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Abstract

There is a plethora of challenges that must be addressed this century to ensure the demand for food,
fodder and biofuel is met. Feeding 9 billion people whilst counteracting the negative effects that
erratic and more severe weather events are having due to climate change is a challenge that requires
innovative approaches. Drought and salinity are significant limiting factors to crop vyields, and
modifying plant traits to avoid these stresses has been identified as a method of improving crop

productivity.

This study investigated the ability of putative root-specific cytokinin antagonists, molecules that block
activity of the plant hormone cytokinin, to promote root growth in rice as a mechanism for improving
crop abiotic stress tolerance. In addition to the parent compound, four novel compounds synthesised
by Globachem Discovery Ltd. were found to promote root growth of the rice variety, Nipponbare, in
liguid media. Subsequently, seed priming was established as a way of applying the compounds,
significantly reducing preparation time and the quantity of product required. The long-term effects of

priming were found to not affect aboveground biomass but did confer a negative effect to yield.

The compounds were also tested for their ability to promote root growth in commercially relevant
rice varieties and growth settings under drought and salt stress. However, the increase in root length
found in Nipponbare was not observed in a commercial setting or commercially used rice varieties
under optimum or stress conditions, highlighting the high specificity of the compounds. These findings
show that whilst there is potential for these compounds to promote root growth, their use must be

further optimised for agricultural purposes.

In parallel to the lab-based studies, three models were designed and implemented in Chapters 2, 4
and 5. A machine learning technique was used to predict the likelihood of a compound having
biological activity, based on its chemical properties. In a subsequent chapter the effects of spatial
heterogeneity within a glasshouse were quantified and accounted for statistically. Finally, geospatial
modelling was used to identify key regions where plant growth regulators could be applied most
effectively. These models allow the optimisation of current practice, from agrochemical design to

dissemination of a product, thereby contributing to a more robust agricultural system.

The lab-based assays and different modelling approaches used in this study highlight the multi-faceted
and collaborative approaches that are required to tackle the pressing humanitarian and

environmental challenges of this century. This study goes some way to addressing these challenges.
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Figure 2.8. There is a strong positive relationship between root length, area, volume and tips and an
inverse relationship between the variables and R/S ratio and diameter. Circle size corresponds
to the correlation coefficient (R) value, the value within each circle is the R value. All values are
statistically significant (p<0.05). Green colour indicates a positive correlation whilst red indicates

A NEEALIVE COMTEIATION. ..eviiiiiiiie e e e s ree e e s e e e s s sbee e e enareeas 64

Figure 2.9. The scatterplot matrix shows the positive relationship between root length, surface area,
volume and tips and a negative relationship between the aforementioned variables and R/S ratio
and root diameter. Values from RGP and non-RGP compounds are in green and orange

(=T o=t 4 V7= 1Y SRR 65

Figure 2.10. The PCA correctly grouped RGP and non-RGP compounds used in this study, inputting
only chemical structure data and no experimental results. Using the training dataset, the PCA
correctly grouped compounds 991 and 987 (points 7 and 8) with the non RGPs and compound
974 and 1027 (points 9 and 10) near to the known-RGPs. The first principal component captures

most of the variance (41.1%), with 71% of the total variance being retained in this PCA. ......... 67

Figure 2.11. The PCA predictive data suggests that 5 compounds (points 7-11) may behave as RGPs,
with points 9 and 10 sharing many chemical similarities to the RGPs. Point 12 is not likely to be
an RGP as it is chemically dissimilar to the RGPs. Points 7-10 in this figure are different

compounds t0 7-10 0N FIGUIE 11 ....oeiiiiiiiieiiiee ettt e e e e e e e sre e e s e e e e s nba e e e snbae e e snreeas 68

Figure 3.1. Plant and drought stress exert similar effect and initiate some similar responses within a
plant. Salt stress exerts an ionic stress in addition to an osmotic stress. A summary of the effects
of salt and drought stress on a plant, and the plant response to survive the stress are shown.

Image created in BioRender and adapted from Horie et al. (2012). ....cceevveevceeeiieeciee e 76

Figure 3.2. Experimental design for assays with and without the parent compound, compound 974.
Green boxes are control plants and red have compound 974 applied. Salt or drought treatments

were applied to the base to ensure even application.........ccccoviiieeiii s 81

Figure 3.3. The effect of RGP compounds was dose-dependent. All compounds exerted a positive
effect on root length at an intermediate concentration, followed by root inhibition or return to
a similar length to the control at higher concentrations. Significance values indicate the results
of independent t tests carried out between the control and each concentration of the compound.

*p £0.05, ¥*p < 0.01. Values are means £ SEM (N =6). ...ccceereeiiiieeeiiiiee et 84
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Figure 3.4. Shoot lengths followed a similar positive trend to root length data for the array of
concentrations and compounds. No shoot lengths were decreased by the seed priming
compound application. Significance values indicate the results of independent t tests carried out
between the control and each concentration of the compound. *p < 0.05, **p < 0.01, ***p

<0.001. Values are Means £ SEM (N = 6). c..ccccueeecieeriieeieeerireeesteeesreesteseseeeessteeesaseessessssseessneenns 85

Figure 3.5. Germination rates were consistently high for all concentrations and compounds, as well as
the control. Germination was most affected by priming with compounds 974 and 1027, though
germination rate remained relatively high. Values are the percentage of the six seedlings that
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Figure 3.6. The Seed Vigour Index (SVI) revealed an optimum concentration for the effects of individual
RGPs. SVI was calculated by the equation: root length + shoot length x germination percentage.
The following optimum RGP concentration for each compound was used subsequently in
translational experiments in a commercial setting: 974:3.2uM, 1027:32uM, 1070:32uM,
1093:32uUM and 1131:9.6LM (NZ6)....ceuireiiiiiieieie ettt ettt sttt sbe et e b eaeenes 87

Figure 3.7. Representative images showing the positive effect of compound 974 on root growth at

3.2uM; and the slight inhibitory effect of compound 974 at 32UM. ......cccceecvieeecciee e, 88

Figure 3.8. Root length of glasshouse-grown Loto, a lowland rice variety, exposed to drought stress.
Treatments clockwise from top-left represent control, mild, moderate and severe stress. The
boxplot displays the median, and the upper and lower quartiles. The whiskers extend from the
upper and lower quartiles to the smallest and largest values that are no greater than 1.5 times
the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers.
Dots represent individual data points. Significance values indicate the results of independent t
tests carried out between the control and each concentration of compound 974. *p <0.05 (n=6),

‘C’ on the x-axis represents the CONTIOl. .........oocciiii i 91

Figure 3.9. Root length of a lowland rice variety, Loto, exposed to varying levels of drought stress,
grown in a glasshouse. Treatments clockwise from top-left represent control, mild, moderate
and severe stress. The boxplot displays the median, and the upper and lower quartiles (25th and
75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and
largest values that are no greater than 1.5 times the IQR from the quartile. Data beyond the end

of the whiskers are outliers. Dots represent individual data points. Significance values indicate
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the results of independent t tests carried out between the control and each concentration of

compound 974. *p £0.05 (n=6), ‘C’ on the x-axis represents the control...........cccceeeeerveeennnnn. 92

Figure 3.10. Root length of a lowland rice variety, Loto, exposed to varying levels of drought stress,
grown in a glasshouse. Treatments clockwise from top-left represent control, mild, moderate
and severe stress. The boxplot displays the median, and the upper and lower quartiles (25th and
75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and
largest values that are no greater than 1.5 times the IQR from the quartile. Data beyond the end
of the whiskers are outliers. Dots represent individual data points. Significance values indicate
the results of independent t tests carried out between the control and each concentration of

compound 974. *p < 0.05 (n=6), ‘C’ on the x-axis represents the control..........cccccceeeeevrvreeennnn.. 93

Figure 3.11. Application of drought stress, or the CK antagonist, to the upland rice cultivar, Selenio,
had no effect on shoot or root growth under glasshouse conditions. Panel A represents the shoot
dry weight. Treatments (left to right) represent a control, mild, moderate and severe water-
deficit stress, respectively. Significance values indicate the results of an independent t test
carried out between treated and untreated seedlings for each drought stress level. *p < 0.05 (n
= 6). Root length values are log10 to normalise data. The boxplot displays the median, and the
upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and
lower quartiles to the smallest and largest values that are no greater than 1.5 times the IQR from
the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual data
points. Statistics for the effect of compound application and drought stress are the results of a

TWO-WAY ANOV A e e e e e e e e e e e e e e e e e e e e e e e e e eeaaeeenns 95

Figure 3.12. Application of drought stress, or the CK antagonist, to the lowland rice cultivar, Loto, had
no effect on shoot or root growth under growth chamber conditions. Panel B represents the
shoot dry weight. Treatments (left to right) represent a control, mild, moderate and severe
water-deficit stress, respectively. Significance values indicate the results of an independent t test
carried out between treated and untreated seedlings for each drought stress level. The boxplot
displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers
extend from the upper and lower quartiles to the smallest and largest values that are no greater
than 1.5 times the IQR from the quartile. Data beyond the end of the whiskers are outliers. Dots
represent individual data points. *p < 0.05. Values are means + SEM (n = 6). Statistics for the

effect of compound application and drought stress are the results of a two-way ANOVA. ....... 98
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Figure 3.13 Seed priming with compound 974 had no effect on shoot or root growth of the lowland
rice cultivar, Loto, in response to salt stress under glasshouse conditions. Panel A represents the
shoot dry weight. 50, 75 and 100mM NaCl represent mild, moderate and severe salt stress,
respectively. The boxplot displays the median, and the upper and lower quartiles (25th and 75th
percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest
values that are no greater than 1.5 times the IQR from the quartile. Data beyond the end of the
whiskers are outliers. Dots represent individual data points. Significance values indicate the
results of an independent t test carried out between treated and untreated seedlings for each
salt stress level. *p<0.05. Values are means + SEM (n = 6). Statistics for the effect of compound

application and salt stress are the results of a two-way ANOVA.........ccccceeeiviiiiiieeeee e, 102

Figure 3.14. Application of salt stress, or the CK antagonist, to the upland rice cultivar, Selenio, had no
effect on shoot or root growth in growth chamber conditions. 50, 75 and 100mM NaCl represent
mild, moderate, and severe salt stress, respectively. The boxplot displays the median, and the
upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and
lower quartiles to the smallest and largest values that are no greater than 1.5 times the IQR from
the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual data
points. Significance values indicate the results of an independent t test carried out between
treated and untreated seedlings for each salt stress level. *p < 0.05. Values are means * SEM (n

= 6). Statistics for the effect of compound application and salt stress are the results of a two-way

Figure 4.1. Diagrammatic representation of the experimental design in the glasshouse. Plants were
arranged in a block design with 12 replicates per treatment. Treatments are colour coded by

compound and CONCENTIALION. .....uiiii e ebre e e e e e s et ee e e s eabae e e enbeeas 116

Figure 4.2. The quadrants of a Moran Scatterplot, modified from Koutsos et al. (2021), provide a visual
representaton of the parameters which dictate whether data are positively or negatively

YU Yoo ] g £=] F=1 {=Tc RO 118

Figure 4.3. Visual data from the Local Getis-ord Gi* shows the degree to which positioning of a plant
within the glasshouse influenced panicle length, plant height and number of tillers. The
perimeters of the glasshouse, particularly on the left-hand side, tended to be negatively affected
by their positioning, whereas being in the central column had a positive influence on plant

variables. Each circle represents a plant, glasshouse layout is the same as detailed in Figure 4.1.
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Figure 4.4 The effect of RGP on plant height, weighted by the extent to which a plants' location
affected its growth. Significance values indicate the results of independent Wilcox tests carried
out between the control and each concentration of each compound. * = p < 0.05, **=p < 0.01,
***= p< 0.001. The boxplot displays the median, and the upper and lower quartiles (25th and
75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and
largest values that are no greater than 1.5 times the interquartile range (IQR) from the quartile.
Data beyond the end of the whiskers are outliers. Dots represent individual plants. Positive z-
values indicate growth higher than expected due to the plants’ location, whilst negative z-values
indicate growth worse than expected due to the plants’ location. Grey dots represent imputed

AV Y 01T (Ll ) TR SRR 123

Figure 4.5. The effect of RGP on tiller number, weighted by the extent to which a plants' location
affected its growth. Significance values indicate the results of independent Wilcox tests carried
out between the control and each concentration of each compound. * = p < 0.05. The boxplot
displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers
extend from the upper and lower quartiles to the smallest and largest values that are no greater
than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the
whiskers are outliers. Dots represent individual plants. Positive z-values indicate growth higher
than expected due to the plants’ location, whilst negative z-values indicate growth worse than

expected due to the plants’ location. Grey dots represent imputed values (n=12).................. 124

Figure 4.6. The effect of RGP on flag leaf length, weighted by the extent to which a plants' location
affected its growth. Significance values indicate the results of independent t-tests carried out
between the control and each concentration of each compound. * = p < 0.05. The boxplot
displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers
extend from the upper and lower quartiles to the smallest and largest values that are no greater
than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the
whiskers are outliers. Dots represent individual plants. Positive z-values indicate growth higher
than expected due to the plants’ location, whilst negative z-values indicate growth worse than
expected due to the plants’ location. Grey dots represent imputed values, compound 1027 has

no Kruskal-Wallis statistics due to the values being imputed (N=12). ....cccccoveeieciieeeciiee e, 125

Figure 4.7. The effect of RGP on panicle length, weighted by the extent to which a plants' location
affected its growth. Significance values indicate the results of independent t-tests carried out

between the control and each concentration of each compound. * = p < 0.05, **=p < 0.01, ***=
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p < 0.001. The boxplot displays the median, and the upper and lower quartiles (25th and 75th
percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest
values that are no greater than 1.5 times the interquartile range (IQR) from the quartile. Data
beyond the end of the whiskers are outliers. Dots represent individual plants. Positive z-values
indicate growth higher than expected due to the plants’ location, whilst negative z-values
indicate growth worse than expected due to the plants’ location. Grey dots represent imputed

A=Y LU 1T [ Ei ) TR S 126

Figure 4.8 Scatterplot matrix showing correlations from Group 2 variables. There is a weak positive
correlation between all variables; except for spikelet fertility and flag leaf length, which have a
weak negative correlation. Upper right panels show correlation (R? values) and level of
significance * = p <0.05, **=p <0.01, ***=p < 0.001. Bottom left panels are scatterplots between

each variable. Central diagonal panels show the distribution of the data for each variable. ... 127

Figure 4.9. The effect of RGP on number of panicles, weighted by the extent to which a plants' location
affected its growth. Significance values indicate the results of independent Wilcox tests carried
out between the control and each concentration of each compound. * = p < 0.05. The boxplot
displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers
extend from the upper and lower quartiles to the smallest and largest values that are no greater
than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the
whiskers are outliers. Dots represent individual plants. Positive z-value indicate growth higher
than expected due to the plants’ location, whilst negative z-values indicate growth worse than

expected due to the plants’ location. Grey dots represent imputed values (n=12).................. 129

Figure 4.10. Scatterplot matrix for Group 1 variables. All were positively correlated, p<0.001. The
central diagonal column shows the frequency distribution of the data for each variable. Upper
right panels show correlation (R? values) and level of significance * = p < 0.05, **=p < 0.01, ***=

p < 0.001. Bottom left panels are scatterplots between each variable...........ccccoveeerienennneen. 130

Figure 4.11. The effect of RGP on spikelet number per panicle, weighted by the extent to which a
plants' location affected its growth. A Wilcox test was carried out between the control and each
concentration of each compound, no concentrations were significantly different from the
control. The boxplot displays the median, and the upper and lower quartiles (25th and 75th
percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest
values that are no greater than 1.5 times the interquartile range (IQR) from the quartile. Data

beyond the end of the whiskers are outliers. Dots represent individual plants. Positive z-value
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indicate growth higher than expected due to the plants’ location, whilst negative z-values
indicate growth worse than expected due to the plants’ location. Grey dots represent imputed
values, compound 1027 has no Kruskal-Wallis statistics due to the values being imputed. Total
number of spikelets indicates the number of spikelets on three panicles of three plants (nine
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Figure 4.12. RGP application on spikelet fertility conferred benefits at some concentrations but
severely inhibited grain formation for seeds treated with compound 1070. *p <0.05, **p <0.01.
Compound 1027, concentrations 0.96-96uM are imputed values. Data are the results from total

number of filled or unfilled spikelets for 9 panicles per treatment. Values are means + SEM (n =

Figure 4.13. The correlation between seed physiological traits, based on data obtained from the
SeedCounter app. Data collected are for all seeds collected from three panicles for each
treatment. Upper right panels show correlation (R? values) and level of significance * = p < 0.05,
**=p <0.01, ***=p < 0.001. Bottom left panels are scatterplots between each variable. Central

diagonal panels show the distribution of the data for each variable. ........ccccccoeiveiiinnennnen. 134

Figure 5.1. Historic data from the peak planting month for each area, from 2013 to 2018. Data are
averaged over the 5 years. SPEl indices are z values that represent the standard deviation of the
data from the mean. Negative values indicate dry conditions, and a positive z value indicates the
data are higher than the mean. The SPEI values for all rice producing regions globally have been
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Figure 5.2. RGP properties of the cytokinin antagonist S-4893 under optimum conditions under five
different test concentrations. Significance values indicate the results of independent t-tests
carried out between the control and each concentration of 5-4893. * = P < 0.05, **=P < 0.01,

*¥**¥= P <0.001. Values are means +/- SEM (NZ6).....c.cecciiiiiieeiriieeiee ettt et e 149

Figure 5.3. The positive effect of the cytokinin antagonist S-4893 is reduced in roots (A) and shoots (B)
as water deficit stress increases. 0.96uM of S-4893 produced the most significant root growth
promotion when repeated in triplicate, hence this was the concentration used for the water
deficit assay. 10, 20 and 30% PEG 8000 (%w/v) represent mild, moderate and severe water deficit
stress, respectively. Significance values indicate the results of an independent t-test carried out

between treated and untreated seedlings for each water deficit stress level. * = P < 0.05. Values
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are means +/- SEM (n=6). Statistics for the effect of treatment and water-deficit stress are the
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Figure 5.4. A decision tree illustrating the criteria that must be met for the model to suggest
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Figure 5.5. Areas that use the transplanting method for rice production are highlighted in green.
Transplanting is currently the most common method of rice production and is used throughout

much of Asia and some countries Within AfriCa......ccooovv i 152

Figure 5.6. Regions with direct sowing of rice and over 50% of the area irrigated are highlighted in
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Figure 5.7. Regions with direct rice sowing, less than 50% of land area irrigated and an SPEI value of
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1.1 Introduction

The rising global population and increasingly conspicuous effects of climate change mean that
increases in food production of around 60% must be achieved by 2050 through sustainable
intensification of agriculture (Alexandratos and Bruinsma, 2012). In addition, global warming is
changing weather patterns and climate throughout the world, and extreme weather events are
increasing in both intensity and frequency. Climate models predict an average increase in global
temperatures between 2.5-5.4°C by 2100 coupled with a decrease in precipitation of 15% (Ciscar,
2012, Tadross et al., 2007). The changes in weather and climate often impose abiotic stresses on crops
that negatively impact yields and in turn, food availability, with declines in yields of major crops (corn,
wheat and rice) anticipated (Mickelbart et al., 2015). Abiotic stresses often occur simultaneously (e.g.
heat and drought) or in succession (e.g. flooding and then drought), and the timing and duration of
each abiotic stress can result in synergistic effects (Mittler, 2006, Zandalinas et al., 2021). The order,
frequency and longevity of each stress plays a role in the impact of the stress. For example, a
concurrent occurrence of drought and heat is more destructive to crops than the two stresses
occurring separately (Prasad et al., 2011). As climate change events increase in both frequency and
severity, so too will the effects of abiotic stresses on plants, severely affecting both growth and yield

(Godoy et al., 2021).

Root systems are central to the acquisition of water and nutrients by plants and have, therefore,
attracted interest from agrochemical companies and crop improvement programmes which aim to
improve food security (Gamuyao et al., 2012, Ju et al., 2015, Gowda et al., 2011, Jeong et al., 2010,
Arai-Sanoh et al., 2014). Of particular interest are traits such as root length and structure which
determine the extent and distribution of root surface area within the soil profile where resources are
unevenly distributed (Fromm, 2019). Water and nitrate, for example, are highly mobile within the soil
and tend to accumulate in the deeper layers (Fromm, 2019). Therefore, a steep rooting angle and
longer roots have become recognised as a high-value crop improvement target associated with the
improved performance of crops at lower levels of irrigation and nitrate fertiliser application (Ju et al.,

2015, Gamuyao et al., 2012).

1.2 Demand for abiotic stress mitigation

At present, agricultural production is neither sustainable nor able to meet the needs of the current
population (FAO, 2018); in 2020, 768 million people were undernourished and nearly one in three

people (2.37 billion globally) did not have access to adequate food (FAO, 2021b). The pressure to
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increase food production and security will be exacerbated as the population increases towards the 9.7
billion predicted by 2050 (FAO, 2018). The population increase naturally means more people to feed,
but there are also secondary factors that put further pressure on agriculture, such as increased wealth
leading to a diet shift with greater demand for meat, the growing biofuel industry, urbanisation and
the surge in behaviours that accelerate climate change (FAO, 2018). Demand for grain increased 2.2-
fold from 1970 to 2020, though the amount of cultivated land globally has remained largely unchanged
since 1965. Given that access to suitable land is finite, and the population is still increasing, cultivated
land area per person will continue to decline worldwide. Therefore, it is essential that agricultural land
becomes more productive and that the global food system is optimised (Nishimoto, 2019, FAO,

2009b).

To date, much work has been carried out on the impact of biotic stress on crops; the herbicide,
fungicide and insecticide agrochemical industry is worth an estimated £187bn (Fernandez, 2021). The
effect of abiotic stress on crops includes the effects of drought, salinity, flooding, extreme
temperatures, and a gradual rise in tropospheric ozone (Wang and Frei, 2011), all of which are
anticipated to become more severe due to climate change (Wang and Frei, 2011). Abiotic stresses
result in extensive loss of crop yields, resulting in large financial penalties for farmers (Mittler, 2006).
Despite this, the market for abiotic stress mitigation is largely under-developed and currently lacks
any applications to reduce the impact of abiotic stress on crops. Abiotic stress management is
currently heavily reliant on either breeding programmes or genetic modification (Bansal et al., 2014),
which is often met with resistance from consumers (Gaskell et al., 2004). Therefore, new approaches
are urgently required to increase crop yields to feed a growing population in increasingly stressful

environmental conditions.

1.2.1 Globachem Discovery Ltd.

Agrochemical applications are used predominantly for biotic stress mitigation and macronutrient
enrichment of soils (McKinlay et al., 2012). They are typically applied by foliar spray, application of
fertilisers to the ground, or, more recently, by the chemical priming of seeds (see section 3.1.1)
(Rhaman et al., 2021). Application of a wide range of natural and synthetic growth regulators has been
found to mitigate the adverse effects of abiotic stress such as drought stress (Farooq et al., 20093,

Lipiec et al., 2013, Brownfield et al., 2008), salinity and heavy metals (Wani et al., 2016). Plant hormone
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based abiotic stress defence is, therefore, emerging as a promising research area (Nishiyama et al.,

2011, Colebrook et al., 2014, Rhaman et al., 2021).

In order to achieve greater food security, Globachem Discovery Ltd. synthesises novel fungicides,
insecticides and herbicides for optimising agricultural yields (Globachem, 2021a). Compounds
synthesised early in the agrochemical discovery process are analogues of compounds with known
biologically active status, minimising cost and development time for new products. One aspect of their
research focusses on abiotic stress mitigation, with the objective of increasing yields in challenging

environments.

1.3 Rice: a model crop species

Rice, Oryza sativa, is one of the most important food crops; more than half of the global population
are dependent on rice to meet their daily calorific needs and it accounts for 20% of all calories
consumed worldwide (Fukagawa and Ziska, 2019). Over 90% of rice is grown in Asia, where 60% of the
global population live and much of the projected population growth will occur (Khush, 2005). Rice
production underpins food security and provides an important source of vitamins (such as thiamine,
niacin and folic acid) and minerals (such as magnesium, manganese, selenium, iron and phosphorus)
in many low- and middle-income countries. Given its global significance, rice is a major component in
the Food and Agriculture Organization’s (FAQ) goal to end undernourishment by 2030 (FAO, 2021b,
Fukagawa and Ziska, 2019). As the model crop species for monocotyledonous plants, rice is of
enormous interest globally for scientific, humanitarian and commercial purposes (FAO, 2018,

Fukagawa and Ziska, 2019, Khush, 2005).

Rice is highly sensitive to both drought and salt stress (Uga et al., 2013, Zeng and Shannon, 2000),
susceptibility to which has grown, in part, due to higher sowing densities which increases competition
for resources (Mickelbart et al.,, 2015). Rice sensitivity to salt and drought stress and the losses
incurred as a result creates vulnerabilities for the future of food security that need to be addressed

urgently (Haefele and Bouman, 2009, Zeng and Shannon, 2000, FAO, 2021a).

1.4 Cytokinins

Plant growth, development and responses to external stimuli are regulated by very low concentrations
of plant hormones (Ciura and Kruk, 2018). Plant hormones include auxin, cytokinins (CKs), gibberellins,
abscisic acid (ABA), salicylic acid, ethylene, brassinosteroids, jasmonates and peptides (Khan et al.,

2014). Signals involving plant hormones are spatiotemporally diverse; short-term responses such as
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closure of stomata are elicited in a matter of minutes and are largely dependent on ABA, whereas long
term responses such as CK-mediated temperature acclimation happens over a period of days

(Escandon et al., 2016).

CK and ABA interact directly through their signalling components and are known to behave
antagonistically (PavlU et al., 2018). Their antagonistic behaviour plays a role in both drought and
stress tolerance. The Arabidopsis histidine kinase (AHK) 1 receptor, a known CK receptor, has been
found to be a positive regulator of drought and salt stress responses, in addition to ABA signalling,
whereas CK receptors AHK2, AHK3 and CRE1 are negative regulators of ABA signalling (Tran et al.,
2007). Interestingly, under drought stress, plants with decreased levels of CK or reduced CK signalling
have lower levels of ABA, but a higher sensitivity to ABA and greater drought tolerance (Pavl( et al.,
2018). CK is also known to behave antagonistically with auxin to control meristem development
(Moubayidin et al., 2009), this interaction plays an important role in modulating root development
(loio et al., 2008). CK controls the rate of cell differentiation by repressing auxin signalling and
transport, hence, the co-ordination of these two hormones is essential for controlling root size
(Moubayidin et al., 2009). Simultaneous adjustments of plant hormones, their crosstalk with other
signalling molecules and the knock-on effect this has on gene expression plays a crucial role in stress
tolerance and elicits an optimised response to stress (Tuteja and Mahajan, 2007, Sewelam et al., 2016,

Santner and Estelle, 2009).

1.4.1 Cytokinin structure, synthesis and signalling

CKs are a class of plant hormone that play a key role in almost all stages of plant growth and
development (Werner and Schmiilling, 2009, Kieber and Schaller, 2014). Naturally occurring CKs are
classed as either aromatic CKs or isoprenoid CKs, depending on whether they have an aromatic or
isoprene-derived side chain at the N® terminus, respectively (Sakakibara, 2006) (see Figure 1.1 for side
chain configurments). CK was originally thought to be synthesized solely in roots and transported to
shoots; however, genes that encode enzymes involved in CK biosynthesis have since been found
throughout the plant and it is now known that CKs are also synthesised in shoots and transported to

the roots, though to a lesser extent than root to shoot CK signalling. (Sakakibara, 2006).
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Figure 1.1. The naturally occurring CKs, consisting of an adenine base with an isoprenoid or aromatic-derived
side chain. The CKs with an isoprenoid side chain are: isopentenyladenine (iP), Dihydrozeatin (DHZ), trans-Zeatin
(tZ) or cis-Zeatin (cZ). The aromatic CKs are Kinetin (kin), Benzyladenine (BA), meta-Topolin (mT), ortho-Topolin
(oT). Adapted from (Pekarova et al., 2018).

