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Abstract

The changing climate poses significant challenges for agriculture, including increased frequency
of extreme weather events that can negatively affect crop yield. Improving crop yield is therefore
an important area of research. In recent years, precision breeding and targeted variant selection
have been increasingly used to accelerate the development of climate-resilient crops.

This thesis investigates the ability of protein language models to predict genetic variants that
may improve plant fitness. To evaluate this, sorghum plants were mutagenised and screened for
candidate variants. The aim of this study was to analyze metabolomic and physiological data
from mutant and wild-type sorghum plants in order to assess whether the targeted variants
resulted in significant differences between genotypes, and whether mutant plants exhibited
more beneficial traits.

Statistical analyses and modelling were performed on provided datasets of metabolic features
and physiological traits. The results showed few consistent differences between genotypes
across most targets. However, differences were observed in some metabolic features and
metabolite groups, including sesquiterpenoids and napthalenes. In terms of physiological traits,
some differences were identified in certain mutant lines, including increased anthocyanin levels,
reduced chlorophyll concentration, and reduced plant height.

Overall, the results suggest that the introduced mutations did not consistently improve plant
fitness. However, the observed differences should be interpreted with caution due to uncertainty
in the genotype-phenotype relationships, generally weak genotype effects that explained little
variation in metabolic features, and large confidence intervals relative to effect sizes for
physiological traits, while environmental and systematic effects may also have contributed to the
observed differences.



Abbreviations

ABA: Abscisic acid

AIC: Akaike information criterion

DMS: Deep mutational scanning

EIC: Extracted ion chromatogram

EMS: Ethyl methanesulphonate

ESM: Evolutionary scale modeling

FDR: False discovery rate

FIND-IT: Fast Identification of Nucleotide variants by droplet DigITal PCR
F,/F,: The maximum quantum yield of photosystem II (PSII)
GERP: Genomic evolutionary rate profiling

gs: Stomatal conductance

LC: Liquid chromatography

MAPK: Mitogen-activated protein kinase

MS: Mass spectrometry

MSA: Multiple sequence alignment

NADP-MDH: NADP-dependent malate dehydrogenase
NBI: Nitrogen balance index

NDVI: Normalised difference vegetation index
PC: Principal component

PCA: Principal component analysis

PLM: Protein language model

PRI: Photochemical reflectance index

Rep: Replicate

ROS: Reactive oxygen species

SAM: S-adenosylmethionine

SE: Standard error

SIFT: Sorting intolerant from tolerant

TPM: Transcripts per million

VSN: Variance stabilization normalization

WT: Wild-type

®PSII: Effective quantum yield of photosystem II



Table of contents

ACKNOWIEAZEMENLS.....cociiimiiiimmss s RS RS R RS AR R i
N0 1] 0 T ii
WX 0 1) 4 U ) 1, iii
Table Of CONTENLS......co s —————————————————————————————— iv
BT 0010000 L0t ) o 1
1.1 Background and MOTIVATION. ... sessssessesssssssesssesssessesssesssessssssssssssssesssssssesssssssesssesssssssesasssass 1

B o (o) =Tt s (=] =0 o VOO 2

1.3 SOTEIUINL ettt ettt es s bbb RS AR AR R e 5

B =TS 01Tt 40) 40 Lo oy /PP 5

1.5 Variant selection and identifiCation ... e sssessssssssssesssssssssssssssssssssssessassesas 6

200 ) 8
2.1 MEtADOIILE Aata.. .. cecce e esseesse e ee bbb ss e s s s s s s s R et 8

P20 B 5 01753 10 0= Tor=Y I v U0 PP 8

3. MetNOAS. .. ——————— 9
3.1 SOftWare and PACKAZES.....vuuereererreeserseesessesssessees s sesssssssessssessesss s s sssss s st s s sasssasssasans 9

3.2 DAt PIOCESSING. e eueeerseesessesssessessessesssessessssssessessasssesssssesssesssssesssesssssssssesssssesssessssssessessssssessessesssessessessssssessessseas 9

R T2 8 ' (=1 U oTo B Lol F: v U000 TP 9

RIVAVAR o 11453 101 (o4 Uor=1 e = v V0 PP 11

3.3 MOAE] fIEEING . evurreeureeeseesseeesseessseessseesseesssesssse s s sss e ss st s ss e b bR e bbb 11
T8 T LY =1 Lo To ) L (ol = - T OSSP 11

