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Abstract
A broad diversity of phenotypes are available within the cassava germplasm collections. The phenotypes include improved nutritional, starch or culinary root quality as well as abiotic and biotic resistance properties. Some of these traits can be found naturally occurring in cassava landraces, whereas others are the result of targeted breeding efforts. For future breeding programmes it is important to know the underlying mechanisms of these desirable traits. Metabolomics can assist in the elucidation of these mechanisms by measuring the end products of the cellular processes conferring the traits of interest. The present study focused on the comparison of two or more variants of the same trait such as high and low culinary quality or resistance and susceptibility to thrips. Overall, eight different traits were assessed. 
Results showed that amino acids and umami compounds were associated with superior culinary attributes and the phenylpropanoid superpathway plays an important role in pest resistance. Furthermore, the data highlighted a low chemodiversity in African cassavas and that the source-sink relation was still active at the harvest stage.
Keywords
Cassava, characteristic traits, chemotypes, diversity, metabolite profiling, modern breeding approach
Abbreviations 
ANOVA, analysis of variance; CIAT, International Center for Tropical Agriculture; CMD, cassava mosaic virus; DW, dry weight; GC-MS, gas chromatography mass spectrometry; HCN, hydrogen cyanide; LC-MS, liquid chromatography mass spectrometry; PC, principle component; PCA, principle component analysis; QC, quality control; RSD, relative standard deviation; TCA, tricarboxylic acid; UPLC-DAD, ultra-performance liquid chromatography – diode array detector; UV/VIS, ultra violet/visible light


Introduction
The tuberousroots of cassava (Manihot esculenta Crantz) provide a major source of calories for ~800 million people in the Americas, Asia and Africa (Liu et al., 2014; Howeler et al., 2013). Cassava plants can grow on degrades or marginal soils where other crops cannot survive and still provide feasible yields, even on small scales (Henry and Hershey, 2002). This presents cassava as an attractive staple crop for low-income, smallholder farmers (Howeler et al., 2013). In South America, cassava progenitors have been cultivated since ~9000 years and farmers have realised the adaptation potential of cassava to a wide range of biotic and abiotic stresses (Piperno, 2011). Therefore, the International Center for Tropical Agriculture (CIAT) in Cali, Colombia generated a genepool for cassava landraces which perform better under challenging environments (Hershey and Jennings, 1992). Over the past decades, the genepool was significantly extended to include other cassava traits and modern breeding techniques such as marker-assisted breeding were incorporated to assist the international breeding efforts (Bredeson et al., 2016; Hahn et al., 1979; Wang et al., 2014). The outcome of these efforts included cassava roots with improved nutritional values (e.g. high provitamin A content) and different starch properties (e.g. waxy phenotype) (Belalcazar et al., 2016; Aiemnaka et al., 2012). However, biotic stresses started to threaten the yield of these elite varieties, especially since the main propagation of cassava plants is through cuttings. Therefore, the focus of cassava breeding was divided into improving root quality and elucidating the mechanism of pest and virus resistant cassava plants (Hahn et al., 1979; Alvarez et al., 2009; Skovgård et al., 1993; Omongo et al., 2012).
The biological phenotype of a plant is a combination of cellular processes, which create the chemically distinct entity (chemotype) manifesting the phenotype. The chemotype can be measured through metabolomics to elucidate the metabolites or metabolic pathways responsible for the trait (Roessner and Bowne, 2009; Bino et al., 2004). The distinct metabolite profile can then be used to facilitate and focus breeding efforts of complex crops such as the heterozygous cassava. The CGIAR Research Program on Roots, Tubers and Bananas (www.rtb.cgiar.org) is promoting the metabolic characterisation of existing diversity panels which has resulted in established screening techniques (Drapal et al., 2018; Perez-Fons et al., 2019; Price et al., 2020). These techniques were applied to a cassava diversity panel including different root phenotypes (e.g. amylose content, culinary quality) and abiotic and biotic stress phenotypes (Table 1). The biotic stresses included landraces known for the resistance or susceptibility to the herbivorous pests green mites (Mononychellus tanajoa), thrips (Corynothrips stenopterus) and whitefly (Bemisia tabaci) as well as to the virus-induced cassava mosaic disease (CMD). Metabolite data of the present study highlighted key metabolite pathways related to the characteristic traits such as the source-sink relation of monosaccharides affecting dry matter content, the high amino acid levels related to the high culinary quality and the different sub-pathways within the phenylpropanoid superpathway correlated to defensive traits.

Table 1: List of cassava varieties including country of collection and characteristic trait. Responses to biotic stresses are indicated as resistant (res.) or susceptible (susc.). CMD, cassava mosaic disease.
	Sample code
	Country of collection
	Characteristic trait
	Response to green mites

	BRA488
	Brazil
	High cyanide content
	

	COL113
	Columbia
	
	res.

	COL1505
	Columbia
	Z01 and Z04 adaptation
	

	COL1522
	Columbia
	Good for bread baking (low amylose content)
	res.