The isoprenoid precursors to CK, isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP) are produced by one of two pathways, the methylerythritol phosphate (MEP) pathway in
plastids and the mevalonate (MVA) pathway in the cytosol (Kieber and Schaller, 2014, Kasahara et al.,
2004). The isoprenoid side chain of isopentenyladenine (iP), a CK, can be hydroxylated on the cis or
trans methyl group, forming cis-zeatin or trans-zeatin. The conformation strongly influences biological
activities and the function of the CK, with cis-zeatin typically having lower biological activity than trans-
(Schafer et al., 2015). The free bases that convert iP to cis- or trans-zeatin are released from CK
ribotides by the LONELY GUY (LOG) protein family, a single step reaction that converts inactive CK
nucleotides into active free bases, allowing rapid conversion of inactive CK into an active form (Seo et
al., 2016). Prenyl groups are hydrophobic molecules that are added to a protein or compound. The
prenyl group of tZ and iP is most commonly produced via the MEP pathway, whilst the prenyl group
of cZ is produced via the transfer of DMAPP from the MVA pathway to tRNA in the cytosol (Zaveska
Drabkova et al., 2021, Kasahara et al., 2004).

Plants respond to CKs via a multistep phosphorelay system; the first step of the CK signalling pathway
is the perception of CKs by receptors (Hutchison and Kieber, 2002). The perception of CK by receptors
prompts the transfer of phosphate from a histidine kinase to a histidine phosphotransferase which
translocates through the nuclear membrane and amplifies transcription, leading to a biological

response (Hutchison and Kieber, 2002) (Figure 1.2). Rice has 11 histidine kinases (OsHKs), 5 histidine
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phosphotransferases (OsHPT) and 36 response regulators (OsRRs), though little is known about how

they interact and what their signalling cascades entail (Sharan et al., 2017).
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Figure 1.2. CK receptors, which are histidine kinases (AHK), initiate the phosphorelay when CK binds to cytokinin
response 1 (CRE1), thought to be located in the plasma membrane. The binding of CK causes the transmitter
domain to autophosphorylate on a His (H). Phosphate is then transferred to an Asp-residue (D) within the receiver
domain. The phosphate is then transferred to an AHP protein which translocated to the nucleus, where type-B
ARRs are activated. Activation of type-B ARRs causes increased transcription of type-A ARRs which in turn feed
back and inhibit their own transcription. The signal is then outputted, but the pathway is mostly unknown. Image
produced in BioRender, adapted from Schaller et al. (2008,).
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1.4.2 Effect of cytokinin in the root and shoot

CKs are involved, in varying abundance, in the growth and development of a plant, such as delaying
leaf senescence (Gan and Amasino, 1995) and increased grain yield (Ashikari et al., 2005). In the roots,
CKs create positional cues for lateral root formation to ensure adequate spacing between
neighbouring roots, and are also involved in inhibiting lateral root formation (Laplaze et al., 2007b,
Julkowska, 2018). A plants’ response to the environment is shaped by CK abundance, such as shade
avoidance (Carabelli et al., 2007) and light responses (Boonman et al., 2007, Zubo et al., 2008) in
leaves; and drought stress (Ha et al., 2012), nitrate, sulphate, and phosphate assimilation in the roots
(Rubio et al., 2008). The presence of CK and the resulting interactions between different molecules is

complex, and its role varies according to location and abundance in the plant.

CKs are negative regulators of root development, inhibiting formation of adventitious roots, lateral
roots and root elongation (Ramireddy et al., 2018) (Figure 1.3). Various methods have been
implemented to reduce the amount of CK in the roots to promote root growth, including
overexpression of CK oxidase/dehydrogenase(CKX) to degrade CK (Ramireddy et al., 2018), mutation
of isopentenyltransferase genes (responsible for the rate-limiting step of CK biosynthesis, atipt3 5 7
triple and the atipt1357 quadruple mutants (Miyawaki et al., 2006)) to inhibit CK synthesis, mutation
of CK receptor genes (AHK2,AHK3 and CRE1/AHK4) (Riefler et al., 2006), or suppressing the CK
signalling pathway by a CK antagonist binding to the CK receptor and preventing signal transduction

(Arata et al., 2010).
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Role of Cytokinin Effect of High Cytokinin Levels

-Cell proliferation Shoot -Proliferation of cells, particularly the

-Cell differentiation shoot apical meristem.

-Leaf senescence -Delayed leaf senescence
-Seed development ncreased grain size
-Photosynthesis -Increased grain number

-Chlorophyll synthesis
-Long-distance signalling
-Regulation of cambium
development

-Increased photosynthetic efficiency

Matsumotu-Kitano et al., 2008, Werner et
al., 2008, Werner and Schmilling, 2009

Werner et al.,, 2001, Kurakawa et al., 2007, Yin et
al., 2020, Peleg et al_, 2011

Figure 1.3. CK has many roles in the root and shoot of plants involved in growth and development, some of the
effects of high CK levels on root and shoot development are highlighted (Matsumoto-Kitano et al., 2008, Werner
et al., 2008, Werner and Schmiilling, 2009, Miiller and Sheen, 2008, Riefler et al., 2006, Werner et al., 2001,
Kurakawa et al., 2007, Yin et al., 2020, Peleg et al., 2011, Laplaze et al., 2007b). Image produced in BioRender.

1.4.3 Cytokinin antagonists

Structural analogues of CKs compete with CKs in signal transduction systems within a plant, affecting
biological processes and gene expression (Gregorini and Laloue, 1980). Analogues that exhibit this
behaviour are known as CK antagonists and inhibit activity of CK within cells (Gregorini and Laloue,
1980). The potential value for modifying plant traits by application of a CK antagonist has been
recognised for several decades, but optimum utilization is yet to be achieved (Gregorini and Laloue,

1980, Hecht et al., 1971, Arata et al., 2010)

Early studies using CK antagonists did not yield the crucial receptor-specific activity that is required

for CK antagonists to be suitable for trait modification for agricultural purposes (Spichal et al., 2009,
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Nisler et al., 2010). CK antagonist activity was reported at the receptor level in Arabidopsis by Spichal
et al. (2009); a purine derivative compound, PI-55, competitively inhibited binding of trans-zeatin to
receptor cytokinin response 1 (CRE1, also referred to as Arabidopsis histidine kinase 4 (AHK4)), but
also exhibited agonist activity with two other receptors: Arabidopsis histidine kinase 2 and 3 (AHK2
and AHK3) (Spichal et al., 2009). This specificity was improved somewhat by Nisler et al. (2010), in
which a CK receptor antagonist, LGR-991, derived from 6-benzylaminopurine interacted with CK
receptors AHK3 and AHK4 and exhibited reduced agonist activity compared to PI-55. Application of
LGR-991 resulted in more rapid germination and increased hypocotyl length of dark-grown seedlings
(Nisler et al., 2010). Subsequently, a non-competitive CK antagonist was identified by Arata et al.
(2010) which bound exclusively to CRE1 in the roots of Arabidopsis and rice with no agonistic
interactions, resulting in an increase in root growth in both species. Further research into receptor-
specific CK antagonists that lower CK levels exclusively in the root offers a promising mechanism to

promote root growth (Ramireddy et al., 2018, Nehnevajova et al., 2019).

1.5 Signalling response to stress

Multiple signalling pathways can be activated during exposure to stress, which has been found to
cause an overlap in gene expression (Zandalinas et al., 2021). This can lead to the initiation of similar
biological processes and molecular functions to different triggers (Zandalinas et al., 2021). Stress
responses vary in their spatiotemporal scales; a plants’ response to stress can be localised (cellular) or
systemic (whole plant), short term responses can occur within minutes of initiation of the stress,
whereas a long-term stress (days or weeks) results in a long -term response (Heap et al., 2020, Gilroy

et al., 2016, Das and Roychoudhury, 2014).

Rice plants have developed complex, targeted responses to stress; regulatory networks within the
plant allow the fitness cost associated with responding to the stress to be minimised (Wang et al.,
2019, Kim et al., 2020b, Horie et al., 2012). Signalling pathways are a multi-level signalling network,
beginning with the sensing of an exogenous signalling molecule, often a ligand binding to a receptor
protein on the cell surface (McAinsh and Taylor, 2017). This is followed by signal transduction in which
the signalling molecule binds to a receptor, eliciting a change in structure and initiating the process of
signal transduction. Signal transduction is followed by signal amplification and response of the plant

which often involves transcription factors, secondary metabolites and hormones (Heap et al., 2020).
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1.5.1 Involvement of cytokinin in abiotic stress signalling pathways

During drought stress, the CK levels in rice roots and shoots decreases (Kim et al., 2020b, Todaka et
al., 2017, Maruyama et al., 2014). Under salt stress, the generally recognised pattern for CK levels in
plants is to decrease (Albacete et al., 2008, Ghanem et al., 2008, Kudoyarova et al., 2007).
Interestingly, however, the one study that has been published to date on the effects of salt stress on
CK levels in rice found a decrease of CK in the shoots but an increase of CK in the roots (Yin et al., 2020)
which may have complications for engineering trait modifications. Nevertheless, the modulation of CK
metabolism and signalling has been shown to improve drought and salt tolerance, whether through
inhibiting CK activity in the roots or increasing the abundance of CK in the shoots (Yin et al., 2020,

Nehnevajova et al., 2019, Ramireddy et al., 2018).

Aboveground, CK-related mechanisms contribute to increased plant tolerance to water deficit
conditions via increased expression of genes involved in photosynthesis, chlorophyll abundance,
photochemical efficiency and quenching, electron transport rates, and CO, assimilation (Pavl( et al.,
2018). Modulation of CK metabolism enhances antioxidant systems which protect cells from stress-
induced ROS accumulation, in turn protecting chloroplast integrity and reducing electrolyte leakage
(Nguyen et al., 201643, Rivero et al., 2007). Plants with low levels of CK or weak CK signalling, akin to
having a CK antagonist active, have improved water regulation and balance, typically having higher
water contents during drought stress than plants with high CK content or stronger signalling (Pavla et
al., 2018). Higher water content is thought to be a result of having longer roots, and is complemented
with reductions in transpiration rate and stomatal aperture which are thought to occur to reduce
water loss during stress (Nguyen et al., 2016a). CK oxidase enhances root growth, nutrient uptake,
drought tolerance and improves recovery post-drought stress with no cost to shoot growth
(Ramireddy et al., 2018). It is therefore hypothesised that a CK antagonist would confer the same

benefits to a drought-exposed plant.

1.6 Drought stress

1.6.1 Physiological and biochemical effects of drought

Drought stress reduces leaf water potential and turgor, induces stomatal closure, and decreases the
rate of cell growth (Farooq et al., 2009b) which results in reduced leaf size, root growth and yield (Kim
et al.,, 2020a). A reduction of physiological and biochemical functions, such as photosynthesis,
respiration, and the metabolism of nutrient and carbohydrates also occurs under drought stress

(Hussain et al., 2018, Yordanov et al., 2000, Kumar et al., 2018) (Figure 1.4).
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Drought Stress
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Figure 1.4. Depiction of a plants’ physiological, morphological, biochemical and molecular response to drought
(Farooq et al., 2009b, Kim et al., 2020b, Hussain et al., 2018, Kumar et al., 2018, Yordanov et al., 2000). Image
produced in BioRender.

Plants adapt to drought stress using a range of mechanisms depending on the severity and duration
of the drought and their acclimation and adaptation capacity (Farooq et al., 2009b). Drought tolerance
occurs when a plant has adapted to endure low water availability via osmotic adjustment of cell turgor
and cellular elasticity (Farooq et al., 2009b). Drought avoidance relates to the plants’ ability to
maintain high water potential despite the low water potential of the soil; this is achieved by either
minimizing water loss by techniques, such as reducing transpiration or by maximising water uptake

via methods such as increased rooting (Basu et al., 2016).

Changes in the water potential gradient between soil and root prompts the production of ABA, a long-
distance signalling molecule which triggers the closure of stomata and induces the expression of an
array of stress-related genes and signalling molecules and transcription factors (Hussain et al., 2018),
preventing further water loss through transpiration, but also preventing photosynthesis in the
process. Consequently, overexpression of ABA receptors has been reported to increase drought
tolerance but also to negatively affect yield under non-drought conditions (Hussain et al., 2018). This
highlights the necessity of promoting development of traits that are beneficial under both optimum

and stress conditions.
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1.6.2 The effect of drought stress on rice productivity

Access to freshwater varies spatially and temporally, leading to droughts which result in two thirds of
the global population experiencing severe water scarcity for at least one month of the year (Mekonnen
and Hoekstra, 2016). Globally, around 151 million hectares (ha) of land is dedicated to rice-growing,
one third of which is grown in rain-fed lowlands in non-irrigated conditions solely dependent on
rainfall. In South and Southeast Asia 45 million ha of land is used for rice cultivation, of which 19 to 23
million ha are estimated to be frequently and severely affected by drought (Haefele and Bouman,
2009). There are many drought-risk areas beyond this region, their risk determined by topography,
soil characteristics and local weather patterns (Haefele and Bouman, 2009). As a result of drought,
rice yields are typically low in these regions and there is great opportunity for increasing yields (Tsubo

et al., 2009).

Low yields due to rainfed lowlands experiencing drought is a common problem throughout Asia, with
an estimated 45% of the total rice area having no irrigation input, with up to 35% of yield lost due to
droughts in rainfed regions of Thailand (Fukai et al., 1999). Traditional rice cultivation in flooded paddy
fields have higher water demand than other major crops, making the effects of drought more
pronounced (Datta et al., 2017). Yields in rainfed rice systems are typically much smaller than those
of irrigated systems due to poor growing conditions, limited resources and lack of development of
suitable cultivars or products (Fukai et al., 1999). Despite irrigated land typically having higher yield,

these areas are prone to yield losses as a result of salinity (Asch et al., 2000) (see section 1.7.2).

1.6.3 Engineering drought tolerance in rice

It has been forecast that changes in precipitation will result in more frequent droughts and floods
(Trenberth, 2011). Both outcomes present a different array of problems: increased flooding will lead
to issues such as increased runoff and in turn, increased leaching of soil nutrients; whereas increased
drought will decrease the amount of freshwater available for irrigation of crops (Trenberth, 2011,
Scalenghe et al., 2012). With the discovery of Sub1A gene that confers submergence tolerance to rice,
genetic engineering of rice has gone some way to mitigating the effects of flooding on rice crops (Xu
et al., 2006). Deep roots are the most widely accepted target trait for improved drought resistance
(Gowda et al., 2011), and roots engineered to be longer by root-specific expression of OsNAC10, a
gene involved in hormone signalling pathways and cell development, have been found to have
improved drought tolerance (Jeong et al., 2010). Additionally, elongation of the rice root has been

found to aid phosphorus acquisition (Gamuyao et al., 2012) and nitrogen use efficiency (Ju et al.,
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2015). In all instances the increased root length and improved nutrient acquisition or drought

tolerance resulted in higher grain yield (Gamuyao et al., 2012, Ju et al., 2015, Jeong et al., 2010).

Drought tolerance has been achieved in rice by the overexpression of the DRO1 gene, a gene that
controls gravitropic curvature in rice roots, by enhancing deep rooting and auxin-regulated
asymmetric root growth and modulating CK flux from the root (Arai-Sanoh et al., 2014, Uga et al.,
2013). Hence, modulating root growth by altering root-specific CK activity could be a promising avenue
for increasing drought tolerance in rice and making agricultural land more productive. As plant
hormones are critical components of modulating physiological and molecular responses to abiotic
stress, manipulation of their signalling has been identified as having the potential to be a key player
to produce abiotic stress-tolerant crops (Wani et al., 2016). However, drought stress remains the key
limiting factor to crop productivity, with rice growth and productivity severely affected by drought

stress.

1.7 Salinity stress

1.7.1 Physiological and biochemical effects of salt

Accumulation of salt within cells causes disruption to osmotic and ionic equilibriums which leads to
changes in metabolism, stunted growth and cell or plant death (Singh et al., 2018). The presence of
salt within the plant exerts an osmotic and ionic stress. The change in osmotic pressure between the
plant root cells and the surrounding water results in inhibition of water uptake, cell expansion and
lateral bud development (Horie et al., 2012). The osmotic stress that arises due to salt stress reduces
leaf growth, root growth, stomatal conductance and in turn, photosynthesis (Horie et al., 2012). The
accumulation of Na* inside plant cells, particularly in leaves, imposes an ionic stress and increases the
rate of chlorosis. The increased chlorosis is coupled with a reduction in photosynthesis and increased
cell death (Munns, 2002). In addition, salt stress can inhibit enzyme function, decrease carbon use
efficiency and cause decomposition of proteins and membranes. Salt stress also generates reactive
oxygen species (ROS) which accumulate and inhibit plant growth (Lee et al., 2001) (Figure 1.5).A
negative correlation exists between Na* accumulation in leaves and survival of rice plants under salt
stress, understandably therefore, one plant adaptation to salt stress is by preventing Na*reaching the
intracellular space (Yeo et al., 1990). Indeed, most plants can effectively exclude Na* from the roots
whilst uptaking water from the soil (Munns, 2005). Alternative adaptations to salt stress include
osmotic stress tolerance and the tolerance of tissue that has accumulated to Na*(Munns and Tester,

2008).
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The root system architecture of a plant can adapt to saline conditions by reducing primary root growth
and initiating lateral root development (Rahnama et al., 2011, Jung and McCouch, 2013). Soil salinity
tends to increase with depth, this increase in lateral root development is, therefore, thought to be a
method of exploiting non-saline areas within the soil (Munns and Gilliham, 2015). Therefore,
manipulation of CK abundance within a root may offer a method to further exploit the upper part of

the soil by increasing lateral root abundance.

Salt Stress
Induced stomatal closure
Reduced leaf water potential
Physiological /' Reduced leaf size, root size and yield
and Loss of cell turgor

Morphological Reduced chlorophyll levels
!!l s Responses (llangumaran and Smith, 2017, Singh et al., 2018)

Reduced photosynthesis
Reduced respiration
——Increased proline accumulation
Increased ABA levels
Increased ROS generation
Increased toxic ion accumulation
Disrupted ionic and osmotic equilibriums
(Lee et al., 2001, llangumaran and Smith, 2017, Mishra and Tanna
2017)

Biochemical
> Response

Molecular ) , )

Response \ Synthesis of sp_emﬁc proteins e._g_ LEA, HSE COR
Stress responsive gene expression e.g. DREB, NAC, ZIP
Increased expression of ABA biosynthesis gene
Inhibition of enzyme function
(Lee et al., 2001, Mishra and Tanna 2017)

Figure 1.5. Depiction of a plants’ physiological, morphological, biochemical and molecular response to salt
(llangumaran and Smith, 2017, Singh et al., 2018, Mishra and Tanna, 2017, Lee et al., 2001). Image produced in
BioRender.

1.7.2 The effect of salt stress on rice productivity

It is estimated that 19.5% of irrigated land and 2.1% of dry land agriculture is affected by salinity (FAO,
2021a). Salt stress is common in rice paddies in delta and coastal areas, but is also common in other
irrigation water due to the high solubility of salts in water (Tack et al., 2015). Furthermore, rising sea

levels due to climate change are leading to further degradation of soil by salinity (Reddy et al., 2017).

Rice is a highly salt-sensitive crop, therefore, irrigating rice fields with water with high salt content
creates a major obstacle to increasing rice yields globally (Zeng and Shannon, 2000). Studies have
shown that salinity at 1.9 dS m™ significantly reduces rice seedling shoot dry weight and reduces

seedlings survival at 3.4 dS m™ (Zeng and Shannon, 2000). Rice harvest at 3.4 dS m™? revealed leaf
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chlorosis and significantly reduced spikelets per panicle, grain dry weight per panicle and grain dry
weight per plant (Zhou and Zeng, 2018). These data are particularly alarming as water used for flood
irrigation practices has been found to typically have an electrical conductivity of 0.5 to 3.5 dS m™(Zeng

and Shannon, 2000).

1.7.3 Engineering salt tolerance in rice

Salt tolerance in rice has mainly been attributed to the plants’ ability to control the amount of Na*
reaching leaf tissue (Singh et al., 2018). This can be achieved by ion exclusion, tissue tolerance or
osmotic tolerance (Rajendran et al., 2009). lon exclusion involves the retrieval of Na* from the xylem
and the efflux of ions back into the soil. Tissue tolerance occurs when Na* is sequestered into cell
vacuoles in root tissue as osmoticum, another component of tissue tolerance involves enzyme
synthesis that catalyses reactions to detoxify ROS (Rajendran et al., 2009, Singh et al., 2018). Chen et
al. (2007) engineered increased salt tolerance in rice by overexpressing a vacuolar Na*/H* antiporter
gene which removes Na* from the cytosol and compartmentalize it in vacuoles in order to maintain a
low intracellular Na* concentration, amplifying the tissue tolerance response found in rice. The
mechanisms involved in osmotic tolerance result in the plants’ ability to tolerate the drought effects
of salinity stress and maintain leaf expansion and stomatal conductance (Rajendran et al., 2009). Fast
growing genotypes with early plant vigour allow plants to avoid salt toxicity during the highly salt-
sensitive seedling stage and provide another strategy for improving plant growth and yield under salt

stress (Reddy et al., 2017).

Manipulating CK distribution has been identified as a strategy to improve grain yield and salt tolerance
in rice. Yin et al. (2020) found that overexpression of ARGONAUTE2 (AGO2) improved salt tolerance
in rice, in addition to increasing grain yield. The improved salt tolerance was achieved by activation of
a putative CK transporter (BIG GRAIN3) (Yin et al., 2020). Given that stresses often occur consecutively

or simultaneously, this highlights the care that must be taken when modifying plant stress signalling.

1.8 The hidden half of plant biology: the roots

1.8.1 Desirable phenotypic root traits

Abiotic stress tolerance, including tolerance to drought, flooding, nutrient deficiency and toxicity, is
frequently dependent on the adaptation of roots (Mickelbart et al., 2015). Root size and morphology
govern the uptake of water and nutrients to the plant (Arai-Sanoh et al., 2014, Gowda et al., 2011). A

deep rooting phenotype has been found to maintain high yields under prolonged soil water deficit
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whilst also enhancing nutrient uptake and yield under non-drought conditions in the field, illustrating
that a deep root confers benefits under abiotic stress and optimum conditions (Arai-Sanoh et al.,
2014). Although a deep root phenotype prior to onset of stress is typically beneficial, the critical root
length density will depend on soil conditions, particularly moisture (Gowda et al., 2011). Importantly,
deep rooting rice genotypes are associated with improved productivity under stress (Gowda et al.,

2011).

There are several different mechanisms to cope with drought stress: drought escape, tolerance,
recovery and avoidance (Gowda et al., 2011). Roots are associated with drought avoidance; deep,
dense, thick roots with high branching and penetration ability having a competitive advantage over
other roots (Gowda et al.,, 2011). The ability of a plant to grow deep roots is currently the most
targeted trait for improving drought avoidance, and has been shown to be a beneficial trait for drought
avoidance in rice (Henry et al., 2011). The efficacy of deep roots in drought conditions depends on the
duration of the drought period, the availability of water at depth and the rate of water uptake (Gowda
et al., 2011). Initially, it was hypothesised that thick roots would contribute to drought resistance,
though this hypothesis was later rejected in favour of small, fine root diameters (Yambao et al., 1992,
Comas et al., 2013). Other traits associated with drought avoidance include: high elasticity in leaf
rolling, early stomatal closure, high cuticular resistance, and high root to shoot ratio (Kadioglu and
Terzi, 2007, O'Toole et al., 1979, Xu et al., 2015). However, these drought avoidance traits often come
with trade-offs; for example leaf curling and early stomatal closure result in reduced photosynthesis

(Kadioglu and Terzi, 2007).

1.8.2 Rice roots

Rice has a fibrous, shallow root system which has limited water extraction capacity below 60cm, its
length and mass decreasing exponentially with depth (Gowda et al., 2011). Rice roots have a shorter
root length and lower ability to take up water per unit of root length compared to other cereal crops,
such as maize (Lesschen et al., 2004). Therefore, rice is a good candidate for modifying root structure
to access water lower down in the water table. Modifications that increase root length have been
found to confer additional benefits, such as an increase in grain yield (Gamuyao et al., 2012, Ju et al.,
2015, Jeong et al., 2010). Several other traits have been selected to benefit rice under drought stress,
these are: high maximum rooting depth, high root: shoot ratio and high dry weight (Gowda et al.,

2011).
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1.8.3 Methods for analysing root system architecture

Roots have been termed the ‘hidden half’ of plant biology due the difficulties involved with non-
invasive imaging and the intricacies of extracting and cleaning root tissue (Mairhofer et al., 2012).
Despite the complexities, various methods have been developed to study root development and
architecture, these include: soil-based growth and extraction, rhizotrons, X-ray microcomputer
tomography (UCT), agar assays and hydroponics (Mairhofer et al., 2012, Clark et al., 1999, Richard et
al., 2015, Smit et al., 2000). The soil-based method of extracting and washing the root is inexpensive
and requires little technology, but can result in an underestimation of root length as there are often
breakages of fine roots (Smit et al., 2000). One method to avoid such breakages is to use a rhizotron,
this allows root growth in soil without any handling or damage to the root, though the spatial
distribution of roots is restricted and the extent to which roots can be seen and analysed is limited. A
recent development to eliminate the negative effects of both soil-based techniques is uCT; allowing
non-invasive, in-situ visualisation of roots (Mairhofer et al., 2012). uCT scans offer a 3D visualisation
of roots and is an exciting new tool, but the costs associated with processing can render uCT unfeasible

for high-throughput studies (Mairhofer et al., 2012).

Growth in agar and hydroponics enables visibility of the root and makes extraction easier, typically
with less damage to roots than extraction from a soil-based system. Due to the differences in
mechanical impedance between agar, hydroponics and soil, root physiology varies and conclusions
drawn in non-soil experiments should not be assumed in soil (Clark et al., 1999). Most techniques for
phenotyping root traits are low throughput, lab-based, and have limited ability to reproduce field-like
conditions. However, lab assays have the advantage of being able to be conducted out of season, are
less time consuming and are conducted in a more controlled, homogenous environment which

provide more reproducible results (Richard et al., 2015).

1.9 Opportunities and thesis aims

There are significant challenges to be addressed this century if everyone is to have access to safe,
sufficient, and nutritious food (FAQO, 2021b). Many of the low- and middle-income countries, and much
of the forecast population growth, will depend on rice as a source of nutrition and to meet their daily
calorific needs (Fukagawa and Ziska, 2019). Climate change adds additional complexity to these
challenges. Salt and drought stress are two of the major abiotic stresses which account for significant
losses in rice yields (Wade et al., 1999, Hussain et al., 2018), for that reason, targeting these areas

could make significant contributions towards reaching the goal of eradicating undernourishment by
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2030 (FAO, 2021b). Whilst rice is short-rooting, longer roots are a recognised acclimation to drought
stress (Gowda et al.,, 2011, Basu et al.,, 2016, Samson et al., 2002), which can be modulated by
manipulation of CK abundance (Ramireddy et al., 2018). This suggests that manipulation of rice plant
root length by modulation of CK levels and/or CK signalling may provide a mechanism for improving
the drought and salt tolerance of rice, leading to improved rice yields. Hence, the overall aim of this
thesis is to investigate the efficacy of CK modulation in modifying root traits, and exploring whether

this makes rice more resilient to abiotic stress. Specifically, the objectives of this project are to:

1. Establish whether analogues of a known CK antagonist promote root growth in Oryza sativa
cv. Nipponbare in optimum conditions using a hydroponic system.

2. Use machine learning to establish whether the RGP behaviour of a compound can be
predicted using its chemical structure data which could reduce the time and resources used
in the preliminary stages of agrochemical discovery.

