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Summary 

1. Although interspecific variation in plant phenotype is recognized to impact afterlife processes such 

as litter decomposability, it is still unclear which traits and selection pressures explain these 

relationships. Examining intraspecific variation is crucial to identify and compare trait effects on 

decomposability, and investigate the potential role of natural selection. 

2. We studied the genetic variability and relationships between decomposability, plant traits 

typically related to decomposability at species level (morpho-physiological traits), and leaf 

metabolites among a set of genotypes of Arabidopsis thaliana grown under controlled 

conditions. We also investigated correlations between decomposability and environmental 

variables at genotypes collection site. We investigated the genetic architecture of 

decomposability with genome-wide association studies (GWAS).  

3. There was large genetic variability in decomposability, which was positively correlated 

with precipitation. Morpho-physiological traits had a minor effect, while secondary 

metabolites, especially glucosinolates, were correlated to decomposability. Consistently, 

GWAS suggest that genes and metabolites related to the composition of cell membranes and 

envelopes control the variation of decomposability across genotypes.  

4. Our study suggests that decomposability varies within species as a result of metabolic 

adaptation to climate. Our findings in highlight that subtle variations of defence-related 

metabolites like glucosinolates may strongly influence afterlife processes such as 

decomposability. 

 

Keywords: Arabidopsis thaliana, gene ontology, environment, functional traits, litter 

decomposability, natural variation, leaf economics spectrum, glucosinolates. 

 

Introduction  

Tremendous efforts in trait-based ecology have helped us elucidate the drivers of key ecological 

processes involved in carbon and nutrient cycling, including litter decomposability (Chapin, 1980; 

Coûteaux et al., 1995; Swift et al., 1998; Cornwell et al., 2008; Garnier et al., 2006). Phenotypic 

drivers of litter decomposability have been mainly studied by comparative approaches at the 

interspecific level, which allow generalizations and predictions (Shipley, 2007; Garnier et al., 2016), 

but remain limited in explanatory power. It is crucial to take into account intraspecific variation to 

understand the rules that determine community assembly and ecosystem functioning (Crutsinger et 

al., 2009; Des Roches et al., 2017). Recent studies showed that there are similar levels of 
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intraspecific and interspecific trait variations (Albert et al., 2010). Moreover, it has been suggested 

that genetic diversity within plant populations could alter key ecological processes such as litter 

decomposability (Wright et al. 2017). Exploring the effect of genetic variability on the traits 

underlying these processes can be a way to reconcile ecological and evolutionary drivers (e.g., 

Donovan et al., 2011). Here, using a large set of Arabidopsis thaliana natural genotypes, we 

evaluated how much of the variation in litter decomposability was correlated to genetic variation in 

(i) morpho-physiological traits, including leaf functional traits and plant life history traits, and (ii) leaf 

metabolism such as the abundance of secondary metabolites. 

 Among the different factors expected to impact litter decomposability, i.e. litter mass loss 

measured in standardized conditions, interspecific variation in leaf structure and physiology has 

important “after-life effects” on litter quality (Cornelissen et al., 1999; Cornelissen & Thompson, 

1997; Santiago, 2007; Parsons & Congdon, 2008). In particular, the trade-off between carbon 

acquisition and nutrient retention at the leaf level (the so-called ‘leaf economics spectrum’, LES, 

Wright et al., 2004) involves a suite of leaf functional traits that explain variation in leaf 

decomposability across species (Cornwell et al. 2008). For instance, specific leaf area (SLA; leaf area 

divided by leaf dry mass) tends to be negatively associated with high foliar concentrations of 

structural (e.g. lignin) or chemical compounds that promote protection against herbivores or the 

abiotic environment (Choong et al., 1992 ; Grime et al., 1997). SLA is related to leaf thickness and 

tissue density, and is positively correlated with litter decomposability across species (e.g., 

Cornelissen et al., 1999; Vaieretti et al., 2005; Santiago, 2007; Kurokawa & Nakashizuka, 2008). By 

contrast, leaf dry matter content (LDMC; ratio leaf dry: fresh mass; (Kazakou et al., 2006; Cortez et 

al., 2007; Kurokawa & Nakashizuka, 2008) and leaf toughness (Cornelissen & Thompson, 1997; 

Cornelissen et al., 1999; Kazakou et al., 2009) have a negative effect on litter decomposability. 

Finally, physical anti-herbivore defence, such as trichome density at the leaf surface, can also affect 

decomposition and nutrient release (Gallardo & Merino, 1993; Cornelissen & Thompson, 1997). 

Species with long-lived leaves (high leaf lifespan, LLS) are often characterized by higher 

concentrations of lignin but lower concentrations of N and P (Coley, 1988). Evidence that the litter 

decomposability depends on the lignin : N ratio as well as on leaf N and C concentrations (Aerts, 

1997 ; Cornelissen, 1996; Cornelissen & Thompson,1997) suggests that there is a link between plant 

physical defence and litter decomposability (Grime et al., 1996 ; Cornelissen et al., 1999). 

