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Abstract 25 

 The impact of water-deficit (WD) stress on plant metabolism has been predominantly studied at 26 

the whole tissue level. However, plant tissues are made of several distinct cell types with unique and 27 

differentiated functions, which limits whole tissue 8omics9-based studies to determine only an averaged 28 

molecular signature arising from multiple cell types. Advancements in spatial omics technologies provide 29 

an opportunity to understand the molecular mechanisms underlying plant responses to WD stress at 30 

distinct cell-type levels. Here, we studied the spatiotemporal metabolic responses of two poplar leaf cell 31 

types -palisade and vascular cells- to WD stress using matrix-assisted laser desorption Ionization-mass 32 

spectrometry imaging (MALDI-MSI). We identified unique WD stress-mediated metabolic shifts in each 33 

leaf cell type when exposed to early and prolonged WD and recovery from stress. During stress, flavonoids 34 

and phenolic metabolites were exclusively accumulated in leaf palisade cells. However, vascular cells 35 

mainly accumulated sugars during stress and fatty acids during recovery conditions, highlighting a 36 

possibility of interconversion between sugars and fatty acids under stress and recovery conditions in 37 

vascular cells. By comparing our MALDI-MSI metabolic data with whole leaf tissue gas chromatography-38 

mass spectrometry (GC-MS)-based metabolic profile, we identified only a few metabolites that showed a 39 

similar accumulation trend at both cell-type and whole leaf tissue levels. Overall, this work highlights the 40 

potential of the MSI approach to complement the whole tissue-based metabolomics techniques and 41 

provides a novel spatiotemporal understanding of plant metabolic responses to WD stress. This will help 42 

engineer specific metabolic pathways at a cellular level in strategic perennial trees like poplars to help 43 

withstand future aberrations in environmental conditions and to increase bioenergy sustainability.  44 

 45 

 46 

 47 
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Introduction  49 

 Water-deficit (WD) stress is detrimental to plant growth and productivity. Plant responses to WD 50 

are dynamic and involve complex cross-talk between different regulatory pathways (Long, 2011), 51 

including metabolic adjustments and gene/protein expression at the molecular level for physiological and 52 

morphological adaptation at the whole-plant level (Dinneny et al., 2008). However, each cell-type in plant 53 

tissues is defined by specific transcriptional, protein, and metabolic profiles that determine its function 54 

and response(s) to stress (Plant Cell Atlas et al., 2021).  With the establishment of the Plant Cell Atlas (PCA) 55 

community (Rhee et al., 2019), the importance of location-to-function paradigm has been highlighted, 56 

suggesting that this model has the potential to unlock new discoveries in plant sciences including how 57 

plants respond to environmental perturbations like WD (Plant Cell Atlas et al., 2021). Indeed, recent plant 58 

single-cell studies, which have been mostly performed in model species, indicate that plant responses to 59 

internal and external cues are largely cell type-specific (Xu and Jackson, 2023, Yang et al., 2021, Farmer et 60 

al., 2021, Nolan et al., 2023). Thus, determining the plant responses to WD requires the study of the 61 

cell/molecular properties of specific cell-types within a tissue to effectively reveal the underlying 62 

mechanisms regulating physiological processes and plasticity under suboptimal conditions. 63 

 Poplar (Populus spp.), a prevalent woody feedstock for improved next-generation biofuels, is one 64 

of the most biomass-productive native tree taxa in the northern hemisphere. While poplar species are 65 

good targets for carbon sequestration (Wullschleger et al., 2005) and production of feedstocks for biofuels 66 

and biomaterials (Bryant et al., 2020), they have also been widely used in physiological studies to 67 

understand how perennial trees respond to environmental changes (Li et al., 2014). Whole tissue 68 

responses to WD stress have been investigated in Populus at epigenome (Sow et al., 2021),  transcriptome 69 

(Robertson et al., 2022, Rosso et al., 2023, Lee et al., 2021, Yang et al., 2023, Jia et al., 2017, Cossu et al., 70 

2014, Wilkins et al., 2009), proteome (Plomion et al., 2006, Gao et al., 2022, Li et al., 2014, Xiao et al., 71 

2009, Durand et al., 2011), and metabolome (Jia et al., 2020, Barchet et al., 2013, Hamanishi et al., 2015, 72 
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He et al., 2022, Law, 2020, Tschaplinski et al., 2019b, Barchet et al., 2014) levels. However, spatiotemporal 73 

molecular mechanisms controlling plant responses to WD stress is not yet thoroughly understood in 74 