3.3.2 PhySiOlOgICal Aata. ... eeereemeerreerreeseeeseessseesssessseesssesssssssssssessssessssesssssssssssssesssssssssssssessssessssssssssssses 12

3.4 Variant effeCct aNalySiS. ..o reeeereessessseesseessssssssssessssssssssss s sssesssssssessssessssessssssssessassssans 12

R T R (=1 Lo Yo B Lol P L U0 OSSPSR 12

3.4.2 PhySiolo@iCal data...ccceieeerereereerseeseesse s esssessessseessesssessss st s s s ssesssesssessssssesas 13

I T 1 L, 13
0 I (o T 1<) B Y=1 (= m o) o VO TP 14
4.1.1 POSItIVE 101N MOAE....uieeieeeemeereerseeesseessseessesssssssssssssssssess s s sssss s s ss s ssssssssss st s sssss s sassesas 14

4.1.2 NeGatiVE 1011 INOAE....cueeeeeeereereesseeseessesseessesssessse s s st sesssssssesssssssessssesse s sssnssessses 16

4.2 MEtADOLItE TESUILS...ruurieureereeueetseetsetsseessessseessesaseesse e bbb e s ss s s s s s b b bbbt 16
L2 B 013 1 AT (o) 10 0 Lo T =TT 16

4.2.2 NEGATIVE 1011 INOAE......reereeeeesreesseeseessseesseessssessessssessssessssessssssssssssssssssesssssss s sssessssesssssssssssssessasesssnees 18

4.3 Physiological traif TESUILS. ... rrererreeserseesers e sees s es e sees s ss s as s 20
4.3.1 THIEE-1€Af STAE....cereeeeeeeeeetreetre st ss bbb bbb s b b s s b 21

4.3.2 FIVE-1€af SLAGE....reuurereeemreerreersressseesseess s eessssss s ssess s s s s s as s ss s smses s sssenssnees 22

4.3.3 BOOTINEG SLAZE...coveuremrermrersereer s sesssesssessssss s s s s s 23

LT D T 1 T T o 24
5.1 FEATUIE ClASSES...uuuieurieueenreeseresessesesessessesssessssssses s s s s s s s s bbb s R R R s 24
5.1.1 SESQUITEIPEIOIAS cereurreeeeueenreesreieesse st ssessest s ss s sss s s bbb bbb s 24

5.1.2 AP OCATOLEIIONAS. covrurrerreesseersseerseessseesseessessssessssessssesssse s eesssessseses s sssas s sess s sssss s s sesssessensssessaness 25

5.1.3 NaPhthalenes....oeisiriissssssssesss s ssssssssss s s ssssss s ssssssssssnsssssssassss 25

5.2 Trait diffeTENICES .. cuueereeeeeecereetees s ees e bbb s ss s s ss s s bR bR 26

5.3 Variation and UNCETITAINTY ..o eureeueceseeseesseeseesseessesssesssesssesssesssssssssssssssssesssesssesssesssssssssssesssssssssasessssas 27



5.4 FULUTE POISPECTIVES. ... cteeurecereeueesseessessseessessseessebsessssbses s b e s e s s s s s R s bbbt et
LS00 4 Ul L1 o )
2= =Y (=] 4 Lo



	 
	Acknowledgements 
	Abstract 
	 
	 
	Abbreviations 
	Table of contents 
	1. Introduction 
	1.1 Background and motivation 
	 