 As suggested in the review of Chomel et al. (2016), the relationships between 

morpho-physiological traits and litter decomposability are often idiosyncratic, which can be 

explained by the key role played by secondary metabolites. Several studies have 

demonstrated that certain secondary metabolites, especially polyphenolics, can limit growth 
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and activity of decomposers, from microorganisms to macroarthropods (Hättenschwiler & 

Vitousek 2000; Loranger et al. 2002; Chomel et al. 2014). Litter decomposability is generally 

negatively correlated with the concentration of lignin, a group of complex aromatic polymers 

present in plant cell walls that is recalcitrant to enzymatic degradation and serves as a 

structural barrier impeding microbial access to labile carbon compounds (Austin & Ballaré, 

2010). Most of the studies linking secondary metabolites and decomposability have focused 

only on lignin, polyphenols and tannins. However, as suggested by Chomel et al. (2016), the 

secondary metabolites present in the leaf and subsequently in the litter should be considered 

as a key factor influencing decomposer activity. For instance, variation in the abundance and 

diversity of defence metabolites could also have after-life effect on tissue degradation by 

decomposers. Nonetheless, no intraspecific study has investigated and compared the 

respective role of plant morpho-physiological traits, including leaf traits typically related to 

decomposability at species level, to a large number of secondary metabolites potentially 

involved in litter decomposability. 

 A critical step in trait-based ecology is to evaluate the extent of genetic variation 

within species. Recent research has emphasized the importance of intraspecific variation on 

ecosystem functioning, including primary productivity (Zhu et al., 2000; Crutsinger et al., 

2006), ecosystem stability (Hughes & Stachowicz, 2004; Reusch et al., 2005) and community 

structure (Violle et al., 2012). Like plant species, different plant genotypes can vary 

considerably in the quantity and quality of leaf litter produced, creating genotype-specific 

differences in rates of decomposition and nutrient release (Driebe & Whitham, 2000; 

Treseder & Vitousek, 2001; Madritch & Hunter, 2004; 2005; Schweitzer et al., 2005; Silfver 

et al., 2007). Most of the studies on intraspecific variation in decomposability have focused 

on tree species (for example Silfver et al., 2007 for Quercus and Alnus species and Silfver et 

al., 2015 for Betula pendula species) or aquatic species (Lecerf & Chauvet, 2008). Plants 

have been compared between few genetically distinct genotypes (Treseder & Vitousek, 2001; 

Jackson et al., 2013), or from hybrids and their parental species (Driebe & Whitham, 2000; 

Schweitzer et al., 2004). For instance, Silfver et al. (2007) found that 19 genotypes of Betula 

pendula had substantial genotypic variation in leaf litter mass loss at the early stages of the 

decomposition process, and that this variation was associated with genotypic variation in 

herbivore resistance and leaf concentrations of soluble proteins and total nitrogen (N). Hines 

et al. (2013) found that variation in litter chemistry among 12 genotypes of P. australis can 

be as great as, or greater than, variation reported among species (Cornwell et al., 2008) or in 
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response to environmental variation (Reich & Oleksyn, 2004; Wright et al., 2004; Santiago, 

2007). Finally, Lecerf & Chauvet (2008) showed that intraspecific variation in 

decomposability of senescent leaves of alder (Alnus glutinosa) was within a range similar to 

that reported for interspecific variation among co-occurring riparian plant species in Europe. 

By constrast, Crustinger et al. (2009) found that Solidago altissima genotypic effects being 

much weaker than species-level effects as variation among other goldenrod species in 

decomposition rate was more than twice that of genetic variation within S. altissima. 

Therefore, the significance of within-species variation is still poorly known (Silfver et al., 

2009; 2015), although it is essential to perform intraspecific analysis where phylogenetic 

correlation do not obscure causation. For instance, using a large number of genotypes 

covering a wide geographical range would enable quantitative genetic analyses – such as 

genome-wide association studies (GWAS) – and population genetics analyses, a prerequisite 

for inferring evolution and adaptation. To date, the genes and molecular pathways that 

influence litter decomposability still remain unknown. 

The model species Arabidopsis thaliana is promising to examine the phenotypic and 

genetic drivers of litter decomposability. Indeed, A. thaliana has been widely studied in 

molecular biology, cell biology and quantitative genetics because of its small stature and 

short life cycle (e.g., Clark et al., 2006; Platt et al., 2010, Horton et al., 2012; Alonso-Blanco 

et al., 2016). The genomic sequencing of natural populations in this species allows 

performing GWAS to examine the genetic architecture of litter decomposability and identify 

candidate genes. Combined with its wide distribution across contrasted climates and its 

important phenotypic variability, A. thaliana is also becoming a species of interest for trait-

based ecology. For instance, recent studies have shown the same patterns of trait covariations 

in A. thaliana and across species, such as relationships between SLA, LNC, leaf lifespan and 

photosynthetic rate (Vasseur et al., 2012; Vasseur et al., 2018b). In addition, high-throughput 

metabolomics has been successfully performed across hundreds of A. thaliana genotypes 

(Wu et al., 2018). This generated massive and unprecedented data to investigate the role that 

leaf metabolites could have on specific ecological processes. For instance, glucosinolates are 

important secondary metabolites involved in plant defence among species of the Brassicaceae 

family. In A. thaliana, they are notably involved in plant defence against herbivores, bacteria, 

and fungi (Kliebenstein et al. 2002; Reichelt et al., 2002). However, their potential role in 

litter decomposability remains to be elucidated. 