Populus and similar perennial trees.    75 

 Metabolites represent the downstream products of multiple interactions between genes, 76 

transcripts, and proteins. Small changes in gene and protein expression at functional levels are basically 77 

amplified at the metabolite level, which nominates metabolites as the ideal predictive molecular markers 78 

for stress response phenotypes compared to transcripts or proteins alone. Moreover, nonfunctional 79 

changes in many genes and proteins are not reflected in metabolites (Shen et al., 2023). Therefore, 80 

metabolomics has been considered as a very powerful approach for identifying the key primary and 81 

secondary small bioactive molecules with important roles in plant responses to environmental changes 82 

(Ahkami et al., 2019, Kumar et al., 2021, Barchet et al., 2013). The effect of WD stress at the metabolite 83 

level has been studied extensively in whole tissues using conventional extraction and metabolomics 84 

assays that include gas and liquid chromatography-based mass spectrometry (GC- and LC-MS) techniques 85 

(Jia et al., 2020, Hamanishi et al., 2015, Barchet et al., 2013, Nakayasu et al., 2016). Several studies in 86 

poplar reported whole leaf tissue level metabolomic shifts in response to WD stress conditions (He et al., 87 

2022, Law, 2020, Tschaplinski et al., 2019b, Barchet et al., 2014). For instance, metabolomic analysis of 88 

whole leaf tissue of the WD-tolerant (Populus simonii) and -susceptible (Populus deltoides cv. 'Danhong') 89 

varieties suggested potential roles of increased antioxidants and long chain fatty acids in response to WD 90 

(Jia et al., 2020). Moreover, metabolomic analysis identified an increased level of raffinose family 91 

oligosaccharides in leaves of P. balsamifera under WD (Hamanishi et al., 2015). In another study with 92 

hybrid poplar (P. deltoides var. occidentalis and P. × petrowskyana), phenolic compounds, raffinose 93 

family-related compounds, and certain antioxidant metabolites were found to be involved in plant 94 

responses to WD stress (Barchet et al., 2013). However, our understanding of cell type specific metabolic 95 

changes under WD is scarce. Essentially, leaf cell types vary widely in their biological functions, in which 96 
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palisade mesophyll cells are involved mainly in photosynthesis, while vascular cells are involved in inter-97 

tissue signaling via xylem and phloem sap exchange. Therefore, cell-specific responses to WD at metabolic 98 

level may be critical for understanding their roles in plant stress tolerance. 99 

Matrix‐assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) is a robust 100 

molecular imaging technology that uses a focused laser beam to ablate and ionize material into the mass 101 

analyzer, which can provide high spatial resolution of the location of endogenous molecules from tissues 102 

in situ. Combined with spatial probing, a MALDI-MSI experiment enables simultaneous visualization of 103 

hundreds of molecules mapped to tissue morphology (Veličković et al., 2021). This approach has been 104 

used to evaluate the surface distribution of polysaccharides (Veličković et al., 2014), small sugars and 105 

glucosides (Bøgeskov Schmidt et al., 2018), metabolites, and lipids (Veličković et al., 2021) in different 106 

plant tissues and organs. For example, MALDI-MSI was used in barley roots to uncover the spatial 107 

distribution of metabolites in response to salinity stress (Sarabia et al., 2018). A recent advancement in 108 

spatial metabolic imaging approach using MALDI-MSI has been used to identify WD stress responses in 109 

Piper sp. and Hibiscus rosa sinensis root tissue (Honeker et al., 2022). The results showed a vascular and 110 

epidermis cell-specific accumulation of lignin-like metabolites, antioxidants, and fatty acid metabolites in 111 

each plant species, thereby highlighting the potential use of such a spatial imaging platform to visually 112 

map the metabolites in different cell types of WD-exposed plant tissues. 113 

 Here, we report spatiotemporal changes in metabolites levels in poplar leaf tissue when exposed 114 

to WD and recovery from stress. We describe the palisade specific accumulation of flavonoid and other 115 

phenolic compounds during WD treatment. In addition, accumulation of sugars together with the 116 

decreased number of fatty acids may indicate synthesis and transport of sugar via gluconeogenesis 117 

pathway during WD. Vascular cells showed an interconversion between fatty acids and sugar levels during 118 

WD and recovery period. Overall, our results unravel cell-specific spatiotemporal metabolic changes in 119 

response to WD. Further, we report the use of MALDI-MSI as a powerful technique when combined with 120 
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conventional GC-MS-based whole tissue metabolic profiling to gain a granular understanding of plant 121 

responses to WD stress. This work highlights the power of a spatial metabolomics approach in 122 

understanding plant responses to abiotic stresses, enabling future attempts at mapping molecular 123 

machineries to cellular domains. These mechanistic molecular insights can be exploited to aid the design 124 

of strategic bioenergy trees with enhanced tolerance to WD stress. 125 

 126 

Materials and methods 127 

Plant growth conditions and water-deficit stress treatment.  128 

 Clones of Populus tremula x alba (INRA 717 1-B4) were rooted in sterile conditions in a growth 129 