	COL1684
	Columbia
	Z03 adaptation
	susc.

	COL2017
	Columbia
	High sugar content
	

	COL2436
	Columbia
	High carotene content/thrips susc.
	

	COL912B
	Columbia
	Unknown
	

	CUB25
	Cuba
	Low amylose content
	

	CUB74
	Cuba
	High culinary quality/ Z06 adaptation/ 
Frog skin disease res.
	res.

	ECU72
	Ecuador
	Whitefly res. /Bacteriosis susc.
	

	GUA35
	Guatemala
	Low sugar content/Frog skin disease susc.
	

	PAN139
	Panama
	Thrips res.
	

	PAR36
	Paraguay
	High amylose content
	

	PER 496
	Peru
	Low cyanide content
	

	TME3
	Africa
	CMD res.
	

	NGA5*
	Africa
	CMD moderate susc.
	

	NGA11*
	Africa
	Amenable to transformation, CMD susc.
	

	VEN25
	Venezuela
	Low culinary quality
	

	VEN77
	Venezuela
	Drought tolerant
	susc.


*These varieties are also known as TMS30555 (NGA5) and TMS60444 (NGA11).
Material and methods
Plant material
Twenty cassava landraces (Table 1) were grown under CIAT’s standard field conditions. Six biological replicates were planted for each landrace. Leaf, stem and root tissue (approx. 200g) was collected from ten months old plants, immediately frozen in liquid nitrogen and lyophilized.
Extraction and analysis of polar metabolites
Freeze-dried tissue was ground into a fine powder and a quality control (pool of all samples, QC) created. Samples and QCs were weighed (10±0.5mg) into plastic tubes and extracted with methanol/water/chloroform (Drapal et al., 2019). After phase separation, aliquots of the polar phase were immediately used for LC-MS analysis or dried down for GC-MS analysis.
LC-MS analysis of polar extracts
An aliquot of the polar phase (150µl) was filtered using syringe filters (0.45µm, nylon). The filtrate (100µl) was transferred to a glass insert and internal standard genistein (5µl of 0.2mg/ml stock solution) added. Analysis was performed with an Agilent 6560 Ion Mobility Q-TOF coupled to an Agilent 1290 Infinity II (Agilent Technologies, Inc.). All solvents used for LC-MS analysis were of LC-MS grade and comprised solvent A (water and 0.1% formic acid) and solvent B (acetonitrile and 0.1% formic acid). The samples were separated with an YMC-UltraHTPro C18 column (100 × 2mm i.d. 2μm) at 0.2ml/min. The solvent gradient started at 95% (A) for 0.5min, followed by a linear decrease to 75% (A) at 3min, 70% (A) at 6min, 0% (A) at 6.5min, which was held until 7.5min before return to initial conditions of 95% (A) at 9.5min. After the last step, the column was re-equilibrated for 1min. The eluate was split for simultaneously analysis by DAD (scan mode 200-600nm) and MS. Mass spectrum data of the eluting compounds was collected in negative centroid mode (100 to 1700m/z, 0.9spectra/second). The source settings included nozzle and capillary voltages at -500V and 4000V, nebulizer gas (nitrogen) at 35psi, dry gas at 5l/min and 325°C and sheath gas at 12l/min and 275°C. Calibration was performed during each run to a reference solution.
Molecular feature extraction was performed with Agilent Profinder (V10.0 SP1, Agilent Technologies, Inc.) with retention time tolerance 0.3min and mass tolerance 10ppm for peaks >400 counts. The resulting data table included molecular features which were a compilation of all adducts and isotopes detected. The data was corrected by corresponding internal standard and quality control. Quantification was performed relative to the internal standard. Metabolites were identified through comparison of UV/VIS spectrum, mass spectrum and retention time to an in-house library of authentic standards.
GC-MS analysis of polar extracts
Aliquots of the polar phase (120µl) were dried down with internal standard d4-suiccinic acid (10µg). The dried extracts were stored at -20°C and derivatised (methoxymation and silylation) in batches before analysis (Drapal et al., 2019). The analysis was performed as reported with an 7890A gas chromatography (GC) system coupled with a mass spectrometer (MS) 5795C MSD (Agilent Technologies, Inc.) in splitless mode. Metabolites were identified with AMDIS (V2.71) including an in-house library. Identification parameters included retention time, retention indices and mass spectrum. The resulting data was quantified relative to the internal standard and sample weight.
Extraction and analysis of non-polar metabolites
The extraction and analysis of carotenoids and chlorophylls from cassava leaf tissue was performed as previously described (Nogueira et al., 2013). After phase separation, an aliquot (350µl) of the non-polar chloroform phase was dried down and stored at -20°C until analysis. The dried aliquots were resuspended in ethyl acetate/acetonitrile (100µl, 1:9 (v/v)), centrifuged for 5 min at full speed and an aliquot (80µl) transferred to a glass insert. The injection volume was 3µl. Carotenoids and chlorophylls were identified by their specific retention time and UV/VIS spectrum (Fraser et al., 2000). Quantification was performed with individual dose-response curves.
Statistical analysis
Statistical analysis was performed with Simca P (13.0.3.0, Umetrics), XLSTAT (2017, Addinsoft), GraphPad Prism (8.3.0, ) and Metaboanalyst (Xia and Wishart, 2016). Statistical tests included Student’s t-test for pairwise comparisons and parametric ANOVA with false discovery rate correction for multiple comparisons. Graphs were produced with Simca P, GraphPad Prism and Metaboanalyst. Pathway displays were initially created in-house with BioSynLab (Royal Holloway University of London).
Results
LC-MS metabolite profiling of three tissues regarding phenotype