In the present study, we hypothesized that litter decomposability is related to the 

heritable variation of underlying traits, and thus genes. We tested this hypothesis using 211 
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genotypes of A. thaliana and addressed four questions. First, does genetic variation for litter 

decomposability occurs within a global set of genotypes of A. thaliana? Second, at the 

within-species level, is litter decomposability better explained by morpho-physiological traits 

or by secondary metabolites? Third, is intraspecific variation in litter decomposability 

correlated with climate at the genotypes’ collection sites? Finally, is litter decomposability 

heritable and what are the genes involved in this after-life process?  

 

Materials and Methods 

Plant material and experimental design 

We randomly sampled 211 genotypes from the RegMap collection (Fig. 1, Table S1) (Horton 

et al., 2012). Seeds used in the present study were provided by Fabrice Roux (Laboratoire des 

interactions plantes microorganisms LIPM, Auzeville). Plants were grown in three replicates 

in a semi-controlled greenhouse environment. Seeds were sown on organic soil and stratified 

at 4 °C for four days. At the emergence of the first two true leaves, plants were transplanted 

in 300 mL individual pots filled with a 1:1 (v:v) mixture of loamy soil and organic compost 

(Neuhaus N2). Pots were randomly distributed among three blocks (one replicate per block) 

that were rotated every day. All pots were watered twice a week. Additional light provided 

ca. 65 µmol m
-2

 s
-1

 photosynthetic photon flux density (PPFD) at plant height. Photoperiod 

and temperature were kept constant at 12 h day length, and 18/16 °C day/night, respectively. 

 

Litter collection and decomposition assay 

Plant litter was collected at the moment of maximum leaf senescence for each genotype. As 

A. thaliana retain dead leaves on the rosette, we cut off leaves that were dead in order to 

prevent decomposition by fungi when litters were in contact with the soil. Litters were 

carefully cleaned, then air-dried and stored in the laboratory. The decomposability of each 

litter sample was assessed using a standard laboratory bioassay in microcosms as described 

by Wardle et al. (2002) (for a detailed description see Supplementary Methods S1).  

The percentage of the initial litter mass remaining after incubation (LMR, %) was 

calculated as: LMR= (Litter massinitial - Litter massfinal)/Litter massinitial * 100, where Litter 

massinitial is the dry litter leaf mass at the beginning of incubation and Litter massfinal the dry 

litter leaf mass after the 60 days of incubation in the microcosms.  
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Measurement of plant morpho-physiological traits  

Plant morpho-physiological traits, including leaf functional traits and plant life history traits, 

were measured using standardized procedures in three replicates per genotype (Pérez -

Harguindeguy et al., 2013). For each plant, leaf lifespan (LLS) was estimated as the average 

number of days from leaf emergence to full senescence using daily pictures of one plant 

replicate per genotype where three consecutive leaves were tracked from emergence to full 

senescence. One adult, fully-exposed and non-senescent leaf was harvested from each 

individual (n = 3 per genotype) at bolting stage. Harvested leaves were water-saturated in 

deionised water at 4 °C for 24 h, scanned for leaf area, measurement (LA, mm
2
) and 

weighed. Specific leaf area (SLA, m
2
 kg

-1
) and leaf dry matter content (LDMC, mg g

-1
) were 

calculated as the ratio between leaf area and leaf dry mass, and between leaf dry mass and 

saturated fresh mass, respectively. Average trichome density (cm
-2

) was estimated from 

trichome counts on adaxial and abaxial leaf sides of two 28 mm
2
 zones of the harvested leaf. 

We determined the leaf nitrogen content (LNC, %) on one leaf replicate per genotype with an 

elemental analyzer (model EA 1108; Carlo Erba Instruments, Milan, Italy). According to 

Onoda et al. (2011) an approximation of the structural resistance to shearing (LRS, J m
-1

) was 

measured using a protocol similar to that of Ang et al. (2008) using a single blade cutting 

device mounted on a portable Instron inspec 2200, instrumented device that measured the 

force (N) and distance of the downward cutting blade, (Instron Engineering Corp., Canton, 

MA, USA). Leaves were cut in the middle position of the leaf length, from the leaf margin up 

to but not including the midrib. The horizontal distance cut was calculated via the vertical 

displacement and the angle of the blade set to 30° from the horizontal. Flowering time (FT) 

was measured at bolting stage (first emergence of the floral bud) and was included because it 

represents a major trait associated with plant life history and resource-use strategies (Vasseur 

et al., 2012, 2018a, 2018b). 