chamber (16-hr/8-hr day/night and 24°C/18°C 600 μmol m−2s−1) for at least 25 days. Seedlings were 130 

transplanted into 1.5 L pots filled with Profile Porous Ceramic (PPC) soil. The seedlings were grown (16-131 

hr/8-hr day/night and 24°C/18°C 800 μmol m−2s−1) in the greenhouse and fertilized every day with a 132 

nutrient solution containing N 77 ppm, P 20 ppm, K 75 ppm, Ca 27 ppm, Mg 17 ppm, S 65 ppm, Fe 1.50 133 

ppm, Mn 0.50 ppm, Zn 0.05 ppm, Mo 0.01 ppm, Cu 0.02 ppm and pH 5.6. Water deficit treatments were 134 

applied 45 days after rooting by withholding water until visual stress symptoms (i.e., leaf wilting) appeared 135 

(30–35% relative soil water content) (early water deficit, E-WD). Plants were kept for ten days at 35% soil 136 

water content (late water deficit, L-WD) and then re-watered with regular fertilization for three days after 137 

sampling for the recovery period (REC). Samples from each treatment were collected between 9-10 am (1 138 

and ½ –2 and ½ hours after the light turned on). Midrib-containing leaf punches were harvested, flash 139 

frozen in liquid nitrogen, and kept at −80°C until use. These leaf punches (disks with ~0.5-inch diameter in 140 

size) were used for MALDI-MSI workflow for spatial metabolomic analysis. Alternatively, whole 141 

intermediate leaves from an independent WD experiment were harvested, immediately frozen in liquid 142 

nitrogen, and kept at −80°C until use. These whole leaf tissues were used for GC-MS-based metabolomic 143 

profiling. At any given stress or recovery timepoints, leaf punches were collected from six biological 144 
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replicates for MALDI-MSI, while the entire leaf from three independent biological replicates were 145 

collected for whole leaf metabolite profiling. Leaf gas exchange parameters were collected from four 146 

biological replicates. 147 

 148 

Gas-exchange and biomass measurements.  149 

 Photosynthesis measurements were recorded in intact plants using a portable gas exchange 150 

system (LI-COR 6400). Photosynthesis was induced by saturating light (1000 μmol m−2 s−1) with 400 μmol 151 

mol−1 CO2 surrounding the leaf (Ca). The amount of blue light was set to 10% photosynthetically active 152 

photon flux density to optimize stomatal aperture. Block temperature was set to 24 °C. Plant samples for 153 

biomass assay were collected and oven dry at 60 °C for 5 days. 154 

 155 

Cryosectioning of frozen leaf tissue and sample preparation for MALDI-MSI imaging.  156 

 Leaves were embedded within a mixture of 7.5% hydroxypropyl methylcellulose (HPMC) and 2.5% 157 

polyvinylpyrrolidone (PVP), and 12 µm sections were thaw mounted on indium tin oxide (ITO)-coated glass 158 

slides using a cryotome maintained at -14°C (CryoStar NX-70 Cryostat, Thermo Scientific, Runcorn, UK). 159 

Slides were vacuum dried and homogenously sprayed, using a M5 Sprayer (HTX Technologies, Chapel Hill, 160 

NC), with 2,5-dihydroxybenzoic acid (DHB) matrix for analysis in positive ion mode(Veličković et al., 2021) 161 

and N-(1-naphthyl) ethylenediamine dihydrochloride (NEDC) matrix for analysis in negative ion 162 

mode(Honeker et al., 2022). DHB was prepared at a concentration of 40 mg/mL DHB (in 70% MeOH) and 163 

was sprayed at 50 µL/min flow rate. The nozzle temperature was set to 70 °C, with 12 cycles at 3 mm track 164 

spacing with a crisscross pattern. A 2 s drying period was added between cycles, a linear flow was set to 165 

1,200 mm/min with 10 PSI of nitrogen gas and a 40 mm nozzle height. This resulted in matrix coverage of 166 

~667 µg/cm2 for DHB. NEDC was prepared at a concentration of 7 mg/mL NEDC in 70% MeOH and was 167 

sprayed at 120 µL/min flow rate. The nozzle temperature was set to 70 °C, with 8 cycles at 3 mm track 168 
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spacing with a crisscross pattern. A 0 s drying period was added between cycles, a linear flow was set to 169 

1200 mm/min with 10 PSI of nitrogen gas and a 40 mm nozzle height. This resulted in matrix coverage of 170 

~187 µg/cm2 for NEDC.  171 

 172 

MALDI-MSI data collection and processing.  173 

 All imaging analyses were performed on an ESI/MALDI dual-source MALDI Fourier transform ion 174 

cyclotron resonance (FTICR)-MS equipped with the ParaCell (scimaX 2XR 7T, Bruker Daltonics, Bremen, 175 

