glycosides towards Q glycosides
(Figures Figure 5.9, Figure 5.10), similar to increases of QKR under UV radiation in white clover and

other species (Hofmann et al. 2000; Scalabrelli et al. 2007; Gerhardt et al. 2008). The antioxidant and
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radical scavenging activities of quercetin-3-O-glucosides are seen to provide superior protection
against abiotic stress compared to kaempferol-3-O-glucosides (Yamasaki et al. 1997; Fiorentino et al.
2007). The positive association between higher maintenance of DM and Q glycoside accumulation
under drought (Figure 5.5, Figure 5.7) could suggest a particularly efficient mediator role for Q
glycosides in stress protection, considering its generally low levels in herbaceous plants. For example,
Q glycosides specifically regulate auxin movement by acting as an endogenous inhibitor of auxin

transport (Agati and Tattini 2010).

5.6.8 Conclusions

The results of this experiment show evidence of white clover plants within an F; population that are
stress-resistant and highly productive simultaneously. Our findings considered together with
previous work (Hofmann et al. 2000), indicate that Q glycosides act in a similar way under water
deficit stress as under UV-B radiation stress, correlated with stress sensitivity. The genotypic
variation detected here also signifies the potential use of new germplasm in selecting for increased Q
glycoside accumulation as well as herbage production in future breeding programs. As A% Q
glycosides and DM under the well-watered treatment do not seem significantly correlated, plants
with high A% Q glycosides could be selected first, followed by further selection for high herbage
yield. The levels of Q glycosides in white clover and many other herbaceous plants are too low to
suggest a direct trade-off in carbon flow between the accumulation of DM and Q. The functions of
flavonoids as developmental regulators are very complex (Kuhn et al. 2011; Lewis et al. 2011) and
need to be investigated further. The different environmental responses of the individual genotypes
and their trait-grouping in the biplots have not been identified due to limited resources for this
experiment. A follow-up with larger-scale field experiments in two contrasting environments will
shed more light on genotype-by-environment interaction effects. Genetic analysis may well elucidate
the role and regulation of several transcription factors involved in abiotic stress response pathways

(Ashraf 2010).
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Chapter 6
Journal article:
“Genotype x Environment analysis of flavonoid accumulation and

morphology in white clover under contrasting field conditions”

Ballizany, W. L., Hofmann, R. W., Jahufer, M. Z. Z., & Barrett, B. A. (2012). Genotype x environment
analysis of flavonoid accumulation and morphology in white clover under contrasting field
conditions. Field Crops Research, 128, 156-166. doi:http://dx.doi.org/10.1016/j.fcr.2011.12.006

The author taking measurements in the field at Ashley Dene dryland farm.
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6.1 Abstract

White clover (Trifolium repens) is a beneficial legume in temperate pastures as a provider of high
quality feed to stock and nitrogen to grassland. However, its growth is often strongly impaired by
summer drought. The aim of this study was to investigate the association of flavonoids and biomass
production in environments contrasting in moisture availability, and to identify trait ideotypes to be
used in breeding plants for stress environments. In two separate field experiments, cloned
individuals from a full sib progeny generated by a cross between two phenotypically distinct and
highly heterozygous white clover genotypes, were exposed to two contrasting field environments:
water-limited (WL) and water-sufficient (WS). Most measured morphological and physiological traits
and flavonol glycoside accumulation were affected by the contrasting WL and WS environments. WL
decreased carbon isotope discrimination by 5.5 %. Under WL the levels of quercetin glycoside (Q)
and of the quercetin:kaempferol glycoside ratio (QKR) increased by 62 % and by 36 %, respectively,
relative to the WS environment. The WL environment reduced shoot dry matter (SDM) by 68 %, with
the most productive genotypes showing the greatest proportional reduction. Stolon numbers per
plant decreased by 48 % under WL, but stolon density (stolon number m™ canopy area) increased by
48 %. In principal component analysis, drought-induced changes in plant morphology were closely
aligned to changes in Q, but not kaempferol glycosides. The increased induction of Q glycoside
accumulation in response to water deficit stress was related to retaining higher levels of SDM
production. This study also enabled the identification of individual plant trait combinations useful for
white clover breeding programmes focussed on developing improved cultivars for dryland

environments.