3. Transfer the novel compounds into use in a commercial setting using commercially researched
rice varieties, and establish whether the root growth promoters (RGPs) confer benefits to rice
seedlings under salt or drought stress.

4. Establish whether seed priming is a viable method of application of the novel compounds.

5. Establish whether the short-term benefits of seed priming confer any long-term benefits to
mature rice plants by conducting a yield harvest analysis.

6. Quantify the effects of spatial heterogeneity within a glasshouse and incorporate these data
into weighted statistical tests for improved glasshouse trial analyses.

7. Create a novel agricultural toolkit, using global datasets to identify regions where the
optimum conditions for the compounds are likely to be found.
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2. Do novel cytokinin
antagonists act as root
growth promoters in the
model monocot species,
Oryza sativa’

2.1 Introduction

The global population is expected to grow by more than a third between 2009 and 2050, with almost
all of this growth forecast to occur in low- and middle-income countries where access to nutritious,
safe, and sufficient food is already limited (FAO, 2009b). The continued rise in population and the
increased demand for meat, dairy and biofuels is increasing the pressure on agricultural systems. In
addition to this, climate change is increasing the severity and frequency of stresses on crops, leading
to unreliable yields and losses. These two substantial issues represent a complex challenge for global

food security during the 21°t Century (FAO, 2009b).

Although a 28% increase in crop production was achieved between 1985 and 2005 (Foley et al., 2011),
many of these initial yield increases are now stagnating or declining (Ray et al., 2012). Globally, over
half of the population is reliant on rice for their primary source of calories. It provides an important
source of carbohydrates, minerals and vitamins and ensures food security in low- and middle-income
countries. However, rice yields are only increasing by 1% annually, failing to meet the 2.4% yield
improvement needed to meet the requirement to increase food production by 60% between 2007
and 2050. Rice producing regions in Asia and Africa are fraught with issues relating to drought, nutrient

deficiency, and poor irrigation, all of which are likely to be exacerbated by climate change.
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2.1.1 Root system architecture

Over 30% of the variability in global crop yields can be explained by climatic irregularities (Ray et al.,
2015). One method to reduce this variability and improve food security is to increase crop resilience
to abiotic stress, leading to a more productive crop and more consistent yields; it is anticipated that
85% of the required increases in crop production can be achieved as a result of improved yields (FAO,
2018). Water and nutrient availability are both major limitations on crop productivity (Lynch et al.,
2014, Gamuyao et al., 2012). Gamuyao et al. (2012) found that overexpression of PSTOL1 in rice
enhances early root growth, resulting in enhanced phosphorus and nutrient uptake which in turn
enhances grain yield in phosphorus deficient soil. Discovery of the PSTOL1 gene offers an opportunity
to revolutionise farming and significantly enhance productivity in poor soils (which account for 60% of
rain-fed lowland rice production), in the same way that discovery of the submergence-tolerance gene
SUBIA revolutionised rice growing in flood-prone areas (Gamuyao et al., 2012, Xu et al., 2006).
Therefore, increasing a plants’ ability to access water and nutrients by engineering plants with longer
roots, whether through breeding, genetic modification or agrochemical application, may similarly
offer an efficient solution for improving crop yields and limiting crop losses due to water or nutrient

scarcity and crop lodging (Lynch et al., 2014).

Deep root systems allow plants greater access to water and nutrients compared to plants with more
shallow root systems (Gamuyao et al., 2012), and concurrently minimise leaching to the soil (Thorup-
Kristensen and Kirkegaard, 2016). These benefits allow increases in productivity to be achieved
without using more land or resources, particularly in water-limited environments (Thorup-Kristensen
et al., 2020). For wheat, maize and barley, three of the major crops grown globally, most of the roots
are concentrated in soil depth 50-100cm below ground, indicating this is a key depth for water and
nutrient acquisition (Fan et al., 2016). In contrast, the maximum root depth of rice is typically 0.5m
(Figure 2.1). The shallow rooting depth suggests that there is scope to increase the root length of rice
to a length comparable to other major cereals crops, and do so before soil depth leads to compaction
that would impede root growth and limit water and nutrient uptake (Chapman et al., 2012, Pandey et
al., 2021). Interestingly, deeper roots have been identified as an important trait to achieve higher grain
yield and nitrogen use efficiency in rice (Ju et al., 2015). Hence, deep-rooting could be a key player in
sustainable intensification of agriculture and improving resource use efficiency in rice (Gamuyao et

al., 2012, Thorup-Kristensen and Kirkegaard, 2016).
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Barley Maize Rice

Depth (m)

Figure 2.1. Rooting depths of major crop types. *minimum value of maximum rooting depth data range used to
prevent overestimation. Image created in BioRender. Adapted from Lesschen et al. (2004).

In rainfed lowland regions of rice production, shallow rooting is common (Samson et al., 2002). Rice
cultivars with deeper roots able to penetrate the hardpan layer of soil, which is typically shallow in
rainfed lowland regions where alternate flooding and drying is common, have greater access to water
and are more drought tolerant (Clark et al., 2002). Maximum rooting depth has been found to be
highly dependent on environmental conditions; Champoux et al. (1995) found that rice varieties with
the shallowest roots under well drained conditions had the deepest roots under flooded conditions.
This suggests that rice in rainfed lowlands could benefit from having longer roots from the offset and

be more resilient to the fluctuating environmental conditions.

Plants have evolved a high degree of phenotypic plasticity in the roots due to the spatiotemporal
heterogeneity of water and nutrients in the soil (Fromm, 2019). The ability of roots to reach deeper
soil with lower water content variability has been associated with a method of drought tolerance
(Fromm, 2019). Additionally, lateral roots can be produced at almost any position along a main root,

dependent on internal and external signalling (Motte and Beeckman, 2019). As water deficiency is
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emerging as one of the prevalent abiotic stresses occurring as a result of climate change (Lynch et al.,
2014), this phenotypic plasticity offers an exciting opportunity for ‘engineering’ the water and nutrient
use efficiency of rice. Interestingly, xerotrophism, a phenomenon by which roots exhibit an enhanced
response to gravity, is mediated by auxin. This occurs when the top soil layer is dry and deep soil
retains water (Fromm, 2019). CK and auxin are known to behave antagonistically (Moubayidin et al.,
2009). This raises the intriguing possibility that application of a CK antagonist could mediate the same

effect as enhanced auxin levels in the root, initiating a xerotropic effect.

2.1.2 Hydroponic systems

Studying root system architecture (RSA) and root physiology in soil poses major research challenges.
The heterogeneity of the below ground environment prompts a myriad of environmental signals in a
plant in response to the natural variability of water, fungi and nutrients — primarily nitrogen and
phosphate (Morris et al.,, 2017). Heterogeneity of nutrients arises due to the uneven input and
solubility variation within the soil. Phosphate rapidly forms insoluble complexes, reducing its mobility,
whereas nitrate is highly water soluble and is therefore a highly mobile nutrient (Morris et al., 2017).
Water availability varies according to soil pore size, compaction, and location; topsoil dries more
rapidly than the soil lower down in the soil profile (Morris et al., 2017). Hydroponic systems allow the
study of whole plant physiology, particularly root morphology, in a simplified growth environment
thereby mitigating these effects (Nguyen et al., 2016b). Benefits of a hydroponic system include the
ability to control the nutrient input to the plant in a homogenous environment, and the subsequent
extraction of clean roots for analysis, eliminating the root damage that frequently arises from cleaning

roots that have been grown in soil (Nguyen et al., 2016b).

2.1.3 Target molecules

CK plays a key role in the development and architecture of roots creating positional cues for new
lateral roots by mediating the spacing between lateral roots and reducing lateral root formation
(Laplaze et al., 2007b). Although the regulatory role of CK in roots is crucial, however, under standard
growth conditions CK levels in roots limit root growth (Julkowska, 2018). Previously, a novel synthetic
compound with a 4-phenylquinazoline structure (Figure 2.2) has been shown to have root growth
promoting activities by non-competitively inhibiting binding of the CK 2-isopentenyladenine to a CK
receptor, cytokinin response 1 (CRE1) in the dicotyledonous and monocotyledonous model crop
species, Arabidopsis thaliana and Oryza sativa (Arata et al., 2010). The synthesised compound was

found to promote root growth in both species. CK antagonists that bind competitively to the receptor
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have also been reported in an Arabidopsis binding assay (Nisler et al., 2010). This raises the possibility
of developing novel CK antagonists that promote root growth by releasing the CK brakes on root

growth, thereby improving the yields and resource use efficiency of crops.

A technique called structure activity relationship analysis is used for drug discovery purposes and for
the development of novel bioactive agrochemicals (Kim et al., 2015). Using this technique, small
changes are made to a lead molecule with the objective of increasing the activity of the molecule, in
turn increasing the effect of the favourable properties. Some structural modifications yield positive
effects, others negative. Feedback from experiments testing the biological activity of compounds
enables the molecular structure to be refined and establishes what changes to the molecule are
beneficial or detrimental to plant development, for example root growth. This is an iterative process,
each iteration increases knowledge and feeds into the subsequent molecular changes. Using synthetic
chemistry makes targeting a specific location on the molecule easier than traditional methods (Guha,

2013).
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Figure 2.2. The 4- phenylquinazoline structure identified as a CK antagonist in a large-scale yeast screening
in Arata et al. (2010). Hydroxy propylamine, highlighted in blue, can be changed for other amines, alcohols
and esters to vary the solubility of the molecule and the physical properties to aid bioavailability.

2.2 Aims and Objectives

The aim of this chapter is to explore the potential of 16 analogues of the 4-phenylquinazoline structure
as candidates for novel root growth promoters (RGPs), on the physiology of rice seedlings. The
analogues are derived from compound S$-4893 in Arata et al. (2010) and later synthesised by
Globachem Discovery Ltd. The objectives of the chapter are:

1. To establish and optimise a robust hydroponic assay for measuring root length in rice.

2. To establish the concentration ranges at which the 16 Globachem analogues can be used

without their carrier solvents impacting physiological processes.
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3. To explore the relationship between compound application and growth of the shoot and
root.

4. To determine suitable bio-active candidate compounds for subsequent detailed analysis.

2.3 Materials and Methods

2.3.1 Plant and growth conditions

Rice seeds (Oryza sativa cv. Nipponbare) were sterilised using 100% (v/v) ethanol for 2 min and 20%
(v/v) sodium hypochlorite solution for 10 min and rinsed six times with sterile water. The seeds were
then placed on moist filter paper in a Petri dish and sealed with 3M micropore tape. The Petri dish
was covered in aluminium foil in a controlled environment at 30°C:26°C (11h:13h day:night). After 48h
the aluminium foil was removed, and the Petri dish returned to the controlled environment. Once
germinated, seeds with the most homogenous growth were selected for use in the assay and placed
on a polystyrene float with a hole cut into it to place the seed in. The seed was then cultivated
hydroponically in a test tube using 50ml liquid medium consisting of Murashige and Skoog medium
(0.22% w/v) at half strength (2.2 g/L) and 0.5% (w/v) 2-(N-morpholino)ethanesulfonic acid (MES)

buffer (Atom Scientific, Kimble, Borosilicate Glass 25mm x 200mm buffer (Atom Scientific, Kimble,
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Borosilicate Glass 25mm x 200mm). Test tubes were placed in a wooden box to prevent light exposure

of the root zone (Figure 2.3). Growth assays were performed in a controlled environment at 30°C:26°C

(11h:13h day:night) for 10 days.
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Figure 2.3. Boxes with covered sides and a foam top to create a narrow opening for the test tubes, limiting the exposure
of roots to light.

2.3.2 Chemical application
2.3.2.1 Validation of compound 974 as a root growth promoter in O.sativa

The parent compound used was referred to as S-4893 in Arata et al. (2010) and will subsequently be
referred to as compound 974 herein. Compound 974 was obtained from Globachem Discovery Ltd
and was a 4-phenylquinazoline structure, molecular formula: C17H16CIN3O. Previously, Arata et al.
(2010) published an optimum concentration of 32uM, with a typical bell curve effect observed. In the

present study, concentrations ranged from 0.0096 M to 96 M; much lower concentrations were used
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to assess whether a double bell curve response or complex non-monotonic dose response to the
parent compound existed. A stock solution was prepared in DMSO and acetone (1:4 [v/v], DMSO:
acetone) and the nutrient solution was supplemented with the stock solution to give final test
concentrations of 0.0096uM to 96uM and a maximum final concentration of DMSO and acetone of

0.05% and 0.2% (v/v), respectively.

2.3.2.2 Screening for novel O.sativa root growth promoting chemicals

The chemical library screened was obtained from Globachem Discovery Ltd. and consisted of 16 novel
candidate RGPs. Compounds were all analogues of the 4-phenylquinazoline parent compound. Stock
solutions of test compounds were prepared in DMSO and acetone (1:4 [v/v], DMSO: acetone).
Nutrient solution was supplemented with stock solution of the compound to give final test
concentrations of 0.32, 0.96, 3.2, 9.6, and 32uM and a maximum final concentration of DMSO and
acetone of 0.05% and 0.2% (v/v), respectively. In all cases, no significant difference in root growth was
observed between the control with or without DMSO-acetone at any concentration used. Therefore,
for subsequent experiments the control was performed without the inclusion of DMSO-acetone.
Experiments were repeated in triplicate where the quantity of the compound allowed with six

biological replicates per experiment.

2.3.3 Root imaging

The root phenotype was imaged 10 days after transfer to the test tubes using a high-resolution
scanner (EPSON Expression 11000XL), measurements were obtained using WinRhizo software (Figure
2.4). Primary (consisting of seminal and crown) and lateral root growth were measured, diameter
classes were optimised, a diameter of <0.02cm selected for the lateral roots whilst a root diameter of

>0.02cm selected for primary roots.
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Figure 2.4. Sample root images of roots scanned on a flatbed scanner in preparation for analysis with WinRhizo
software.

2.3.4 Statistical analysis

All statistical analyses were carried out in R (R Core Team, 2021). To identify if the root and shoot
length of treated plants were significantly different to the control, independent t-tests were
performed. Analysis of variance (ANOVA) was performed to identify when a significant difference
between concentrations existed within each treatment. ANCOVA was performed on lateral, primary
and total root length, p=0.05. Linear regression was used to explore the relationships between lateral,
primary and total root length. The model selection for all regression analyses was loess, the shaded
area represents a 95% confidence interval. Principal component analysis (PCA) was carried out to
establish whether the chemical properties of a compound could predict whether they were likely to

be an RGP or not.

Using R package ‘corrplot’ the relationship between each root variable was analysed. Rose (2017)
found that ignoring diameter heterogeneity and clustering the root types lead to an overestimation
of length and an underestimation of volume. To avoid this, data for each boundary classification were
split into primary, and lateral. Total values were calculated accounting for each root type, taking into

account the diameter heterogeneity within each root type.
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2.4 Results

2.4.1 Identification of root growth promoting chemicals

Of the 16 chemicals in the chemical library obtained from Globachem Discovery Ltd. only 10 remained
in solution when added to the growth medium and were subsequently screened for their root growth
promoting activity (Figure 2.5, Table 2.1). An ANOVA was performed to identify whether intra-
compound variation was statistically significant. All compounds selected as RGPs produced an ANOVA
p-value of <0.05. To identify results that were statistically significant from the control, independent t-
tests compared each intra-compound concentration to the control of that group. Compounds 974 and
1027 showed a positive correlation between root length and concentration. Compounds 1026 and 991
had a lower optimum concentration, with root length peaking at 3.2uM and 0.96uM respectively
(Figure 2.5). Compound 1070 showed significant RGP activity at each concentration (Table 2.1), though
with some variation in significance between experimental replicates. The following compounds were
identified as RGPs due to one or more of the concentrations significantly increasing root length: 974,
1027, 1070, 1093 and 1131 (Figure 2.5). The remaining treatments had either no significant effect on
root growth or an inhibitory effect. Mean total root length for seedlings treated with a RGP was
153cm, compared to a total root length of 78.9cm for seedlings treated with compounds that did not
have RGP properties (SE + 14.6 and 5.02 respectively). Total root length was significantly influenced
by whether a compound showed RGP activity or not F(1,420)=20.31, p<.0001.
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Figure 2.5. The effects of putative root growth promoting chemicals on the root length of O.sativa seedlings. Experiments were performed in triplicate where quantity of compound
provided was sufficient. Panel A and B show data from two different experiments, testing all ten compounds. Panel C shows a third experiment to verify that the root growth
promotion in the first two experiments was repeatable. (Data are also shown in Table 2.1). A,B and C correspond with Experiment 1,2 and 3 in Table 2.1. Values are the means +/-
SEM (n=6). Statistical significance from the control was determined by independent t-tests: * = p < 0.05, **=p <0.01, ***=p <0.001, ****=p <0.0001.



Table 2.1. Results for the independent t-tests for total root length for each concentration of each compound,
compared to the control for that experiment. Green shading indicates a significant increase in root length, red
shading indicates a significant decrease in root length. Experiments 1, 2 and 3 are the results for each of the three
independent repeats. * = p <0.05, **=p <0.01, ***=p <£0.001, ****=p <0.0001.

Root Length
Experiment 1

Concentration Compound
(M) 987 1023 1070 1093 1131

0.96

3.2

9.6

32

Experiment 2

Concentration Compound

(M) 974 991 995 1026 1027
0.96 ns ns ns

3.2 ns ns ns

32 ns ns ns

ns
9.6 ns ns ns ns

Experiment 3

Concentration Compound
(M) 974 1027 1070 1093 1131
0.96 ns ns ns ns

3.2 ns ns ns
9.6

32
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2.4.2 Effect of putative root growth promoting compounds on root system architecture

The total root length and the proportion of lateral or primary roots was analysed in response to
treatment with each of the 10 compounds. For the compounds that showed RGP activity, lateral roots
were more predominant than the control in that category (Appendix Figure 1). Interestingly, a linear
relationship was observed between lateral and total root length. The development of lateral roots is
an essential component of increasing root length, this is likely due to the fibrous root structure (Meng
et al., 2019). This is conveyed in the results, in which having a higher proportion of total root length
deriving from lateral roots is strongly positively correlated to increased root length R2=0.98. At shorter
root lengths, lateral roots account for around half of the total root length, with primary roots
accounting for the other half, see Figure 2.6C (correlation coefficient y=+0.49x). At longer root lengths,
lateral roots are responsible for most of the total root length (y=+0.93x). (Figure 2.6B). (R?=0.82 and
0.99, Figure 2.6B and C, respectively). Therefore, lateral roots play a more important role in creating

longer roots than primary roots.

Where linear regressions were independently created for each compound, there was no clear
discrimination between RGP and non-RGP compounds for the relationship between lateral root length
and total root length (Appendix Figure 2 and Appendix Table 1). Despite this, the two highest
correlation coefficients, indicating lateral roots being responsible for the greatest amount of total root
length, were attributable to the RGP compounds: 1093 and 1070, which were both identified as RGPs

in Figure 2.5 (Appendix Figure 2 and Appendix Table 1).
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To assess whether treatments had a significant effect on lateral roots only, or on both primary and
lateral roots, an analysis of covariance (ANCOVA) was performed using the ‘car’ package in R. This
analyses the impact of the treatment on the total root length, whilst controlling for the effect of
primary root length. Primary root length, the covariant, was significantly related to the total root
length (F(1,233)=115, p<.001). There was also a significant effect of the treatment on total root length
after controlling for the effect of primary root length (F(49,233)=20.2, p<.001). When the impact of
the treatment on total root length was assessed, whilst controlling for lateral root length, lateral root
length was significantly related to the total root length (F(1,233)=9797, p<.001). There was also a
significant effect of the treatment on total root length after controlling for the effect of lateral root

length (F(49,233)=38.5, p<.001).

Interestingly, whilst the treatments that showed significant increases in root length have a greater
proportion of their total root length from lateral roots (Appendix Figure 1), the results of the ANCOVA
show that increases in total root length are due to increases in both lateral and primary root lengths.
Therefore, the increase in total root length due to the active compounds result from increases in
lateral and primary roots, and do not affect one root type alone; lateral root length, primary root

length and treatment all have a significant effect on total root length.

2.4.3 Effect of putative root growth promoting compounds on root to shoot
ratio

Figure 2.7 and Table 2.2 show the effects of the 10 compounds on the root to shoot (R/S ratio) of
O.sativa seedlings. A R/S ratio lower than 1 indicates that the shoot mass is greater than its root mass.
Therefore, where the R/S ratio is lower than the control, this is indicative that the effect of the

compound has had a greater positive effect on shoot growth than root growth.

There was a significant difference between R/S ratios of RGP and non-RGP compounds,
F(1,420)=11.72, p=<.001 (ANOVA). The average R/S ratio of compounds that are RGP is 0.521 (SEx
0.0116), whereas for non-RGP the average ratio is 0.582 (SE+ 0.0107). Compounds identified as
promoting root growth (compounds 974, 1027,1070, 1093 and 1131, Table 2.1), all had R/S ratios
lower than the control in Experiment 3. The R/S ratio for the remaining treatments showed no
significant differences compared to the control except for 1093 and 1131, 0.96uM (Table 2.2). This
suggests that application of the RGP has no inhibitory effect on shoot growth. Therefore, the increase
in root length does not come at a cost to shoot growth and there appears to be no negative effect of

altered resource allocation from the shoot to the root.
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Only three treatments had a R/S ratio significantly greater than the control, compound 991:32uM,
1093:0.96uM and 1131:0.96uM (Table 2.2). The application of these treatments had a detrimental
effect on both the root and the shoot (Figure 2.5 and Table 2.1, Figure 2.7 and Table 2.2). Importantly,
the negative effect of the compound on the root length (Figure 2.5), and not an increase in shoot
growth, was responsible for the significant R/S ratio. Consequently 991:32uM, 1093:0.96uM and

1131:0.96uM were not used in further root growth assays.
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Figure 2.7. Root/shoot ratio of dry mass determined that an increase in root length did not come at a cost to shoot growth. Experiments were repeated three times where
quantity of compound provided was sufficient. Panel A and B show data from two different experiments, testing all ten compounds. Panel C shows a third experiment to verify

that the root growth promotion in the first two experiments was repeatable (data are also shown in Table 2.1).



Table 2.2. Results for the independent t-tests for each compound. R/S ratio for seedlings of each concentration
of each compound, compared to the control for that experiment. Green shading indicates a significant increase
in the R/S ratio, red shading indicates a significant decrease in R/S ratio. Experiments 1, 2 and 3 are the results
for each of the three independent repeats. * = p <0.05, **=p <0.01, ***=p <0.001.

R/S Ratio
Experiment 1
Concentration Compound

(uM) 987 1023 1070 1093 1131
0.96 ns ns ns -
3.2 ns ns ns ns ns

9.6 ns ns ns ns ns

32 ns ns ns ns ns

Experiment 2
Concentration Compound

(um) 974 991 995 1026 1027
0.96 ns ns ns ns ns
3.2 ns ns ns ns ns
9.6 ns ns ns ns ns

32 ns - ns ns ns

Experiment 3
Concentration Compound

(LM) 974 1027 1070 1093 1131
3.2 e ns < ns ns
96 * %k * %k 3k %k 3k %k ns
32 * %k * %k 3k %k 3k %k *
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2.4.4 Effect of putative root growth promoting compounds on root tips

The impact of the RGP activity of compounds on total root length and the number of root tips was
assessed using a two-way ANOVA. There was a significant interaction between total root length and
number of tips (F(1,418)=888.47, p=<.0001); Figure 2.8 and Figure 2.9 both show a positive correlation
between the two. However, overall there was no significant effect of whether or not a compound was

an RGP on number of tips (F(1,418)=2.104, p=0.523).

2.4.5 The effect of a compound’s RGP activity on the relationship between
root traits

The correlation between each parameter of root and shoot growth was measured, and the impact of
a compound’s RGP activity on this, was visualised by means of a correlogram (Figure 2.8) and
scatterplot matrix (Figure 2.9) produced using the ‘corrplot’ package in R. These reveal a strong
positive relationship between root length, area, volume and tips and an inverse relationship between
the aforementioned variables and R/S ratio and diameter. A weak positive correlation between R/S
ratio and root diameter was observed (see Figure 2.8 and Figure 2.9). Whether or not a compound
was an RGP had a significant effect on root diameter (F(1,292)=209.16, p<.0001). There was a strong
negative correlation between root length and diameter (F(1,292)=266.15, p<.0001, R=-0.76). These
results suggest that the resource allocation to make longer roots arises from producing roots with a

smaller diameter.
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Table 2.3. Results for the independent t-tests for each compound. Number of tips for seedlings of each compound,
compared to the control for that experiment. Green shading indicates a significant increase in the number of tips,
red shading indicates a significant decrease in the number of tips. Experiments 1, 2 and 3 are the results for each
of the three independent repeats. * = p <0.05, **=p <0.01, ***=p <0.001.

Tips
Experiment 1

Concentration Compound

(uM) 987 1023 1070 1093 1131
0.96 ns ns
3.2 ns ns
9.6 ns ns
32 *E ns

Experiment 2

Concentration Compound

(uM) 974 991 995 1026 1027
0.96 ns ns ns ns ns

3.2 ns ns ns ns -
9.6 ns * ns ns ns

32 ns o ns ns .

Experiment 3

Concentration Compound
(M) 974 1027 1070 1093 1131

0.96

3.2

9.6

32
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Figure 2.8. There is a strong positive relationship between root length, area, volume and tips and an inverse
relationship between the variables and R/S ratio and diameter. Circle size corresponds to the correlation
coefficient (R) value, the value within each circle is the R value. All values are statistically significant (p<0.05).

Green colour indicates a positive correlation whilst red indicates a negative correlation.
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2.4.6 Using machine learning for agrochemical discovery

The agrochemical discovery process involves screening chemical libraries in high-throughput assays
(Fozard and Forde, 2018), a process which is costly and laborious (Burrell et al., 2017, Smith, 2003).
The use of machine learning to predict the likelihood of a compound being biologically active before
performing lab experiments has been used for pharmaceutical drug discovery (Lavecchia, 2015,
Vamathevan et al., 2019) and, more recently, herbicide discovery (Orsoli¢ et al., 2021). Its potential
use for RGP discovery in this study was carried out by using principal component analysis (PCA). PCA
is an unsupervised machine learning technique and classification designed to reduce the
dimensionality of multivariate data, enabling both comparative data visualisation and exploratory
data analysis with minimal loss of information. The total data capture for each dimension of the PCA
for each variable is shown in Table 2.4. 71% of the overall data variance is captured in dimensions 1

and 2 (Dim1 and Dim2).

Table 2.4. The calculated Eigenvalues measure the amount of variation retained by each principal component.
The first principal component (Dim1) is the largest and retains the maximum variation in the dataset.

Dim1 (%) Dim2 (%) Total (%)

log P 91.2 33.8 95

log S 76.0 0.7 76.7
pKa 6.4 0.4 6.8

pKa (Basic) 29.2 45.9 75.1
CNS MPO score 92.0 1.9 93.9
Topological polar surface area (A...A?%) 38.6 22.0 60.6
Mass (g/mol) 19.6 68.5 88.1
Fsp3 2.6 48.1 50.7
Heavy atom count 14.2 80.4 94.6

PCA can also be used to predict categories; in this case, the likelihood of a compound being an RGP or
not. Data for the ten compounds were split into training and validation datasets with a 60:40 split. The
following chemical properties were inputted into the PCA, which became predictor variables: log P,
log S, pKa, pKa (Basic), CNS MPO score, topological polar surface area (A...A%), mass (g/mol), Fsp3, and
heavy atom count. When doing PCA analysis, the grouping variables, in this case whether a compound
was an RGP or not, are not inputted into the model. Using the training dataset, the PCA clustered RGPs
and non-RGPs correctly without ‘knowledge’ of which compound were which. The four compounds
used for the validation data set were 50% RGPs (compound 1027 and 974, points 9 and 10 in Figure
10) and 50% non-RGPs (compounds 991 and 987, points 7 and 8 in Figure 10). The PCA correctly
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clustered compounds 991 and 987 near to the other non-RGPs, and compounds 1027 and 974 near to

the RGPs. The close proximity indicates a likelihood of belonging to the same cluster.