Polar extracts of leaf, stem and root tissue of 20 cassava landraces, grown under standard field conditions, were analysed by LC-MS as previously reported (Drapal et al., 2018). Within the LC-MS metabolite profiling 118 molecular features were detected in all three tissues and an additional 300 molecular features solely in leaf tissue (Table A.2). The initial data analysis will focus on the molecular features detected in all three tissues to assess whether the chemotype of a trait is associated to a specific tissue type or can be observed in all plant organs. PCA analysis showed that the metabolite variation between the three tissues, leaf, stem and root, was explained by the first two principal components (PC) with 54.1% (Fig. 1A). Leaf samples separated along the x-axis (PC1) from stem and root sample, whereas stem and root separated along the y-axis (PC2). This suggests that the metabolite composition of stem and root is more similar compared to leaf. This was confirmed by RV coefficient, which only showed a significant correlation between stem and root samples (R=0.44 , P-value 0.033). 
The combined score plot highlighted that the root tissue of GUA35 clustered with the stem tissue (Fig. 1A). In the individual score plots of roots and stem, GUA35 was located away from the main cluster including all other landraces (Fig. 1C, D). This trend could not be observed in the score plot of leaf tissue (Fig. 1B). After harvest, it became obvious that none of the GUA35 plants underwent proper tuber formation, resulting in thickened roots with brown epidermis-like structure throughout. No visual difference of the stem and leaf tissue of GUA35 could be observed compared to the other cassava landraces. Nevertheless, the LC-MS metabolite profiling indicated metabolic differences of the stem tissue of GUA35. As the cause of the extreme root phenotype and underlying metabolic extend throughout the plant could not be determined, GUA35 was excluded from any further analysis.
After removal of GUA35, differential expression between the tissues was performed and relative standard deviation (RSD) was calculated to depict the variation within the data set. The differential expression showed almost 90% of the detected molecular features were significantly different between the three tissues and coincides with the PCA analysis. The highest amounts for the majority of molecular features were detected in leaf tissue. PCA analysis of individual tissues highlighted prominent landraces COL2436 and BRA488 in leaf tissue and ECU72 in stem tissue and (Fig. 1B and C). The average biological variation of the diversity panel was ~84% for leaf and root tissue and 96% for stem tissue. The African varieties TME3, NGA5 and NGA11 had a RSD of ~68% for all three tissues.
Targeted analysis of leaf, stem and root tissue
Targeted analysis identified 102 compounds in the polar extracts of leaf, stem and root tissue over the two platforms GC-MS and LC-MS (Table A.43). The compounds detected in all three tissues comprised 85 confirmed metabolites (identification level 1 and 2), 13 unidentified sugars (identification level 3) and four level 4 unknowns (Sumner et al., 2007). Additionally, eight isoprenoids (carotenoids and chlorophylls) and 15 phenolic compounds were identified in leaf tissue by UPLC-DAD and LC-MS (Table A.4). This data will be used to (i) establish a correlation between the metabolites and phenotypic traits of roots such as dry matter and cyanide (HCN) content and (ii) assess the diversity panel for apparent chemotypes underlying phenotypic traits (e.g. zone adaptation and green mites resistance), including individual comparisons of opposed traits (e.g. high and low amylose content). 
Correlation between chemotypes and cyanide and dry matter content of roots
A comparison was performed between root dry matter content, the metabolites fructose, glucose and sucrose and the total sugar content and total content of TCA cycle intermediates measured by GC-MS. Only in root tissue, sucrose and total sugar content showed a significantly negative correlation to root dry matter content (R=0.3 P-value ~0.011; R=0.2 P-value ~0.047; Fig. 2C). Leaf and stem tissue showed a positive trend between the total sugar content and root dry matter content (Fig. 2A-B).
Correlation analysis between metabolites highlighted a positive correlation between intermediates of the TCA cycle and total sugar levels (R=0.16, P-value ~0.002) with all three tissues used (Fig. A. 1). Additionally, glucose and fructose showed a positive correlation to sucrose (R=0.31 P-value ~0.011; R=0.33 P-value ~0.008) in roots. Exceptions to this trend were PAR36 (high amylose content), CUB74 (high culinary quality) and PAN139 (thrips resistant). The root tissue of these three varieties contained glucose and fructose levels which corresponded to half or a third of the expected average (Fig. A. 1).
The cyanogenic glucosides detected in cassava diversity panel included linamarin and lotaustralin. Linamarin comprised 75-93% of the total cyanogenic glucoside content in stem and root; and 65-90% in leaf tissue with the exception of PAR36, which had a 40.8% linamarin and was the only variety with a higher lotaustralin content in leaf. The ratio between the two metabolites varied between 0.7 and 15- fold and did not correlate to overall amounts detected in the tissue. Nevertheless, linamarin and lotaustralin were significantly correlated (P <0.001) with a coefficient of 0.82. This was consistent across all three tissues analysed (Fig. A. 1). Furthermore, cyanogenic glucosides and HCN content showed a positive correlation in leaf and root tissue (R=0.3 P-value ~0.011; R=0.2 P-value ~0.047; Fig. 2D and F). The root tissue showed a better trend compared to the leaf tissue. The landrace BRA488, characterised with the trait high cyanide content, had the highest levels of linamarin in leaf and root (~680 and ~490µg/g DW). Contrary to this, the cyanogenic glucoside levels detected in stem tissue of BRA488 were ~30% lower than the average (~70µg/g DW).
Metabolic changes as a result of zone adaptation