 

Leaf metabolites dataset  

Quantitative variation in untargeted metabolites – i.e. all measurable metabolites – has been 

measured recently across 309 genotypes by Wu et al. (2018). Wu and colleagues reported 

variation for 4,182 metabolites in non-stressing conditions. 91 genotypes were common to 

Wu et al. (2018) and the present study. Due to missing data, only 2,132 metabolites were 

retained for subsequent analyses here. Four genotypes among the 91 had missing data for one 

or several metabolites, which were inputted with the ‘missMDA’ package in R. We first 

investigated whether there were correlations between decomposition rate and metabolites 
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over all metabolites measured in Wu et al. (Fig. 3C, D, see later). Then, we went further by 

looking more specifically to a subset of 103 metabolites for which functions were identified 

in Wu et al. (2018) (Fig. 4, see later). In doing so, our approach was voluntarily not oriented 

toward a specific class of metabolites, but rather to test if there is an effect of metabolites on 

decomposability over the broadest range of metabolites that we could use. To compare the 

role of different classes of metabolites, we used the set of 103 identified metabolites from Wu 

et al. (2018), and investigated the correlations between each metabolite and LMR. 

Spearman’s coefficients of correlation were reported, after grouping by metabolite class 

(amino acid - amine, coenzyme, flavonoid, glucoside - sugar, glucosinolate, nucleoside – 

nucleotide and their derivative, organic acid, and phenylpropanoid). For convenience, amines 

and amino acids were treated together, as well as sugars and glucoside, and nucleotide, 

nucleoside and their derivatives. Only the classes containing at least three identified 

metabolites were kept for the analysis. 

 

Statistical analyses 

For each trait, genotypic means (trait mean by genotype) were estimated from linear models 

(package ‘lsmeans’). Principal Component Analyses (PCA) were performed separately on 

morpho-physiological traits (morpho-physiological PCA), metabolites (metabolomic PCA) 

and climate variables (climatic PCA) using the ‘ade4’ package. The morpho-physiological 

PCA was performed across the 91 genotypes with both morpho-physiological traits and 

metabolites, using leaf area, leaf resistance to shearing (LRS), SLA, LDMC, leaf lifespan 

(LLS), bolting time (FT), nitrogen concentration (LNC) and trichome density. Metabolomic 

PCA was also performed on the same 91 genotypes, using the 2,132 untargeted metabolites 

measured by Wu et al. (2018). Climatic PCA was also perfomed on the 91 accessions, using 

the climate variables at the collection points of the genotypes extracted from WorldClim 

database (http://www.worldclim.org/bioclim). For each PCA, we retained all principal 

components (PCs) that explain more than 5% of total genetic variability (Fig. S2) for 

subsequent analyses.  

 To quantify the respective role of functional traits and metabolites on litter 

decomposability, we performed a multivariate random forest model, using the 

‘randomForest’ package in R, which allows model classification based on Breiman's random 

forest algorithm (Breiman, 2001). All PCs were scaled (standard deviation = 1) and centered 

(mean = 0) prior to analysis. In addition, and following previous approaches (e.g., Shantz & 

Burkepile, 2014; Barnagaud et al., 2013; Leonard et al., 2014; Welti & Joern, 2014), we 
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fitted with linear regressions all possible combinations of explanatory variables (i.e. morpho-

physiological PCs and metabolomic PCs) nested within the full model, using the dredge 

function in the ‘MuMIn’ package (Barton, 2012). Then, we plotted the averaged coefficients 

fitted for each explanatory variable across all possible models. This approach is powerful, as 

it helps to minimize loss of information contained in the data (Schielzeth, 2010). Moreover, 

since predictor variables (i.e. PCs) were rescaled before analysis, the distribution of these 

fixed effects can be interpreted as effect sizes. That is, a coefficient with value +1 indicates 

that a 1 SD increase in the predictor variables (i.e. PCs) directly causes a 1 SD increase in the 

response variable (i.e. LMR), after accounting for any other predictor variables (Blonder et 

al., 2018). We followed the same procedure for climate PCs. All analyses were performed 

using R 3.15 (R Core Team, version 3.5.3, 2019).  

 

Quantitative genetics analysis 

Classical (‘monogenic’) GWAS (genome-wide association studies) were performed on 

214,050 biallelic SNPs from the publicly available RegMap genetic panel (Horton et al., 

2012). GWAS exploits natural genotypic variation and enables the analysis of significant 

associations between hundreds of thousands of single-nucleotide polymorphisms (SNPs) and 

specific phenotypes (Horton et al., 2012). GWAS was carried out using EMMAX (Kang et 

al., 2010) implemented in the online platform easyGWAS (https://easygwas.ethz.ch/; Grimm 

et al., 2017), with minimum allele frequency at each SNP above 5%, and which including the 

two first axes of a PCA performed on SNPs as covariates to take into account population 

structure in A. thaliana. Significance threshold that considers multiple testing correction was 

determined with the Bonferroni method (α = 0.05 or 0.1). 

Polygenic GWAS were performed with Bayesian Sparse Linear Mixed model 

(BSLMM) implemented in EMMA (Zhou et al., 2013), which accommodates both poly- and 

oligogenic architectures. Chip heritability (h
2
) was calculated from BSLMM models as the 

sum of phenotypic variance explained by all SNPs, assuming genetic additivity. Given the 

importance of metabolome PC3, we performed BSLMM and GO analysis to examine the 

biological functions associated with this axis. By contrast with monogenic GWAS, BSLMM 

models two effect hyperparameters, a basal effect, alpha, that captures the fact that many 

SNPs contribute to the phenotype, and an extra effect, beta, which captures the stronger effect 

of only a subset of SNPs. We summed alpha and beta to estimate total SNP effect and 

investigate the correlation between SNP effects on LMR and metabolome PC3, respectively. 