Germany) operating in MALDI mode with the data point sizes of 2 M and 2w detection. Positive ion mode 176 

acquisitions with DHB were acquired with broadband excitation from m/z 92 to 1,000, resulting in a 177 

detected transient of 0.418 s— the observed mass resolution was ~200k at m/z 400. Negative ion mode 178 

NEDC analyses were acquired with broadband excitation from m/z 92 to 1,000, resulting in a detected 179 

transient of 0.418 s— the observed mass resolution was ~200k at m/z 400. FlexImaging (Bruker Daltonics, 180 

v.5.0) was used for the imaging acquisition, and analyses were performed with 30 µm step size. 181 

FlexImaging sequences were directly imported into SCiLS Lab (Bruker Daltonics, v.2023.a Premium 3D) 182 

using automatic MRMS settings. Ion images were directly processed from the profile datasets within SCiLS 183 

Lab, and automated annotation of the centroided dataset was completed within METASPACE. KEGG-v1 184 

and SwissLipids were used as databases for annotaions within 3 ppm m/z tolerance. List of annotated m/z 185 

features was imported back to the SCiLS, and table with ion intensity of each annotated feature (after 186 

RMS normalization) in palisade and vascular part of each leaf section was created and used further for 187 

statistical (t-test) analysis. Palisade and vascular region of the leaf were manually outlined in the SCiLS 188 

software (Bruker Daltonics) using brightfield microscopy image recorded for each analyzed section. Due 189 

to instrument and resource limitations, we were not able to collect leaf punches from the entire leaf for 190 

sectioning and MALDI-MSI. However, we used 6 biological replicates with 2 technical replicates (each 191 

consecutive sections, n=12) for any given condition. The relative abundance level of a metabolite in 192 
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palisade or vascular cell was calculated by summing the relevant abundance levels from a region of tissue 193 

comprising cell-types of each kind (Supplementary Figure S2). 194 

 195 

Whole leaf tissue metabolites profiling by GC-MS.  196 

 Ground frozen powder of the intermediates leaves from poplar plants grown under control, and 197 

water deficit (E-WD and L-WD) and recovery conditions were submitted to the West Coast Metabolomics 198 

Center (University of California, Davis), extracted, measured, and analyzed by gas chromatography–mass 199 

spectrometry (MS) (Gerstel CIS4–with a dual MPS Injector/Agilent 6,890 GC-Pegasus III TOF MS) as 200 

described before (Weckwerth, Wenzel, & Fiehn, 2004). Processes for the integrated extraction, 201 

identification, and quantification of metabolites were performed according to Fiehn et al. (2008). 202 

Metabolites are expressed as differential abundancy of normalized intensity values (log2) between 203 

Control and E-WD, L-WD and recovery treatments.  204 

 205 

Van-Krevelen classification and pathway analysis.  206 

 Van-Krevelen analysis was performed as reported (Honeker et al., 2022). Briefly the molecular 207 

formula from significantly upregulated and downregulated metabolites (t-test, p<0.05) was used to 208 

classify them into higher order metabolic classes such as lignins, hydrocarbons, tannins, carbohydrates, 209 

proteins, etc., based on the elemental ratios O/C and H/C ratios. Molecular formulas that come under 210 

broader classes, such as lignins, were looked up in KEGG pathways to identify specific sub-class, such as 211 

flavonoids, to derive pathway maps in Figures 2 and 3.  212 

 213 

Statistical analysis.  214 

 For biomass, leaf gas exchange parameters, and MALDI-MSI relative metabolite abundance 215 

analysis, the significance test was performed using T-tests with the built-in statistical function in Microsoft 216 
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Excel. For the whole leaf tissue metabolomics analysis (GC-MS), the significance test was performed using 217 

one-way ANOVA analysis. ANOVAs of individual features were performed using aov function of STATS 218 

package in R (R Core Team 2021). In this manuscript, we present significantly changed data under stress 219 

or recovery conditions (P < 0.05) compared with controls; however, in the case of MALDI-MSI analysis, we 220 

also include the moderately changed data (0.5 < P ≤ 0.1) compared with controls. 221 

 222 

Results 223 

Plant biomass and photosynthesis rates were affected by water deficit stress.   224 

 Whole plant responses to water limitation were monitored via biomass and gas exchange 225 

parameter measurements during early WD (E-WD), late WD (L-WD), and recovery (R) conditions. 226 

Compared to the control well-watered condition, plant shoot biomass was reduced under E-WD (-48%), 227 