[@] Non RGP

|@| RGP

Dim2 (29.9%)

Dim1 (41.1%)

Figure 2.10. The PCA correctly grouped RGP and non-RGP compounds used in this study, inputting only chemical
structure data and no experimental results. Using the training dataset, the PCA correctly grouped compounds
991 and 987 (points 7 and 8) with the non RGPs and compound 974 and 1027 (points 9 and 10) near to the
known-RGPs. The first principal component captures most of the variance (41.1%), with 71% of the total variance
being retained in this PCA.

Of the 16 compounds that were initially provided by Globachem Discovery Ltd, only 10 were tested
due to low quantities or being unable to get the compound to stay in solution. Using the predictive
capacity of PCA, the chemical data for the remaining six compounds were inputted to establish
whether they shared the chemical traits of the known RGPs. Figure 2.11 shows the results for the
predictive PCA. The chemicals representing points 7-11 have chemical similarities to the known RGPs,
whereas point 12 shares few and is more unlikely to have RGP properties. Point 9 and 10 share the

most similar chemical traits and could therefore be considered most likely to behave as an RGP.
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Figure 2.11. The PCA predictive data suggests that 5 compounds (points 7-11) may behave as RGPs, with points
9 and 10 sharing many chemical similarities to the RGPs. Point 12 is not likely to be an RGP as it is chemically
dissimilar to the RGPs. Points 7-10 in this figure are different compounds to 7-10 in Figure 11.

2.5 Discussion

2.5.1 Root growth promoting compounds increased the length of both
primary and lateral roots

It is clear that techniques for modifying the root structure of crops plants can contribute to achieving
different ideotypes, such as improved root lodging resistance or enhanced nutrient acquisition
(Meister et al., 2014). The preliminary screening of the Globachem chemical library presented in this
work revealed four candidate compounds (1027, 1070, 1093 and 1131) that promoted root growth,
in addition to the patented parent compound (974) (Figure 2.5 and Table 2.2). There was a significant
interaction between treatment and lateral and primary roots independently (p<0.001), showing that
increases in root length are attributed to increases in both primary and lateral root lengths, not just
one root type alone, and that application of the novel RPG compounds has the potential to increase
rooting depth and branching. The resultant increased surface area and anchoring ability conferred to
plants by longer roots, in addition to enhanced access to the water table, gives plants a competitive
advantage particularly during periods of drought stress and reduced nutrient availability (Maeght et

al., 2013, Gamuyao et al., 2012). Deep roots generally confer an advantage to plants growing in water
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limited soils, and may be particularly advantageous for crops with a shallow root system, such as rice,

to facilitate water acquisition when the water table is low (Comas et al., 2013).

Previous studies have analysed abundance, spatial distribution and soil contact of wheat roots in order
to determine whether incomplete extraction of water was due to limitations of the root system (White
and Kirkegaard, 2010). They concluded that increased root-soil contact by denser root hairs or
increased root proliferation would likely increase water uptake from soil pores. The increases in lateral
roots and tips as a result of application of the novel compounds in this study is a form of root
proliferation and could therefore contribute to increased water uptake capacity. In rice, drought
sensitivity is at its height during the reproductive stage, during seed set and grain filling (Zhang et al.,
2018). During these periods, access to the water table becomes crucial and as such, efforts to make
better use of soil water in the form of trait selection for deeper roots, established prior to the onset
of stress, could help to increase yields. Additionally, in situations where the subsoil is unused by the
plants, which is likely to occur more frequently in plants with shallow roots such as rice, the stagnant
subsoil water has been found to exacerbate drainage and salinity issues (White and Kirkegaard, 2010).
The incentive to improve resource acquisition from the soil is therefore twofold: to increase resilience
to abiotic stresses by using deep water resources and to improve drainage and salinity difficulties,
eliminating the occurrence of another abiotic stress before it has a detrimental effect on plant

development.

The effects of different growing medium on root growth is well documented (Kuijken et al., 2015). The
homogenous hydroponic medium alters root morphology when compared to growth in soil. There is
less of a tendency towards deep-angled roots, as water is readily available and hydrotropic effects on
the root are absent. Despite the modification to root growth, it is widely accepted that hydroponic
systems offer benefits that outweigh the negatives associated with hydroponic research (Nguyen et
al., 2016b). However, the possibly cannot be excluded that the increased number of tips and increased
branching observed in this experiment (Table 2.3) could in part be due to the growth in hydroponics.
Nevertheless, by comparing each treatment to the control as in this study, a meaningful comparison

on the effect of treatment can be drawn.

2.5.2 Root growth promoting compounds do not affect root system
architecture at the expense of shoots

Changes in the R/S ratio of plants is indicative of whether an increase in root length is achieved at a
cost to the shoot. Importantly when modifying root system architecture with the aim of improving

crop productivity and resource use efficiency, the shoot should not be negatively affected by the
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modification of the root system architecture (PospiSilova et al., 2016, Mrizovd et al., 2013). An increase
in R/S ratio results in leaves having more non-photosynthetic tissue to sustain, reducing overall plant
growth (Lynch et al., 2014). In this study, increases in root length were complemented by a decrease
in R/S ratio (Table 2.1 and Table 2.2) indicating the observed root increase came at no cost to shoot
growth. In some cases, an increase in root mass was complemented by an increase in shoot mass
(Table 2.1 and Table 2.2, Experiment 3), indicating that the overall plant development benefited from
compound application. However, there were some inconsistencies between the effects of compounds
on R/S ratio (Table 2.2), therefore, additional studies in this area are required before firm conclusions

are drawn.

Interestingly, the Arabidopsis ahk2 ahk3 loss of function CK receptor double mutant exhibits an
enhanced root system with more rapid growth of primary root and increased branching of lateral
roots, with opposing regulatory functions in roots and shoots (Riefler et al., 2006), similar to that
observed with the RGP compounds identified in Table 2.2. However, they also displayed reduced
chlorophyll content and CK-dependent inhibition of dark-induced chlorophyll loss. This indicates that
these receptors play an important role in leaf development. If the RGP compounds identified in Table
2.2 are acting as CK antagonists, thereby affecting development in a similar manner to the CK receptor
mutants (Riefler et al., 2006), it would be expected that the growth of shoots would have been
adversely affected resulting in a higher R/S ratio in Figure 2.7. The disparity in effect on shoot mass,
however, suggests that the RGP compounds may have a root-specific mechanism of action, similar to

the parent compound (974) had in Arata et al. (2010).

2.5.3 Increasing root length has a negative effect on root diameter

This study shows that treatment with Globachem’s compounds had no effect on the number of root
tips overall (p=0.523) irrespective of the compound’s PGR activity, although plants with longers roots
did have significantly more tips (p<.0001). Therefore, RGP treatment increased root length and
increased the number of roots overall. In addition to increasing root length, the ability to penetrate
hard or deep soil, is a facet of a crop’s roots system that increases a plants’ access to water and makes
plants less susceptible to drought (Samson et al., 2002). This ability correlates strongly with root
diameter; thicker roots are less likely to buckle or deflect when in hard soil (Lynch et al., 2014). The
compounds that were identified as promoting root growth in this chapter showed a negative
correlation (R=-0.76) between root length and root diameter (p<0.0001). Whilst this may be the result
of growth in a hydroponic medium (Kuijken et al., 2015), further research into the effects of the RGP

compounds on mechanical impedance is required.
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2.5.4 Unsupervised machine learning can be used to predict whether a
compound is likely to promote root growth

Using machine learning to predict whether a compound was likely to be an RGP or not using only its
chemical data allowed the correct differentiation between RGP and non-RGP, despite the small
training dataset used for the PCA (Section 2.4.6). Experimental results from this chapter were used as
a validation dataset to check the extent to which the model could correctly predict RGP activity. The
PCA correctly predicted the regions of the plot that the validation data belonged in; two RGPs and two
non-RGP were split into the correct regions of the plot (Figure 2.10). This highlights the opportunity
to use machine learning for PGR discovery purposes, in a similar way to which it has been used in the
pharmaceutical industry (Vamathevan et al.,, 2019, Lavecchia, 2015) and for herbicide discovery
(Orsoli¢ et al., 2021). Utilising such a method would allow screening of large chemical libraries in

minutes, unlike the time-consuming and costly processes currently involved in product discovery.

Using the predictive PCA to analyse the chemical structure data of the six compounds that were unable
to be tested, two (points 9 and 10) showed strong positive correlation, and hence strong chemical
similarities to the known RGPs. Points 7, 8 and 11 also clustered towards the known RGPs, suggesting
further analysis in this area could be beneficial (Figure 2.11). By using machine learning to assess the
likelihood that a compound will exhibit RGP activity, based on data acquired from an initial small, lab-
based study, there is potential for the financial and time investment of discovery of PGRs to be

significantly reduced (Orsoli¢ et al., 2021).

2.5.5 Conclusion

Four novel compounds (1027, 1070, 1093 and 1131), in addition to the parent compound (974), have
been established as promoting root growth of rice seedlings, at no cost to shoot growth. Root growth
was attributable to an increase in the length of both the primary and lateral roots and an increase in
the total number of roots. Whilst this yields promising results for production of a marketable RGP,
several avenues of research need to be developed in order to transfer this knowledge into a
commercially relevant application. Firstly, a more practical and efficient technique for chemical
application, such as seed priming, is required. Secondly, whether the activity of the compound is
cultivar-specific needs to be established. Thirdly, whilst the compounds identified as having root
growth promoting properties offer a new avenue of exploration in order to achieve sustainable
intensification of crop yields, the compounds would offer additional commercial and environmental
benefits if they also increased plant resilience to some of the major environmental pressures that are

encountered in agriculture, such as drought and salinity stress. These issues are examined in Chapter
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3, where the efficacy of the compounds by priming of different cultivars and their resilience to salt

and drought stresses will be explored.
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3 The Effects of Seed Priming
with RGPs on the Growth of
Rice Varieties Under
Controlled and Commercially
Relevant Conditions



3.1 Introduction

Global food production and security are limited by the effects of abiotic stress on crops, which result
in vast yield losses (Boyer, 1982, Mittler, 2006). Whilst breeding technologies go some way to
mitigating these losses (Xu et al., 2006, Tester and Langridge, 2010), these research efforts can be
complemented by techniques that prime plants’ tolerance to stress (Rhaman et al., 2021, Borges et

al., 2014), such as the root growth promoters (RGPs) identified in Chapter 2.

3.1.1 Seed priming

Plants can be primed against stress by applying a physical pre-germinative treatment such as heat,
cold or ultraviolet (Lutts, 2016). Another common method of priming involves soaking the seed in
water, osmotic agents, hormones or chemicals (Savvides et al., 2016). An array of chemical or
biological priming agents, such as water, sugars, hormones, rhizobacteria and inorganic salts can
contribute to increased agricultural productivity (Sher et al., 2019). These treatments prime against
abiotic stress such as low temperature (Hussain et al., 2016), salinity (Afzal et al., 2012), drought
(Goswami et al., 2013) and some biotic stresses (Joe et al., 2012, Reddy, 2013) in rice by generating a
faster and/or stronger response against a stress (Lutts, 2016). In addition, seed priming promotes
uniform seedling emergence, high germination rate and improved seed vigour (Lutts, 2016) and can

also improve crop productivity, such as grain yield (Paparella et al., 2015).

Seed priming has advantages over other methods to improve stress tolerance, such as conventional
breeding, which is slow, and transgenic crops, which are met with resistance in some countries
(Savvides et al., 2016). Priming treatments that target improvements in root size are commercially
available but currently have high species-specificity (Paparella et al., 2015). The use of seed priming
to alleviate the impact of abiotic stress is a key research area, though knowledge-gaps and
opportunities for development still remain (Amritha et al., 2021, Borges et al., 2014, Wargent et al.,
2013). The novel RGPs discovered in Chapter 2 therefore provide opportunities for investigating the

efficacy of these compounds as growth regulators and their ability to prime a plant against stress.

3.1.2 The effect of salt and drought stress on rice productivity

Throughout Asia there are large differences in rice yield between irrigated and rainfed areas (Fukai et

al., 1999). Many of the rice-producing regions globally are dependent on rainfall (Heap et al., 2021),
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hence, the productivity of these regions is severely limited by water availability. Yields in rainfed
lowland regions are 50% lower than in irrigated areas, whilst the yields in rainfed upland regions are
75% lower than in irrigated areas (Wade et al., 1999). In addition to water-accessibility, salinity is a
major limiting factor to agriculture. It is anticipated that 50% of land suitable for cultivation will be
affected by salt by 2050 (Mahajan and Tuteja, 2005). Soil salinity is affected by the precipitation rate,
a high rate lowers salinity, and evaporation, which increases salinity (Mahajan and Tuteja, 2005). In
arid areas, 48% of irrigation water is lost by evaporation, leading to an accumulation of sodium ions
(Na*) which increases over time (Mahajan and Tuteja, 2005, Russo and Callegarin, 1997). Rice is a
glycophyte, a plant with high salt sensitivity, yet it grows in areas requiring irrigation and,
consequently, is prone to salinization (Horie et al., 2012). These arid areas that are prone to salt stress
from irrigation, are otherwise prone to drought stress from lack of water input (Horie et al., 2012).
Hence, there is great scope for improving yields of water-limited and salinity-prone rice growing
regions. Additionally, the water requirements of rice fields represent a significant financial cost to
farmers, as well as there being increasing concerns over water quality from pollution (Russo and
Callegarin, 1997). Therefore, a method to reduce the need for irrigation input, alongside reducing the

negative effects of salinity on rice growth, would be highly beneficial to farmers.

Salt-tolerant plants minimise accumulation of Na* in shoots by excluding Na* from the cytosol and
sequestering it into the vacuole (Singh et al., 2018). The mechanisms of salt and drought stress and
responses they elicit are somewhat similar (Horie et al., 2012). Both alter the osmotic balance by
decreasing the water potential gradient between the soil and the root, limiting water availability for
plants, and ultimately resulting in dehydration of cells (Horie et al., 2012). Salt and drought stress
results in similar physiological conditions within a plant, increasing production of ROS, reducing
photosynthesis, and disrupting some enzyme functions and cell metabolism (Mahajan and Tuteja,
2005). These responses lead to inhibition of growth and sometimes death of the cell or plant (Figure

1) (Singh et al., 2018).
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Figure 3.1. Plant and drought stress exert similar effect and initiate some similar responses within a plant. Salt
stress exerts an ionic stress in addition to an osmotic stress. A summary of the effects of salt and drought stress
on a plant, and the plant response to survive the stress are shown. Image created in BioRender and adapted from
Horie et al. (2012).

3.1.3 Cytokinins play a crucial role in stress-response signalling

CKs are plant hormones that are principally involved in developmental processes such as shoot and
root growth (Werner et al., 2008). They are also involved in responses to external stimuli, such as light
conditions in the shoot and water and nutrient availability in the root, they therefore have an
important role in the response to abiotic stress (Werner and Schmiilling, 2009). CKs regulate cell
proliferation and senescence; an abundance of CKs in the shoot delays leaf senescence (Gan and
Amasino, 1995), promotes growth of the shoot apical meristem (Werner and Schmdlling, 2009, Talla

et al., 2016), and increases grain size and/or quantity (Ashikari et al., 2005, Jameson and Song, 2015,
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Yin et al., 2020). In the roots, CKs are involved with lateral root positioning, root development and
prevention of overcrowding (Laplaze et al., 2007b). Typically, CK levels in the roots are too high for
maximal root growth (Julkowska, 2018). In addition, when CK levels are artificially increased, there is
an inhibition of root formation and branching (Laplaze et al., 2007b). Conversely, when CK levels are

artificially decreased there is an increase in root growth (Ramireddy et al., 2018).

3.1.4 Crosstalk within cytokinin signalling networks

CKs form part of complex signalling networks involving other plant hormones, enzymes (namely:
adenosine phosphate-isopentenyltransferases (/PTs) and CK oxidases/dehydrogenases (CKX)), sensor
histidine kinases (HKs), histidine phosphotransfer proteins (HPs) and response regulators (RRs).
Abiotic stress signalling and tolerance are mediated by these signalling networks, and there is strong
evidence in support of crosstalk existing between CKs, ABA and stress signalling pathways (Nishiyama

et al., 2011).

The complexity of the signalling network is in part due to CKs pleiotropic nature, in addition to gene
expression for synthesis and metabolism of CKs belonging to multiple gene families, which themselves
are spatially and temporally diverse (Jameson and Song, 2015). The effects of CK in plants are heavily
dependent on external conditions (Pavl( et al., 2018), plant species, age of the seed and site of activity
within the plant (Werner et al., 2001). In addition, signalling molecules have been found to have
positive or negative regulatory roles, depending on the abundance of CK (Nishiyama et al., 2011). For
example, histidine kinases are transmembrane proteins that play a role in signal transduction across
cell membranes (Wolanin et al., 2002). In Arabidopsis, Arabidopsis histidine kinase 4 (AHK4) has a dual
function: phosphorylating Arabidopsis histidine phosphotransfer proteins (AHPs) when CK is present,
and dephosphorylating them in the absence of CK. When CK is present, AHK4 acts as a negative
regulator in stress responses. Arabidopsis histidine kinase 2, 3 and 4 (AHK2, AHK3 and AHK4) are also
negative regulators of abscisic acid (ABA) signalling and osmotic stress signalling, both of which involve

cross-talk with CK signalling (Nishiyama et al., 2011).

Rice responds to water-limiting conditions by modulating CK biosynthesis or signalling, resulting in
reduced CK activity (Todaka et al., 2017, Maruyama et al., 2014, Kim et al., 2020b). The decrease in
plant productivity in response to drought is, in part, due to this decrease in CK levels that occurs at
the onset of stress (Pavlu et al., 2018). CK synthesis and signalling has also been shown to be a key
limiting factor for photosynthesis and above-ground function during salt stress (Yin et al., 2020, Wang

et al.,, 2019, Joshi et al., 2018) and drought stress (Peleg et al., 2011). Overexpression of CK
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biosynthesis enzymes is detrimental to the roots, resulting in a decrease in root biomass in control
conditions (Ghanem et al., 2010). However, increased CK biosynthesis results in improved plant
longevity, delayed stomatal closure and leaf senescence, and almost double the shoot biomass
(Ghanem et al., 2010). In addition, several key factors in the alleviation of salt and drought stress, such
as the maintenance of a plant’s ionic and osmotic equilibrium, the control of oxidative damage by
antioxidant signalling, and signalling to coordinate cell division, require the action of CK (Mahajan and

Tuteja, 2005).

The reduction of CK can be achieved via modulation of CK metabolism or the regulation of CK receptor
expression and/or negative regulation of CK signalling by Arabidopsis histidine phosphotransfer
proteins (AHP6) and Arabidopsis response regulator 5 (ARR5) (Pavll et al., 2018). Artificial modulation
of CK abundance and signalling can improve drought and salt tolerance by mechanisms such as:
protecting photosynthetic processes, boosting antioxidant systems, modulating plant growth or by
modulating the balance between other phytohormones, for example ABA, that are also involved in
stress signalling (Pavll et al., 2018). Typically, these modifications are a result of increased CK levels
in the leaves which increases aboveground biomass (Pavll et al., 2018, Peleg et al., 2011, Joshi et al.,

2018, Wang et al., 2019, Yin et al., 2020).

Importantly, however, an abundance of CK in the roots leads to an inhibition of root growth
(Julkowska, 2018). Research examining the effects of CK in roots has found that lowering CK levels in
the roots by overexpressing cytokinin dehydrogenase (CKX), a CK degradation enzyme, increases the
number and length of lateral roots, whilst improving drought tolerance and post-drought recovery in
barley (Ramireddy et al., 2018, PospisSilova et al., 2016). The higher tolerance to drought stress was
mostly caused by altered root morphology resulting in better dehydration avoidance (Pospisilova et
al., 2016). Therefore, whether CK abundance is high or low and whether the associated signalling is

beneficial or not differs with respect to the aerial and below ground biomass accumulation.

Given the differential impacts of CK on the growth of the shoots and roots of plants (Werner and
Schmiilling, 2009), it is important to be able to target the effects of CKs within a plant for agricultural
and plant breeding purposes. Although a challenging task, there are instances where this has been
achieved successfully for above or below ground specific CK manipulation. For example, Ashikari et al.
(2005) reduced the expression of the Gnla gene which encodes for CK dehydrogenase synthesis, an
enzyme that degrades CK, resulting in increased CK accumulation. The increased CK accumulation
resulted in an increase in the grain number per plant and therefore an increase in yield and benefits

to the aerial part of the plant. Root-specific reduction of CK, resulting in enhanced root growth, has
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to-date been achieved in maize (Ramireddy et al., 2018), oilseed rape (Nehnevajova et al., 2019),

Arabidopsis and tobacco (Werner et al., 2010).

3.2 Aims and Objectives

The aim of this chapter is to investigate the potential of the parent compound and four novel RGPs
studied in Chapter 2 to prime a seedling against stress in a commercially relevant application process

and setting. Specially, this chapter will achieve this aim by:

1. Investigating whether the novel RGPs from Chapter 2 are as effective at promoting root
growth when applied as a seed priming treatment, rather than applied to the root via liquid
media.

2. Determining if priming with the compounds confers any benefits to seedlings under drought
or salt stress.

3. Determining if the benefits conferred in Chapter 2 are as effective at promoting root growth

in soil as they are in liquid media.

3.3 Methods

3.3.1 Laboratory priming methods
3.3.1.1 Chemical preparation

The RGP chemicals used were obtained from Globachem Discovery Ltd. and were derivatives of a 4-
phenyl quinazoline structure, as in Arata et al (2010), molecular formula: C17H16CIN3O. A 25.5mM stock

solution was prepared in 1:4 DMSO:acetone and diluted with sterile water accordingly.

3.3.1.2 Assay preparation

Rice seeds (Oryza sativa cv Nipponbare) were sterilised using 100% ethanol for 2min and 20% (v/v)
sodium hypochlorite solution for 10min, then rinsed 6 times with sterile water. Seed priming
treatments were applied by shaking the seeds in a test tube placed on a shaker with a final
concentration of 0.96, 3.2, 9.6, 32 and 96uM of the RGPs for 3.5h The length of time seeds were
exposed to the RGPs was determined by a preliminary experiment in which the time for seed
saturation to be achieved with water was calculated (Appendix Figure 3). Seeds were then placed on
moist filter paper on a Petri dish, sealed with 3M micropore tape and placed in the dark in a controlled

environment at 30°C:26°C (11h:13h day:night) for 48h.
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3.3.1.3 Plant and growth conditions

Seeds were removed from the dark and transferred to a controlled environment at 30°C:26°C (11h:13h
day:night) to allow germination. Five days after the seed treatment, percentage germination, root
length and shoot length were measured. The seed vigour index (SVI) is an indicator of a seed’s
potential to perform well during germination and emergence and was calculated according to Abdul-
Baki and Anderson (1973) using the following equation, where RL is root length, SL is shoot length and

GP is germination percentage:

SVI=RL +SL xGP

3.3.2 Commercial setting priming method

3.3.2.1 Chemical and assay preparation

Chemical preparation and assay preparation were the same as in Section 3.3.1.

3.3.2.2 Plant and growth conditions

Rice seeds (O. sativa cv Loto and Selenio) were soaked in the previously identified optimum
concentration from Figure 3.6 for each RGP compound for 3.5h. Primed seeds were sown in trays in a
4x4 arrangement containing 50% peat, 50% perlite (v/v) (Figure 3.2) and grown in either a glasshouse
or growth chamber for 13 days. Glasshouse conditions had a temperature range of 22.5-34.1°C and
relative humidity range of 23-97.2%. Growth chambers assays were carried out in a Snijder growth
chamber, 30°C:26°C (11h:13h day:night). The conditions of each were reflective of the commercially

relevant growing environments at Globachem.
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Figure 3.2. Experimental design for assays with and without the parent compound, compound 974. Green boxes
are control plants and red have compound 974 applied. Salt or drought treatments were applied to the base to
ensure even application.

For the drought treatment all seeds were well watered (water always in the base) until germination.
Trays in the glasshouse then had the following treatments applied: water always in the base (control
(C)), watered three times per week (mild), water withheld from when the shoot was 4cm (moderate)
or water withheld from when the shoot was 2cm (severe). The latter was deemed to be the most
severe stress, as these plants went the longest without water. For the WW treatment in the growth
chambers, plants were given water once a week. Plants were watered from the base to ensure even
uptake and availability. Salt stress was applied during the watering regime at concentration of 50mM,
75mM or 100mM NaCl, with water always in the base when the first leaf was visible, to ensure salt
stress had no effect on germination. For each experiment, there were two sets of controls. One control
was included in all watering and salt treatment regimes with no compound added, but seeds had been
soaked in a DMSO:acetone solution at a final concentration of 0.05% (v/v). For the second control, the
salt treatment control had no salt added to the water and the drought stress control always had water
in the base of the tray. A summary of each experiment and the conditions is provided in Table 1 (n=12

for each experiment).
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3.3.2.3 Quantification of physiological traits

Measurements were taken when the second true leaf had emerged, after approximately 11 days of
growth. Chlorophyll fluorescence (Fm) was measured using a mini Plant Photosynthesis Meter (EARS).
Shoot length was measured as the height from the base of the plant to the top of the shoot. The fresh
weight of the root and shoot were weighed using a microbalance. Dry weights of the shoot were

measured after samples had been in a drying oven for seven days at 30°C.

3.3.2.4 Quantification of root system size and biomass

The root phenotype was imaged when the second true leaf had emerged, after approximately 11 days
of growth, using a high-resolution scanner (EPSON Expression 11000XL). Measurements were
obtained using WinRhizo (Regent Instruments Inc, 1991). The data shown are the mean from eight
seedlings. Primary and lateral root growth were measured, differentiated in WinRhizo by creating two

diameter classes.

3.3.3 Statistical analysis

Statistical analysis was carried out in R (R Core Team, 2021). Independent t-tests were performed
between the control and each concentration of S-4893, and between the control and the optimum
concentration of each compound, where indicated. A two-way ANOVA and a Tukey Kramer post-hoc
test was performed for each experiment to see the effect of treatment and/or compound, and

whether or not there was an interaction, significance p < 0.05.

Table 3.1 A summary of experiments carried out at Globachem. Two rice varieties, Loto and Selenio, had a mild,
moderate and severe stress imposed, plus a control for each (OmM NaCl for salt stress or 'water every day' for
drought stress).

Location Variety  Stress Compound Data Available
Glasshouse Loto Drought Optimum concentration of each compound,  Figure 8, Figure 9
as decided in Figure 6 and Figure 10
Salt Compound 974, optimum concentration Figure 13
Selenio  Drought Compound 974, optimum concentration Figure 11
Growth Loto Drought Compound 974, optimum concentration Figure 12
Chamber
Selenio  Salt Compound 974, optimum concentration Figure 14
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3.4 Results

3.4.1 Laboratory priming studies

3.4.1.1 Seed priming promotes root and shoot growth in O.sativa cv. Nipponbare
seedlings

In order to test the effect of seed priming on O.sativa cv Nipponbare with the RGP compounds, shoot
length, root length and germination rate were measured. Incorporating the data from root length
(Figure 3.3), shoot length (Figure 3.4) and germination rate (Figure 3.5) allowed the production of a
seed vigour index (SVI) (Figure 3.6), which is a measure of seed viability and health (Abdul-Baki and
Anderson, 1973). Application of the compounds by seed priming increased root length (Figure 3.3)
and shoot length (Figure 3.4) in a similar trend to the results for each RGP and concentration applied

via hydroponics (Figure 2.5).