We then used the 1% top-SNPs (i.e. 0.5% at the lower tail and 0.5% at the upper tail) of the 
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distribution of SNP effect to identify the genes that contributed most to the phenotypic effect. 

Gene names were extracted from SNPs position using gene annotation along the A. thaliana 

genome from the TAIR10 GFF3 file. This resulted in 1,910 top-genes in total, for LMR, and 

3,398 top-genes for metabolome third PC axis. We then performed Gene Ontology (GO) 

analysis using the AgriGO (Du et al., 2010) and REVIGO online tools to visualize significant 

enrichment in GO categories (Supek et al., 2011).  

 

Results 

Genetic variability in litter decomposability and morpho-physiological traits 

We found a marked variation in litter decomposability among the 211 genotypes of A. 

thaliana (Fig. 2): litter mass remaining (LMR) ranged from 21 to 57 %. Significant 

variability was also found in morpho-physiological traits (Fig S1): trichome density was the 

most variable trait (25-fold variation; from 0 to 24 trichomes per cm
2
, Fig. S1H). LES traits 

were also very variable, notably leaf dry matter content (LDMC) (5.4-fold variation between 

65 and 351 mg g
-1

, Fig. S1C) and leaf nitrogen content (LNC) (20.8-fold variation between 

0.4% and 8%, Fig. S1F), while specific leaf area (SLA) and leaf life span (LLS) varied 5 and 

3.5 times (from 12.3 to 91.3 m
2
 kg

-1
 and from 15 to 53.5 d, respectively) (Fig. S1D and S1G). 

In addition, flowering time and leaf area varied between 25 and 113 days, and between 104 

and 811 mm
2
, respectively (Fig. S1A and S1B). 

 

Comparing the effect of plant morpho-physiological traits and metabolites on litter 

decomposability 

The two first PCs of the morpho-physiological PCA explained together 80% of the 

multivariate genetic variability (62% and 18% for PC1 and PC2, respectively; Fig. 3A), while 

PC3 and PC4 explained 10% and 5%, respectively, of total genetic variability. PC1 

represented the leaf economics spectrum: positive PC1 values were associated with 

acquisitive strategies characterized by high specific leaf area (SLA) and high leaf nitrogen 

content (LNC), but short lifespan, low leaf dry matter content (LDMC) and low structural 

resistance. Inversely, negative PC1 values were associated with conservative strategies 

characterized by opposite leaf trait values. PC2 was mainly explained by variation in leaf area 

(Fig. 3A). The four first PCs of the metabolomic PCA together explained 36% of 

metabolomic variability (PC1: 13%, PC2: 11%, PC3: 7%, PC4: 5%; Fig. 3B).  

 We then used random forest models and multiple model evaluation to compare the 

respective role of morpho-physiological trait variation and metabolomic variation on litter 
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mass remaining (LMR). Models were performed on the 91 genotypes subset, using the first 

five PCs of both morpho-physiological traits and metabolomic PCA. Random forest model 

indicated that PC3 of the metabolomic PCA was the main contributor of litter mass 

remaining (LMR), followed by the second PCA axis of morpho-physiological traits (Fig. 3C). 

By comparison, intraspecific variations related to the leaf economics spectrum and structural 

resistance (morpho-physiological PC1) had only small effects on litter mass remaining 

(LMR) variability among genotypes, even less than morpho-physiological PC4 and 

metabolomic PC2 (Fig. 3C). Consistently, multiple model evaluation suggested that 

metabolomic PC3 had the strongest effect (+40%) on litter mass remaining (LMR), while 

morpho-physiological PC1 had no significant effect (Fig. 3D). Multiple model evaluation 

also suggested that morpho-physiological PC2 had a significant negative effect on litter mass 

remaining (LMR), suggesting that bigger leaves had higher decomposability (i.e. lower 

LMR).  

 Using a set of 103 metabolites identified from Wu et al. (2018), we explored the role 

of different classes of metabolites on leaf decomposability (Fig. 3; Table S2). Results suggest 

that glucosinolates, a group of secondary metabolites involved in plant defence in 

Brassicaceae like A. thaliana, also had globally a negative effect on decomposability, as 

illustrated by the positive correlations between individual glucosinolates and LMR (14 

glucosinolates out of 32 were significantly and positively correlated with LMR, P < 0.05; 

Table S2). In addition, amino acids composition also had a notable effect on 

decomposability, with some amino acids being negatively correlated with LMR (e.g., L-

glutamic acid, indole-3-lactic acid, homoserine; Table S2) and others being positively 

correlated (e.g., L-tryptophan, methionine, valine; Table S2). The same result was found for 

flavonoids, nucleotides/nucleosides and organic acids (Fig. 4). Finally, phenylpropanoids 

were on average negatively correlated with LMR, although none of the correlation with the 

underlying metabolites was significant (P > 0.05; Table S2).  