L-WD (-67%) and R (-75%) treatments (Figure S1A, B; Supplementary table S1). Root biomass was reduced 228 

during E-WD (-44%) and R (-65%) but showed no change during L-WD compared to control roots (Fig S1B). 229 

Among physiological parameters, leaf tissue showed a decrease in net photosynthesis (AN) (-75%, -23%), 230 

stomatal conductance (gs) (-95%, -61%), and leaf transpiration (-91%, -51%) during E-WD and L-WD stages, 231 

respectively. In contrast, during recovery from stress, higher values of gs (+80%) and leaf transpiration 232 

(+58%) were observed compared to non-stressed control plants (Supplementary Figure S1B and 233 

Supplementary table S1).  234 

 235 

A spatiotemporal metabolic shift was detected in poplar leaf cell types. 236 

 Leaf tissues were harvested from plants under WD and recovery conditions, cryosectioned, and 237 

used for MALDI-MS imaging-based spatial metabolomics. We looked for metabolites that were 238 

significantly altered by WD treatment compared to controls, especially in palisade mesophyll and vascular 239 

regions of cryosectioned leaf tissue (Supplementary Figure S2). By combining positive and negative 240 
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ionization mode analyses in MALDI, a total of 2,358 spectral features were detected, which were then 241 

curated to remove false positives and spotty non-real abundance patterns. This left 103 molecular 242 

features that were significantly altered in palisade and/or vascular cell types under E-WD/L-WD and/or 243 

recovery time points compared to the control well-watered (WW) condition (Supplementary Table S2). Of 244 

those, 60 molecular features were significantly altered in a cell type-specific manner (strictly enriched or 245 

depleted in palisade or vascular cell type), while 43 metabolites were significantly altered in both leaf cell 246 

types. Between time points, recovery condition had more metabolites altered in both palisade (n=29) and 247 

vascular (n=57) cell types compared to E-WD and L-WD conditions (Figure 1A). However, between the two 248 

cell types, vascular cells showed a higher number of significantly altered metabolites than palisade cells 249 

under any harvesting timepoints (Figure 1A). We categorized the identified molecular features into 250 

metabolic classes through Van Krevelen classification (Honeker et al., 2022), which groups molecular 251 

formulas based on their elemental ratios (O/C and H/C ratios) and degree of unsaturation. The categories 252 

included different biochemical classes such as secondary metabolites (lignin, condensed hydrocarbons, 253 

unsaturated hydrocarbons), lipids, and carbohydrate-related metabolites (Figure 1B, Supplementary 254 

Table S2). This analysis showed a higher number of WD- or recovery-altered metabolites belonged to 255 

lignins (n=39) and condensed hydrocarbons (n=33), followed by carbohydrates (n=16), lipids (n=3), and 256 

other metabolic classes (n=8) (Figure 1B). The MALDI-MSI technique used in this study cannot resolve 257 

between stereoisomers, which means that the relative abundance levels of a molecular feature represent 258 

an average abundance of all stereoisomers (e.g., C6H12O6 isomers include monosaccharides such as 259 

glucose, fructose, mannose, etc.). Therefore, any significant changes in the cellular abundance level of 260 

C6H12O6 represent a significant shift in total monosaccharide levels in a particular cell type. Based on the 261 

metabolite classification outcome (Figure 1B) and to further identify distinct spatial trends in leaf cell 262 

types, we mainly focused on secondary metabolites, lipids, and carbohydrate-related metabolites in two 263 

major leaf cell types, i.e., palisade mesophyll and vascular cell types, when exposed to WD conditions. We 264 
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identified a palisade cell type specific metabolic trend in flavonoid biosynthesis pathway, while in vascular 265 

cells, lipid and sugar metabolism altered in a cell type specific manner. 266 

 267 

Water deficit stress elevated the levels of specific flavonoids and fatty acids uniquely in leaf palisade 268 

cells. 269 

 Many plant species, including poplars, were shown to elevate the levels of different flavonoids in 270 

whole leaf tissues under water-limited conditions that help scavenge the ROS generated during 271 

stress(Ahmed et al., 2021b, Shomali et al., 2022, Tattini et al., 2004). Here, our spatial metabolomics 272 

approach allowed us to look for any cell type level differences in flavonoid distribution during WD stress 273 

and recovery time points in hybrid poplar leaf. Palisade mesophyll cells uniquely exhibited a higher relative 274 

abundance of specific flavonoids during E-WD, L-WD, and recovery stages (Figure 2A and Supplementary 275 