Root length tended to increase as the concentration of each compound increased, particularly for
compounds 974, 1027 and 1070 (Figure 3.3). At high concentrations there was a tendency for the
compound to decrease root length, this was most severe for compounds 974 and 1027. There was a
slight trend of increasing root length at concentrations 9.6 and 32uM for 1093, though this was not
significant. For each priming treatment, shoot length was strongly correlated to root length (Figure
3.4). Compounds 1027 and 1070 had the most positive effect on shoot length (between
concentrations 0.96-32uM and 3.2-96uM, respectively). No priming treatment decreased the seedling
shoot length when compared to the control; the highest concentration of the compounds (96uM)
produced shoot lengths comparable to the control for 974 and 1027 but did not inhibit length as these

concentrations did for root length in the respective compounds.

Germination rates were very high for most treatments, including the control achieving 100%
germination (Figure 3.5). Germination rates were slightly lower, between 70-95% for the moderate to
high concentrations of 974 and 1027, though this germination rate is still considered good. The
concentration with the highest SVI value for each compound was selected for subsequent
experiments. The concentrations selected for each compound were: 974:3.2uM, 1027:32uM,

1070:32uM, 1093:32uM and 1131:9.6uM.

Pictures of the effect of seed priming with the parent compound, 974, on O.sativa cv. Nipponbare are
available in Figure 7. For 3.2uM compound 974, there is a clear promotion of root growth. Root growth

is then stunted slightly at concentration 32uM compared to the control, correlating well with the root
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length data in Figure 3.3. The effects on shoot length are less clear to see, which is reflected in there

being no significant differences in shoot length for 974 control (0), 3.2uM or 32uM (Figure 3.4).

974 1027 1070
Anova, p =2.4e-06 Anova, p =2.2e-05 Anova, p =0.0091
20 * * *% *k * * *% *k * *
15
10
= I I I
13 I I I
o 5
£
S
2 ] & .
(%}
E 1093 131 0 096 32 96 32 96
% Anova, p =0.47 Anova, p =0.12
S 20 *
-
3
x 15
10
I
1 1
5
0
0 09 32 96 32 96 0 09 32 96 32 96

Concentration (uM)
Figure 3.3. The effect of RGP compounds was dose-dependent. All compounds exerted a positive effect on root length at
an intermediate concentration, followed by root inhibition or return to a similar length to the control at higher
concentrations. Significance values indicate the results of independent t tests carried out between the control and each
concentration of the compound. *p < 0.05, **p < 0.01. Values are means + SEM (n = 6).
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Figure 3.4. Shoot lengths followed a similar positive trend to root length data for the array of concentrations and compounds.
No shoot lengths were decreased by the seed priming compound application. Significance values indicate the results of
independent t tests carried out between the control and each concentration of the compound. *p < 0.05, **p < 0.01, ***p
<0.001. Values are means + SEM (n = 6).
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Figure 3.5. Germination rates were consistently high for all concentrations and compounds, as well as the control.
Germination was most affected by priming with compounds 974 and 1027, though germination rate remained
relatively high. Values are the percentage of the six seedlings that germinated (n=6).
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Figure 3.6. The Seed Vigour Index (SVI) revealed an optimum concentration for the effects of individual RGPs. SVI
was calculated by the equation: root length + shoot length x germination percentage. The following optimum
RGP concentration for each compound was used subsequently in translational experiments in a commercial
setting: 974:3.2uM, 1027:32uM, 1070:32uM, 1093:32uM and 1131:9.6uM (n=6).
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Figure 3.7. Representative images showing the positive effect of compound 974 on root
growth at 3.2uM; and the slight inhibitory effect of compound 974 at 32uM.
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3.4.2 Seed priming in a commercial setting

In order to establish whether seed priming with the RGP compounds is a viable method of application
in a commercial setting, two rice cultivars, Loto and Selenio, used by Globachem were primed using
the optimum concentrations for seed vigour that were established previously (see Figure 3.6). The
efficacy of the compounds under standard glasshouse conditions at Globachem were tested, along

with the efficacy of the compounds under salt and drought stress at three levels of severity.

3.4.2.1 Priming of O. sativa cv Selenio and Loto offers no benefit to seedlings under
drought stress or optimum conditions under commercial growing conditions

Seedling growth from primed seeds of Loto, a lowland rice seed variety, that had been treated with
the optimum concentration for each compound derived (Figure 3.6), exhibited few differences from
control seeds under drought conditions (Figure 3.8, Figure 3.9 and Figure 3.10). The parent compound
(974), and compound 1093 had longer roots than the control plants under the control water regime
(p<0.05) (Figure 3.8). The increase in root length for compounds 974 and 1093 under optimum
conditions came at no cost to shoot length (Figure 3.10), although it didn’t confer any significant
benefits to shoot length or biomass (Figure 3.9). The varying degrees of drought stress exerted no

notable change in root length (Figure 3.8).

Dry weights and shoot lengths were lowest for the seedlings that had had water withheld from 2cm
shoot, indicating that a drought stress had been achieved with this watering regime. However, for this
watering regime, treated compounds behaved very similarly to the control (ANOVA=0.49) and
treatment conferred no benefit to shoot length (Figure 3.10). Under the HS treatment, compounds
974 and 1093 had similar root and shoot lengths to the control, and a tendency towards greater dry

weights (Figure 3.8, Figure 3.10 and Figure 3.9, respectively).

Compound 1027 performed consistently worse than the control, with significant reductions in dry
weight of shoot (Figure 3.9) and corresponding shoot length (Figure 3.10) under the moderate
treatment. Whilst these reductions could have been indicative of a reallocation of resources to root

growth, this was not reflected in the root length data (Figure 3.8).

The same environmental conditions and water deficit control were applied to an upland rice cultivar,
Selenio (Figure 3.11). The water deficit stress had a significant effect on dry weight (p<0.001), shoot
length (p<0.001) and root length (p<0.01), Figure 3.11A, B and C, respectively. However, the
application of compound 974 (the parent compound) conferred no benefit to the dry weight or root

length of seedlings under control or any water deficit conditions. Data for seedlings with and without
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seed priming with compound 974 showed very similar responses to each of the stresses imposed
(Figure 3.11A and C). Application of the parent compound inhibited shoot length at the severe
treatment (Figure 3.11B, p<0.05), though there was no knock-on effect for root length or shoot dry
weight. The compounds had no overall effect on dry weight of shoot, shoot length or root length
(ANOVA p>0.05 for all), nor was there an interaction between compound application and water deficit

application (ANOVA p>0.05 for all).

Experiments reported in Figure 3.8 to Figure 3.11 and Figure 3.13, were conducted in October when
large temperature fluctuations in the glasshouse may have resulted in plants becoming temperature
stressed. Therefore, in order to assess the impact of RGPs under stable temperature conditions, the
upland rice cultivar, Selenio was grown inside a temperature-controlled growth chamber and the
effects of the parent compound (compound 974) on plant responses to water deficit stress

determined (Figure 3.12).

Chlorophyll fluorescence increased as water stress increased, though not to a significant extent.
Interestingly, chlorophyll fluorescence was highest for the severe treatment (Figure 3.12A). This raises
the question as to whether the severe treatment had indeed imposed a marked water stress on plants.
However, the dry weight of the shoot was negatively affected by increasing stress severity (p<0.001),
as was shoot length (p<0.001), which is indicative of an increasing stress (Figure 3.12B and C). Roots
of seedlings treated with compound 974 were slightly longer under control and moderate, though this

was not significant (Figure 3.12D).

Application of compound 974 decreased chlorophyll fluorescence compared to the untreated control,
however, this was only significant when under moderate (p<0.05), and is indicative that the effect on
CK signalling was not root-specific. Surprisingly, the dry weight of seedlings treated with compound
974 under moderate was greater than the untreated seedlings with the same stress applied (p<0.05,
see Figure 3.12B). For all other water regimes, the seedlings treated with compound 974 had slightly
lower dry weights than their untreated counterparts, though this was not significant (see Figure
3.12B). The shoot length of treated and untreated seedlings was very similar for each water regime

(Figure 3.12C), following a very similar pattern to that of the dry weight data.

The median root length for seedlings treated with compound 974 was higher for all water regimes
except the most severe (Figure 3.12D), this however, was not significant (ANOVA p>0.05).
Physiological responses for treated and untreated seeds were very similar throughout, with no clear
trends or benefits of the seed priming treatment conferred under optimum or drought stress

conditions.
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Figure 3.8. Root length of glasshouse-grown Loto, a lowland rice variety, exposed to drought stress. Treatments clockwise from top-left represent control, mild, moderate and
severe stress. The boxplot displays the median, and the upper and lower quartiles. The whiskers extend from the upper and lower quartiles to the smallest and largest values
that are no greater than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual data points.
Significance values indicate the results of independent t tests carried out between the control and each concentration of compound 974. *p < 0.05 (n=6), ‘C’ on the x-axis
represents the control.
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Figure 3.9. Root length of a lowland rice variety, Loto, exposed to varying levels of drought stress, grown in a glasshouse. Treatments clockwise from top-left represent control,
mild, moderate and severe stress. The boxplot displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and
lower quartiles to the smallest and largest values that are no greater than 1.5 times the IQR from the quartile. Data beyond the end of the whiskers are outliers. Dots represent
individual data points. Significance values indicate the results of independent t tests carried out between the control and each concentration of compound 974. *p < 0.05
(n=6), ‘C’ on the x-axis represents the control.
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Figure 3.10. Root length of a lowland rice variety, Loto, exposed to varying levels of drought stress, grown in a glasshouse. Treatments clockwise from top-left represent
control, mild, moderate and severe stress. The boxplot displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper
and lower quartiles to the smallest and largest values that are no greater than 1.5 times the IQR from the quartile. Data beyond the end of the whiskers are outliers. Dots
represent individual data points. Significance values indicate the results of independent t tests carried out between the control and each concentration of compound 974. *p
<0.05 (n=6), ‘C’ on the x-axis represents the control.
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Figure 3.11. (continued on next page, legend follows).
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Figure 3.11. Application of drought stress, or the CK antagonist, to the upland rice cultivar, Selenio, had no effect
on shoot or root growth under glasshouse conditions. Panel A represents the shoot dry weight. Treatments (left
to right) represent a control, mild, moderate and severe water-deficit stress, respectively. Significance values
indicate the results of an independent t test carried out between treated and untreated seedlings for each
drought stress level. *p < 0.05 (n = 6). Root length values are log10 to normalise data. The boxplot displays the
median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and
lower quartiles to the smallest and largest values that are no greater than 1.5 times the IQR from the quartile.
Data beyond the end of the whiskers are outliers. Dots represent individual data points. Statistics for the effect
of compound application and drought stress are the results of a two-way ANOVA.
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Figure 3.12. (continued on next page, legend follows).

96

Compound

B 974
B3 Control



30 Compound (C) p= <0.05
Treatment (T) p = <0.001
Cx Tp=0.257
ns ns * ns
20
E)
E ¢
= i o Compound
ey
= o . &3 974
= B2 Control
> ° ®
a (-]
10
-
o !
0
Water alw ays Water 3 times Withhold w ater Withhold w ater
in base per w eek from 4cm shoot from 2cm shoot
Treatment
C
40
Compound (C) p=0.474
Treatment (T) p = <0.001
Cx Tp=0.125
ns ns ns ns
30
€
C
e
= Compound
G 20 oo o 974
- o' @ Control
© OIO oo
o
< = oo
7 l ®
o i s
10 ®
o
0
Water alw ays Water 3 times Withhold w ater Withhold w ater
in base per w eek from 4cm shoot from 2cm shoot

Figure 3.12. (continued on next page, legend follows).

97

Treatment



Compound (C) p= 0.481
Treatment (T) p =0.924
Cx Tp=0.682
ns ns ns ns
150
o
o
°
§
~ 100
=
g’ - -
o
—
kS]
o
@ - Q -
50 i
o
0
Water alw ays Water 3 times Withhold w ater Withhold w ater
in base per w eek from4cm shoot from2cm shoot
Treatment

Figure 3.12. Application of drought stress, or the CK antagonist, to the lowland rice cultivar, Loto, had no effect
on shoot or root growth under growth chamber conditions. Panel B represents the shoot dry weight. Treatments
(left to right) represent a control, mild, moderate and severe water-deficit stress, respectively. Significance values
indicate the results of an independent t test carried out between treated and untreated seedlings for each
drought stress level. The boxplot displays the median, and the upper and lower quartiles (25th and 75th
percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values that are
no greater than 1.5 times the IQR from the quartile. Data beyond the end of the whiskers are outliers. Dots
represent individual data points. *p < 0.05. Values are means + SEM (n = 6). Statistics for the effect of compound
application and drought stress are the results of a two-way ANOVA.
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3.4.2.2 Priming of O.sativa cv Selenio and Loto seeds with compound 974 offers no benefit
to seedlings under salt stress

The effect of salt stress on seeds of a lowland rice cultivar, Loto, primed with compound 974 was
investigated in the glasshouse. Preliminary testing to establish a salt stress found that 100mM NaCl
treatment significantly inhibited root growth (Appendix Figure 4). However, in the glasshouse trial,
there was no effect of salt treatment on dry weight, shoot length or root length (Figure 3.13A, B and
C, respectively, ANOVA p>0.05). Interestingly, median dry weight was highest at the 100mM NaCl for
both seeds treated with and without compound 974 (Figure 3.13A). Median shoot length and root
length also increased for seedlings treated with 974 from concentrations 50mM to 100mM (Figure
3.13B and C), though the effect of the salt treatment was not significant, nor was the interaction
between salt stress and priming (two-way ANOVA results Compound x Treatment p>0.05 for both root

length and shoot length).

There were no benefits conferred to dry weight of shoot, shoot length or root length by applying
compound 974 (ANOVA p>0.05 for dry weight of shoot, shoot length and root length). Preliminary
testing of compound 974 with Nipponbare under salt stress found that seeds primed with compound
974 had slightly longer roots under control, 75mM and 100mM conditions, however, this was not
significant (Appendix Figure 5 and Appendix Figure 6). When no salt stress was applied, seedlings
primed with 974 had slightly longer root lengths than the control, though this was not significant. The
slight increase in root length observed in the preliminary experiments (Appendix Figure 5) and slight
increase observed from treating with 974 under no salt stress, in which median root length was slightly
higher for seedlings primed with 974 under no salt stress, (Figure 3.13C) was not reflected in the more
severe salt stress treatments (Figure 3.13C), as seedlings treated with compound 974 performed
slightly worse and had medians equal to or lower than their counterparts that had not been primed
with 974. Overall, application of compound 974 resulted in no significant difference in response at
each stress severity for dry weight of shoot, shoot length, or root length (Figure 3.13A, B and C,

respectively).

It is possible, as in the drought stress experiments (Figure 3.8 to Figure 3.12), that the effects of RGPs
on plant salt stress responses were affected by temperature fluctuation in the glasshouse. To
eliminate this possibility seeds of the upland rice variety, Selenio were primed with and without
compound 974 and were grown in a temperature-controlled growth chamber with 50, 75 or 100mM

salt regime applied. There was no overall effect of salt stress on chlorophyll fluorescence, shoot length
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or root length (ANOVA p>0.05 for all, Figure 3.14A, B and C, respectively), suggesting the salt

concentrations were not high enough for the Selenio rice variety.

Similarly to Loto grown in the glasshouse (Figure 3.13C), the root length of seedlings treated with
compound 974 was slightly longer than untreated seedlings under control conditions (Figure 3.14C),
however, this was not significant, and any small benefit conferred by applying compound 974
diminished as the severity of the stress increased. The slight promotion of root growth with treated
seeds when no salt stress was applied was not reflected by an alteration in shoot growth. Shoot
lengths were very similar for all treatments and conditions imposed. Treating seeds with compound
974 conferred no significant benefits to chlorophyll fluorescence, both treated and untreated seeds
gave diverse readings with no significant difference, though seeds primed with compound 974

performed notably worse at 100mM NaCl stress.
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Figure 3.13. (continued on next page, legend follows).
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Figure 3.13 Seed priming with compound 974 had no effect on shoot or root growth of the lowland rice cultivar, Loto, in
response to salt stress under glasshouse conditions. Panel A represents the shoot dry weight. 50, 75 and 100mM NaCl
represent mild, moderate and severe salt stress, respectively. The boxplot displays the median, and the upper and lower
quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest
values that are no greater than 1.5 times the IQR from the quartile. Data beyond the end of the whiskers are outliers. Dots
represent individual data points. Significance values indicate the results of an independent t test carried out between treated
and untreated seedlings for each salt stress level. *p<0.05. Values are means + SEM (n = 6). Statistics for the effect of
compound application and salt stress are the results of a two-way ANOVA.
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Figure 3.14. (continued on next page, legend follows).
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Figure 3.14. Application of salt stress, or the CK antagonist, to the upland rice cultivar, Selenio, had no effect on
shoot or root growth in growth chamber conditions. 50, 75 and 100mM NaCl represent mild, moderate, and
severe salt stress, respectively. The boxplot displays the median, and the upper and lower quartiles (25th and
75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values that
are no greater than 1.5 times the IQR from the quartile. Data beyond the end of the whiskers are outliers. Dots
represent individual data points. Significance values indicate the results of an independent t test carried out
between treated and untreated seedlings for each salt stress level. *p < 0.05. Values are means + SEM (n = 6).

Statistics for the effect of compound application and salt stress are the results of a two-way ANOVA.
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3.5 Discussion

Whilst there are efforts to implement water-saving strategies in rice, such as the water-saving ground
rice systems (Li et al., 2017) and alternative wetting and drying practices (Norton et al., 2017), socio-
economic factors can limit farmer’s willingness to adopt such practices and more complementary
measures must be sought (Howell et al., 2015, Enriquez et al., 2021). Seed priming with novel RGPs
offers an exciting approach to improve water use in rice growing systems, requiring minimal input
from farmers who can utilise existing agrochemical business models and practices for effective

dissemination.

3.5.1 Seed priming is an effective method of applying the RGP compounds

Applying the RGP compounds via seed priming increased root length (Figure 3.3) and shoot length
(Figure 3.4) compared to the untreated control. Interestingly, most treatments had very high
germination rate (Figure 3.5), this is inclusive of the control which was soaked in only DMSQ:acetone
and water. Soaking in water, a technique known as hydropriming, has been found to promote high
germination and seed vigour (Lutts, 2016) which could account for the high germination rates
observed in this study. The seed soaking method used for seed priming resulted in less compound
being used and a less laborious set up process than the methods in Chapter 2, suggesting seed priming

would lend itself to a commercial, high-throughput setting.

3.5.2 Cytokinin signalling is typically repressed by abiotic stress in rice,
although trends vary between environments and species

The parent compound 974 was identified as a root-specific CK antagonist by Arata et al. (2010),
therefore, seed priming with this compound and applying a salt stress would have been expected to
dampen the decrease in root length exerted by high presence of CK. However, no effect on the root
or shoot length under salt stress was observed (see Figure 3.13 and Figure 3.14). This could have been
due to the glasshouse studies performed at Globachem HQ in Belgium (Figure 3.9 - Figure 3.11 and
Figure 3.13), being subject to a wide variation in temperature. Whilst this is reflective of commercially
relevant conditions, this may have been an inhibitory factor for the novel RGP compounds used which
appear to have a very specific window of activity, both in terms of active concentration and
environmental conditions, and that the response of CK to low temperature is complex and not yet
fully understood (Pavli et al., 2018). Given that under cold and drought stress CK signalling decreases

in rice (Maruyama et al., 2014), and that the reduction of CK signalling as a result of cold treatment
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lowers plant tolerance to cold stress (Jeon et al., 2010), it would be expected that the effects of CK
and therefore a CK antagonist would also decrease. This may go some way to explaining the minimal

effects observed under drought stress (see Figure 3.8 to Figure 3.12).

Yin et al. (2020) found CK levels increased in the roots and shoots in response to salt stress in rice,
which helped to alleviate salt stress damage. This, combined with CK abundance leading to shoot
proliferation (Werner and Schmiilling, 2009) suggests that the negative aspects of an abundance of CK
(namely, a decrease in root length (Werner et al., 2010)) are outweighed by the benefits such as
delayed leaf senescence, enhanced shoot proliferation and increased grain yield (Jameson and Song,
2015, Werner et al., 2001). Shoot growth is modulated, in part, by root-derived CKs which act as long-
distance signalling molecules, channelling information relating to root nitrogen status (Pavl( et al.,
2018). Based on the findings by Pavl( et al. (2018) application of the compounds, which are putative
CK antagonists, could be expected to alter shoot growth; however, there was no difference in shoot
growth between the control and those with the compounds applied under control conditions (Figure

3.10, Figure 3.11B, Figure 3.12C, Figure 3.13B and Figure 3.14B).

There are a plethora of conflicting reports on the effects of salt stress on CK levels. Ghanem et al.
(2010) found salt stress caused a decrease in CK of 20-50% within a tomato plant. However, CK levels
remained high under salt stress in the rootstock of apple trees (Feng et al., 2019), tomato seedlings
(Liu et al., 2020) and rice (Yin et al., 2020). These contradictory experimental results highlight the
species-specific responses to CK signalling. In the current study, the activity of the applied compounds
was observed to be cultivar specific, with an effect elicited in Nipponbare under optimum conditions
(see Chapter 2), yet none observed in Selenio or Loto. The reports of CK both increasing and decreasing
abiotic stress tolerance (Ghanem et al., 2010, Feng et al., 2019, Liu et al., 2020, Yin et al., 2020), and
of CK signalling also being both repressed and stimulated by abiotic stress (Zwack and Rashotte, 2015,
O'Brien and Benkova, 2013), along with the lack of root promotion from Loto and Selenio in this study,
make it clear that the commercial use CK-related compounds for cultivation may not be a viable option

to improve plant stress responses.

Studies have shown that overproduction of CK in some species, such as Arabidopsis, decreases plant
tolerance to salt and water deficit stress due to the down-regulation of stress-responsive genes,
reduction in chlorophyll content, or alterations in expression of ROS producing genes and ROS
scavenging enzymes (Liu et al.,, 2020, Wang et al., 2015). ROS production occurs mainly in the
chloroplasts, mitochondria and peroxisome, with photosystems | and Il (PSI and PSII) being the main

sites of ROS production in the chloroplast (Heap et al., 2020). Current evidence suggests that CK
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signalling during abiotic stress leads to malfunction of ROS production in the PSI and PSII by altering
of gene expression in the subunits (Kobayashi et al., 2012). Additionally, it has been suggested that
there is complex interplay between ROS, CK signalling and abiotic stress (Wang et al.,, 2015). A
decrease in ROS scavenging gene expression has been reported in response to salt stress leading to
greater inhibitory effects of the stress (Wang et al., 2015) whilst overexpression of ROS scavenging
enzymes, such as superoxide dismutase (SOD) and catalase (CAT) has been shown to lead to an
increased tolerance to abiotic stress, resulting in improved plant survival rate and yield (Apel and Hirt,

2004).

Reduced levels of CK in rice are associated with higher stress tolerance (Liu et al., 2020, Yin et al.,
2020). In addition, low CK abundance and/or signalling has been associated with higher water contents
during drought stress due to increased root growth and the associated increased water uptake
(Ramireddy et al., 2018). The increase in root growth under low CK levels is accompanied by reduced
stomatal apertures and transpiration rates, suggesting a cohesive mechanism for limiting
aboveground water loss and maximising belowground water uptake during periods of drought stress
(Nishiyama et al., 2011, Pavll et al., 2018). Therefore, low CK abundance is a useful tool for limiting
water loss during short-term stress, though long-term inhibition of photosynthesis would have
negative long-term effects. However, no negative effects of drought stress or of the CK antagonist on
chlorophyll fluorescence were identified in this study (Figure 3.13A). The lack of effect of the CK
antagonist on chlorophyll fluorescence or root growth (Figure 3.11C, Figure 3.12A and D) compared
to the control in optimum and stress conditions in these experiments suggests that CK levels could
have already been low in control conditions, and were not further lowered by the addition of the CK
antagonist. However, hormone analysis, which lies outside of the scope of the present study, would

be required to test this hypothesis experimentally.

Response regulators (RRs) are involved in signal transduction systems and are highly expressed in rice
roots, where they mediate a cell’s response to environmental changes as part of the two-step
phosphorelay system (Du et al., 2007). They are categorised into four groups: type-A, type-B, type-C
and pseudo-response regulators (PRRs). Type-A RRs are negative regulators of CK signalling, whereas
type-B RRs are positive regulators of CK signalling. Specifically in rice, 15 type-A RRs (OsRR1-15), 7
type-B RRs (OsRR16-22) and 5 predicted pseudo-response regulators (OsPRR1-5) have been identified
that are components of the two-step phosphorelay system for CK signalling (Du et al., 2007).
Expression of OsRRs have been found to increase 20-fold after treatment with exogenous CK. Their

genes are also expressed in response to environmental stresses; OsRR transcript levels increased 4-
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fold in response to salt stress and 2-fold in response to dehydration, indicating they are involved in

cross-talk between a rice plants’ response to CK signalling and abiotic stress (Jain et al., 2006).

The increase in expression of OsRR genes that is induced by cold and water deficit stress has a negative
impact on yield harvest traits that are of commercial value, such as impaired panicle development and
grain sterility in rice (Pandey, 2020). These genes are also type-A RRs and are therefore negative
regulators of CK signalling. The increased expression of the type-A RRs when the salt or drought stress
and the subsequent prevention of CK signalling within the plant is likely to have dampened the effect
of the novel compounds and any root growth promotion that would have occurred from their activity

as CK antagonists (Figure 3.8 to Figure 3.14).

The large fluctuation in temperature and the use of an unheated glasshouse in October may have
inflicted an unintentional cold stress to the rice seedlings (Figure 3.9, Figure 3.10, Figure 3.11, Figure
3.13). Low temperatures can cause ROS accumulation and inhibition of ROS scavenging enzymes,
leading to cell metabolism malfunctioning and cell death (Petrov et al., 2015). Cold stress has been
mitigated by the application of CKs (Liu et al., 2020). Hence, the application of a CK antagonist during
a cold stress would be likely to have a synergistically negative effect on seedling development. and
may have initiated expression of the type-A RRs, leading to decreased CK signalling within the rice
plants. This would go some way in explaining the lack of differences between the control conditions
and imposed stress conditions in the glasshouses (Figure 3.8, Figure 3.9, Figure 3.10, Figure 3.11 and
Figure 3.13). Given that no differences were observed between the control and stress treatments, or
the control and CK antagonist application in the growth chambers (Figure 3.12 and Figure 3.14), this
also suggests that other variables in the experiments may not have been optimised for the rice
varieties used — such as the growth media. The lack of effect of the salt or drought stress in these
experiments is unexpected, as this conflicts with the data from preliminary experiments and in the
literature. Indeed, Almeida et al. (2016) state that the developmental stage of the rice plant strongly
influences plant sensitivity to stress, with rice plants having high susceptibility to abiotic stress during

the seedling stage.

Root-specific reduction of CK has been found to increase drought tolerance and root length (Werner
et al., 2010), as has root-specific overexpression of cytokinin dehydrogenase (Ramireddy et al., 2018).
This suggests that root-specific alteration to CK activity could be a viable solution, but the interplay
between signalling molecules and the pleotropic nature of CK makes CK signalling modification a

complex research area that must be refined.
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3.5.3 Areas for further research

Although glasshouse experiments performed at Globachem in Belgium provide tantalising glimpses
into the effects of seed priming with RGPs in rice, data collection was limited to three weeks in October
2019. In addition, access to glasshouse space was restricted limiting the overall number of
experiments that could be performed during this period. Therefore, whilst these data represent an
initial starting point for exploring the application of the RGPs under commercially relevant conditions,

further glasshouse and field trials are necessary for a more extensive analysis.

Importantly, several of the methods used in Chapter 2 were unsuitable for use in a commercial
glasshouse environment at Globachem Headquarters in Belgium due to the time and space constraints
of the commercial growing environment. These include the selection of uniformly germinated seed
for experiments and the establishment of the optimum concentration of RGPs for Loto and Selenio.
Whilst it was not possible to investigate this, and the effects of other variables within the scope of the
present study, these should be considered as suitable areas for further investigation in subsequent

work.