The four landraces representing a genepool adapted to edapho-climatic zones and drought grouped in a separate manner to each other across tissues (Fig. 3). In the leaf tissue comparison, VEN77 and COL1684 were the most similar and grouped with COL1505, whereas CUB74 was the landrace with the most variance in its metabolome. The heat map included 47 significantly different metabolites and did not include catechin gallates, procyanidins, chlorophylls and half of the carotenoids detected. COL1684 was distinguishable by high levels of feruloyl- and coumaroyl-malate and ferulic acid. VEN77 had high levels of catechin, xylose, trehalose, 4-hydroxy-proline and β-alanine. COL1505 had high levels of kaempferol and its glycosides, epicatechin, ribose, tryptophan, glycine, glutamic acid and precursors for glycerolipids. CUB74 showed the highest levels for half of the significantly different metabolites. These included glucose, sucrose, myo-inositol, mannose and other unknown sugars, the amino acids isoleucine, proline, valine, GABA, serine and threonine as well as galactosylglycerol.
The stem tissue comparison showed the least significant difference and included amino acids, sugars, intermediates of the TCA cycle, cyanogenic glucosides (COL1684 and COL1505) and epicatechin gallates (CUB74). CUB74 and VEN77 grouped together based on similarities of monosaccharides and sugar alcohols such as myo-inositol, ribose and galactinol and of amino acids GABA, valine and glutamine.
The most visual difference in root tissue was that the drought tolerant VEN77 showed the lowest levels for significantly different metabolites. CUB74 showed the highest levels of amino acids. COL1684 had the highest levels of malic and maleic acid and COL1505 had the highest levels of all other TCA cycle intermediates. In addition, COL1684 had the highest levels of phenolic compounds such as epicatechin gallates, procyanidin, flavonol glycosides and of aromatic amino acids, proline and valine.
Assessing metabolite profiles of phenotypic cassava root traits
The cassava diversity panel included three root traits (culinary quality, cyanide and amylose content) which were represented by landraces with opposing traits. A direct comparison of the high and low content landraces highlighted metabolic differences related to the phenotypic trait. Only significant differences are described and summarised for each characteristic trait (Table 2).
The two cassava landraces with high (CUB74) and low (VEN25) culinary quality showed significant differences of the majority of amino acids detected in root tissue (Fig. A.2). The root tissue of CUB74 showed higher levels of amino acids with the exception of β-alanine and threonine. This chemotype of high amino acids levels was also detected in leaf and root tissue of CUB74. In a comparison to all other landraces, CUB74 had significantly higher (~2-times) levels of the amino acids glutamic acid, citrulline, ornithine, alanine, serine and norvaline. Other differences between the two culinary quality traits included lower levels of cyanogenic glucosides and four unidentified sugars and chlorogenic acid and higher levels of epicatechin gallate and procyanidin B. The comparison of sugar levels showed no definitive pattern with even amount of higher and lower levels. Within the diversity panel, CUB74 showed sugar levels in the lower range (~76mg/g DW). Additional differences in the stem tissue included higher levels of TCA cycle intermediates and lower levels of shikimic acid. The latter was also observed in leaf tissue as well as lower levels of xanthophyll epoxides.
As expected, roots of the two landraces classified with high (BRA488) and low (PER496) cyanide content had the highest (~490µg/g DW) and lowest (~62µg/g DW) linamarin content in the diversity panel. These amounts equated to more than double and less than half of the average linamarin content, respectively. The linamarin content in stem was ~2.5 times higher in BRA488 compared to PER496. No differences in cyanogenic glucosides could be observed in leaf tissue of the two landraces (Fig. A.3). Intermediates of the TCA cycle, epicatechin gallate and threonic acid were lower in BRA488 in all three tissues and over half of the sugars detected were lower in stem tissue of BRA488. The amino acids putrescine and threonine were detected in lower levels in leaf and stem tissue of BRA488. The phenolic compounds were detected in varying levels with no consistent trends between the three tissues.
The direct comparison of the landraces with low (CUB25) and high (PAR36) amylose content showed differences of photosynthesis related pigments in leaf tissue (Fig. A.4). Within the diversity panel, CUB25 had the highest content of chlorophylls and carotenoids in leaf (3.8 and 1.54µg/g DW), whereas PAR36 showed average levels of chlorophylls and carotenoids (~2.6 and ~1.4µg/g DW). Other differences in leaf included higher levels of the majority of phenolic compounds detected in CUB25. Chlorogenic acid and ferulic acid was also higher in stem and root tissue. In the root tissue, CUB25 showed higher levels of monosaccharides including glucose and fructose and of cyanogenic glucosides. A similar trend for sugars was observed in stem tissue. An additional comparison of CUB25 and PAR36 was performed with COL1522 (Fig. A.5). This landrace is known for its flour expansion properties during bread baking due to the lower amylose content. The dendrogram of the heatmap highlighted that CUB25 and PAR36 were more similar to each other than to COL1522. The metabolite levels related to this were higher levels of sugars, including glucose and fructose, in COL1522 and higher levels of amino acids glutamic acid, glutamine, valine, serine, glycine and tyrosine in the other two landraces.