6.1.1 Keywords

Quercetin glycoside, drought, yield, Trifolium repens, biomass, abiotic stress, water deficit, genetic

variation, secondary metabolism, oxidative stress, flavonoids

6.2 Introduction

The perennial forage legume white clover (Trifolium repens L.) is an important component in many
pasture environments as a supplier of high quality feed to livestock and nitrogen to plants. White
clover is extensively used in temperate latitudes due to its wide range of climatic adaptation and
ability to form permanent mixed swards with a range of perennial grasses (Frankow-Lindberg 2001).
However, it is less tolerant of drought compared with other perennial temperate forage legumes
such as lucerne (Medicago sativa L.), because of its shallow root system and inability to effectively
control transpiration (Burch and Johns 1978; Baker and Williams 1987; Annicchiarico and Piano
2004). Consequently, new white clover cultivars with improved tolerance of drought-induced stress

are needed (Humphreys et al. 2006).
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There is a general trade-off between the genetic potential for high plant herbage yield and its
adaptation to drought (Grime 1989). Leaf size is a major determining factor in white clover
productivity, which is greater with larger leaf size, but leaf size has a negative correlation with
persistence (Annicchiarico 1993). The expansion of a strong grid of stolons is essential for persistence
and stolon traits have long been a focus in breeding programs (Caradus and Chapman 1996; Collins et
al. 1997). For white clover stolons to be able to survive over a dry summer period, a combination of
yield and vegetative persistence under moisture stress conditions is needed. Thus plant breeders
select for increased herbage yield under summer moisture stress conditions (Chapman and Williams
1990). Plants with adaptation to moisture stress may be those individuals that avoid stress by
switching from an active vegetative mode to a dormant mode. The efficiency of selection programs
that are yield-based can be improved by observing plants in stress environments, and the use of

physiological selection criteria for stress tolerance (Blum 2011a).

Plant morphology has a major impact on water-use and dry matter yield in clover. Small plant size
and reduced leaf area limit water use and these are representative of low productivity, and typical of
ecotypes from adverse environments (Caradus and Mackay 1989). An example is the Chinese
highland T. repens ecotype ‘Tienshan’ (Hofmann et al. 2000). While such plants can withstand
drought very well, their biomass production is relatively low (Lane et al. 2000b). Cultivars developed
for dryland conditions often display moderate yield and increased water use efficiency. For example,
this can be seen in temperate dryland legumes, where small plants and small leaf area are critical for
improved stress adaptation, but exhibit lower potential yield (Thomas 2003; Jahufer et al. 2009;
Hofmann and Jahufer 2011). Stolon branching and stolon numbers in white clover are significantly
reduced under water deficit stress (Widdup and Turner 1990). However, stolon numbers (Belaygue et
al. 1996) and stolon density (Sanderson et al. 2003) can recover after rain. Alternatively, sexual
reproductive development of white clover was not impaired by a moderate water deficit that

reduced vegetative growth (Bissuel-Belaygue et al. 2002).

The functions of flavonoids have been widely reviewed with regard to their protective roles against
pathogens, herbivores, and environmental stress (Dixon et al. 2002; Carlsen and Fomsgaard 2008;
Agati et al. 2011). The accumulation of defence-related flavonoids is influenced by complex
interactions, and competition between primary and secondary metabolism may exist (Treutter 2005).
Flavonols are catalysed in the flavonoid biosynthetic pathway from naringenin by the enzyme
flavanone 3-hydroxylase (F3H) synthesising dihydrokaempferol, from which flavonoid 3’-hydroxylase
(F3’H) catalyses dihydroquercetin, and flavonol synthase (FLS) synthesises respectively the flavonols
kaempferol and quercetin (Winkel 2006). These are in turn converted to their respective glycosides

by UDP dependent glycosyltransferase (UGT) in Arabidopsis thaliana (Stracke et al. 2007). The R2R3-
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MYB transcription factors referred to as PFG1-3 for ‘PRODUCTION OF FLAVONOL GLYCOSIDES'

(Mehrtens et al. 2005; Stracke et al. 2010b) express for accumulation of distinct flavonol glycosides.