 

Effect of climate of origin on litter decomposabiilty 

The PCA on the 19 climate variables that describe the environment of origin of each 

genotype (Fig. 5A) showed that PC1 was mainly associated to temperature variables (with 

those related to winter temperature as top contributors), while with PC2 mainly accounted for 

precipitation variables (with those related to summer precipitation as top contributors). 

Together, PC1 and PC2 accounted for 62% of variability (PC1 = 35%, PC2 = 27%). Rainfall-

related variables at collection sites (PC2) had a small but significant effect on litter mass 
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remaining (LMR (Fig. 5B), suggesting that adaptation to water availability leads to variation 

in leaf properties that can alter decomposability. However, the lack of correlation between 

climatic PC2 and metabolomic PC3 (r
2
 = 0.01, P = 0.30) suggests that the changes in leaf 

properties associated with precipitation are independent from the metabolites identified here 

as associated with litter decomposability (metabolomic PC3). Finally, morpho-physiological 

PC1 was negatively correlated to climatic PC1, relating species with high acquisitive 

strategies to warmer temperatures than species with conservative strategies (Table S3). 

 

Genetic bases of litter decomposability 

Chip heritability of litter mass remaining, a measure of narrow-sense heritability (h
2
), was 

estimated to 0.25 with BSLMM. This indicated a substantial genetic control of litter 

decomposability, presumably because the underlying determinants of litter decomposability 

(e.g., leaf metabolome) have a strong genetic basis. No SNP was significantly associated with 

LMR along the genome after multiple testing correction (Fig. 6A), which can be explained by 

a large number of genes contributing to the phenotype, each with small effect – i.e. a 

‘polygenic’ architecture – rather than few genes with strong effect on the phenotype, as 

classically tested under the monogenic GWAS. We found that the 1,910 top-genes involved 

in LMR were indeed significantly enriched for specific cellular components such as proteins 

localized in plasma membrane and chloroplast envelope (Fig. 6B). In addition, we also found 

a significant enrichment in the biological processes related to post-embryonic development, 

post-translational protein modification and transport (Fig. S3C). Finally, the molecular 

functions of genes involved in litter decomposability were significantly enriched for 

functions related to ATP binding and ATPase activity, as well as transmembrane transporter 

activity (Fig. S3E).  

Given the importance of metabolomic PC3, we performed BSLMM and GO analysis 

to examine the biological functions associated with this axis. Interestingly, GO analysis of the 

1% top-genes revealed a significant enrichment for proteins localized in plasma membrane 

and chloroplast envelope (Fig. 6C), similarly to what has been found for LMR (Fig. 6B). 

Metabolomic PC3 was also significantly enriched for 1,3-beta-D-glucan, a key polymer of 

cell wall composition. Moreover, we estimated with BSLMM the SNP effects on each 

individual variable (i.e. metabolomic PC3 and LMR), and inspected their correlation (Fig. 

6D). As expected many SNPs had a null effect on each variable, generating a cross along the 

zero axes when plotting the relationship between SNP effects on each variable in Fig. 6D. 

However, we found that SNP effects on metabolomic PC3 were significantly and positively 
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correlated with SNP effects on LMR (r = 0.05, P < 0.001; Fig. 6D), which suggests that 

differences in litter decomposability across A. thaliana genotypes are at least in part 

explained by variation in metabolomic PC3, such as the chemical properties of plasma 

membranes and cell wall. 

 

Discussion 

In this study, we examined the drivers of litter decomposability within species by comparing 

the role of plant morpho-physiological traits and leaf metabolites among A. thaliana 

genotypes. Our results showed that litter decomposability vary by 2.7-fold and is partly 

heritable (h
2
 = 0.25). This heritable variation of litter decomposability can be attributed to 

adaptation to different precipitations across the distribution range of A. thaliana, and it is 

mainly due to genetic variations in leaf metabolites rather than the genetic variations in plant 

morpho-physiological traits typically found at the species level.  

The intraspecific range of variation in litter decomposability observed in this study is 

comparable to the variability found in several interspecific analyses. For example, litter mass 

remaining (LMR) from several herbaceous species measured in similar conditions (leaf litter 

incubated in microcosms for 90 days with standardized soil and controlled temperature and 

soil humidity) ranged from 30% for Crepis foetida to 92% for Carex humilis (3-fold) (data 

from Kazakou et al., 2007 and Bumb et al., 2018). Previous studies at the interspecific level 

have demonstrated that litter decomposability is partly controlled by tissue nutrient 

concentration and by the density of structural material in the leaf (Cornelissen et al., 1999; 

Wardle et al., 2002, Cornwell et al., 2008). For instance, nutrient concentration in green 

leaves, such as nitrogen, carbon or phosphorus content, are likely to be linked with litter 

nitrogen content or with the litter lignin:nitrogen ratio (Wright et al., 2004). Traits such as 

leaf dry matter content (LDMC) might also reflect structural support and defence against 

herbivores, which makes them good predictors of litter quality and thus litter decomposability 

across species (Cornelissen and Thompson, 1997; Kazakou et al., 2006). Indeed, positive 

correlations were observed, always at the interspecific level, between leaf dry matter content 

