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Shoots and roots are autotrophic and heterotrophic organs of plants with different physiological functions.
Do they have different metabolomes? Do their metabolisms respond differently to environmental changes
such as drought? We used metabolomics and elemental analyses to answer these questions. First, we show
that shoots and roots have different metabolomes and nutrient and elemental stoichiometries. Second, we
show that the shoot metabolome is much more variable among species and seasons than is the root
metabolome. Third, we show that the metabolic response of shoots to drought contrasts with that of roots;
shoots decrease their growth metabolism (lower concentrations of sugars, amino acids, nucleosides, N, P,
and K), and roots increase it in a mirrored response. Shoots are metabolically deactivated during drought to
reduce the consumption of water and nutrients, whereas roots are metabolically activated to enhance the
uptake of water and nutrients, together buffering the effects of drought, at least at the short term.

lants have complex and intricate regulatory machinery that coordinates the demands of physiological

activity, growth, and development. Plants regulate their shoot/root ratios of biomass in response to the

availability of substrates and to environmental changes'. Shoots and roots have different functions: shoots
essentially have a photosynthetic function, whereas roots take up water and nutrients. Shoots and roots may thus
compete for the resources that a plant acquires>’. Plants under different resource availabilities differentially
allocate the available resources to shoots and roots to optimise the efficiency of their use*”. Plants generally
allocate relatively fewer resources to their roots when light is low and the availabilities of water and nutrients are
high, consistent with the resource optimisation hypothesis®. For example, the up-regulation of root growth under
reduced supplies of nitrogen was confirmed by a meta-analysis of published data’. Moreover, differential alloca-
tion to root and leaves has been observed as a response to biotic factors under various competitive conditions' or
to various soil physicochemical traits''. Several models based on carbon balance have been developed to explain
the mechanisms behind the shoot/root allocation of carbon'>'*. Plants, however, are likely to respond to per-
turbations in the growth environment not only by altering their allocation of biomass to shoots and roots, but also
by changing the metabolic activities of these organs. We hypothesised that shoots and roots would present
contrasting metabolisms in response to changing environmental conditions given their different physiological
functions and their different roles in the acclimation to stress. We subjected two common grass species (Holcus
lanatus L. and Alopecurus pratensis L.) to drought conditions in the field (a simulated 1000-year recurrence of
drought in a long-term experiment of rainfall manipulation in a semi-natural grassland at Bayreuth, Germany)
and used metabolomics to test this hypothesis. We thus analysed metabolomes, which can be defined as the
totality of thousands of compounds of low molecular weight (metabolites) required for maintenance, growth, and
cellular functions of an organism at a given time. We also conducted elemental analyses to simultaneously assess
the metabolic and stoichiometric responses of shoots and roots to drought'*>™"”.

The responses of plants to drought are crucial because drought is one of the most important environmental
stressors for plants, and changes in the shoot/root ratios of biomass have been frequently observed in response to
drought'®". Moreover, the frequency and length of droughts are projected to increase under global climate
change®*”', and more regions are expected to be affected by severe droughts*'**. We have previously reported
asignificant impact of drought on the metabolomes of plant species at the foliar level and have observed that these
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changes are strongly linked to changes in the elemental C/N/P/K
stoichiometry®. The simultaneous analysis of the metabolism and
the nutrient stoichiometries of both shoots and roots that we now
conducted assessed the allocation of metabolites and nutrients for
various plant functions, such as growth, defence, reproduction,
mechanisms of health, and avoidance of stress at the level of whole
plants, thereby assessing the likely contrasting responses of shoots
and roots to experimental drought and to seasonally changing
conditions.

In addition to the expected differences between the two species
and between the two seasons of sampling, July and September, we
observed clear differences between shoots and roots at both the
metabolic and elemental concentration levels (Fig. 1). Principal com-
ponent analyses (PCAs) of both metabolomic and stoichiometric
data showed that different species and seasons had different scores
along the second PC axis (Fig. 1), but the most significant changes in
metabolomic structure were between shoots and roots, which were
separated along the first PC axis (Fig. 1). These results were con-
firmed by PERMANOVA analysis (species: pseudo-F = 51.2, P <
0.001; season: pseudo-F = 43.4, P < 0.001; shoot/root: pseudo-F =
154.4, P < 0.001). Shoots had higher concentrations of nucleotides,
compounds related to the metabolism of amino acids and sugars,
osmolytes, and secondary metabolites such as terpenes and phenols,
while the roots had higher concentrations of amino acids and sugars
irrespective of season and species (Fig. 2). The concentrations of C,
N, P, and K and C/P ratio were higher in shoots than in roots,
whereas the C/N, C/K, N/K, P/K, and N/P ratios and the concentra-
tion of Fe were lower (Table S1). Roots had lower concentrations of
nitrogenous bases and higher concentrations of most soluble sugars
than did shoots (Figs. 2 and 3), likely due to the need of energy for the
assimilation of soil resources, such as nutrients, and for root
growth®>””. Most of the compounds that participated in these func-
tions, such as compounds related to the metabolism of amino acids
and sugars, should be synthesised in leaves but allocated and used in
large amounts in roots.