Table S2). Compared to the E-WD stage, prolonged WD stress induced the accumulation of a greater 276 

number of flavonoids in a cell-type specific manner.  Among those, tremulacin was increased (+2.89-fold) 277 

in palisade cells during E-WD, while stereoisomers quercetin and tricetin, represented by the molecular 278 

formula C15H10O7, were elevated (+1.45-fold) exclusively during L-WD stage. Prolonged WD also induced 279 

the abundance levels of C9H8O4 that represent caffeate (+2.4-fold), and polyketides such as 280 

pseudopurpurin (+1.33-fold) exclusively in palisade cells (Figures 2A, 2B and Supplementary Table S2). 281 

During recovery from WD stress, a higher level of C15H10O6, which represents stereo-isomeric flavonoids 282 

such as kaempferol and luteolin (+1.24-fold), C14H8O5 which include purpurin (+1.28-fold), and two 283 

aromatic phytochemicals riccionidin A (+1.33-fold) and rhein (+1.37-fold) were exclusively detected in 284 

palisade cells (Figures 2A, 2B and Supplementary Table S2). Vascular cells did not show any significant 285 

changes in abundance levels of the abovementioned flavonoids during the WD or R stages (Figures 2A, 2B 286 

and Supplementary Table S2). Therefore, palisade cell-specific accumulation of these secondary 287 

metabolites, mostly during L-WD and recovery stages, highlights a spatially distinct metabolic activity in 288 
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palisade cells in response to WD stress and recovery in poplar. However, a number of other secondary 289 

metabolites that accumulated in vascular cells had reduced abundance in palisade cells. They include 290 

C13H18O7, C7H14N2O7, and C7H11NO7P2, representing salicin (+1.62-fold), coumeroic acid (+2.24-fold), and 291 

risedronic acid (+1.71-fold), respectively (Supplementary Table S2).   292 

 Unsaturated fatty acids also play a role in stress response by scavenging ROS (He and Ding, 2020b). 293 

During L-WD stress, we noticed a moderate increase in C18H32O2 representing the fatty acid linoleate 294 

(+1.22-fold) only in palisade cells (Figure 2A), while its abundance level did not change in vascular cells, 295 

highlighting a potential role for higher linoleate levels in palisade cells during L-WD stress. Moreover, two 296 

other fatty acids, hexadecanoic acid (-0.75-fold) and (6Z,9Z,12Z)-octadecatrienoic acid (-0.78-fold), 297 

showed reduced levels in palisade cells during the E-WD and R timepoints (Figure 2A, Supplementary 298 

Table S2). Altogether, the WD-stressed palisade cells showed a cell-type specific accumulation of 299 

flavonoids and the fatty acid linoleate, especially under L-WD and recovery stages, which was not 300 

observed in the vascular cell-type (Figures 2A, 2B and Supplementary table S1). 301 

  302 

Vascular cells showed an opposite trend with the accumulation of fatty acids and sugars in response to 303 

water deficit stress.  304 

Vascular cells transport a wide array of primary and secondary metabolites via xylem and phloem 305 

sap and provide structural support to the plant through secondary cell wall formation. Here, using a spatial 306 

metabolomics approach, we found an opposite trend with the levels of fatty acids and glycolytic 307 

metabolites in vascular cells especially during E-WD and Recovery conditions (Figure 3A, 3B). During E-WD 308 

stage, vascular cells showed reduced levels of three fatty acids, linoleate (-0.73-fold), hexadecanoic acid 309 

or palmitic acid (-0.84-fold), and C18H30O2 that potentially represent (6Z,9Z,12Z)-Octadecatrienoic acid (-310 

0.73-fold), a polyunsaturated fatty acid (Figure 3A, 3B & Supplementary Table S2). However, focusing on 311 

the glycolysis/gluconeogenesis pathways, we observed an increase in sugars and sugar-phosphate levels 312 
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under E-WD condition (Figure 3A,3B). The level of C12H22O11, which comprises disaccharide sugars such as 313 

sucrose and maltose showed a +1.34-fold increase, while C6H12O6, which comprise monosaccharide sugars 314 

such as glucose, fructose, and mannose, showed a +2-fold increase exclusively in vascular cells during E-315 

WD condition (Figure 3A, 3B). Although these di- and mono-saccharides were also detected in palisade 316 

cells (Figure 2A), their abundance levels were not significantly altered under E-WD stress vs. control 317 

conditions. Moreover, sedoheptulose 7-phosphate and related isomers (C7H15O10P) was also highly 318 

abundant in vascular cells (+1.56-fold) under E-WD stress condition. Under recovery condition, however, 319 

we found an opposite trend with the abundance levels of the abovementioned sugars and fatty acids, in 320 

a way that the levels of disaccharides (-0.63 fold) and monosaccharides (-0.69 fold) were reduced, while 321 

the relative abundance levels of all three fatty acid levels including linoleate (+1.48 fold), hexadecanoic 322 

acid (+1.18-fold), and (6Z,9Z,12Z)-octadecatrienoic acid (+1.74 fold) were increased. The observed 323 

opposite trend between fatty acid, mono, and disaccharide sugars, and sugar-phosphate levels during 324 

stress and recovery conditions indicate that vascular cells possibly break down the fatty acids to generate 325 

sugars via the gluconeogenesis pathway to support respiration during WD stress conditions. Moreover, 326 

the abundance level of C6H8O7, which represents the TCA cycle intermediate citrate and its isomers, was 327 

increased during recovery (+1.58 fold), highlighting a possible role of citrate in respiration and activation 328 

of fatty acid biosynthesis when plants are recovered from WD (Pracharoenwattana et al., 2005). The other 329 