Flavonols and their glycosides appear to be mainly involved in the response mechanisms against
abiotic stresses (Agati et al. 2011), and numerous studies suggest that flavonoids have multiple
functional roles in the responses of plants to adverse environmental conditions (Winkel-Shirley
2002a; Treutter 2005; Martens et al. 2010). Although it has been reported that antioxidant flavonoid
biosynthesis are mostly enhanced in stress-sensitive and not in stress-tolerant species, (e.g. solar
irradiation-stressed Mediterranean shrubs (Tattini et al. 2005) and salinity-stressed rice (Walia et al.
2005)), soybean cultivars (Glycine max L.) with enhanced tolerance to UV-B irradiation accumulated
significantly more flavonols than sensitive cultivars, and the expression of flavonol biosynthesis was
induced upon UV treatment (Reed et al. 1992; Kim et al. 2008). The flavonol glycosides of quercetin
(Q) and kaempferol (K) have UV-B protective properties (Ryan et al. 1998), a trait also conferred by a
high Q:K glycoside ratio(QKR) in Petunia (Lewis et al. 2006). UV radiation can induce the preferential
synthesis of flavonols that have a higher level of hydroxylation, i.e. quercetin-3-O-glucoside instead
of kaempferol-3-0-glucoside (Olsson et al. 1998; Fiorentino et al. 2007). This physiological adaptation
is likely to be related to the higher capacity of Q glycosides to scavenge stress-generated free radicals

(Scalabrelli et al. 2007).

Hofmann et al. (2000; Hofmann and Jahufer 2011) identified flavonols involved in the response of a
number of white clover populations to UV-B, and reported a trade-off between plant dry matter
(DM) production and induced Q glycoside accumulation. Furthermore, higher Q glycoside
accumulation under UV-B was linked to tolerance against UV-B-induced growth reduction (Hofmann
et al. 2003a), although the UV-B sensitivity depended on water availability, plant productivity and
duration of stress (Hofmann et al. 2003b). On the basis of these ecotype and cultivar studies, high
levels of Q glycosides appeared to be associated with high levels of abiotic stress tolerance, and

lower levels of productivity.

We hypothesise that flavonoid accumulation is associated with differential biomass production of
white clover plants growing in contrasting soil moisture environments under field conditions. The
objective of this research was to assess the plant response and genotype by environment (G x E)
interaction in water-sufficient (WS) and water-limited (WL) environments in terms of flavonoid
accumulation, its association with DM yield and stress acclimatisation, the inheritance of flavonoid and
DM production, and the magnitude and type of GxE for a range of other morphological, physiological

and biochemical traits.
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6.3 Materials & methods

Field experiments on two contrasting experimental sites were established in mid-October 2009 with
a duration of 27 weeks from planting to harvest. One site was a summer water-sufficient (WS) site
(Figure 6.1) established at AgResearch Farm in Canterbury, New Zealand (43° 37’ S, 172° 28’ E,
elevation 14 m), the other a summer water-limited (WL) site (Figure 6.2) at the Lincoln University
Dryland Research Farm at Ashley Dene in Canterbury, New Zealand (43° 38’ S, 172° 21’ E, elevation
34 m). The sites are 9.64 km apart and meteorological data were recorded at a weather station

between the two experimental sites.

Figure 6.1 The experimental site at the AgResearch farm in January 2010.

6.3.1 Field preparation

Both experimental sites were ploughed and cultivated to establish optimum seed bed conditions for
plant establishment. At both the WL and WS sites, soil samples were taken to determine soil
moisture, fertility and pH. The soil type at the WS site was a deep Templeton silt loam (Francis and
Kemp 1990) with a pH of 5.4, an average volumetric soil moisture of 30 % from October to January,
medium to low nitrogen and high potassium and medium Olsen phosphorus (29 mg L-1) levels
(Analysis Report Lab Number 729584.3, Hill Laboratories Ltd., Hamilton, New Zealand, Appendix G).

At the WL site the soil was a Lismore stony silt loam (Hewitt 2010) with a pH of 5.5, an average
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volumetric soil moisture of 15 % from October to January, medium to low nitrogen, high potassium
levels and high Olsen phosphorous (54 mg L-1) levels (Analysis Report Lab Number 729584.1, Hill
Laboratories Ltd., Hamilton, New Zealand, Appendix G). The Olsen phosphorus content would not

limit white clover growth in the drying soils present in the experiments (Singh and Sale 1998).