(LDMC) and lignin content (Cornelissen et al., 2004; Kazakou et al., 2006; Quested et al., 

2007; Fortunel et al., 2009). Together, these traits are part of the leaf economics spectrum 

that describes resource-use strategies of living leaves (Wright et al., 2004). We thus tested the 

hypothesis that, within species, litter decomposability can be predicted by a set of leaf traits 

in a manner similar to what has been observed across species, such as traits related to the leaf 

economics spectrum. In particular, we expected a positive relationship between resource-
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acquisitive strategies and litter decomposability. Our results showed that the leaf economics 

trade-off was indeed reflected by leaf trait covariations across the set of genotypes studied, in 

a similar way as at the interspecific level. This variation was captured by morpho-

physiological PC1: rapid acquisition of resources is generally correlated with high specific 

leaf area (SLA) and leaf nitrogen content (LNC), while high leaf dry matter content (LDMC), 

high leaf resistance to shearing (LRS) and long leaf life span (LLS) reflect a resource 

conservation strategy. Interestingly, both flowering time and trichome density were 

negatively correlated with these traits, suggesting that late-flowering plants have conservative 

strategies with abundant trichomes at the leaf surface. This relationship is consistent with the 

analysis of ecological strategies among A. thaliana genotypes (Vasseur et al., 2018). 

However, despite the large range of variation in functional leaf traits, our initial hypothesis 

was not supported by our analyses. Neither particular leaf traits nor morpho-physiological 

PC1 explained the intraspecific variation in litter decomposability in A. thaliana.  

 Secondary metabolites could also impact litter decomposability and therefore nutrient 

turnover. For example, numerous studies have pointed out the role of secondary metabolites (lignin, 

cellulose, hemicellulose) as regulating factors of litter decomposability (Berg, 2000), but the role of 

secondary metabolites still remain largely underexplored. Our results showed that a large number of 

metabolites, together grouped along metabolomic PC3, was the main contributor of the variation of 

litter mass remaining (LMR) in A. thaliana. Furthermore, genetic analysis showed that the top-genes 

associated with litter mass remaining (LMR) variation between genotypes are mainly localized in cell 

and organelle envelopes. Interestingly, the same enrichment was observed for the genes associated 

with metabolomic PC3, and SNP effects measured for litter mass remaining (LMR) and metabolomic 

PC3 were significantly correlated. Thus, litter decomposition in A. thaliana seems to be mainly driven 

by the abundance and diversity of metabolites, notably those related to the chemical composition of 

cell and organelle envelopes. In addition, glucosinolates were also negatively with the rate of leaf 

decomposition across genotypes pointing the role of defence metabolites in after-life effects. 

However, we have to notice that our results were based on the secondary metabolites identified by 

Wu et al. (2018) and other unidentified metabolites may play an important role to the 

decomposition process. The remarkable diversity of secondary compounds that have been 

quantified from the model plant A. thaliana, present tremendous challenges for the study and 

interpretation of secondary metabolism.   

 We found that intraspecific variation in litter decomposability is shaped by numerous genes 

along the genome, each with relatively weak effect (i.e. a polygenic architecture). Monogenic GWAS 

did not reveal any significant association, presumably because no gene had an effect strong enough 
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to reach significance threshold after multiple testing correction. This polygenic architecture of leaf 

decomposability is consistent with a prominent role of secondary metabolites, which are numerous 

and diverse, and encoded by many genes. We also found a positive correlation between climatic PC2 

and litter mass remaining (LMR). Hence, drier environments might have favored genotypes with 

higher LMR (i.e. lower decomposability). This positive relationship between precipitation and litter 

decomposability corroborates interspecific findings where leaves with recalcitrant molecules are 

selected in mesic conditions (Quested, 2008; Cornwell et al., 2008). A complicating factor is that the 

temperature and water sensitivity of litter decomposability is also dependent on the quality of the 

carbon compounds in litter: litter enriched in C-based secondary compounds (i.e. low quality) is 

more sensitive to temperature and precipitation change than litter with high amounts of-quality C 

compounds (Fierer et al., 2005). However, our analysis suggests that variation in litter mass 

remaining associated with adaptation to water availability is independent of the class of metabolites 

involved in decomposition, as climatic PC2 and metabolomic PC3 were not correlated. A possible 

explanation is that adaptation to water availability relies on diverse metabolites that were not 

associated with a specific metabolomic PC, and not with the axis related to cell and organelle 

envelopes (PC3) in particular. This relation is consistent with recent findings that showed the 

polygenic architecture of drought adaptation in A. thaliana (Exposito-Alonso et al., 2018). Together, 

our results suggested that selection for resistance to specific stresses during plant life can have 

after-life effects on important ecological processes such as microbial activity and nutrient cycling. 

Further studies will be required to identify precisely the metabolites having an after-life effect. 