[bookmark: _Ref37424733]Table 2. Metabolic difference detected between landraces with different physiological root traits. Landrace with a high content of the trait is indicated with an asterisk. Metabolic changes are listed by metabolite or chemical group, by their tissue location leaf (L), stem (S) and root (R) and by amounts higher (↑) or lower (↓).
	Trait (landraces)
	Significantly higher metabolites

	Culinary quality
CUB74*

VEN25
	
Amino acids (L,S,R)

Cyanogenic glucosides (R)

	Cyanide content
BRA488*

PER496
	
Cyanogenic glucosides (S,R)

TCA cycle, threonic acid and epicatechin gallate (L,S,R)
Sugars (S)
Putrescine and threonine (L,S)

	Amylose content
PAR36*




CUB25
	
Cyanogenic glucosides (R)
Monosaccharides (S,R)
Chlorogenic/ferulic acid (L,S,R)
Chlorophylls, carotenoids (L)

Amino acids of nitrogen metabolism (L,S,R)



Assessing metabolite profiles of phenotypic cassava leaf traits
The primary effect of biotic stresses on cassava plants can be detected in leaves and can lead to a detrimental impact on the tuberousroot formation. The present study included plants grown under standard field conditions and should not have been affected by any biotic stresses. Hence, the comparison of the landraces was focused on leaf metabolites, which could refer antixenosis properties and contribute to the resistance of the respective landrace. This was followed by a comparison of root tissues to assess the differences to the high culinary quality landrace CUB74. The metabolic differences detected between the landraces were summarised for each trait (Table 3).
The two cassava landraces with resistant (PAN139) and susceptible (COL2436) thrips properties showed distinct differences of chlorophyll and carotenoid levels, which were higher in PAN139 (Fig. A.6). The levels of cyanogenic glucosides were higher in COL2436 for both leaf and root tissue. The phenolic compounds in leaf tissue followed two trends. Kaempferol and derived compounds were higher in PAN139 and catechin and derived compounds (gallates and procyanidins) were higher in COL2436. Additionally, PAN139 had higher levels of ferulic acid and glycerolipid precursors and COL2436 had higher levels of quercetin, shikimic acid and chlorogenic acid. Fructose and intermediates of the TCA cylce were higher in COL2436 root tissue. Interestingly, the stem tissue only showed three significantly different metabolites including threonine, lotaustralin and chlorogenic acid. 
Five landraces in the diversity panel were previously tested for their green mite resistance. The resistant landraces included COL113, COL1522 and CUB74 and the susceptible landraces COL1684 and VEN77. The hierarchical relationship of leaf metabolites showed that CUB74 was more similar to the susceptible landraces (Fig. A.7). Overall, 79 metabolites were significantly different between the five landraces. Chlorophyll and carotenoids were higher in COL113 and COL1522 as well as epicatechin gallates and kaempferol-pentoside. As described for culinary quality, CUB74 showed the highest levels of a majority of amino acids in both leaf and root tissue. The susceptible landraces COL1684 and VEN77 had higher levels of amino acids involved in the nitrogen metabolism, hydroxycinnamic acids and derivatives, catechin and procyanidin B3. Despite these similarities, the levels for the metabolite groups varied between the two landraces susceptible to green mites. COL1684 had the highest levels of hydroxycinnamic acids and VEN77 of catechin and procyanidin B3. The heatmap of root metabolites did not show any metabolic trends detected in leaf tissue.
A comprehensive comparison between eight landraces with herbivorous pest traits (green mites, thrips and whitefly) was performed and highlighted some metabolic similarities (Fig. A.8). The resistant green mite landraces COL113 and COL1522 were grouped with ECU72, a resistant whitefly landrace (Fig. 4). The two green mite resistant landraces show the highest levels for metabolites already described in the green mite trait comparison. ECU72 was distinguishable by higher levels of sucrose and precursors for glycolipids, whereas most other compounds showed average levels compared to the other seven landraces. The second hierarchical arm comprised the susceptible green mite landraces COL1684 and VEN77, the resistant green mite landrace CUB74 and the two landraces included for thrips traits. The thrips resistant PAN139 showed the most metabolite similarity to the two susceptible green mite landraces. Common metabolite levels included amino acids, intermediates of the TCA cycle and sugars. The thrips susceptible COL2436 had the highest levels of metabolites described for the thrips trait comparison. In the comparison of the root tissues, the green mite susceptible COL1684 and the thrips susceptible COL2436 were grouped with CUB74, known for high culinary quality and green mite resistance. These three landraces had the highest levels of metabolites described for CUB74 in the culinary quality comparison. All other resistant landraces were grouped with the low culinary quality landrace VEN25. Interestingly, COL113, COL1522 and ECU72 were grouped in one hierarchical arm, as observed for the leaf tissue. The heatmap highlighted that COL113 had levels of amino acids and TCA cycle intermediates similar to CUB74. In addition, COL113 had the highest levels of catechin, quercetin and their derivatives and rutin, which was the opposite of CUB74. In comparison, ECU72 and COL1522 showed the opposite trends in contents for the majority of metabolites.
The three African varieties TME3, NGA5 and NGA11 were the result of a CMD breeding program and are known for their resistance, moderate susceptibility and high susceptibility to the virus, respectively. As described for other traits, the hierarchical relationships between the varieties varied between the three tissues (Fig. A.9). The leaf tissue showed more similarity between TME3 and NGA11, the stem tissue between NGA5 and NGA11 and in root tissue between TME3 and NGA5. Yet, some metabolite trends could be observed between leaf and root tissue. NGA11 had higher levels of monosaccharides and NGA5 had higher levels of epicatechin gallate. Overall, 22 metabolites were significantly different between leaf tissue of the three varieties and included mainly primary metabolites. The exception were higher levels of kaempferol-rutinoside and –glucoside and coumaroyl-malate in TME3, epicatechin gallate and epigallocatechin gallate in NGA5. In the root tissue, only 17 metabolites showed significant difference and included amino acids, monosaccharides, linamarin and epicatechin gallate.