The observed variability of the metabolome was lower in the root
samples than in the shoot samples (Fig. 1). The shifts in the meta-
bolome of roots among different individual plants, species, and sea-
sons were much less significant and smaller than those of the shoots.
The coefficient of variation of the PC2 scores was 15% for roots and
57% for shoots. The metabolism of roots thus appears to be much
more conservative and homeostatic than that of shoots.

Our results notably showed that the metabolome and stoichi-
ometry of shoots and roots of both plant species responded to
drought in opposite ways (Figs. 4 and 5). The results of the PCA
were confirmed by the PERMANOV A analysis (treatment X shoot/
root interaction; pseudo-F = 3.0; P < 0.001). The concentrations of
choline and glycine betaine, which are involved in osmotic protec-
tion®®, and of gamma-aminobutyric acid and primary metabolites
decreased in the shoots, and terpenes and metabolites related to
anti-stress mechanisms increased in shoots under drought
(Figs. 4A). Contrasting changes were observed in the metabolome
of roots and shoots for both species and for both seasons (Figs. S1 and
S2 and Tabs. S1-5S4). The concentration of gamma-aminobutyric
acid increased in roots, suggesting that roots remain more active
than shoots under drought stress®. Moreover, the concentrations
of N, P, and K decreased in roots but increased in shoots (Fig. 2).
The concentrations of primary metabolites thus increased in roots. A
decrease in primary metabolism combined with an increase in some
secondary metabolites in shoots in response to drought is consistent
with the decrease in the shoot/root ratio usually observed under
drought®*". The results are also consistent with the hypothesis that
plants allocate more carbon to antistress mechanisms under
drought™, and with the previous results in this experimental site:
reduced leaf water potential, leaf gas exchange, leaf protein content
and efficiency of photosynthetic light conversion, and increased leaf

carbon isotope signature and leaf carbohydrate content in response
to drought®. Terpenes were the secondary metabolites that pre-
sented highest responsiveness to drought (Fig. S3 and tab. S1-S4).
The function of terpenes are still controversial, but they seem to
protect the plants against abiotic and biotic stresses™.

The results provide clear evidence that plants have a high capacity
to modulate and vary the allocation of nutrients and the relative
activities of different metabolic pathways for producing biomass in
both shoots and roots. Primary metabolites in plants, such as sugars,
amino acids, and fatty acids, are synthesised mainly in the photosyn-
thetic tissues of shoots, where the concentrations of these metabolites
are higher than in roots. Under drought conditions, however, the
plasticity of the plants allow a shift to increased synthesis or alloca-
tion of several primary metabolites to roots while decreasing alloca-
tion to shoots. These results have important implications for
ecological studies. First, they provide clear evidence of the complex-
ity of the stoichiometric shifts in terrestrial plants in response to
environmental gradients and changes. The N/P ratio decreases in
roots under drought conditions, coinciding with the investment in
root growth, whereas this ratio increases in shoots, which is consist-
ent with the growth rate hypothesis®. The results, however, also
indicate that the study of N/P ratios only in the leaves of terrestrial
plants is unable to provide a general view of the relationships of N/P
ratios with ecological traits and gradients. Second, the shift in the
allocation of metabolites and nutrients from shoots to roots in res-
ponse to drought demonstrates the high capacity of plant metabo-
lomes to respond modularly to stressors. When water is a limiting
factor, metabolites involved with energy production and growth
(especially sugars and amino acids) are shifted from shoots to roots.
The simultaneous ecometabolomic analysis of roots and shoots can
provide a complete view of the entire plant, including the response of
different organs to environmental changes, the global phenotypic
response, and the metabolic mechanisms underlying these responses.
Such a simultaneous analysis has shown that shoots and roots have
different metabolomes and nutrient concentrations, the shoot meta-
bolome is much more variable than the root metabolome, and roots
and shoots respond to drought with opposite metabolic changes.
When metabolism is activated in roots, metabolism is deactivated
in shoots. These opposite metabolic responses may account for the
frequent lack of large reductions in productivity in drought experi-
ments, at least for short term™.

Methods

Field experiment and sampling. Instant metabolomic and stoichiometric responses
to a simulated 1000-year recurrence of drought (complete exclusion of rainfall for 42
days prior to the first sampling) and its subsequent effects to the end of the growing
season three months later, and after irrigation with the deficit amount of rainfall, were
assessed for the common C3 grasses A. pratensis and H. lanatus in a long-term
experiment of rainfall manipulation in a semi-natural grassland at Bayreuth,
Germany (EVENT II experiment®). Samples from the cases (2 species X 2 organs
(leaf blades and fine roots) X 2 sampling dates X 3 precipitation manipulations X 15
plots) were collected in the field, immediately frozen, and further prepared as in
Rivas-Ubach et al. (2013)*. See the supplementary material for details.