3.5.4 Conclusion

The experiments in this chapter assayed whether compounds which decrease root-specific CK activity
led to an increase in abiotic stress tolerance. Whilst this was found not to be the case, the findings by
Wang et al. (2015) and Liu et al. (2020) illustrate the relationship and fine balance that exists between
CK signalling, ROS and abiotic stress application. These studies, and the results from this chapter,
illustrate the delicate nature and complexity of modifying hormone abundance in plants in a

commercially viable and robust way.

An interesting avenue for further development would be to explore the mechanism behind the
differential responses to CK for the different rice cultivars. Cultivars are well known to display variation
under a variety of environmental conditions (Kakade et al., 2017, Gupta and Ahmad, 2014, Wade et
al., 1999), yet the differential response to CK signalling in different rice cultivars is yet to be elucidated.
Another promising area for development would be to establish an inert seed coating that made the
product more robust to environmental variation, such products have been developed to help priming
compounds bind and persist on the seed (Amirkhani et al., 2014), but have not been optimised for this

study.
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4 Exploring the long-term
efficacy of priming Oryza
sativa with novel root growth
promoters
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4.1 Introduction

4.1.1 Modifying root growth could help to meet challenging agricultural
targets

Rice is the primary calorie source for over half of the global population (Huang et al., 2013). There is,
therefore, great interest in achieving high rice yields. In order to meet the fuel, fodder and biofuel
demands of an increasing global population, the productivity of agricultural land must be optimized
(Pan et al., 2013). Novel solutions must be developed in order to meet these demands and increase
crop productivity (Ray et al., 2012). One approach which has recently come to the fore is the use of
plant growth regulators (PGRs) to modify root growth and potentially improve crop stress tolerance,
productivity and yield (Fahad et al., 2016). Cytokinins (CKs) are implicated in the control of root
development (Werner and Schmiilling, 2009) and have been suggested as potential root growth
promoters (RGPs). Several studies have examined the effects of altering the activity of CK in the root,
either genetically (PospiSilova et al., 2016) or through the application of a synthetic CK antagonist
(Arata et al., 2010), to promote root growth. However, when manipulating CK abundance or CK
perception in the roots, whether via transgenic or chemical methods, it is essential that the effects
are root-specific and that there are no negative effects on aboveground biomass and yield (PospiSilova

et al., 2016).

It is estimated that 10% of crop yields are lost due to drought stress (Kim et al., 2019). Climate models
predict that severe drought events will increase in frequency in major crop producing regions, many
of which are reliant on rain-fed systems with low irrigation input (Fukai et al., 1999, Ramireddy et al.,
2018). Another limiting factor to plant yields is often nutrient acquisition capacity (Chapman et al.,
2012), which is counteracted by application of fertilizers. Application of artificial nutrient addition
using fertilizers is costly, laborious and has a negative effect on the environment through leaching and
surface runoff (Syers et al., 2008). This in turn causes a surge of nutrients in the water table and leads
to events such as eutrophication (Syers et al., 2008). Understandably, these harmful losses must be

minimised.

Transgenic barley with root-specific CK degradation has been found to maintain higher water content
than control plants under drought stress, in addition to improved recovery and yield post-drought
stress (PospiSilova et al., 2016, Ramireddy et al., 2018). The improved drought tolerance was caused

by the modified root morphology allowing dehydration avoidance (Pospisilova et al., 2016). The
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findings of PospiSilova et al. (2016), together with those of Arai-Sanoh et al. (2014) in deep rooting
transgenic rice, show that plants with longer roots have the capacity to access more water and
nutrients than their unmodified counterparts, offering the potential to reduce fertilizer application
and make crops more resilient to drought. This suggests that the manipulation of root CK levels and/or
root CK signalling has the potential to improve the drought tolerance of crops by promoting increased

root growth.

In Chapter 2, five compounds were identified which promote root growth in rice. Interestingly, these
RGPs were found to be as effective at promoting root growth by seed priming as they were when the
compounds were suspended in liquid media, using similar proportions for each treatment and
concentration (Figure 2.5 and Figure 3.3). This raises the intriguing possibility of delivering RGPs in a
commercial growing context via seed priming. A key component for exploiting the root growth
promotion effects of PGRs and the benefits of priming conferred, however, is to ensure that the
positive effects on root growth do not occur at the expense of aboveground biomass and productivity
in the form of negatively affecting yield harvest. Previously, Ramireddy et al. (2018) genetically
modified barley to overexpress cytokinin oxidase, resulting in an increase in root mass of up to 47%.
Yield-related traits of the transgenic plants were not significantly different from those of the wild type
at p<0.05. Additionally, Arai-Sanoh et al. (2014) produced transgenic rice that had deep rooting and
an increased vyield, confirming that increased root biomass can be achieved without a reduction in
shoot biomass. Therefore, it is important to also demonstrate that the priming effects of RGPs on root
growth do not confer a negative effect on aboveground biomass and productivity and yield in this

study.

4.1.2 Spatial heterogeneity severely affects the results of glasshouse trials

When studying the effects of RGPs on root growth and morphology and plant yield under glasshouse
conditions it is essential to be able to decouple the effect of climatic spatial heterogeneities from the
effect of the RGP treatments. The environmental conditions in glasshouses are typically controlled to
improve crop yield and quality; and involve modifying conditions such as temperature, CO,, light
intensity or humidity (Xin et al., 2019). Glasshouse controls can improve the productivity of a crop;
however, they tend to cause spatial heterogeneity leading to microclimates within the glasshouse.
The fluctuation in growth conditions in glasshouses is a common phenomenon which is well
documented (Kimura et al., 2020, Teitel et al., 2010, Boulard et al., 2002, Zhao et al., 2001), the
solution, to which, has been the source of debate for many decades (Kempthorne, 1957, Brien et al.,

2013). Potvin et al. (1990) found three distinct types of spatiotemporal heterogeneity: within growth
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facilities of the same specification, fluctuations in programmed conditions over time within a growth
chamber, and consistent spatial variability within a growth chamber, the latter referring to the middle

of the growth facility being consistently warmer with the best growing plants.

Whilst there has been extensive modelling on glasshouse-specific variables, little research addresses
how data for the plants growing in research glasshouses should be handled (Kimura et al., 2020, Teitel
et al., 2010, Boulard et al., 2002, Zhao et al., 2001). There are two generally accepted approaches to
mitigate the effect of spatial heterogeneity. One of which is to implement a ‘conveyor system’ where
plants are moved, though this has been found to result in increased plant injury, significantly increases
labour and may result in unobserved bias. The conveyor system requires each plant to spend equal
time in each position during the same growth stages. It has been found to increase error of variance,
though one perceived benefit of this treatment is that error variance is increased equally for each
treatment type (Brien et al., 2013). In a similar approach, the implementation of randomised block
design is a method of mitigating edge effects; the edge effect is still present, but it is equally
distributed throughout the treatments. Neyman and Fisher (1992) were amongst the first to develop
an experimental design to account for spatial heterogeneity in agricultural experiments. Neyman’s
model is based on completely randomized experiments and has subsequently been extended to look
at the effect of causation in observational and experimental studies and outputs an average causal
effect of a variable, such as location (Rubin, 1990). Similarly, Fisher’s experimental design, coined a
‘Latin square’, is an n x n array in which treatments are placed so that each treatment occurs once in
each row and each column (Fisher, 1992). These well-known and adopted approaches have been
scrutinized and optimised for more complex models in recent years (Bailey and Druilhet, 2014, Bailey,

2017, Sabbaghi and Rubin, 2014).

Despite the logistical challenges of the conveyor system approach, Brien et al. (2013) found no
evidence to suggest it is more precise than accounting for heterogeneity in the statistical analysis.
Glasshouse trials are an essential aspect of plant research, and the spatiotemporal heterogeneity
within these controlled environments are widely acknowledged, anecdotally and in literature (Boulard
et al., 1999, Majdoubi et al., 2009, Hansen and Hggh-Schmidt, 1996, Ma et al., 2019). Despite this, and
despite statistical analysis being acknowledged as the preferred method for correcting this
heterogeneity (Brien et al., 2013), a robust method to identify and account for microclimates within a
space has not been incorporated into routine practice. Therefore, in the present study, it is important
to develop a spatial heterogeneity analysis to understand whether trends in data are attributable to

the plants’ location or treatment or to the effects of the applied RGPs.

112



Spatial autocorrelation analysis has been implemented for agricultural field data in order to apply
agronomic inputs more efficiently (Koutsos et al., 2021). Whether locally or globally, this is a powerful
statistical method of identifying relationships between data and understanding whether this
relationship is due to its location or another factor. Spatial autocorrelation methods include Global
Moran’s | tests whether neighbouring geographic units are more similar than would be expected
under the null hypothesis (Bivand et al., 2009) and Local Getis-ord Gi* which produces a p and z-value
for each data and identifies whether high or low values are clustered together, producing ‘hotspots’
and ‘coldspots’ (Getis and Ord, 1992). This method allows the effect of location to be calculated and
used as a weighting factor for statistical analyses. The method not only quantifies the effect of
location, it also provides a simple visual cue of the effect of location on each variable. This method
removes the need for discounting locations using basic elimination techniques which are frequently

practised in glasshouse experiments.

4.2 Aims and objectives

This chapter aims to investigate the effects of priming on aboveground physiological and yield-related
traits of glasshouse-grown rice plants. Specifically, this chapter will address the following objectives,
which are to:
1. Create a novel method for quantifying the extent to which spatial heterogeneity affects
different plant traits.
2. Create a method to weight data, to allow the incorporation of spatial heterogeneity data into
statistical analyses.
3. Use techniques developed in points 1 and 2 to decouple the effect of climatic spatial
heterogeneities from the effect of root growth promoter treatment and establish whether the
tangible benefits of priming in seedlings are conferred to aboveground traits of mature plants

under glasshouse conditions.

4.3 Materials and Methods

4.3.1 Seed preparation and plant growth

O.sativa cv. Nipponbare seeds were sterilised using the methods described in section 2.3.1 and primed
using the methods described in section 3.3.1. For each compound that was identified as a root growth
promoter (RGP) in Chapter 1 (compounds 974, 1027, 1070, 1093 and 1131), 12 replicates for each

concentration (0.96, 3.2, 9.6, 32, 96uM ) of each compound were pre-germinated and the seed vigour

113



index for each was calculated (see section 3.4.1 for results). These seedlings were then transferred to
deep pots (12 x 12 x 20cm, W x D x H) filled with compost (Potting Supreme No.2, Petersfield). The

control seeds had no compound applied and were prepared as described in section 3.3.1.

Pots were placed in a glasshouse and arranged in a block design with 12 replicates per treatment
(Figure 4.1). Supplementary lighting was provided 0600-1800 GMT to maintain the light intensity in
the glasshouse at 450-500 W/m? controlled by an automated glasshouse climate system (Ridder).
Temperature within the glasshouse varied depending on the time of year (Table 4.1). Plants were

watered daily and grown until they had reached maturity.

Table 4.1. Ridder climate system temperature data for the duration of the experiment.

Date Minimum Maximum Average
Temperature (°C) Temperature (°C) Temperature (°C)
August 2019 17.5 39.1 24.6
September 2019 17.3 34.8 24.5
October 2019 17.2 30.2 23.1
November 2019 16.9 28.3 22.1
December 2019 17.1 28.2 21.9
January 2020 17 27.5 21.8
February 2020 16.9 28.1 21.8
March 2020 16.6 34 22.1

4.3.2 Glasshouse trial and trait evaluation

Table 4.2 shows the list of traits determined at the end of the experiment. Yield harvest data were
collected when plants reached maturity. The methods outlined were adapted from the yield harvest
analysis method detailed by Xiao et al. (1998). Plant height was calculated as the average number of
centimetres from the ground to the tip of the tallest panicle (excluding the awn). Panicle length was
measured as the average number of centimetres from the panicle neck to the panicle tip (excluding
the awn) based on an evaluation of three panicles from three plants. The panicle neck, which has a
cylindrical structure, was treated as the dividing point between the stem and the panicle. Panicles per
plant was the average number of panicles on all plants for each treatment (n=12). Number of tillers
was the average number of tillers on all plants for each treatment (n=12). Spikelets per panicle and
flag leaf length were calculated by counting the total number of spikelets and length of flag leaf from
three panicles from three plants, divided by the nine panicles sampled from the three plants from

each treatment.

Grains per panicle was the average number of filled spikelets from the three plants divided by the
number of panicles sampled from the three plants (n=9). Seed set rate/spikelet fertility was calculated

as a percentage: the number of filled spikelets per panicle divided by the number of spikelets per
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panicle. Grains per plant was the average number of filled spikelets on each of the three plants
analysed. Grain morphological traits such as: filled and unfilled spikelet number (to determine spikelet
fertility), spikelet length and width were calculated using the calibrated SeedCounter App (Komyshev
etal., 2017).

Table 4.2 All physiological measurements taken from O.sativa cv. Nipponbare primed with different seed
treatments. Group 1 measurements taken for every plant (n=12). Group 2: three measurements taken per plant,
for three plants per treatment (n=9). Group 3: grain morphological traits taken from three panicles on a plant,
for three plants per treatment (n=9).

Plant morphological traits measured

Group 1 Group 2 Group 3
Plant height Spikelets per panicle Spikelet length
Panicles per plant Flag leaf length Spikelet width
Number of tillers Spikelet fertility (%) Spikelet area
Panicle length Spikelet rugosity

Spikelet roundness
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Figure 4.1. Diagrammatic representation of the experimental design in the glasshouse. Plants were arranged in
a block design with 12 replicates per treatment. Treatments are colour coded by compound and concentration.

4.3.3 Local spatial autocorrelation analysis

A Global Moran’s | analysis was carried out in R to identify spatial autocorrelation (the tendency for
variables to cluster based on location) (R Core Team, 2021). Observed values that are significantly
greater than the expected value indicate that the values of the dependent variable are positively
autocorrelated. In contrast, if the observed value is less than the expected value, this is indicative of
negative autocorrelation. A positive Moran's | index value indicates tendency toward clustering, while

a negative Moran's | index value indicates tendency toward dispersion (Figure 4.2).
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Global Moran’s | is designed to reject the null hypothesis of spatial randomness in favour of clustering.
When the Global Moran’s | rejects the null hypothesis, the identified clustering is a characteristic of
the complete spatial pattern and does not provide an indication of the location of the clusters (Bivand
et al., 2009). To identify cluster locations, a local indicator of spatial association (LISA) must be
performed. LISA provides a significance value for each location and a proportional relationship
between the sum of local statistics and a corresponding global statistic, allowing identification of
which areas are positively or negatively affected by location, and the statistical significance of the

effect (Bivand et al., 2009).

Local Getis-ord Gi* hotspot analysis, a local spatial autocorrelation analysis established by Getis and
Ord (1992), was performed in QGIS 3.10 to identify where hotspots and coldspots in the data existed.
The ability to calculate hotspots often produces qualitative, visual results rather than statistically
robust results. The analysis created by Getis and Ord (1992) uses a quantitative measure of spatial
autocorrelation, and the calculation of statistically significant hotspots. The p-value for each data point

provides a value to allow weighting of each plant in the subsequent analyses.

Local Getis-ord Gi* was used as a method to weight variability that occurred due to location for all
variables except spikelet fertility. Spikelet fertility was not included due to the data needing prior
manipulation. Spikelet fertility is a percentage for each panicle (filled spikelets/total spikelets x 100),
for which the average of 9 panicles was taken. Additionally, spikelet fertility data for compound 1070
had to be imputed. Given these caveats, it was deemed inappropriate to apply a further level of

manipulation to the data.
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Figure 4.2. The quadrants of a Moran Scatterplot, modified from Koutsos et al. (2021), provide a visual
representaton of the parameters which dictate whether data are positively or negatively autocorrelated.

4.3.4 Statistical tests

All Group 1 and Group 2 variables (see Table 4.2), except for panicle length, had skewed data
distribution that was not normalised by using the squared, square root or log value. A Wilcoxon test
was used to establish whether there was a significant difference between each concentration of a
compound and the control. The test was weighted by the hotspot value and p-value obtained from
the Getis-Ord Gi* values, those that had a small p-value were given greater weighting by using the

calculation:

Weighting = dependent variable x (1/z score) x (1- p-value)
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4.3.5 Imputation: predictive modelling to replace missing data

Two groups, compounds 974:3.2uM and 1027:96uM, were missing from the database. Using the data
obtained from the other compounds, missing data were imputated using the Hmisc package in R. The
package predicts values to substitute missing data using the existing data from other compounds and
variables. Missing data are replaced with predicted values and an uncertainty of the values (R?) is
produced. Muiltiple iterations are run until the highest R? value is achieved; in this instance, seven
iterations produced the highest R? value. By combining the results from the iterations, a single value

for each missing data point is produced.

The role of imputation is to replace missing values with a set of plausible values with natural variability
and uncertainty. The imputed data eliminates bias that would result from non-substitution of data
and allows the assumptions of tests to analyse variance to be met. The weighting used to adjust for
hotspots or coldspots (weighting = dependent variable x (1/z score) x (1- p-value)) was used as a
covariate for the imputation so that estimates are not disproportionately influenced by samples that

were in a hotspot or coldspot (Rosenbaum and Rubin, 1983).

4.4 Results

4.4.1 Global Moran’s | statistical analysis of plant height, number of tillers
and number of panicles shows that these traits are affected by the plants’
location in the glasshouse

Throughout the course of the experiment, it became evident that a plant’s location within the
glasshouse strongly affected its morphology. To determine the effect of climatic spatial
heterogeneities within the glasshouse on the effects of RGPs, a Global Moran’s | statistical analysis
was performed for plant height, number of tillers and number of panicles. Table 4.3 shows that the
observed Moran’s | value is greater than the values expected under the null hypothesis, indicating that
values are positively spatially autocorrelated. Therefore, the location of a plant within the glasshouse

has a significant influence on plant height, number of tillers and number of panicles.
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Table 4.3. Results from Global Moran’s | statistical analysis. Observed values indicate the computed Moran’s .
Expected values are those expected under the null hypothesis. Observed values are greater than expected values.
There is a tendency towards clustering of data for plant height, number of tillers and number of panicles and the
location has a significant influence on each variable (p<0.001).

Plant height Number of tillers Number of panicles
Observed 0.15840 0.08065 0.12784
Expected -0.00310 -0.00310 -0.00310
Standard
Deviation 0.00482 0.00481 0.00483
p-value 0.001 0.001 0.001

4.4.2 Coldspots occur in a column on the outer edge, whereas hotspots occur
in a central column

To identify where the differences lie within the glasshouse, further statistical analysis was required.
Local Getis-ord Gi* Hotspot Analysis is a local spatial autocorrelation test which produces a z-value,
indicating deviation from the mean, and p-value for each data point and variable. The p-value is
derived from the z-value, indicating whether the deviation from the mean is statistically significant. A
positive z-value refers to the location under study which has similarly high or low values as its
neighbours, such a location is called a “spatial cluster”. Conversely, a negative value indicates a

potential spatial outlier which is different from the values of its surrounding locations.
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Figure 4.3. Visual data from the Local Getis-ord Gi* shows the degree to which positioning of a plant within the glasshouse influenced panicle length, plant height and number
of tillers. The perimeters of the glasshouse, particularly on the left-hand side, tended to be negatively affected by their positioning, whereas being in the central column had
a positive influence on plant variables. Each circle represents a plant, glasshouse layout is the same as detailed in Figure 4.1.
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4.4.3 Priming with novel RGPs has no significant effect on aboveground
biomass development

Aboveground biomass parameters were analysed to establish whether the initial benefits on the root
and shoot that were conferred by priming seeds with the RGPs (see Chapter 3) influenced mature
plant morphology or yield. RGP treatments had no significant overall effect on plant height or tiller
quantity (p>0.05) except for the height of plants treated with compound 1131, where plants were
significantly smaller than the control (Kruskal-Wallis, p=0.02; Wilcoxon-test, 3.2, 32 and 96uM
significance p<0.05, <0.05 and <0.001, respectively) (Figure 4.4 and Figure 4.5). Compound 974
concentration 0.96uM had a significant increase in tiller quantity (Figure 4.5), however, this increase

did not affect panicle quantity (Figure 4.7).

There was no significant effect of RGP treatment on flag leaf length between the treated rice plants
and the control (Figure 4.6). Only the 96uM compound 1070 treatment showed a significantly longer
flag leaf length (p<0.05), however, this increase did not affect panicle length or spikelet number. There
was little variation in flag leaf length for any treatment or concentration, with responses comparable
to the control for all treatments except compound 1070, concentration 96uM, which had a significant
increase in flag leaf length (p<0.05, Figure 4.6). After weighting panicle length data to account for
spatial heterogeneity within the glasshouse (see section 4.4.2), there was no clear response of panicle
length to treatments with RGPs. 1070 concentrations 0.96-32uM had a decrease in panicle length
compared to the control (Figure 4.7). However, panicle lengths for rice treated with 1070
concentration 96uM were slightly longer than the control. The decrease in panicle length for
compound 1070:0.96-32uM, 974:0.96uM and 1093:9.6uM caused a decrease in spikelet number.
Though there was a clear correlation between the two, the decrease in spikelet number was not

significantly different to the control in each case (Figure 4.11).

The minimal effect on plant height, tiller quantity and flag leaf length and variable effect on panicle
length suggests that the RGPs are mostly root-specific and neither positively nor negatively influence
aboveground plant growth. Spikelet number was weakly correlated with flag leaf length (R>=0.309)
and spikelet fertility (R=0.247) and strongly positively correlated with panicle length (R?=0.690)
(Figure 4.8). Taken together, the application of the CK antagonists do not significantly affect shoot

growth and aboveground biomass development.
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Effect of RGP Application and Location on Plant Height
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Figure 4.4 The effect of RGP on plant height, weighted by the extent to which a plants' location affected its growth. Significance values indicate the results of
independent Wilcox tests carried out between the control and each concentration of each compound. * = p < 0.05, **=p < 0.01, ***= p< 0.001. The boxplot
displays the median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest
and largest values that are no greater than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots
represent individual plants. Positive z-values indicate growth higher than expected due to the plants’ location, whilst negative z-values indicate growth worse
than expected due to the plants’ location. Grey dots represent imputed values (n=12).



Effect of RGP Application and Location on Tiller Quantity
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Figure 4.5. The effect of RGP on tiller number, weighted by the extent to which a plants' location affected its growth. Significance values indicate the results of
independent Wilcox tests carried out between the control and each concentration of each compound. * = p < 0.05. The boxplot displays the median, and the upper
and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values that are no greater
than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual plants. Positive z-values
indicate growth higher than expected due to the plants’ location, whilst negative z-values indicate growth worse than expected due to the plants’ location. Grey

dots represent imputed values (n=12).
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Effect of RGP Application and Location on Flag Leaf Length
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Figure 4.6. The effect of RGP on flag leaf length, weighted by the extent to which a plants' location affected its growth. Significance values indicate the results of
independent t-tests carried out between the control and each concentration of each compound. * = p < 0.05. The boxplot displays the median, and the upper and
lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values that are no greater than 1.5
times the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual plants. Positive z-values indicate
growth higher than expected due to the plants’ location, whilst negative z-values indicate growth worse than expected due to the plants’ location. Grey dots represent

imputed values, compound 1027 has no Kruskal-Wallis statistics due to the values being imputed (n=12).
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Effect of RGP Application and Location on Panicle Length
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Figure 4.7. The effect of RGP on panicle length, weighted by the extent to which a plants' location affected its growth. Significance values indicate the results of
independent t-tests carried out between the control and each concentration of each compound. * = p < 0.05, **=p < 0.01, ***=p < 0.001. The boxplot displays the
median, and the upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values
that are no greater than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual plants.
Positive z-values indicate growth higher than expected due to the plants’ location, whilst negative z-values indicate growth worse than expected due to the plants’

location. Grey dots represent imputed values (n=12).
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Group 2: Plant Physiological Trait Correlation
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Figure 4.8 Scatterplot matrix showing correlations from Group 2 variables. There is a weak positive correlation
between all variables; except for spikelet fertility and flag leaf length, which have a weak negative correlation.
Upper right panels show correlation (R? values) and level of significance * = p < 0.05, **=p < 0.01, ***=p < 0.001.
Bottom left panels are scatterplots between each variable. Central diagonal panels show the distribution of the
data for each variable.

4.4.4 Priming with novel RGPs negatively affects the reproductive capacity of
rice

After weighting the data based on its hotspot value to account for positioning having a detrimental or
advantageous effect on growth (see Figure 4.3), a Wilcoxon-test was performed between the control
and the different concentration for each treatment. Overall, there is a negative effect on panicle
production, however, panicle quantity is only significantly lower for three treatments: 1027 and 1070
concentration 0.96uM and treatment 1093, concentration 96uM (p< 0.05) (Figure 4.9). This trend
correlates with plant height (R?=0.636, p< 0.01) and number of tillers (R?>= 0.758, p< 0.01) (Figure 4.10).
This suggests that plant height could be a good indicator or tiller number, which in turn affects panicle

guantity and the reproductive potential of the rice plant.

Application of the RGP had no significant effect on spikelet number (p > 0.05 for all treatments) (Figure

4.11). These data suggest that when the panicle develops, there is no effect on the number of spikelets
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produced on that panicle, however, the negative effect on panicle quantity would affect the overall
yield. Interestingly, spikelets treated with compound 1070 were completely sterile, with no filled
panicles for any treatment (Figure 4.12). This was correlated with a significant decrease in panicle
length for concentrations 0.96-32uM (Figure 4.7), indicating that panicle length is a strong indicator
of spikelet fertility. For the remaining compounds, a slight bell-curve effect was observed, with
significant increases in spikelet fertility for compound 973, concentration 3.2uM and 1131,
concentration 9.6uM (Figure 4.12) compared to the control. This increase in spikelet fertility was

correlated with an increase in panicle length for compound 974:3.2uM (Figure 4.7).
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Effect of RGP Application and Location on Panicle Quantity
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Figure 4.9. The effect of RGP on number of panicles, weighted by the extent to which a plants' location affected its growth. Significance values indicate the
results of independent Wilcox tests carried out between the control and each concentration of each compound. * = p <0.05. The boxplot displays the median,
and the upper and lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values
that are no greater than 1.5 times the interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual
plants. Positive z-value indicate growth higher than expected due to the plants’ location, whilst negative z-values indicate growth worse than expected due
to the plants’ location. Grey dots represent imputed values (n=12).



Group 1: Plant Physiological Trait Correlation
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Figure 4.10. Scatterplot matrix for Group 1 variables. All were positively correlated, p<0.001. The central diagonal column shows the frequency distribution of the data for
each variable. Upper right panels show correlation (R? values) and level of significance * = p < 0.05, **=p < 0.01, ***= p < 0.001. Bottom left panels are scatterplots between
each variable.
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Effect of RGP Application and Location on Spikelet Number
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Figure 4.11. The effect of RGP on spikelet number per panicle, weighted by the extent to which a plants' location affected its growth. A Wilcox test was carried out between
the control and each concentration of each compound, no concentrations were significantly different from the control. The boxplot displays the median, and the upper and
lower quartiles (25th and 75th percentiles). The whiskers extend from the upper and lower quartiles to the smallest and largest values that are no greater than 1.5 times the
interquartile range (IQR) from the quartile. Data beyond the end of the whiskers are outliers. Dots represent individual plants. Positive z-value indicate growth higher than
expected due to the plants’ location, whilst negative z-values indicate growth worse than expected due to the plants’ location. Grey dots represent imputed values, compound
1027 has no Kruskal-Wallis statistics due to the values being imputed. Total number of spikelets indicates the number of spikelets on three panicles of three plants (nine
panicles in total).
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Figure 4.12. RGP application on spikelet fertility conferred benefits at some concentrations but severely inhibited grain formation for seeds treated with compound 1070. *p
<0.05, **p < 0.01. Compound 1027, concentrations 0.96-96uM are imputed values. Data are the results from total number of filled or unfilled spikelets for 9 panicles per
treatment. Values are means + SEM (n = 9)
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4.4.5 RGP effects on grain size correlates with panicle length but not other
preferential grain characteristics

The decrease in panicle length for compound 1070 (Figure 4.7) correlates with a lower mean grain
width and length than the control (Table 4.4) suggesting a yield penalty as a result of application of
the compound. The decrease in grain width and length is correlated to low rugosity, resulting in both
favourable and unfavourable characteristics of a grain (Table 4.4). Two treatments (974:3.2uM and
1093:0.96uM) resulted in an increased panicle length with corresponding increases in width and
length of grains, greater than the control (Figure 4.7 and Table 4.4). Despite an increase in width and
length of grains for 974:3.2uM, these grains had a higher average rugosity and lower roundness, both
of which are characteristic of poor seed quality (Zhou et al., 2019), resulting in both favourable and

unfavourable characteristics of a grain (Table 4.4).