Figure 6.2 The experimental site at Ashley Dene dryland farm in January 2010.
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environmental stress factors in the field. Future challenges need to address adjustment and

coordination of these multiple protective mechanisms.
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Appendix G

Soil fertility analysis reports
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H.1 Introduction

Crosses of F, ideotypes (ideal genotypes) for traits selected from the drought experiment (Chapter 5) to
suitable elite parents were created in the 2010/2011 summer growing season, to produce a stock of seed
for later research.

H.2 Materials & methods

H.2.1 Plant material

The plant material used was a selection suitable ideotypes from the 190 full-sibling F, population as
described in paragraph 3.2.1, Chapter Methodology. A selection was made from the genotypes in the
drought experiment (Chapter 5) showing high expression for the percent change traits A%Q glycosides
(Figure 5.6, Group 5) and A%DM (Figure 5.6, Group 4). The selected individuals in group 5 were TxK88,
KxT73 and TxK20. The selected individuals in group 4 were KxT96, TxK90 and TxK92. Stolon cuttings were
planted in 5L pots and maintained for a month from 3 December 2010. Elite white clover cultivars were
chosen on the basis of availability at the time of flowering, and included the cross Kopu Il x Barblanca,

Bounty, Tribute, Trophy and Crusader (Table 1). The plants were grown from seeds in August 2010 in root-

trainers.

Table 1. White clover genotypes for crossing.

Name Type Accession number

Kopu Il x Tienshan # 73, 96 F, hybrids, clones C20133 x C8749

Tienshan x Kopu Il # 20, 88, 90, 92 F, hybrids, clones C8749 x C20133
(Maternal x Paternal)

Kopu Il x Barblanca Breeding line, genotype C25638

Crusader Elite cultivar, genotype C20132

Tribute Elite cultivar, genotype C21905

Trophy Elite cultivar, genotype C23513

Bounty Elite cultivar, genotype C19737

Tienshan Ecotype, clone C8749

Accession numbers were from AgResearch’s Margot Forde Forage Germplasm Centre in Palmerston North,
New Zealand.
The plants were transported to the bee-free tunnel house at AgResearch farm, Lincoln, NZ to start

flowering. After two weeks enough flowers appeared to start crossing.

H.2.2 Crossing method

Half-sibs were produced by using one or two F; clones (depending on the number available) and two elite
cultivars in one cage (Figure 1). This is in contrast to pair-crossed full-siblings, which is suitable to produce a
mapping population, but not to study the segregation of traits or genes to the next generation. The ecotype
parent Tienshan was also crossed with Crusader and Kopu Il x Barblanca. Bumble bees were caught on

lavender plants away from white clover volunteers every week and put into the cages (Figure 3). The
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crossing started on 23 December 2010 and every week the F1 plants were replaced with flowering ones
from the bee-free tunnel house (Figure 2) until 17 January 2011. The pollinated plants were placed in the
same tunnel to let the seeds ripen. Flowers that were not pollinated or that appeared after crossing were

removed to prevent accidental pollination.
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Keith Widdup of AgResearch Lincoln opening a crossing cage to let bumble bees in.
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White clover plants flowering in a bee-free tunnel house.
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White clover plants in the crossing cage. In the background luzerne can be seen.

H.3 Results

After ripening for a month on the plants the seed-heads were harvested and dried for two weeks after

which the seeds were rubbed out, put in paper satchels and weighed. The results are presented in Table 2.
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Table 2. Crosses made with days in cage and seed weights summed per group of plants.

Bounty Crusader Kopu Il x Barblanca Tribute Trophy
Cross Days in Seed Days in Seed Days in Seed Days in Seed Days in Seed
Cage weight (g) Cage weight (g) Cage weight (g) Cage weight (g) Cage weight (g)
KxT73 | 24 1.12 16 1.26 18 1.1 16 0.77 24 0.71
KxT96 | 16 1.4 16 0.64 26 0.702 18 0.51 24 1.35
;'g; - - 16 0.04 16 03 - - - -
TxK20 | 16 0.5 9 0.25 27 0.219 18 0.62 9 0.29
TxK88 18 1.83 22 0.115 18 2.71 24 1.43 16 1.11
TxK90 | - - 28 2.87 26 2.42 - - - -
TxK92 | 16 1.92 16 3.52 24 3.119 24 2.34 16 2.67

See next table for all crossing results.