 

Conclusion 

We find a large genetic variability in litter decomposability as well as in morpho-physiological traits, 

but they were not correlated with each other. By contrast, metabolites located in cell membranes 

and envelopes played a significant role in litter decomposability. In addition, metabolites related to 

plant defence, such as glucosinolates, were also negatively correlated with decomposability. Thus, 

our results illustrated the prominent effect of secondary metabolites on after-life processes at the 

intraspecific level. Further explorations of the associations between decomposability and secondary 

metabolites (and especially glucosinolates) are needed, as well as the genes and physiological 

mechanisms that explain the variation in litter decomposability along environmental gradients. In 

this perspective, manipulating specific genes related to glucosinolates biosynthesis, for instance 

using mutants and/or introgression lines, offers a promising avenue to confirm the role of these 

metabolites in litter decomposability. Moreover, using reciprocal transplants of different genotypes 
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along specific environmental gradients (related to temperature, precipitation and/or nutrient 

availability), to measure changes in metabolomic profiles and decomposition rate, would allow 

teasing apart the effects of different environmental conditions on litter decomposability and its 

metabolic drivers. 
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Supplemental Figure S1. Variation in morpho-physiological traits measured on the 211 

genotypes.  

Supplemental Figure S2. Part of variance (%) explained by the main PCs.  

Supplemental Figure S3. GO enrichment analysis for litter decomposability and 

metabolomic PC3. 

Supplemental Methods S1. Description of the decomposition assay in the laboratory. 

Supplemental Table S1. List of accessions with measured phenotypic traits. 

Supplemental Table S2. Correlation of LMR with leaf traits, leaf-traits PCs and 

metabolomic PCs. 

Supplemental Table S3. Sixty top contributors of metabolomic PC3. 

 

Figure legends 

Figure 1. Geographic origin of the 211 genotypes of A. thaliana used in this study.  

Figure 2. Variation in litter mass remaining (LMR, %) across A. thaliana genotypes. For 

each accession, linked grey dots represent individual values (n = 3) and red dots represent 

mean genotypic value. Genotypes are ordered by increasing mean LMR values. 

Figure 3. Relationships between morpho-physiological traits, metabolites and litter 

decomposability of A. thaliana (A) ‘Morpho-physiological PCA’ performed on seven traits: 

leaf area, specific leaf area (SLA), leaf nitrogen content (LNC), leaf lifespan (LLS), leaf 

tensile strength (LTS), leaf dry matter content (LDMC) and trichome density (Trichomes); as 

well as flowering time (FT). The two first PCs are represented. (B) ‘Metabolomic PCA’ 

performed on 2,132 metabolites extracted from Wu et al. (2018). Both PCAs were performed 

on the 91 genotypes with morpho-physiological and metabolomic data. For convenience, 

metabolites names were not represented. Morpho-physiological traits and metabolites were 

all scaled prior to PCAs. (C) Random forest analysis of the contribution of metabolomic and 

morpho-physiological PCs on LMR (n = 91). Only PCs that explained more than 5% of total 

phenotypic variation (i.e. PCs 1 to 4 for each PCA) were retained for further analyses (+/- 

SD). Stronger increase in MSE (mean square error) reflects more important contribution to 

LMR. (D) Results of multiple regressions to compare effect size and significance of 
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metabolomic and morpho-physiological PCs on LMR (n = 91). All PCs were scaled prior to 

analysis.  

Figure 4. Correlations between litter decomposability and specific metabolites. 

Metabolites classes were extracted from Wu et al. (2018) study. Correlations were estimated 

with Spearman’s rank coefficient of correlation (ρ) between each individual metabolite and 

LMR. For convenience, amines and amino acids were treated together, as well as glucosides 

and sugars, and nucleoside, nucleotide and their derivatives (‘Nucleoside’ in the figure). Only 

the classes with at least three individual metabolites were analyzed. Blue points represent the 

coefficients of correlation between individual metabolites and LMR. Empty circles represent 

non-significant correlations (P > 0.05), and solid circles represent significant correlations (P 

< 0.05). Red dashed line represents zero axis (+/- SD). 

Figure 5. Effect of climate of origin on litter decomposability. (A) ‘Climatic PCA’ 

performed on 19 variables extracted from the Worldclim database at the collection points of 

211 A. thaliana genotypes. T: temperature (°C), P: precipitation (mm). (B) Results of chain 

regressions to compare effect size and significance of climate PCs on LMR (n = 211). All 

PCs were scaled prior to analysis (+/- SD). 

Figure 6. Genetic analysis of litter decomposability. (A) Monogenic GWAS performed 

with EMMAX on LMR across 199 genotypes with genetic markers (214K SNPs). Dot colors 

represent chromosomes. Red lines represent significance thresholds (Bonferroni correction at 

α = 0.05 and α = 0.1 for solid and dashed lines, respectively). (B) Gene Ontology (GO) 

enrichment analysis for LMR, performed with REVIGO online tool. Box size proportional to 

significance (log10(P-value)) of the GO category. Only the cellular component class is 

represented. (C) GO enrichment analysis for metabolomic PC3, performed with REVIGO 

online tool. Box size proportional to significance (log10(P-value)). Only the cellular 

component class is represented. (D) Correlation between SNP effect on metabolomic PC3 

and SNP effect on LMR. SNP effect estimated with BSLMM. r is Pearson’s coefficient of 

correlation. Dashed line represents linear regression.  
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