The relationships between grain variables; for example, the positive correlation between panicle
length and width and length of grain (see Figure 4.7 and Table 4.4), the negative correlation between
the length of grain and the rugosity (R?=-0.111, Figure 4.13), and the weak correlation between seed
length and width with roundness (R?= 0.011 and 0.502 respectively) suggests in this instance that a
longer panicle length leads to larger, lower quality seeds (Figure 4.13). These contradictory effects

suggest application of the compound would lead to lower quality seed.
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Group 3: Seed Physiological Trait Correlation
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Figure 4.13. The correlation between seed physiological traits, based on data obtained from the SeedCounter app. Data collected are for all seeds collected
from three panicles for each treatment. Upper right panels show correlation (R? values) and level of significance * = p < 0.05, **=p < 0.01, ***= p < 0.001.

Bottom left panels are scatterplots between each variable. Central diagonal panels show the distribution of the data for each variable.
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Table 4.4. Grain morphology data for primed seeds show that most seeds were shorter and narrower than the control. The transition from red, yellow and green represent
low, medium and high values for each variable, compared to the control in that group. The total number of samples per treatment varies due to every grain that was produced
being included in the analysis. Data were collected using the SeedCounter app.

Length (mm) Width (mm) Area (mm?) Rugosity Roundness
Treatment Concentration (nLM) Mean +/-SE Mean +/-SE Mean +/-SE Mean +/-SE Mean +/-SE
Control 10.230 0.043 7.143 0.045 49.258 0.595 1.417 0.014 0.578 0.006
974 0.96 9.961 0.043 7.053 0.051 47.618 0.646 1.418 0.018 0.586 0.007
3.2 10.180 0.043 7.175 0.043 48.102 0.642 1.471 0.018 0.554 0.007
9.6 9.604 0.039 6.972 0.035 47.200 0.584 1.341 0.018 0.606 0.007
32 9.748 0.037 6.832 0.039 46.343 0.504 1.344 0.016 0.595 0.006
96 10.021 0.044 6.868 0.050 45.811 0.611 1.425 0.017 0.559 0.007
1070 0.96 9.395 0.050 6.874 0.050 45.960 0.657 1.305 0.016 0.628 0.008
3.2 9.834 0.070 6.817 0.097 47.361 1.076 1.346 0.021 0.591 0.011
9.6 9.529 0.079 6.796 0.071 44.446 0.997 1.405 0.024 0.583 0.010
32 10.045 0.044 7.315 0.035 53.964 0.602 1.248 0.016 0.652 0.007
96 9.981 0.044 7.136 0.038 51.484 0.524 1.283 0.014 0.623 0.006
1093 0.96 10.228 0.078 7.138 0.045 51.983 0.993 1.301 0.034 0.604 0.013
3.2 9.749 0.053 6.934 0.031 43.237 0.800 1.541 0.030 0.555 0.010
9.6 9.696 0.059 6.901 0.047 50.919 0.667 1.150 0.019 0.659 0.010
32 10.113 0.076 6.753 0.094 41.847 0.989 1.568 0.030 0.502 0.012
96 10.033 0.061 7.205 0.076 50.373 0.928 1.353 0.025 0.606 0.011
1131 9.6 9.992 0.072 7.194 0.054 45.058 0.938 1.589 0.030 0.559 0.011
32 9.904 0.136 7.107 0.126 48.177 1.463 1.401 0.033 0.574 0.015
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4.5 Discussion

4.5.1 The effect of spatial heterogeneity within a glasshouse can be
quantified and accounted for statistically

Spatial heterogeneity is a well-known phenomenon in glasshouses and growth chambers (Potvin et
al., 1990, Edmondson, 1989). Brien et al. (2013) compared the two competing approaches to deal with
spatial variation in glasshouses: regular re-arrangement of plants or to keep plants in the same place
and adjust for their positioning in the analysis (Hardy and Blumenthal, 2008, Cox and Cochran, 1946,
Brien et al., 2013). The latter was found to be preferential as it accounted for variance without
increasing standard error of variance. Whilst Brien et al. (2013) acknowledge the opportunity for using

spatial analysis designs in glasshouses, this has not been explored in detail until this experiment.

The negative effects of growth experienced by perimeter plants, as detailed by Potvin et al. (1990)
were also observed in this study (Figure 4.3). To quantify the effects of positioning on plant growth
and yield traits in a glasshouse, local and global spatial autocorrelation analyses were performed and
incorporated into the statistical analysis by colour-coding each data point according by their tendency
to be positively or negatively affected by positioning (Figure 4.4 to Figure 4.7, Figure 4.9 and Figure
4.11). Adjusted results were obtained from the data that were previously heavily skewed by plant
positioning by collecting physiological measurements of the rice plants and weighting them in the
statistical analysis according to how strongly that plants’ growth had been affected by its location. In
addition, this novel method provides a map output for each variable (Figure 4.3) to allow glasshouse
users to visualise the extent to which a sample is affected by positioning. This study shows that this
novel use of local and global autocorrelation analysis is a useful tool for glasshouse experiments which
is preferential to crude techniques such as omitting samples around the edges or laborious, commonly
used processes such as moving plants around glasshouses (Brien et al., 2013). Applying this technique
for future glasshouse studies would help to reduce the error of variance in data for studies that use a
randomized block design and in experiments that rely on plants being moved frequently (Hardy and

Blumenthal, 2008, Cox and Cochran, 1946).

4.5.2 Application of the RGPs did not affect aboveground growth but did
affect yield

The application of the RGPs did not negatively affect aboveground growth of a plant (Figure 4.4 to
Figure 4.7). Despite no severe effects on aboveground plant development, there was a yield penalty

for plants that had had the RGP applied (Figure 4.9 and Figure 4.11). In addition, traits that are usually
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closely correlated, such as flag leaf length and seed fertility (Yoshida, 1981), were found to have a
weak negative correlation in this instance (R?=-0.163 p<0.05, Figure 4.8). These results suggest trends
that may negatively affect plant growth in rice nurseries or fields in an agricultural setting (Yoshida,
1981) and raise doubt as to whether these RGPs are suitable for commercial application. Specifically,
as discussed in Chapter 1, whilst an increase in root growth would be advantageous to a rice plant, it
is imperative that this advantage does not come at a disadvantage to the harvested part of the crop,

i.e. the grain (Arai-Sanoh et al., 2014, Gowda et al., 2011, Jeong et al., 2010).

Interestingly, the present study shows there is a slight tendency for the higher concentrations of the
RGP compounds to be more efficacious than the lower concentrations, particularly for compound
1070 (Figure 4.6, Figure 4.7 and Figure 4.11). This suggests that whilst lower concentrations are
optimum for experiments with young plants (Figure 3.3), a higher dose could have been more suitable
for a long-term experiment. Seed coating can be used to aid the slow release of the compounds as in
Afzal et al. (2020). Therefore, the use of seed coating in combination with priming with RGPs may be

beneficial in longer-term and field-based experiments.

Shading negatively affects root growth, when rice plants produce a large number of tillers this
exacerbates the shading, leading to a short root system (Abd Allah et al., 2010). Hence, low tillering is
a desirable trait when the plant may be exposed to a drought stress, as the longer roots can access
water stored in deep soil (Abd Allah et al., 2010). Unfortunately, low tillering capacity limits the yield
potential when grown under optimal conditions. In the present study, tiller quantity was unaffected
by application of the RGP compounds (Figure 4.5), suggesting that the root growth promotion activity

of the compounds could still occur and be unaffected by tillering.

The length of the rice panicle is reported to be strongly correlated to the number of spikelets per
panicle, which in turn directly influences rice yield (Huang et al., 2013). As a result, panicle length is of
key interest in rice research to control dependent traits. The strong correlation between panicle length
and number of spikelets was confirmed in this experiment (R%= 0.690, p < 0.001, Figure 4.8). Panicle
lengths were similar for each compound compared to the control, except for 1070 which caused a
decrease in panicle length (Figure 4.7). The results for the other four compounds suggest that there
may be no cost to panicle development and, as this is closely linked to yield, may not negatively affect
yield under optimum conditions but may offer the plant increased access to water lower in the water

table when under drought conditions.
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4.5.3 Conclusion

Pot-based trials pose experimental constraints, particularly when working with RGPs. In the present
study, root length variability, and the resulting increased access to nutrients was not possible due to
the development of a dense root system, the structure and size of which was affected by the pot.
Consequently, rather than attempting to measure root length in the mature plants, the objective of
the present study was to establish whether the novel RGP compounds conferred any effects on yield
in addition to positive effects on root growth, rather than as a consequence of enhanced root growth,
similarly to Ramireddy et al. (2018). In addition, it was important to establish whether compound
application to enhance the root development resulted in a cost to aboveground plant traits or seed

development, as experienced in other root assays (Mrizova et al., 2013).

This study offers preliminary findings to suggest that whilst application of the RGP does not severely
affect aboveground physiological development, it does not confer any beneficial traits towards
aboveground physiology or yield. Whilst there is no severe cost to shoot growth, some preferential
traits, such as an increase in seed width or length, come at a cost to overall seed quality. Therefore,
further work is required to establish whether there are nutritional costs or benefits as a result of
applying the compounds. Additionally, it would be interesting to establish whether there is a specific
developmental stage at which RGPs are most influential, in order to establish the conditions under

which they could be best utilised.

In order to develop this study further without the negative effects inherent in pot-based glasshouse
trials it is necessary to conduct a field trial using seedlings primed with the compounds. A field trial
would establish whether there were any practical benefits to application of an RGP, and whether root
enhancement is a viable method of increasing water and nutrient acquisition and greater anchoring

for shallow-rooted rice systems.

This study shows that the novel use of local and global autocorrelation analysis is a useful tool for
glasshouse experiments. However, it is important to ensure that the method is transferable to other
environments and glasshouse spaces by studying a single uniform treatment. This would ensure that
the observed effects are entirely due to positioning and that the spatial data is independent of any
other effect. The method of performing a Local Getis-ord Gi* hotspot analysis and incorporating the
data into a weighted statistical analysis, such as in this chapter, offers an exciting new method to

counter a widespread problem throughout plant biology glasshouses.

The capacity to collect and interpret data has increased rapidly in recent years, which has facilitated

novel spatial analyses such as the hotspot analysis in this chapter. As a result of increased data
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acquisition, opportunities for new multi-sector collaborations have arisen. One opportunity for
knowledge to be disseminated in a novel and effective way is by merging multiple sources and types
of data, such as merging maps with environmental and agronomic data. This technique will be

explored further in Chapter 5.
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5.1 Societal Impact Statement

The rising global population and the increasingly conspicuous effects of climate change are putting
growing pressure on the agricultural industry. Food production must increase significantly with little
or no access to extra land; therefore, new approaches are urgently required to increase crop
productivity. The strategic application of plant growth regulators is one method of achieving this,
made possible by RootTarget. RootTarget maps regional land use and resource availability, identifying
locations where crops could benefit from the application of plant growth regulators. Such targeted

application can contribute to creating a more resilient and sustainable farming system.

5.2 Summary

* Developing novel strategies for optimising crop productivity is essential to meet the requirement of
doubling food production by 2050. Geographic information system (GIS) software provides the
opportunity to develop models for targeted application of plant growth regulators in rice-growing

regions based on water availability and agricultural practices, in order to optimise yields.

¢ GIS was used to identify rice-growing areas with adequate irrigation, a high evapotranspiration
index or suitable sowing technique for site-specific application of plant growth regulators. Rule-based
decisions were incorporated into a GIS model in order to identify key areas where plant growth
regulators should be applied. This approach allows information sharing between multiple
stakeholders including researchers, companies and farmers with the aim of maximising crop

productivity.

¢ A root growth promoter (RGP) was identified that promotes root growth under optimum conditions
but not when applied concurrently with a drought stress. The effect of the RGP diminishes as the
severity of the stress increases. These data were used to execute queries to identify regions with a
suitable drought index, growing practice and adequate irrigation. Two hundred and twenty-nine
million hectares of land, spanning four continents, were identified as having the potential to benefit

from application of the RGP.

e Significant areas of land used for rice production were identified that could benefit from application
of the RGP. This study highlights the potential to incorporate academic research into models for

research dissemination to the agricultural industry and increase crop productivity.
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5.3 Introduction

The challenges of meeting the agricultural requirements of the future are complex. World population
is projected to reach almost 10 billion by 2050, with most of this growth forecast to occur in low- and
middle-income countries where access to safe, sufficient and nutritious food is already limited (FAO,
2009b). Meeting the food requirements of a growing population must occur with little or no access to
extra land; therefore, increasing the productivity of existing agricultural land is essential. In addition,
alterations in global weather patterns due to climate change and the increased frequency and
intensity of extreme weather events imposes abiotic stresses on crops, putting further pressure on
agricultural production (Ciscar, 2012). The resultant negative impact on yields has a marked impact on
food availability, with anticipated yield declines of major crops (corn, wheat and rice) that are relied

upon for a large proportion of daily calorific consumption (Mickelbart et al., 2015).

The rising global population and increasingly conspicuous effects of climate change mean that food
production must increase by 60% from 2007 to 2050 by sustainable intensification of agriculture
(Alexandratos and Bruinsma, 2012). Therefore, new approaches are urgently required to increase crop
productivity. Plant growth regulators are one method of achieving these aims; they are chemical
products used to enhance yields and promote growth of crops, within which the root growth
promoters (RGPs) are a subgroup. Their mode of action is based on regulating hormone levels,
including those of cytokinin, and modulating signal transduction pathways within a plant (Neill et al.,

2019).

Despite the significance of the global issues affecting agriculture, a key component required to address
these is nevertheless missing. An adaptable model to highlight areas prone to stress and identify
where specific plant growth regulators would increase yields is currently lacking and is urgently
needed. Existing models are not tailored to the strengths or requirements of plant growth regulators,
crucially missing the multidisciplinary nature required for their effective use (van Oort, 2018, van Oort
and Zwart, 2018). Therefore, a model that takes this into account would be a valuable tool to different
stakeholders, from small-scale farmers to large industry. This research transforms multiple sources of
open access data and academic research into a cohesive model for knowledge exchange. The model
could be used in commercial applications for region-specific marketing of products or crops
engineered for traits resistant to drought stress. Farmers could buy products specific to their
requirements, resulting in less waste and increased yields, which could ultimately increase their

income and quality of life. As such, the model provides a precision agriculture toolkit specific to RGPs,
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by which site-specific crop management can be recommended to address regional variability. Because
plant growth regulators need to be applied prior to the onset of stress, real-time data collection and

analysis are not appropriate, making the use of historic data imperative.

Rice is the staple food crop for over half of the global population, providing an important source of
minerals, vitamins, fibre and carbohydrates and ensuring food security in many low- and middle-
income countries. As the model species for monocotyledonous plants, rice is of enormous scientific
and commercial interest (Mordor Intelligence, 2019). Globally, around one third of rice is grown in
rainfed lowlands in nonirrigated conditions solely dependent on rainfall. In South and Southeast Asia,
45 million hectares of land is used for rice cultivation, of which 19 to 23 million hectares is estimated
to be frequently and severely affected by drought, their risk determined by topography, soil
characteristics and local weather patterns, with many drought-risk areas extending beyond this region
(Haefele and Bouman, 2009). Low vyields due to rain-fed lowlands experiencing drought is a common
problem throughout Asia, with an estimated 45% of the total rice area having no irrigation input (Fukai
et al., 1999, Haefele and Bouman, 2009). Yield increases in rain-fed systems are typically much smaller
than that of irrigated rice which is attributed to poor growing conditions, limited resources and lack
of development of suitable cultivars or products (Fukai et al., 1999). Consequently, there is great

opportunity for developing strategies for optimising growth in these regions (Tsubo et al., 2009).

Cytokinin is a plant hormone involved in almost all stages of plant growth and development, an
abundance of cytokinin in the roots inhibits growth (Ferreira and Kieber, 2005). Interestingly, a 4-
phenylquinazoline compound has been shown to cause an increase in root length under optimum
conditions. This compound behaves as a cytokinin antagonist that noncompetitively binds to the
cytokinin receptor (CRE1), blocking the activity of the cytokinin (Arata et al., 2010). When rice is grown
in a nursery prior to transplanting to the field, there is scope to apply RGPs under controlled conditions
using better crop management practices (Vareed Thomas, 2002). The growth of new roots is a key
factor in the establishment of transplanted rice seedlings (Mishra and Salokhe, 2008). In addition,
pruning of the root system prior to transplanting reveals a positive correlation between the size of the
root system prior to transplantation and the shoot and root dry matter, P concentration in leaves at
panicle initiation, straw dry matter and grain yield at maturity (Ros et al., 2003). Crops with longer
roots have increased surface area and anchoring ability in addition to enhanced access to the water
table which gives them a competitive advantage during periods of drought stress and nutrient
availability (Maeght et al., 2013). Deep roots generally confer an advantage to plants growing in water-
limited soils but may be particularly important for crops such as wheat and rice to facilitate water

acquisition when the water table is low (Comas et al., 2013). This study provides experimental
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validation of the effects of a novel patented cytokinin antagonist (Patent No. W02008062907), as a
RGP for root growth in rice. A geographic information system (GIS) model, RootTarget, has been
developed using: rice-growing areas, methods of planting, growing season in that area, historic data
indicating drought, and irrigation capacity of the area. This model allows inferences about areas that
are drought prone without possibility for irrigation to be drawn, allowing recommendations for

targeting sales of RGPs and their application to be made.

5.4 Materials and Methods

5.4.1 Validation of S-4893, a 4-phenylquinazoline structure, as a RGP in Oryza
sativa

5.4.1.1 Plant and growing conditions

Rice seeds (O. sativa cv Nipponbare) were sterilised using 100% (v/v) ethanol for 2 min and 20% (v/v)
sodium hypochlorite solution for 10 min and rinsed six times with sterile water. Seeds were then
placed on moist filter paper in a Petri dish and sealed with 3 M micropore tape. The Petri dish was
covered in aluminium foil in a controlled environment at 30°C:26°C (11 h:13 h day:night). Rice is
typically considered to be a short-day plant; studies have found a day length between 8 and 12 h to
be optimum although rice is photoperiod insensitive during the juvenile phase (Vergara, 1985). After
48 h, the aluminium foil was removed, and the Petri dish returned to the controlled environment.
Once germinated, seeds with the most homogenous growth were selected for use in the assay and
placed on a polystyrene float with a hole cut into it. The seed was then cultivated hydroponically in a
test tube containing 50 ml liquid medium consisting of Murashige and Skoog medium (0.22% w/v) at
half strength (2.2 g/L) and 0.5% (w/v) 2-(N-morpholino)ethanesulfonic acid (MES) buffer (Atom
Scientific, Kimble, Borosilicate Glass 25 mm 200 mm). Test tubes were placed in a wooden box to
provide support and to prevent light exposure to the root zone. Growth assays were performed in a

controlled environment at 30°C:26°C (11 h:13 h day:night) for 10 days.

5.4.1.2 Chemical and drought stress application

The chemical used (S-4893) was a 4-phenylquinazoline structure, as in Arata et al. (2010), molecular
formula: C17H16CIN3O. A stock solution of S-4893 was prepared in 100% DMSO (v/v). Preliminary tests
were performed to establish the active range of the compound. Nutrient solution was supplemented
with stock solution of the compound to give final test concentrations of 0.96, 3.2, 9.6 and 32uM and
a final DMSO and acetone concentration of 0.05% (v/v). Six biological replicates per experiment were

conducted. The experiment was repeated in triplicate. For stress assays, the liquid media was
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supplemented with 10, 20 or 30% (w/v) of polyethylene glycol (PEG) 8000 to impose a water-deficit
stress on the seedlings. PEG concentrations were based on preliminary testing and concentrations

used in literature (Fozard and Forde, 2018, Shereen et al., 2019).

5.4.1.3 Root imaging and statistical analysis

The root phenotype was imaged 10 days after transfer to the test tubes using a high-resolution
scanner (EPSON Expression 11000XL). Measurements were obtained using WinRhizo (Regent
Instruments Inc, 1991). The data shown are the mean from the six seedlings. Seminal, crown and
lateral root growth were measured. Statistical analysis was carried out in R. A one-way ANOVA and
independent t tests were performed between the control and each concentration of S-4893. A two-
way ANOVA and a Tukey Kramer post hoc test were performed for the water-deficit analysis,

significance p < 0.05.

5.4.2 GIS modelling

5.4.2.1 Study area

Data for rice production, potential evapotranspiration (PET), rainfall and irrigation were obtained
using the resources from Table 5.1 to create RootTarget. Data and their corresponding shape files
were overlaid using QGIS 3.14.16. The coordinate reference system used was EPSG:4326-WGS 84.
Spatial detail varies across maps, continents and countries due to variation in data availability. The
most comprehensive rice calendar to date was used, providing extensive rice production data for 115
countries (Laborte et al., 2017). The Standardised Precipitation-Evapotranspiration Index (SPEI) is a
drought index based on global climatic data and is based on monthly precipitation and PET, based on
the FAO-56 Penman—Monteith estimation of PET which is considered the best available for long-term

climatological analysis (Vicente-Serrano et al., 2010).

5.4.2.2 Rice data

Areas were divided by their sowing method into directly sown and transplanted. Seven methods were
listed in the RiceAtlas database. For clarity, areas referred to as ‘tankfed’, ‘sowing/planting’, ‘sowing’
and ‘planting’ in Laborte et al. (2017) were omitted; ‘direct sowing’ and ‘direct seeding’ were treated
as areas with direct sowing; ‘transplanting’ was categorised as transplanted, that is, areas where rice
is grown in nurseries and then transplanted into the field when several weeks old. SPEI values and
irrigation capacity were not taken into consideration for transplanting data, due to the more
controlled conditions in a nursery. In areas where drought stress was considered likely due to low

precipitation and high evapotranspiration, the stress was deemed circumvented by having an
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adequate irrigation supply. Adequate irrigation was defined as over 50% of the land area being
‘actually irrigated’, poor irrigation was defined as less than 50% of the land area being ‘actually

irrigated’ (Siebert et al., 2013a).

5.4.2.3 SPEIl data

Using the most recent data available, a 5-year average (2013—-2018) of the SPEI value of the peak
planting month for each region was calculated (see Figure 5.1). The SPEI raster layer was converted
into vector data to allow merging of attribute tables and analysis of the results. Drought prone was

defined by an area having a negative SPEI value.

SPEI Values of Rice Producing Regions

SPEI Index 0 1,000 2,000 mi A

B BN -1 (o (01 B2 by iyl
Made on: 3rd August 2021

Figure 5.1. Historic data from the peak planting month for each area, from 2013 to 2018. Data are averaged over
the 5 years. SPEIl indices are z values that represent the standard deviation of the data from the mean. Negative
values indicate dry conditions, and a positive z value indicates the data are higher than the mean. The SPEIl values
for all rice producing regions globally have been displayed
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Table 5.1. Data sources inputted into QGIS to create RootTarget.

Input data Map Name Reference

Rice production Rice Atlas Laborte et al. (2017)
Irrigation AQUASTAT Siebert et al. (2013b)

SPEI Global Drought Monitor SPEI Global Drought Monitor Vicente-Serrano et al. (2010)

5.5 Results

5.5.1 Root growth promotion of the 4-phenylquinazoline structure S-4893 in
rice

The ability of the 4-phenylquinazoline structure S-4893 to promote root growth in a monocot species
was examined in vivo in a hydroponic rice assay with roots submerged in liquid media with varying
concentrations of the compound. Root length was analysed 10 days after treatment application using
WinRhizo root imaging analysis software; images of treated roots are available in Appendix Figure 7.
Total root length increased when grown in concentrations ranging from 0.96 to 32uM, with root length
more than twice as long as the control (Figure 5.2). Root:shoot ratio decreased for all concentrations
of S-4893 indicating that S-4893 caused a proliferation of aboveground biomass in addition to

belowground (Appendix Figure 8).
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Root Length of Rice Seedlings Treated With S-4893
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Figure 5.2. RGP properties of the cytokinin antagonist S-4893 under optimum conditions under five different test
concentrations. Significance values indicate the results of independent t-tests carried out between the control
and each concentration of S-4893. * = P <0.05, **=P < 0.01, ***= P <0.001. Values are means +/- SEM (n=6).

5.5.2 Effect of the 4-phenylquinazoline S-4893 on root growth under water-
deficit stress

The efficacy of the 4-phenylquinazoline structure S-4893 as a RGP was established by using the same
method as under optimum conditions. The optimum concentration, 0.96uM, of the 4-
phenylquinazoline structure S-4893 was established by performing the experiment in triplicate, and
used in subsequent stress assays; 10%, 20% or 30% w/v PEG 8000 was added to the liquid media to
induce a water-deficit stress response in the seedlings. As seen in Figure 5.3, shoot and root length
decreased as water-deficit stress increased. This trend was seen for treated and untreated seedlings,
possibly due to cytokinin levels decreasing in roots under stress, thus the cytokinin antagonist having
a less pronounced effect. The seedling treated with the 4-phenylquinazoline structure S-4893 had
slightly longer roots under all stress conditions, but this trend was only significant under mild stress,
and the increase in root length became less pronounced as the severity of the stress increased. Images

of the rice seedlings from each treatment are available in Appendix Figure 9.
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Root and Shoot Length of Rice Under Water Deficit Stress with S—4893 Applied
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Figure 5.3. The positive effect of the cytokinin antagonist S-4893 is reduced in roots (A) and shoots (B) as water
deficit stress increases. 0.96uM of S-4893 produced the most significant root growth promotion when repeated
in triplicate, hence this was the concentration used for the water deficit assay. 10, 20 and 30% PEG 8000 (%w/v)
represent mild, moderate and severe water deficit stress, respectively. Significance values indicate the results of
an independent t-test carried out between treated and untreated seedlings for each water deficit stress level. *
= P <0.05. Values are means +/- SEM (n=6). Statistics for the effect of treatment and water-deficit stress are
the results of a two-way ANOVA.

5.5.3 RootTarget modelling outputs

A stepwise decision process for when the 4-phenylquinazoline structure S-4893 could be applied for
a positive effect on root growth was created (Figure 5.4), based on the results from Figure 5.2 and
Figure 5.3, for agrochemical companies and farmers to follow in order to identify locations for
optimum product sales and application. The decision tree incorporates each section of the methods

to form a cohesive output.

Root length increased when conditions were optimum (Figure 5.2); these conditions could be
mimicked in a nursery setting for transplanted seedlings. Optimum conditions are also likely to be
found where there is adequate irrigation, or low SPEI value (based on evapotranspiration and rainfall
data), each of these factors forms one step of the decision tree (Figure 5.4). This decision tree instructs
the layering of the queries built in QGIS, which will generate recommendations for agrochemical
companies and farmers to follow in order to identify locations for optimum product application. The
objectives of this analysis, relating to the decision tree in Figure 5.4, are twofold: first, to identify areas
that use the transplanting method for rice, and second, areas where rice is grown via direct sowing
with ‘optimum conditions’ for rice growth. Optimum conditions were defined as an area having an

SPEI 2 0 during the peak sowing period or having adequate irrigation practices in place.
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Figure 5.4. A decision tree illustrating the criteria that must be met for the model to suggest application of the 4-
phenylquinazoline structure S-4893.