H.4 Discussion

The F; plants from the drought experiment that were subjected to applied drought and performed well
were crossed with elite cultivars that performed well under drought stress (Woodfield et al. 2001; Ayres et
al. 2007; Jahufer et al. 2009). From the F1 hybrids, TxK92 produced by far the most seeds per day in the
cage (0.14 g d"), followed by TxK90 (0.10 g d™*) and TxK88 (0.07 g d*). The seeds were transported to the
Margot Forde Germplasm Centre, AgResearch, Palmerston North, NZ, where they will be kept under

controlled conditions for later use by forage scientists.
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All crossing results.

Crossin . . Days Seed
F; Cu/tivag gf;zszp(;ultlvar Ifli.ge Plant potted Start Date First Refresh F, f?ee;rogs(iji F, Zurd Refresh End Date in ’ weight
Genotype Cage (g)
KxT73 Bounty 3 7/12/2010 23/12/2010 2/01/2011 2/01/2011 9 0.52
KxT73 Bounty 3 10/12/2010 9/01/2011 9/01/2011 17/01/2011 8 0.18
KxT73 Bounty 3 2/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.42
KxT73 Crusader 5 3/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.63
KxT73 Crusader 5 11/12/2010 23/12/2010 2/01/2011 9 0.63
KxT73 Eth;‘la”n’éa 31/12/2010 1 12/12/2010 31/12/2010 31/12/2010 9/01/2011 9/01/2011 9 0.51
KxT73 E:E’;;L’éa 2/01/2011 1 6/12/2010 23/12/2010 2/01/2011 17/01/2011 9 0.59
KxT73 Tribute 4 9/12/2010 23/12/2010 2/01/2011 2/01/2011 9 0.34
KxT73 Tribute 4 4/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.43
KxT73 Trophy 2 5/12/2010 23/12/2010 2/01/2011 17/01/2011 9 0.26
KxT73 Trophy 2 1/12/2010 9/01/2011 9/01/2011 17/01/2011 8 0.14
KxT73 Trophy 2 8/12/2010 2/01/2011 2/01/2011 9/01/2011 7 031
KxT96 Bounty 8 11/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.48
KxT96 Bounty 8 4/12/2010 23/12/2010 2/01/2011 9 0.92
KxT96 Crusader 10 1/12/2010 23/12/2010 2/01/2011 9 0.51
KxT96 Crusader 2/01/2011 10 2/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.13
KxT96 EZE’J;L’éa 6 8/12/2010 7/01/2011 17/01/2011 10 0.072
KxT96 Kopu i x 6 7/12/2010 23/12/2010 2/01/2011 9 0.41
Barblanca
KxT96 Kopu ll x 6 6/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.22
Barblanca
Kxt96 Tribute 5/12/2010 31/12/2010 31/12/2010 9/01/2011 0.29
KxT96 Tribute 9/12/2010 23/12/2010 2/01/2011 2/01/2011 0.22
KxT96 Trophy 7 12/12/2010 9/01/2011 9/01/2011 17/01/2011 0.03
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14 X4

Crossing . . Days Seed

F; Cultivar Change Cultivar  Cage Plant potted Start Date First Refresh F; second Third Refresh End Date in weight
Genotype Nr. Refresh F; F;

Genotype Cage  (g)
KxT96 Trophy 3/12/2010 23/12/2010 2/01/2011 9 0.9
KxT96 Trophy 10/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.42
Tienshan Crusader 11 8/12/2010 9/01/2011 17/01/2011 8 0.02
Tienshan Crusader 11 5/12/2010 9/01/2011 17/01/2011 8 0.02

. Kopu Il x

Tienshan Barblanca 14 10/12/2010 9/01/2011 17/01/2011 8 0.18
Tienshan Kopu ll x 14 6/12/2010 9/01/2011 17/01/2011 8 0.12

Barblanca ’
TxK20 Bounty 13 4/12/2010 23/12/2010 2/01/2011 0.4
TxK20 Bounty 13 6/12/2010 2/01/2011 2/01/2011 9/01/2011 0.1
TxK20 Crusader 7/01/2011 15 5/12/2010 23/12/2010 2/01/2011 0.25
TxK20 Kopu i x 11 12/12/2010 31/12/2010 31/12/2010 9/01/2011 9 0.02