[bookmark: _Ref37675268]Table 3. Metabolic differences detected between landraces with resistant and susceptible phenotypes. Resistant landraces are indicated by an asterisk. 
	Trait (landraces)
	Significantly higher metabolites

	Thrips

	PAN139*

COL2436
	Chlorophylls and carotenoids (L)
Kaempferol-rutinoside, ferulic acid (L)
Cyanogenic glucosides (L,R)
Catechin (L,R)
Gallocatechin gallate, procyanidins (L)

	Green mites

	COL113*, COL1522*


CUB74*


COL1684, VEN77


	Chlorophyll and carotenoids (L)
Epicatechin gallates (L)
Kaempferol-pentoside (L)
Fructose, sucrose (L)
Majority of amino acids (L)
Chlorogenic acid (L)
Nitrogen metabolism (L)
Feruloyl- and coumaroyl-malate (L)
Catechin, procyanidin B3 (L)

	Cassava mosaic virus (CMD)

	TME3*
NGA5
NG11
	Kaempferol-sugars (L)
Epicatechin gallate (L,R)
Monosaccharides (L,R)



Discussion
Metabolite profiling is a useful tool to characterise potential breeding materials and elucidate the mechanisms underlying desired traits. The present study included 19 cassava landraces grown under standard field conditions, which presents an environment with reduced biotic and abiotic stress conditions. Hence, the metabolic information derived from this data set does not include induced metabolic responses to the stress, but rather the constitutive metabolite composition of the respective phenotypes.
Metabolite composition of root phenotypes
Leaves produce carbohydrates throughout their life cycle and store them in the form of starch molecules. During the tuberous root development, the plant changes its signalling to transport carbohydrates from the leaf to the roots (Chaweewan and Taylor, 2015; Mitprasat et al., 2011). The present study highlighted that the source-sink relation, observed by the positive correlation between leaf sugar root dry matter content, was still active at the harvest stage, contrary to previous findings (Luo and Huang, 2011). This was further corroborated by the positive correlation between the TCA cycle and sugar content in all three tissues. As expected, the correlation between sugar and dry matter content was negative in root tissue (Schreiber et al., 2014).
A major proportion of cassava dry matter are carbohydrates, which are mainly present in the form of starch molecules (Montagnac et al., 2009). Cassava starch has risen to the second most important source worldwide, due to its novel properties of low to no amylose content (Karlström et al., 2016). The landraces with amylose traits showed different contents of glucose, fructose and dry matter, which was lowest in high amylose PAR36, followed by low amylose CUB25 and highest in low amylose COL1522. The levels of fructose and glucose is probably related to both the dry matter content of the roots and the mutations related to amylose synthesis. Cassava chromosome 2 contains the genetic code for four enzymes involved in starch biosynthesis including granule bound starch synthase (GBSS) responsible for amylose formation (Tappiban et al., 2019). Overexpression and suppression efforts through breeding of these landraces could have led to additional mutations leading to an overall more or less efficient starch synthesis, which is reflected in the total sugar content present in root tissue.
Cyanogenic glucosides are present in all cassava plants and refer, depending on the content levels, a sweet or bitter phenotype. Previous studies elucidated the function of cyanogenic glucosides as herbivore deterrent and source of reduced nitrogen for protein synthesis (e.g. White et al., 1998; Zidenga et al., 2017). The linamarin levels detected in leaf tissue were much lower than expected (White et al., 1998). This could be a result of several processes including depleting sink-source transport or high linamarase activity in roots upon root formation (Mitprasat et al., 2011). All of these scenarios present a leaf chemotype unsuitable for elucidation of this particular root phenotype. The two landraces with high (BRA488) and low (PER496) cyanide content showed very few differences of root tissue including linamarin and lotaustralin. Another difference of BRA488 was higher sugar levels in root and leaf tissue, as previously described for “bitter” cassava (Araújo et al., 2019).