	1.2 Project design  
	1.3 Sorghum 
	1.4 Mass spectrometry  
	1.5 Variant selection and identification 

	2. Data 
	2.1 Metabolite data 
	2.1 Physiological data 

	3. Methods 
	3.1 Software and packages  
	 
	3.2 Data processing 
	3.2.1 Metabolic data 
	3.2.2 Physiological data 

	3.3 Model fitting 
	3.3.1 Metabolic data 
	 
	3.3.2 Physiological data 

	3.4 Variant effect analysis 
	 
	3.4.1 Metabolic data 
	 
	3.4.2 Physiological data 


	4. Results 
	4.1 Model selection 
	4.1.1 Positive ion mode  
	4.1.2 Negative ion mode  

	4.2 Metabolite results 
	4.2.1 Positive ion mode 
	4.2.2 Negative ion mode  

	4.3 Physiological trait results 
	4.3.1 Three-leaf stage  
	4.3.2 Five-leaf stage  
	4.3.3 Booting stage  


	5. Discussion 
	5.1 Feature classes  
	5.1.1 Sesquiterpenoids 
	5.1.2 Apocarotenoids 
	5.1.3 Naphthalenes 

	5.2 Trait differences 
	5.3 Variation and uncertainty 
	5.4 Future perspectives 

	6. Conclusion 
	References 
	Appendix 
	Table 1. Overview of samples included in the positive ion mode analysis. Samples are grouped by target mutation and genotype (WT or mutant). The table lists the number of lines included for each group and the corresponding replicates available for analysis.  
	Table 2. Overview of samples included in the negative ion mode analysis. Samples are grouped by target mutation and genotype (WT or mutant). The table lists the number of lines included for each group and the corresponding replicates available for analysis.  
	Table 3. Overview of samples included in the physiological trait analysis. Samples are grouped by target mutation and genotype (WT or mutant). The table lists the number of lines included for each group and the corresponding replicates available for analysis.  
	Table 4. Metabolite superclasses and number of features used for PC1 calculation in positive ion mode. 
	Table 5. Metabolite superclasses and number of features used for PC1 calculation in negative ion mode. 
	Table 6. Samples removed from trait analyses at the three-leaf stage and their corresponding studentised residuals. 
	Table 7. Samples removed from trait analyses at the five-leaf stage and their corresponding studentised residuals. 
	Table 8. Samples removed from trait analyses at the booting stage and their corresponding studentised residuals. 
	Fig. 1. Feature intensity distributions and mean-variance relationship. (A-B) Scatter plots showing the relationship between the mean feature intensity (x-axis) and variance (y-axis) across all features in positive and negative ion mode. The blue line represents a smoothed trend fitted to the data. Red features are features that had a missing value proportion of > 0.3 prior imputation. (C-D) Histograms of feature intensities across all features and samples in positive and negative ion mode. 
	Fig. 2. Feature intensity distributions and mean-variance relationship after a second missing-value filtering step. (A-B) Scatter plots showing the relationship between the mean feature intensity (x-axis) and variance (y-axis) across all features in positive and negative ion mode. The blue line represents a smoothed trend fitted to the data. (C-D) Histograms of feature intensities across all features and samples in positive and negative ion mode. 
	Fig. 3. Principal component analysis of samples for negative ion mode. Scatter plots showing samples projected onto PC1 (x-axis) and PC2 (y-axis). The principal components were calculated from all features in negative ion mode. Panels show samples coloured by different annotations: Target (33A = black, 33B = orange, 34 = blue, 35 = green, 43 = yellow), genotype (mutant = black, WT = orange), line (1 = black, 2 = orange, 3 = blue, 4 = green, 5 = yellow), and rep (1 = black, 2 = orange, 3 = blue). 
	Fig. 4. Principal component analysis of samples for three-leaf stage. Scatter plots showing samples projected onto PC1 (x-axis) and PC2 (y-axis). The principal components were calculated from all traits in the three-leaf stage. The data was centered and scaled prior to the PCA. . Panels show samples coloured by different annotations: Target (33A = black, 33B = orange, 34 = blue, 35 = green, 43 = yellow), genotype (mutant = black, WT = orange), line (1 = black, 2 = orange, 3 = blue, 4 = green, 5 = yellow), and rep (1 = black, 2 = orange, 3 = blue). 
	Fig. 5. Principal component analysis of samples for five-leaf stage. Scatter plots showing samples projected onto PC1 (x-axis) and PC2 (y-axis). The principal components were calculated from all traits in the five-leaf stage. The data was centered and scaled prior to the PCA. . Panels show samples coloured by different annotations: Target (33A = black, 33B = orange, 34 = blue, 35 = green, 43 = yellow), genotype (mutant = black, WT = orange), line (1 = black, 2 = orange, 3 = blue, 4 = green, 5 = yellow), and rep (1 = black, 2 = orange, 3 = blue). 
	Fig. 6. Principal component analysis of samples for booting stage. Scatter plots showing samples projected onto PC1 (x-axis) and PC2 (y-axis). The principal components were calculated from all traits in the booting stage. The data was centered and scaled prior to the PCA. . Panels show samples coloured by different annotations: Target (33A = black, 33B = orange, 34 = blue, 35 = green, 43 = yellow), genotype (mutant = black, WT = orange), line (1 = black, 2 = orange, 3 = blue, 4 = green, 5 = yellow), and rep (1 = black, 2 = orange, 3 = blue). 
	 