Barblanca

Kopu Il x
TxK20 11 12/12/2010 31/12/2010 31/12/2010 9/01/2011 9 0.03

Barblanca

Kopu Il x
TxK20 2/01/2011 11 10/12/2010 23/12/2010 2/01/2011 9 0.169

Barblanca
TxK20 Tribute 14 1/12/2010 23/12/2010 2/01/2011 2/01/2011 9 0.61
TxK20 Tribute 14 9/12/2010 31/12/2010 31/12/2010 9/01/2011 9 0.01
TxK20 Trophy 12 3/12/2010 23/12/2010 2/01/2011 9 0.29
TxK88 Bounty 23 1/12/2010 31/12/2010 31/12/2010 9/01/2011 9 0.67
TxK88 Bounty 23 12/12/2010 23/12/2010 2/01/2011 9 1.16
TxK88 Crusader 25 3/12/2010 9/01/2011 17/01/2011 8 0.04
TxK88 Crusader 25 6/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.07
TxK88 Crusader 25 2/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.005
TxK88 Kopu i x 21 6/12/2010 31/12/2010 31/12/2010 9/01/2011 9 1.38

Barblanca
TxK88 Kopu ll x 21 7/12/2010 23/12/2010 2/01/2011 9 133

Barblanca ’
TxK88 Tribute 24 4/12/2010 9/01/2011 9/01/2011 17/01/2011 8 0.06
TxK88 Tribute 24 11/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.51
TxK88 Tribute 24 9/12/2010 23/12/2010 2/01/2011 9 0.86




Crossin . . Days Seed
F; Cultivarg gf;r;gz:pCeult/var Ifli.ge Plant potted Start Date First Refresh F; ;Z;f;i F, Zurd Refresh End Date in ’ weight
Genotype Cage (g)
TxK88 Trophy 22 10/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.2
TXK88 Trophy 22 5/12/2010 23/12/2010 2/01/2011 9 0.91
TxK90 Crusader 27 11/12/2010 9/01/2011 9/01/2011 17/01/2011 8 0.36
TxK90 Crusader 27 1/12/2010 7/01/2011 2/01/2011 9/01/2011 2 0.75
TxK90 Crusader 2/01/2011 27 8/12/2010 31/12/2010 31/12/2010 9/01/2011 9 0.74
TxK90 Crusader 27 12/12/2010 31/12/2010 31/12/2010 9/01/2011 9 1.02
TxK90 E:E’;;L’éa 26 2/12/2010 31/12/2010 31/12/2010 9/01/2011 9 0.85
TxK90 Kopu ll x 26 4/12/2010 23/12/2010 2/01/2011 9 1.34
Barblanca
TxK90 Kopu lix 26 9/12/2010 9/01/2011 9/01/2011 17/01/2011 8 0.23
Barblanca
TxK92 Bounty 18 11/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.73
TxK92 Bounty 18 2/12/2010 23/12/2010 2/01/2011 9 1.19
TxK92 Crusader 20 9/12/2010 2/01/2011 2/01/2011 9/01/2011 7 1.94
TxK92 Crusader 20 7/12/2010 23/12/2010 2/01/2011 9 1.58
TxK92 E:E’;;L’éa 16 12/12/2010 23/12/2010 2/01/2011 9 1.369
TxK92 Kopu ll x 16 4/12/2010 9/01/2011 17/01/2011 8 0.94
Barblanca
TxK92 Kopu lix 16 3/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.81
Barblanca
TxK92 Tribute 19 8/12/2010 9/01/2011 9/01/2011 17/01/2011 8 0.44
TxK92 Tribute 19 5/12/2010 2/01/2011 2/01/2011 9/01/2011 7 0.72
TxK92 Tribute 19 1/12/2010 23/12/2010 2/01/2011 9 118
Txk92 Trophy 2/01/2011 17 10/12/2010 2/01/2011 2/01/2011 9/01/2011 7 1.62
TxK92 Trophy 31/12/2010 17 6/12/2010 23/12/2010 2/01/2011 9 1.05
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Appendix |

Genetic analysis

1.1  Selective DNA pooling, PCR and genotyping protocols

1.1.1 DNAzol Clover DNA extraction

Extract DNA from 132 white clover genotypes, including 2 parents (already done by technician)

1.1.2 Selective DNA pooling

SDP saves time and money by pooling DNA in bulks

132 white clover genotypes x 96 markers x 7 traits = 88704 tests!