TCA cycle-related metabolites, such as cis-aconitate and oxoglutarate, showed no significant changes in 330 

their abundance levels in stress and recovery stages (supplementary table S2).   331 

Apart from fatty acids and sugar metabolites, vascular cells showed a reduced level of 27 different 332 

secondary metabolites during recovery from WD stress (Figure 3A and Supplementary Table S2). These 333 

include C15H12O5, which represents flavonoid naringenin chalcone (-0.58-fold), and several other 334 

phenylpropanoid pathway-derived metabolites such as dihydrokaempferol (-0.56-fold), 4',6-335 

Dihydroxyflavone (-0.52-fold), and 4'-O-Methylisoflavone (-0.50-fold). (Supplementary table S2). Such an 336 
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overall reduction in secondary metabolite biosynthesis in vascular cells during recovery from stress 337 

indicates a possible spatiotemporal diversion of carbon flow to other essential primary metabolism 338 

pathways to support recovery from stress.  339 

 340 

MALDI-mass spectrometry imaging as a complementary technique to traditional whole tissue 341 

metabolite profiling.  342 

Whole tissue metabolomics approaches using GC-MS and LC-MS techniques have been widely 343 

used to address different questions in plant biology including plant responses to stress (Jorge et al., 2016, 344 

Ma and Qi, 2021). However, the outcomes of these studies have not been correlated with spatial and 345 

temporal distribution of metabolites in plant cell-types. Here, we performed a whole leaf tissue GC-MS-346 

based metabolite profiling during E-WD, L-WD and recovery stages, and then compared the outcomes 347 

with our MALDI-MSI data. We hypothesized that spatial metabolomics verifies the whole tissue metabolic 348 

trends under WD condition and more importantly provides additional and key complementary 349 

information that are missed with traditional whole tissue-based approach. Out of 427 GC-MS-based 350 

metabolic features that changed significantly during stress and recovery conditions, 147 metabolites were 351 

identifiable through a library search. Among them, E-WD, L-WD, and recovery treatments resulted in 93, 352 

74, and 55 significant metabolites, respectively (Supplementary Table S3, Supplementary Figure S3). We 353 

found 26 metabolites that were commonly detected by both GC-MS and MALDI approaches. However, 354 

compared to our spatial MALDI-MSI data, only seven metabolites showed a similar trend (increase or 355 

decrease) in their relative abundance levels in whole leaf tissue. They include glucose and mannose 356 

(increased during E-WD in whole leaf tissue) which regarding MALDI-MSI refer to monosaccharides 357 

(C6H12O6) (increased in vascular cells during E-WD) (Figure 4A, 4B);  palmitate or hexadecanoic acid 358 

(increased under recovery condition in whole leaf tissue) which regarding MALDI-MSI refers to C16H32O2, 359 

(increased in vascular cells during recovery condition); and inositol-4-monophosphate, glucose-6-360 
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phosphate, galactose-6-phosphate, and fructose-6-phosphate (reduced during L-WD in whole leaf tissue) 361 

which regarding MALDI-MSI collectively refer to sugar phosphates (C6H13O9P) (reduced in both palisade 362 

and vascular cells during L-WD) (Figure 4A, 4B). This highlights the use of the MALDI-MSI as a powerful 363 

complementary tool to understand the spatial distribution of metabolites in plant tissues during 364 

environmental stresses. 365 

 366 

Discussion 367 

 Recently, several studies highlighted the importance of understanding plant cell type-specific 368 

abiotic stress responses to maximize plant performance under suboptimal environmental conditions 369 

(Jeong et al., 2013, Fàbregas et al., 2018, Lee et al., 2016). In this work, we studied the metabolic responses 370 

of poplar to WD in a spatiotemporal manner and identified several distinct metabolites or pathways 371 

uniquely activated in leaf tissue cell types.  372 

 Leaf development and patterning involve co-ordination between meristematic cell division, cell 373 

expansion, and differentiation processes that form specialized cell-types. The adaxial side of the leaf tissue 374 

is packed with chloroplast-dense palisade mesophyll cells which are involved in photosynthesis. In 375 

contrast, the vascular cells mobilize the fixed photosynthate and other macro molecules to other tissues. 376 