5.5.4 Transplanting

One thousand two hundred sixty-four regions were identified as using the transplanting method,
located predominantly in China (Figure 5.5). The number of distinct crop seasons ranged from 1 to 3,
with a mean of 1.56 (SD = 0.66). The first growing season accounted for 75.7% of the annual yield and

73.3% of the total rice-growing area.
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Transplanted Rice Regions
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Figure 5.5. Areas that use the transplanting method for rice production are highlighted in green. Transplanting
is currently the most common method of rice production and is used throughout much of Asia and some countries
within Africa.

5.5.5 Direct sowing and over 50% of area irrigated

Five thousand five hundred and fifty-nine regions used the direct sowing method for rice and had
between 50.01% and 100% of the land irrigated (Figure 5.6). The mean area irrigated was 81.4% (SD
= 14.49). Most areas only had one cropping season, with a mean of 1.03 and a maximum crop season
number of 2. During the peak cropping season, land area cover ranges from 10 to 943,714 ha, with a
mean of 32,384 ha (SD = 71,749). The harvest ranges from 26 to 2,126,106 t with a mean of 237,217
(SD =489,737). The large range in land area and yield suggests there is good data capture from small-

and large-scale farmers. Yield from the first harvest accounted for 99.3% of the total rice harvested.
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Regions with Direct Sowing and Adequate Irrigation
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Figure 5.6. Regions with direct sowing of rice and over 50% of the area irrigated are highlighted in green.

5.5.6 Direct sowing, less than 50% of area irrigated and an SPEI value of 20

Of the 1411 regions that used the direct sowing method with less than 50% of the area irrigated, 759
locations had an SPEI value of equal to or greater than 0. All regions were in the United States:
Arkansas, California, Louisiana, Mississippi, Missouri and Texas (Figure 5.7). These areas were
surrounded by areas that were better equipped with irrigation (>50%). Despite covering a much
smaller area than the land identified by the first two criteria, the locations had a mean area of 10,390

ha and produced a total of 122.61 million tonnes of rice (Table 5.2).
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Table 5.2. Data from each selection stage of the decision tree.

classifications in this study.

* Represents the average t/ha for all land

Number  Total rice Total rice t/ha Number Peak Peak
of production area (million of growing growing
distinct (Mt) ha) regions season season area
crop production total (million
seasons (Mt) ha)
Transplanting 1-3 227.16 35.59 6.38 1264 171.99 26.07
Direct sowing 1-2 1318.69 184.68 7.14 5559 1309.39 180.03
and over 50% of
area irrigated
Direct sowing, 1 122.61 16.29 7.52 759 122.61 16.29
under 50% of
area irrigated
and SPEI value
of 20
Total NA 1608.13 229 7.01* 6483 1543.66 214.83
Regions with Low Irrigation Capacity and SPEI Value > 0
W ’
N )
s
4
Legend 0 1,000 2,000 mi A

[ Regions wth low irrigation and SPEI >0
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Made by: Brittany Heap
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Figure 5.7. Regions with direct rice sowing, less than 50% of land area irrigated and an SPEI value of >0. All 759
locations were in North America.
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5.6 Discussion

Based on the decision tree (Figure 5.4), large areas of land where the RGP was deemed suitable for
application were identified (Table 5.2 and Appendix Figure 10). The incorporation of data for methods
to avoid drought; such as a good irrigation system, and indices to predict drought, such as the SPEI
index, allowed significant proportions of rice-growing land in America, Asia and Africa to be identified
as having optimum conditions for the application of RGP S-4893. This study therefore helps to bridge
the gap between research and industry and helps target areas where the yield increases could be
achieved with relative ease with the correct product. However, when identifying drought-prone areas,
short-scale topographic data have been found to be a better determinant of drought risk than large-
scale climatic variation, such as the SPEI index (van Oort, 2018). High-resolution mapping that
accounts for groundwater depth and duration of flooding is needed to identify hotspots suitable for
rice cultivation in arid regions, such as Africa. Local data collection of groundwater and flood data is

therefore necessary although currently unfeasible on a global scale.

van Oort and Zwart (2018) simulated production in irrigated and nonirrigated, water-limited (rain-fed)
regions. Similarly to RootTarget, their model does not take into consideration soil fertility, biotic
stresses and abiotic stresses with the exception of water limitation. Hence, the parameters of this
model are not exhaustive but go some way towards indicating regions of interest for agrochemical
companies to liaise with local industry. (van Oort, 2018) overlaid different rice production maps of
Africa and revealed some discrepancy between rain-fed and irrigated rice-growing areas, highlighting
issues with inconsistent data quality across countries and a lack of current global data. To minimise
this issue, the present study has overlaid the most comprehensive rice map available with irrigation

data from the FAO, the two most widely accepted and comprehensive datasets available.

While models such as the Global Agro-Ecological Zones (GAEZ) consider more parameters (such as
soil moisture, radiation, temperature used to calculate potential biomass production and yield), they
fail to identify crucial differences in sowing technique, that is, whether a crop is sown in a nursery or
transplanted which has a strong influence on the recommendations. Consequently, the potential to
incorporate more variables into RootTarget remains, with the possibility of increasing still further

benefits of this approach to achieve a sustainable farming system.

5.6.1 Conclusions

In 2018, $5.9bn was spent on agrochemicals for rice production. Of this, $5.8bn was spent on

herbicides, insecticides and fungicides. Just $65m was spent on ‘other’; a subset of this includes plant
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growth regulators (Amis®Agriglobe®, 2018). In an agrochemical market worth over $237.8bn, this is
an underdeveloped area that could increase profits in the agricultural sector while increasing plants'
access to increasingly limited resources, thereby increasing yields (Research Dive, 2020). While the
Green Revolution vastly improved global yields, these improvements in yield are stagnating and need
an additional science-based approach to optimising yields, in addition to the existing commercially

based strategies.

This study shows that the RGP activity of the 4-phenylquinazoline structure S-4893 was significant
under optimum conditions, with the benefits of product application diminishing as drought stress
increased in severity (Figure 5.2 and Figure 5.3). Therefore, the decision tree was built to identify areas
where no stress was likely to occur (Figure 5.4). Where conditions are suboptimal, application of the
4-phenylquinazoline structure S-4893 must occur before transferring into the field. Sowing technique
dictates whether seedlings are initially grown in more controlled conditions, such as transplanting
seedlings, or sown directly into the ground. If it is the latter, a water deficit is considered more likely.
Transplanting, the most common method of rice sowing (He et al., 2018), enables seedlings to avoid
a possible drought stress at their most drought-sensitive time. Locations using the transplanting
method had more rice seasons than those using direct sowing (Table 5.2). Despite the increased
number of growing seasons, production per hectare was lower for transplanted rice (6.38 t/ha),
compared with direct sowing and over 50% of area irrigated (7.14 t/ha), and direct sowing with under
50% of area irrigated and SPEl value of 20 (7.13 t/ha) (Table 5.2). The transplanting method is a labour-
intensive method yet still produces a lower yield per hectare but may be used to grow in areas that
would otherwise be unsuitable for rice production and offers an opportunity to apply the 4-

phenylquinazoline structure S-4893 to act as a RGP in favourable conditions.

Taking into consideration the SPEI of an area (Figure 5.1) may be a particularly useful tool for rice due
to its typically shallow rooting system which provides access to a relatively small volume of soil.
Application of a RGP in areas with a low SPEI value (before the onset of drought) would increase the
plants' access to soil area and increase access to water when the groundwater-table is low (Comas et
al., 2013, Henry et al., 2011). Drought sensitivity increases once again during the reproductive stage,
during seed set and grain filling (Zhang et al., 2018). During these periods, access to the water table
becomes crucial and as such, efforts to make better use of soil water in the form of trait selection for

deeper roots, established prior to the onset of stress, could help to increase yields.

This model has explored the effect of a single stress on a single compound which acts as a RGP and
has identified 229 million hectares of land with a yield of 1608.13 Mt that could benefit. The three

selection criteria (Table 5.2) provide the initial criteria to allow a targeted approach for product
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application. RootTarget therefore acts as a novel proof of concept model, highlighting the potential
for widespread use of more targeted applications of existing growth promoters. Integrating the effects
of other abiotic stresses, such as salt stress, on the RGP properties of the 4-phenylquinazoline
structure S-4893 and identifying further areas that could benefit from application of S-4893 is an
important next step for the RootTarget model. Further experimental work should include measuring
the effect of product application on yield and exploring model accuracy and precision in greater detail.
A financial feasibility assessment of the model recommendations would be an interesting addition,
increasing the interdisciplinary nature of this project further. There are multiple opportunities in this
area for future developments beyond this proof of concept study. In future, modelling to target the
application of other RGPs and exploring the effects of S-4893 in other crop species will help generate
a more cohesive model and ensure products are applied in an effective manner to bridge the gap

between yield potential and actual yield.
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6 Discussion

158



6.1 Summary of results

The overarching aim of this project was to use novel innovations in the agrochemical sector through
Globachem Discovery Ltd.’s innovative crop protection chemistry to address the twin challenges
climate change and population growth have on access to sufficient food (FAO, 2009a, Globachem,
2021b). To meet the target of increasing food production by 60% by 2050 (Alexandratos and Bruinsma,
2012) with access to little additional agricultural land (FAO, 2009b), most of this growth must come
from increasing productivity of existing agricultural land. Currently, over 30% of the variability of crop
yields is attributed to climatic variation (Ray et al., 2015), hence, making plants more resilient to
fluctuations in climate would make a significant contribution to meeting the food security
requirements of the near future. However, globally, rice yields are only increasing at the rate of 1%
annually, well below the 2.4% required in order to achieve the target of increasing food production by
60% between 2007 and 2050 (Ray et al., 2012). These factors, combined with rice’s high sensitivity to
stress means there are significant losses that represent opportunities for improvement (Zeng and

Shannon, 2000, Uga et al., 2013).

Rice cultivation is strongly influenced by the quantity and quality of the water input (Haefele and
Bouman, 2009, Zeng and Shannon, 2000). In Asia, rainfed regions account for an estimated 45% of the
total rice area; the yield of these rainfed lowland rice systems is 50% lower than in irrigated areas, and
yields in rainfed upland rice systems are 75% lower than their irrigated counterparts (Wade et al.,
1999, Fukai et al., 1999). Whilst irrigation practices increase yield and reduce farmers’ reliance on
rainfall, which is anticipated to alter in intensity and frequency in the coming years (FAO, 2018), there
is a tendency for irrigated agricultural land to be affected by salinity; an estimated 50% of land suitable
for cultivation will be affected by saltwater by 2050 (Mahajan and Tuteja, 2005). Salt stress is common
in rice paddies near deltas and coastal areas, but is also common in other areas that rely on irrigation
as a main water source due to the high solubility of salt in water (Tack et al., 2015). The effect of salt

on agricultural land is increased further by the negative effects of rising sea levels (Reddy et al., 2017).

Advances in genetic engineering, such as the discovery and dissemination of the flood-tolerant rice
genotype Swarna-Subl (Xu et al., 2006) contribute to mitigating losses encountered by climate
change. Additionally, breeding programmes have successfully produced rice with desirable traits in
rice, such as drought resistance and higher yields (Kumar et al., 2014). However, a multi-faceted
approach that incorporates advances in genetic engineering, breeding and agrochemical application
is likely needed in order to reach these challenging targets in the face of increasing pressures from
climate change. In 2018, $5.9bn was spent on agrochemicals for rice production. Of this, $5.8bn was

spent on herbicides, insecticides and fungicides. In contrast, less than $65m was spent on plant growth
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regulators (Amis®Agriglobe®, 2018). In an agrochemical market worth over $237.8bn, this is an
underdeveloped area that could increase profits in the agricultural sector while increasing plants'
access to increasingly limited resources, thereby increasing yields (Research Dive, 2020). These
statistics highlight that the agrochemical market for mitigating abiotic stress is largely
underdeveloped, this presents an opportunity to reduce the losses incurred by abiotic stress using

novel strategies and compounds (Godoy et al., 2021).

Manipulation of plant hormones, which are an inherent part of a plants’ development and response
to stress, offers a promising technique to modify growth and promote favourable traits within a plant
(Nehnevajova et al., 2019, Pospisilova et al., 2016, Yin et al., 2020). CKs, a class of plant hormone, play
an intrinsic role in the growth of a plant (Werner et al., 2001, Werner and Schmidilling, 2009). In the
roots, CK inhibits formation of lateral root and limits root elongation whereas in the shoots CKs
promote cell division and differentiation (Riefler et al., 2006, Werner et al., 2001, Laplaze et al., 2007a).
In shoots, high levels of CK delays leaf senescence (Gan and Amasino, 1995) and improves the size and
number of seeds (Ashikari et al., 2005). In contrast, in the roots, CK levels tend to be too high for
maximal root growth (Julkowska, 2018), and therefore lowering the CK activity in the root increases

root length (Ramireddy et al., 2018, Riefler et al., 2006, Arata et al., 2010).

Roots play a key role in water and nutrient acquisition and help to anchor the plant (Gamuyao et al.,
2012). Itis widely accepted that deep roots are a key trait that can be targeted for improving drought
resistance (Gowda et al., 2011) and increasing the roots depth of plants has been found to increase
plant tolerance to drought (Jeong et al., 2010, Ramireddy et al., 2018, Arai-Sanoh et al., 2014, Uga et
al., 2013), increase phosphorus acquisition and nutrient use efficiency (Gamuyao et al., 2012, Ju et al.,
2015), and increase grain yield (Gamuyao et al., 2012, Ju et al., 2015, Jeong et al., 2010). Cytokinin
levels are typically too high to allow maximum root growth (Julkowska, 2018), reducing cytokinin in
the roots increases root length, and manipulating this mechanism can be used as a tool to promote

root growth and potentially increase drought tolerance (PospiSilova et al., 2016).

6.1.1 Identifying novel root growth promoters and their effect on root traits

16 putative CK antagonists were synthesised by Globachem Discovery Ltd., the industry partner for
this project. Of these, five compounds, including the parent compound, were found to promote root
growth in rice seedlings (see Chapter 2). This increase in root length was due to increases in both
primary and lateral roots rather than an increase in one root type alone (see section 2.4.2). Crucially,
this increase in root length did not come at a cost to the aboveground biomass (Figure 2.7 and Table

2.2). A positive correlation existed between total root length, volume, and number of tips.
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Interestingly, a negative correlation existed between the aforementioned variables and root diameter
(Figure 2.8 and Figure 2.9), indicating that the application of the root growth promoter (RGP) resulted
in longer, thinner roots. Hydroponic growth systems offer little resistance to growing roots and so, in
this instance, the longer, thinner roots did not affect the plants’ ability to increase root length.
However, the roots of plants grown hydroponically have been shown to differ significantly to those of
soil-grown plants (Clark et al., 2002, Clark et al., 1999). Plant have been found to increase root
diameter in order to penetrate denser soil (Hargreaves et al., 2009), hence, any negative effect of
reduced diameter is an important area for further study and there is a need to explore the effect of

applying the RGPs in a soil-based growth system (Hargreaves et al., 2009, Kuijken et al., 2015).

6.1.2 Applying the RGPs in a commercial setting

It is essential to establish whether the RGP properties of the compounds identified under controlled
conditions are transferrable to a commercial setting. To this end, the study initially investigated the
use of seed priming as an alternative method for commercial delivery of the compounds (section
3.4.1.1. The seed priming method was as effective at promoting root growth as when the roots of the
seedlings were constantly in contact through inclusion in the hydroponic nutrient solution (Figure 3.3).
Importantly, this approach markedly reduced the quantity of each compound required and also
significantly reduced the setup time for growth experiments. Therefore, seed priming was established
as a viable technique for commercial use of the five RGP compounds identified in Chapter 2 and was

used for compound delivery in subsequent studies (see Chapters 3 and 4).

The effects of the five RGP compounds were tested on two rice cultivars used in Globachem’s
research: Loto and Selenio, a lowland and upland rice, respectively Table 3.1. Primed seeds were
grown in a soil-based glasshouse growth system used by Globachem and a salt or drought stress
applied to each rice variety. Surprisingly, the five compounds showed no RGP properties when applied
to Loto and Selenio in the soil-based growth system, either with or without a salt or drought stress
applied (Figure 3.8 to Figure 3.14). Whilst time and space constraints at Globachem prohibited further
studies to investigate the reasons underlying this observation there are number of possible
explanations for why the compounds may not have had an any affect under the commercial growing
conditions used by Globachem. Cytokinin responses are species specific (Ghanem et al., 2008, Feng et
al., 2019, Yin et al., 2020) and therefore it is possible that the RGP response was cultivar-specific in
this instance (Syngenta, 2021). Alternatively, the concentration range at which the compounds are
active might be different in Loto and Selenio, as is known to be the case with PGR application
(Syngenta, 2021). In addition, the peat and perlite mixture used in the soil-based growth system might

impede root growth (Clark et al., 2002) which, combined with the decreased root diameter observed
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in Chapter 2, might override the effects of the compounds. Furthermore, CK antagonists have been
shown at times to also behave as agonists; if this was the case for the novel RGPs the antagonist effect
would have been cancelled out or reduced by the agonist effect (Nisler et al., 2010, Spichal et al.,

2009).

6.1.3 Establishing the long-term effects of RGP priming

To explore whether priming of seeds had a long-term effect on aboveground plant traits and yield,
Nipponbare seeds primed with the five RGPs from Chapter 2 were grown to maturity in soil. At
maturity, plants whose seeds had been treated had no penalty to aboveground traits such as plant
height and number of tillers (see Figure 4.4 and Figure 4.5). However, seed priming with the five RGPs
negatively affected the reproductive capacity of rice by reducing the number of panicles and spikelets
(Figure 4.9 and Figure 4.11 respectively). Additionally, traits have been reported to have a strong
correlation in the literature, such as flag leaf length and seed fertility (Yoshida, 1981) had a weak
negative correlation in this study (Figure 4.8). Whilst an increase in root length would confer
advantages to the plant, particularly under drought stress (Ramireddy et al., 2018), it is crucial that
this increase does not affect the development of the reproductive part of the plant. Based on this
observation, further studies are required to establish whether the use of seed priming to deliver the
compound is suitable for commercial application. However, based on the results from Chapter 3 and
4, four novel compounds have been found that promote root growth in the rice cultivar, Nipponbare,
demonstrating that priming is an effective method of applying this CK antagonist treatment for a
positive root growth effect in seedlings (Figure 3.4 to Figure 3.6). Throughout the experimental
process, several novel strategies for incorporating newer technologies or statistical techniques were

identified and explored.

6.1.4 Using machine learning for agrochemical discovery

The use of chemical libraries has contributed significantly to the identification of putative
agrochemicals in recent years (Smith, 2003). Nevertheless, the process still requires significant inputs
of time, funding and resources (Burrell et al., 2017). In this study, an unsupervised machine learning
technique using chemical data for the compounds supplied by Globachem Discovery Ltd., segregated
the compounds into two distinct groups based on their chemical profiles (see Section 2.4.6). Despite
the small training dataset, the PCA correctly grouped the RGP and non-RGP compounds into separate
sections of the PCA (Figure 2.10). The chemical data for six compounds not used in the experiments
were inputted, identifying five which were deemed to be worth further investigation and one

compound which was deemed unlikely to have RGP properties given the dissimilarity of the chemical
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profile to the other RGPs (Figure 2.11). Importantly, whilst this machine learning technique used only
a small dataset, it highlights the potential of using data science approaches to effectively analyse data
and to predict the efficacy of novel compounds, once a training dataset has been creating by using
laboratory data. This represents a significant saving in terms of time and the resources required to

identify potential new agrochemicals.

6.1.5 Quantifying spatial heterogeneity within a growth space

Whilst the effects of heterogeneities within growth environments are well-known (Kimura et al., 2020,
Teitel et al., 2010, Boulard et al., 2002, Zhao et al., 2001), robust approaches to quantify and account
for the effect of spatial layout within a glasshouse are lacking. Current practice is to rotate plants,
which can be demanding on time and/or resources (Brien et al., 2013) and has a tendency to inflict
damage, or to use a randomised block design (Fisher, 1992, Rubin, 1990). In both methods, the effects
of environmental heterogeneity are spread equally among all treatments, though this is coupled with
an increase in the error of variance and crucially does not account for the variance. Hence, employing
these methods means the degree to which a plants’ location affects growth remains unquantified.
Using Local Getis-ord Gi*, the spatial heterogeneity of the glasshouse on each variable was quantified
and mapped (Figure 4.3). This enabled the quantification and visualisation of hotspots and coldspots
within a glasshouse environment at a level which has not previously been achieved. The approach
allowed the influence of a plant’s location on growth to be assessed, i.e. whether growth was
positively or negatively affected by location, and whether this influence was statistically significant.
The subsequent analysis of the data was weighted such that variables which were significantly
affected by location had a lower weighting in the analysis, relative to the p-value. This offers a novel
method to account for heterogeneity within a growth space; quantitively discriminating between
viable and unviable samples rather than traditional methods for discounting data based on arbitrary
values which have the potential to lead to bias, plant injury or poor discrimination and/or selection

criteria (Brien et al., 2013).

6.1.6 Development of a research-based geospatial toolkit

At present, there is no framework for incorporating results obtained in the lab or field into a user-
friendly toolkit for end-users i.e., agrochemical companies and farmers. Consequently, the
effectiveness of both the dissemination of applied research to farmers and the application of
agrochemical products is not optimised to the unique regional requirements and crop or sowing
practices of different growing regions; RootTarget was developed to bridge this gap (Heap et al., 2021).

The focus of Chapter 5 was to transfer the information gained from lab experiments and identify
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regions globally where rice is grown and conditions are likely to be optimum for product application,
given what is known about how the Globachem compounds investigated in this study behave under
optimum and stress conditions. Using only the parent compound (referred to as 974 in Chapters 2-4
and compound S-4893 in Chapter 5) for this proof-of-concept model, data showed that the compound
promoted root growth under optimum conditions but not under drought stress (Figure 5.2 and Figure
5.3). The model, RootTarget, incorporated rice growing areas and techniques (Figure 5.5) with global
evapotranspiration data for each peak planting month globally (Figure 5.1) and the irrigation capacity
of each region, to identify where rice could be grown in non-drought conditions. RootTarget identified
a total area of 229 million hectares that could benefit from application of the parent compound (Table
5.2) with just one compound and three selection criteria (planting method, evapotranspiration index
value and irrigation capacity of an area, see Figure 5.4). Targeting the application of products to the
places that need it the most could help to make the application of products more efficient, reducing
negative environmental impact of unnecessary product application and making application more cost-
effective for farmers. Adoption of this method would result in a more environmentally and
economically efficient food system. Although currently the number of variables inputted into the
RootTarget model is limited, there is opportunity for further development by addition of more

compounds, species and/or environmental variables.

6.1.7 Conclusions and outcomes

As illustrated, effectively incorporating machine learning and modelling into agricultural research can
contribute to increasing the efficiency of the process. There is the potential to speed up the discovery
process for new chemicals by using the predictive power of machine learning (Chapter 2) to predict
potentially active analogues of a compound before moving to time consuming and costly lab
experiments. Additionally, modelling where implementation of the products would be most effective
would make the dissemination of knowledge and products more effective and has the potential to
reduce waste. The methods outlined in this thesis provide an opportunity for further drug discovery

methods and modelling to be built upon and strengthened.

There is significant further work that must be done in order to develop the five RGPs into products
that reliably promote root growth across cultivars, as the variability between conditions and cultivars
was demonstrated in Chapter 2 and 3. In addition to identifying novel RGPs and determining their
efficacy in different cultivars and conditions, three methodologies were created and explored in
Chapters 2, 4 and 5: using machine learning for predicting activity of compounds, quantifying the
effect of spatial heterogeneity within a glasshouse and using mapping software to identify regions that

would likely benefit from plant growth regulators (PGRs) with specific optimum ranges of activity.
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These methodologies are transferable and can be applied to different agrochemical discovery
libraries, glasshouse setups and PGRs with different optimum ranges and target species and highlight
the importance of collaborations between sectors and the opportunity to use modelling and machine
learning in plant science to optimise processes relating to increasing the efficiency of the global food

production system.

The key findings of this research are:

1. Four analogues of a CK antagonist, in addition to the parent compound, were found to
promote root growth in the rice cultivar Nipponbare under optimum conditions using a
simple hydroponic system.

2. Using an unsupervised machine learning technique, a training dataset was inputted with
existing data of the structural properties of the putative RGPs. The predictions were then
corroborated using the results from experimental data and the algorithm had successfully
split known RGP and non-RGPs. Using the training dataset, 5 untested compounds were
identified as being likely to have RGP properties, and 1 was discounted as unlikely to be
an RGP based on their chemical data alone.

3. Seed priming, in addition to the hydroponic delivery of RGPs, was found to promote root
growth in seedlings, suggesting a more cost- and time-efficient mode of delivery for the
commercial adoption of RGPs.

4. The five RGPs were applied in a commercially relevant environment and species with salt
and drought stresses applied. No positive effects were identified under optimum or
stressed conditions, highlighting the specificity of action of hormones and the need to
investigate the viability of CK antagonists as PGRs in a commercial setting.

5. The long-term effect of priming Nipponbare was investigated. Priming did not affect
above ground plant development, but had a negative effect on key reproductive traits,
such as panicle and grain number.

6. A novel method to quantify the effect of spatial heterogeneity within a glasshouse was
developed, in addition to a spatial weighting system to ensure plants whose growth is
strongly affected by location have lower weighting in the statistical analysis.

7. A geospatial agricultural toolkit, RootTarget, was developed to identify regions that grow
specific crops and have key environmental conditions for optimising application of PGRs

globally.
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Appendix Figure 1. Stacked barplot indicating the proportion of total root length that the primary and lateral
roots accounted for. Lateral roots accounted for a greater proportion of total root length for the putative
RGPs: 974,1027,1070,1093 and 1131 in their active ranges compared to the control (“0”).
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Appendix Figure 2. The two highest correlation coefficient for the linear regressions t were for
RGPs 1093 and 1070, indicating that having a high lateral root value is an important trait for

developing increased root growth.
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Appendix Table 1. Grouping the intercepts and correlation coefficients from the scatterplots in Appendix Figure
2 by RGP and non-RGP shows no clear trend that allows compounds to be discriminated by y-value

Compound y-value
974 -6+0.55x
1027 -3.6+0.38x
RGP 1131 -4.4+0.54x
1093 -46+0.9x
1070 -62+0.96x
98 -38+0.82x
1023 -42+0.83x
Not RGP 991 1.6+0.37x
995 -8.3+0.65x
1026 -8+0.62x
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Appendix Figure 3. Seed soaking, time taken for 5 seeds to reach constant weight and full saturation.
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Appendix Figure 4.Root length of Nipponbare is significantly inhibited by 100mM NaCl treatment. Significance
values indicate the results of independent t tests carried out between the control and each salt concentration. *p
<.05. Values are means + SEM (n = 6).
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Appendix Figure 5. Treatment of Nipponbare with 3.2uM 974 increased root growth slightly under no salt stress,
75mM and 100mM salt stress, though this was not significant. Significance values indicate the results of an
independent t test carried out between treated and untreated seedlings for each salt stress level. Values are
means + SEM (n = 6). Statistics for the effect of treatment and salt stress are the results of a two-way ANOVA.
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Appendix Figure 6. Images of the root and shoot of O.sativa cv. Nipponbare treated with compound 974 and salt
stress show root length decreasing slightly as salt stress increases for both control and 974 seedlings.
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Appendix Figure 7. Images of the roots and shoots grown under varying concentrations of S-4893.
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Appendix Figure 8. Root:shoot ratio of RGP S-4893
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Appendix Figure 9. Images of the root and shoot of plants treated with RGP S-4893 and water deficit stress.
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Appendix Figure 10. Map illustrating all areas that product application is recommended, taking into account
transplanting method, irrigation availability and the 5-year average evapotranspiration value for the peak

planting month in that area.
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