SDP only looks at the 10% tail ends of the traits in question = 20% of the population
Genotypes in bulks of interest can be investigated separately

Determine 10 % high and low tail ends of the population for each trait:

Dry Weight Roots

DW Shoots

Total DW

R/ S Ratio

Q

Q. / K Ratio

Measure DNA concentration of each genotype
Balance DNA concentrations to a common dilution
Pool 14 genotype DNA in each bulk

Dilute bulk to PCR concentration
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Dilute parent DNA to identical PCR concentration

Test microsatellite DNA markers from across the white clover genome against DNA pools or bulks

White Clover PCR recipe per rxn. SSR Primer Cocktail Recipe
Reagent and Stock [ ] 1X

Water 3.89

Buffer (10X) 1

dNTPs (5 mM each) 0.4

Mg (50 mM) 0.5

Primer Cocktail 2

Colour (V) (10 uM) 0.15

Platinum Taq (5U/ul) 0.06

DNA (2 ng/ul) 2

I.1.3 Polymerase Chain Reaction (PCR) in thermal cycler

The PCR method used here is the one-tube, single-reaction nested PCR method.
Use 96 well PCR plate

7 bulks high / low = 14 DNA bulks

2 parent DNA

96 markers

Total: (14 + 2) * 96 = 1536 tests

1536 / 96 wells = 16 PCR plates

Add water, PCR buffer, dNTPs, Mg, colour, Platinum Taq
Add primer cocktail (reverse / forward)

Add bulk DNA

Run appropriate thermal cycler program

Denature with HiDi and LIZ in separate plate

238



I.1.4 Genetic analyser or genotyper

Generate genotyper 96-well-plate record

Run appropriate genotyper program using capillary electrophoresis

Check for possible PCR errors

Analyse genotyper results from electropherograms

Determine genotypes with high Q and high DW

Identify linkage between molecular markers and QTLs for the 7 traits mentioned earlier
Identify marker differences between parents

Identify marker differences among bulks

Look for markers that are polymorphic for traits in parents as well as bulks
Take most promising markers and test the individuals within bulks.
Identify potential DNA marker tags for Q and DM

HiDi Formamide is used to denature DNA samples prior to capillary electrophoresis and serves as an

injection solvent.

GeneScan 500-LIZ is a size standard used as an internal reference to size and correct for mobility
differences between capillaries. A size standard of 100-500 base-pairs is recommended for

microsatellite analyses.

The genotyper uses a linear flowable liquid POP-7 polymer as sieving matrix.
Sample loading is performed by electrokinetic injection.

GeneScan is used for fragment analysis.

Results will be analysed with Kruskal Wallis single marker tests.

1.1.5 Markers and primers

Criteria to choose these markers:

Informative in both sub-genomes of MP1 or BB
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Spaced evenly along chromosome - prefer less than 10 centiMorgan (cM) spacing

PCR products produce clean, easy to score electropherogram, clean peaks (prefer no stutter or peaks

1 basepair apart)
Mapped in Trifolium occidentale or MP2 or BB as well

The colour used is a 6-carboxy-fluorrescine (FAM) fluorescent dye label, which shows up on the

genotyper laser detection system as blue.

The primers are oligonucleotide primers, selected for even distribution along the white clover

genome.
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Appendix J
Published papers

“Multivariate associations of flavonoid and biomass accumulation in white clover (Trifolium
repens) under drought”

Ballizany, W. L., Hofmann, R. W., Jahufer, M. Z. Z., & Barrett, B. A. (2012).

Functional Plant Biology, 39(2), 167—-177. doi:http://dx.doi.org/10.1071/FP11193

“Genotype x Environment analysis of flavonoid accumulation and morphology in white clover
under contrasting field conditions”

Ballizany, W. L., Hofmann, R. W., Jahufer, M. Z. Z., & Barrett, B. A. (2012).

Field Crops Research, 128, 156-166. doi:http://dx.doi.org/10.1016/j.fcr.2011.12.006
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