	Fig. 7. Scree plots of principal components calculated from metabolite features. Proportion of variance explained (y-axis) by each principal component (x-axis) for positive ion mode (A) and negative ion mode (B). Principal components were calculated using all features.  
	Fig. 8. Scree plots of principal components calculated from physiological traits. Proportion of variance explained (y-axis) by each principal component (x-axis) for three-leaf stage (A) five-leaf stage, (B), and booting stage (C). Principal components were calculated using all features. The data was centered and scaled prior to the PCA. 
	Fig. 9. Representative example of model diagnostic plots for a physiological trait. This example shows diagnostic plots for flavonoids in the three-leaf stage. (A) Scatterplot of fitted values (x-axis) versus residuals (y-axis). The blue line represents a smoothed trend fitted to the data. (B) Histogram of residuals. The blue line represents a normal distribution fitted to the residuals using the residual mean and standard deviation. (C) Q-Q plot of residuals showing theoretical quantiles (x-axis) vs sample quantiles (y-axis). The blue line represents the expected normal distribution. 
	Fig. 10. Mutant line 4 in target 43 as an outlier examples. Boxplots showing different trait values for each mutant line within target 43. (A) Chlorophyll in three-leaf stage, (B) Anthocyanins in three-leaf stage, (C) NBI in five-leaf stage, and (D) Flavonoids in booting stage. 
	Fig. 11. Distribution of AIC differences (positive ion mode). Histograms of AIC differences across features for model comparison. (A) AIC difference between model 2 and model 1, calculated as AIC(model 2) - AIC(model 1). (B) AIC differences between model 3 and model 2, calculated as AIC(model 3) - AIC(model 2). 
	Fig. 12. Genotype effect size comparisons (positive ion mode). Scatter plots comparing genotype effect sizes (WT relative to mutant) between model 1 and 2 (A), and model 2 and 3 (B). The blue lines represent smoothed trends fitted to the data.  
	Fig. 13. Model 3 diagnostic plots (positive ion mode). Diagnostic plots assessing model 3 assumptions. (A) Scatterplot of fitted values (x-axis) versus residuals (y-axis). The blue line represents a smoothed trend fitted to the data. (B) Histogram of residuals. The blue line represents a normal distribution fitted to the residuals using the residual mean and standard deviation. (C) Q-Q plot of residuals showing theoretical quantiles (x-axis) vs sample quantiles (y-axis). The blue line represents the expected normal distribution. 
	Fig. 14. Distribution of AIC differences (negative ion mode). Histograms of AIC differences across features for model comparison. (A) AIC difference between model 2 and model 1, calculated as AIC(model 2) - AIC(model 1). (B) AIC differences between model 3 and model 2, calculated as AIC(model 3) - AIC(model 2). 
	Fig. 15. Q-Q plots of genotype effect p-values across candidate models (negative ion mode). Q-Q plots of -log10(p-values) from linear hypothesis tests (WT vs mutant) across candidate models and across all features, comparing observed values (y-axis) to theoretical quantiles under the null (uniform distribution) (x-axis). The red lines represent the expected relationships (x=y). (A) model 1, (B) model 2, and (C) model 3. 
	Fig. 16. Distributions of genotype effect p-values across candidate models (negative ion mode). Histograms of genotype effect p-values from linear hypothesis tests across candidate models and across all features. The red lines correspond to the expected heights of the histograms if p-values were perfectly uniformly distributed. (A) model 1, (B) model 2, and (C) model 3. 
	Fig. 17. Genotype effect size comparisons (negative ion mode). Scatter plots comparing genotype effect sizes (WT relative to mutant) between model 1 and 2 (A), and model 2 and 3 (B). The blue lines represent smoothed trends fitted to the data.  
	Fig. 18. Model 3 diagnostic plots (negative ion mode). Diagnostic plots assessing model 3 assumptions. (A) Scatterplot of fitted values (x-axis) versus residuals (y-axis). The blue line represents a smoothed trend fitted to the data. (B) Histogram of residuals. The blue line represents a normal distribution fitted to the residuals using the residual mean and standard deviation. (C) Q-Q plot of residuals showing theoretical quantiles (x-axis) vs sample quantiles (y-axis). The blue line represents the expected normal distribution. 