Liquid chromatography-mass spectrometry (LC-MS) analysis. LC-MS
chromatograms were obtained using a Dionex Ultimate 3000 HPLC system (Thermo
Fisher Scientific/Dionex RSLC, Dionex, Waltham, Massachusetts, USA) coupled to
an LTQ Orbitrap XL high-resolution mass spectrometer (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) equipped with an HESI II (heated electrospray
ionisation) source. Chromatography was performed on a reversed-phase C18
Hypersil gold column (150 X 2.1 mm, 3-p particle size; Thermo Scientific, Waltham,
Massachusetts, USA) at 30°C. The mobile phases consisted of water (0.1% acetic acid)
(A) and acetonitrile (B).

Nuclear magnetic resonance (NMR) analysis. All NMR experiments were
performed using a Bruker AVANCE 600 spectrometer equipped with an automatic
sample changer and a multinuclear triple resonance TBI probe (BrukerBiospin,
Rheinstetten, Germany) at a field strength of 14.1 T (600.13 MHz 'H frequency) and
at 298.0 K. Following the introduction to the probe, the samples were allowed to
equilibrate (2 min) prior to shimming to ensure good homogeneity of the magnetic
field. All spectra were referenced to trimethylsilyl propionate (TSP) (‘H and *C at &
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Figure 1 | Plots of cases and variables in the PCA conducted with the elemental, stoichiometric and metabolomic variables in Holcus lanatus and
Alopecurus pratensis using PC1 versus PC2. (A) The cases are categorised by season and organ. Seasons are indicated by different colours (green,
September; red, July). The two species are indicated by geometric figures (circles, A. pratensis; crosses, H. lanatus). Dark green and red colours are for
roots, and light green and red colours are for shoots. (B) Loadings of the various elemental stoichiometric and metabolomic variables in PC1 and PC2. C,
N, P, and K concentrations and ratios and Fe, Mn, Mg, Ca, and S concentrations are shown in red. The various metabolomic families are represented by
colours: dark blue, sugars; green, amino acids; dark green, amino-acid derivatives; yellow, realted compounds to the metabolism of amino acids and
sugars; cyan, nucleotides; and brown, terpenes and phenolics. Metabolites: glycine-alanine (Gly-Ala), valine (Val), tryptophan (Try), threonine (Thr),
serine (Ser), lysine (Lys), leucine (Leu), proline (Pro), phenylalanine (Phe), histidine (His), glycine (Gly), glutamine (Gln), asparagine (Asn), isoleucine
(Ile), arginine (Arg), alanine (Ala), glutamic acid (Glu), aspartic acid (Asp), gamma-aminobutyric acid (GABA), glycine betaine (GB), choline (Choline),
tartaric acid (Tar), pyruvate (Pyr), malic acid (Mal), jasmonic acid (JA), indol acetic acid (IAA), caffeic acid (Caff), ascorbic acid (Asco), vanillic acid
(Vanillic.acid), citric acid (Cit), o-ketoglutaric acid (aKC), lactic acid (Lac), shikimic acid (SA), quinic acid (QA), chlorogenic acid (CGA), chinic acid
(Cin.acid;), xylose (Xyl), hexoses (Hex), mannose (Man), disaccharide (Dis), adenine (Adenine), uracil (Uracil), thymine (Thymine), uridine (Uridine),
acacetin (Acace), catechin (Cate), o-terpinene (aTerpin,), sabinene (Sabinene), resveratrol (Resv), quercetin (Quer), ocimene (Ocimene), limonene
(Limonene), galangin (Galangin), kaempferol (Kaemp), phenolic group (Phenol). Unassigned metabolites are represented by small grey points.
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Figure 2 | Loading of elemental stoichiometric and metabolomic variables in PC1 separating shoots and roots (Fig. 1). Variables are coloured and
labelled as described in the caption for Fig. 1. Asterisks showed statistical significance (P < 0.05) in one-way ANOVAs.
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0.00 ppm). All handling of liquid samples, automation, and acquisition were
controlled using TopSpin 3.1 software (BrukerBiospin, Rheinstetten, Germany).

Statistical analyses. The changes in the stoichiometries and metabolomes of H.
lanatus and A. pratensis with the factors studied (shoots and roots, season, species,
and drought treatment) were analysed by principal component analysis (PCA) and
PERMANOVA with Euclidean distances. The PCAs were performed with the pca
function of the mixOmics package of R (R Development Core Team 2008). The
PERMANOVA as well as PLS (partial least squares) analysis, and CIM (clustered
image maps) conducted with R (R Development Core Team 2008). A Kolmogorov-
Smirnov (KS) test was performed on each variable to test for normality. All assigned
and identified metabolites were normally distributed, and any unidentified
metabolomic variable that was not normally distributed was removed from the data
set. Statistica v8.0 (StatSoft) was used to perform the ANOVAs, post-hoc tests, and KS
tests.
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