The third root phenotype study included culinary quality. This particular trait is based on personal preference towards texture/mealiness, flavour and cooking properties of the cassava roots. All three properties are dependent on the composition and range of metabolites present in the tissue and how they behave during the food processing. Previous and current studies are focused on the assessment of bread mixes including cassava flour or culinary qualities affected by harvest stage (Jensen et al., 2015; Dada et al., 2017; Ngeve, 2003). The landrace CUB74 is commonly associated with good culinary quality, a product of its unique chemotype and an average dry matter content. The flavour of CUB74 should be conceived as savoury with average sweetness, sourness and low astringency (Izawa et al., 2010). This is based on the higher than average levels of amino acids associated with umami flavour, low levels of phenolic compounds referring astringency and overall average levels of metabolites associated with sweet and sour flavours. This hypothesis is supported by the metabolite composition of the low culinary quality landrace VEN25, which contained above average cyanogenic glucosides, low amounts of umami compounds, average to high phenolic compounds, average sourness, and average to low amounts of metabolites referring sweetness.
Zone adaptation
Cassava breeding programmes generated gene pools for six edapho-climatic zones which were selected for their good productivity within the respective environment (Hershey and Jennings, 1992). The present study included landraces adapted to lowland tropics, subtropics and drought conditions. Their constitutive metabolite profile placed the drought tolerant VEN77 in the middle of the leaf score plot (Fig. 1B), close to CUB74 and COL1684. This suggests that the general metabolism of these landraces does not include specialised or enhanced pathways prior to the abiotic stress of the edapho-climatic zones. On the contrary, COL1505 clustered towards the right side of the score plot with the African lines. In the direct comparison of the adapted landraces, COL1505 showed higher levels of kaempferol-glycosides, which are involved in auxin transport and herbivore defence (Zhang et al., 2013; Peer and Murphy, 2007). This particular chemotype might have given COL1505 the advantage to remain productive in its genetic origin Savannah and adapt to the biotic and abiotic stresses of zone 1 and 4. So far, studies on zone adaptation have focused on the agronomic aspects of the plant and not yet considered the root quality of the best performing plants (Fraser et al., 2012; Ogola and Mathews, 2011; Shan et al., 2018). The metabolic comparison highlighted that VEN77 showed a similar profile to the landrace with low culinary quality VEN25, whereas COL1505 and COL1684 grouped with the high culinary quality CUB74.
Metabolite profiles of cassava plants resistant and susceptible to biotic stresses
Biotic stresses are a great threat to cassava yield and food security leading to the search for sustainable solutions such as introduction of herbivore predators (Chen et al., 2019; Onzo et al., 2005). The most sought out solution against pests is the search for resistance and tolerance traits in cassava, through understanding the cellular plant processes during the herbivore attack (Mitchell et al., 2016). A previous metabolomics study elucidated the defensive traits of ECU72 to whitefly infestation (Perez-Fons et al., 2019). The trait included a reinforced cell walls deterring/reducing whitefly from feeding and a more effective phenylpropanoid superpathway during infection. The present study does not include any insect infestations. Hence, results from the present study present potential pathways or metabolites which could refer pest resistance and should be further investigated in infestation studies.
The comparison of thrips resistant and susceptible landraces highlighted different expression of the two phenylpropanoid pathways flavonoids and proanthocyanidins. Previous studies highlighted both compounds groups can have insect deterrent properties (Mierziak et al., 2014; Barbehenn and Peter Constabel, 2011). Data from the present study indicates that kaempferol glycosides are more effective against thrips than proanthocyanidins. The data also showed higher levels of photosynthesis related isoprenoids and lower levels of total phenolic compounds including shikimic acid in PAN139, which indicates a different regulation of the two pathways in the resistant landrace. This might present the resistant PAN139 with superior chemical traits to reduce (i) the number of thrips attacks and resulting leaf damage and (ii) the negative effects of the thrips damage on plant growth (Mitchell et al., 2016; Mierziak et al., 2014).
The landraces COL113 and COL1522, resistant to green mites, had higher levels of photosynthesis related isoprenoids, which might give them the same fitness advantage as describe for PAN139. The total levels of phenolic compounds was similar between the green mites resistant and susceptible landrace. This emphasises the beneficial effects of certain phenolic compounds over others. The two green mite resistant landraces had higher levels of flavonols and flavan-3-ol derivatives. Both flavonoid subgroups are involved in the modulation of jasmonic acid, a well-known mediator of plant defence responses (Hong et al., 2015; Peer and Murphy, 2007; Zhang et al., 2017). The other green mite resistant landrace CUB74 was grouped with the two susceptible varieties suggesting that the resistance is an induced response rather than an antixenosis strategy.
The comparison between cassava plants with thrips, green mite and whitefly traits corresponded to many previous studies observing the influence of phenylpropanoids on insects (Simmonds, 2003; Barbehenn and Peter Constabel, 2011). The data from the present study suggested that resistance to thrips is based on different phenolic compounds than resistance to green mites and whitefly. However, the heatmap showed a different metabolite composition of the whitefly resistant ECU72, despite its close grouping with two green mite resistant landraces. The data also showed that ECU72 had the lowest levels of total phenolic compounds. This could be a result of the more effective phenylpropanoid superpathway and the reinforced cell wall, described previously by Perez-Fons et al. (2019). However, the resistance mechanism of ECU72 and two green mite resistant landraces had a detrimental effect on the metabolite composition of the root. All three landraces showed high levels of phenolic compounds in the root tissue, including flavonoid glycosides and gallates, and grouped with the low culinary quality landrace VEN25. This data highlighted the importance of investigating the resistance mechanism of the landrace CUB74 high culinary quality as it can maintain a good root quality despite the pest resistance. In addition it supports the need for robust molecular markers to facilitate efficient breeding without genetic drag of detrimental traits and the ability to pyramid favourable traits.  
The other biotic stress affecting cassava productivity are viruses. The cassava mosaic geminivirus, causing CMD in cassava plants, is primarily transmitted through whiteflies causing yield loss of up to 100%. Furthermore, direct infection of leaf showed at best suppression of the virus-activated processes (Bi et al., 2010; Lokko et al., 2006). Based on current knowledge, all CMD resistance mechanisms have an associated molecular mechanism, which is not visible in the metabolite profile (Kuria et al., 2017). This was supported by the comparison of CMD resistant (TME3), moderately susceptible (NGA5) and susceptible (NGA11) cassava plants showing less than 25% of the identified metabolites as significantly different. Additionally, the dendrogram of leaf tissue grouped the tolerant TME3 and susceptible NGA11 in one arm. Although TME3 showed clearly distinct and elevated levels of kaempferol glycosides, the functionality of this compound group in context of CMD resistance would need further investigation using metabolic analysis throughout the infection cycle (Peer and Murphy, 2007).
Conclusion
This work has demonstrated the utility of metabolite profiling to assess key cassava landraces that have different agroecological adaption and confer key traits beneficial for quality and resilience to abiotic and biotic stresses. Using the approach key differentiating metabolites have been associated to traits. These data will help future pre-breeding strategies directed towards the identification of molecular/biochemical markers and pedigree breeding.
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Figure captions
Fig. 1. PCA analysis of untargeted analysis of leaf, stem and root of 20 cassava landraces. Untargeted data is shown as a combined plot of all three tissues (A) and as individual plots of leaf (B), stem (C) and root (D). Data displayed is based on features identified in polar extracts of all three tissues. Each variety is displayed as an average of six biological replicates.

Fig. 2. Correlation analysis between phenotypic measurements of the roots and chemotypic measurements of each plant tissue. Phenotypic measurements of root tissue included dry matter (A-C) and cyanide (HCN) content (D-F). Correlation trend is displayed by linear regression. Each variety is displayed as an average of six biological replicates.

Fig. 3. Heat maps of landraces with zone adaptation properties based on significantly different compounds. The data was displayed separately for leaf (A), stem (B) and root (C). Significance was established by ANOVA and included six biological replicates for each landrace.

Fig. 4. Dendrograms of leaf (A) and root (B) tissue of cassava landraces with herbivorous pest traits. Herbivorous pests include green mites (G), thrips (T) and whitefly (W). Resistant landraces are indicated by an asterisk. VEN25 was only included in root tissue comparison (B) as a reference for low culinary quality. Data includes only significantly different metabolites of six biological replicates per landrace. The associated heatmap can be found in supplementary data (Fig. A.8.).
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