Several recent single-cell transcriptomic studies performed in leaf tissue of model plants highlighted the 377 

distinct molecular profiles associated with different leaf cell types (Tenorio Berrío et al., 2021, Zang et al., 378 

2023, Zhu et al., 2023), re-emphasizing that palisade and vascular cells are developmentally and 379 

functionally distinct, possibly exhibiting cell-type unique responses to environmental stresses such as WD.  380 

During abiotic stresses such as WD, cellular ROS levels increase, which leads to oxidative damage 381 

of many cellular processes, including fatty acid peroxidation (Cruz de Carvalho, 2008).  Previous 382 

metabolomic analysis at the whole tissue level suggested important roles for flavonoids and aromatic 383 

compounds in drought stress tolerance in several plant species (Ahmed et al., 2021a, Shomali et al., 2022, 384 
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Tattini et al., 2004). Using spatial metabolomics, we found an exclusive increase in the abundance of 385 

several secondary metabolites including flavonoids, polyketides, and phenylpropanoid pathway-related 386 

metabolites during L-WD stage in palisade cells (Figure 2A, 2B, Supplementary table S2). Among them, 387 

quercetin and luteolin are known to regulate ROS levels in plants by playing antioxidant roles (Singh et al., 388 

2021, Hodaei et al., 2018, Gori et al., 2021). Other such as Riccionidin was found to confer abiotic stress 389 

tolerance in liverwort (Marchantia polymorpha), while anthraquinone derivatives such as purpurin and 390 

pseudopurpurin have been found to have antioxidant properties (Albert et al., 2018, Jin et al., 2011). The 391 

increased induction of secondary metabolism under prolonged drought in Populus was associated with 392 

adaptive mechanisms rather than metabolic perturbations, leading to increased organic solute 393 

accumulation (reduced osmotic potential) for improved drought tolerance (Tschaplinski et al., 2019a). 394 

Moreover, our results showed the accumulation of other aromatic compounds that remained undetected 395 

in previous studies where whole tissue metabolomics-based approaches were applied. For example, we 396 

found an increased level of tremulacin, a salicylate derivative (Feistel et al., 2015, Rubert-Nason et al., 397 

2014), in a palisade-specific manner under E-WD condition. This highlights the role of palisade cells in 398 

exclusively directing carbon partitioning to secondary metabolism involved in ROS-neutralization and 399 

antioxidant responses to WD stress. Focusing on fatty acids, the levels of linoleate were increased in the 400 

palisade cells during the L-WD treatment, while no significant changes were observed in vascular cells 401 

(Supplementary Table S2). By anatomy, palisade mesophyll cells have a relatively high chloroplast density 402 

whose organellar membranes are composed mainly of unsaturated fatty acids (Hernández and Cejudo, 403 

2021). Linoleate is an unsaturated fatty acid and is part of the chloroplast membrane. An increase in the 404 

degree of unsaturation of membrane lipids was associated with improved drought resistance and ROS 405 

neutralization (He and Ding, 2020a, Ullah et al., 2022, Zi et al., 2022), which highlights the potential role 406 

of fatty acid composition in poplar leaf palisade cells to help mitigate the L-WD stress-related 407 

consequences. Looking at leaf physiological parameters during WD stress (Supplementary Figure S1B), 408 
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compared to E-WD, photosynthesis, leaf conductance, and transpiration rates were improved during L-409 

WD, signifying the possible roles of flavonoids and fatty acids in neutralizing ROS (Jia et al., 2021, Resmi 410 

et al., 2015), leading to the observed improved leaf performance during L-WD stress.  411 

Vascular cells establish inter-tissue signaling via xylem and phloem sap, through which essential 412 

metabolite classes, such as hormones, fatty acids, and sugars, are transported. Phloem cells were shown 413 

to transport various fatty acids during normal and stress conditions (Guelette et al., 2012, Madey et al., 414 

2002). In our spatial MALDI-MS data, all three detected fatty acids (linoleate, hexadecanoic acid or 415 

palmitic acid, and (6Z,9Z,12Z)-octadecatrienoic acid) were decreased in abundance in vascular cells during 416 

E-WD stress conditions (Figure 3A, 3B, Supplementary Table S2). These results may indicate the 417 

degradation of these fatty acids, via beta oxidation for energy production, as WD stress generally reduces 418 

the photosynthetic carbon fixation capacity (Supplementary Figures S1). Activation of beta oxidation may 419 

be associated to the increased levels of disaccharide and mono-saccharides and pentose phosphate 420 

pathway-related metabolites during E-WD, possibly via gluconeogenesis pathway (Figure 3A, 3B). 421 

Moreover, during recovery, our time-course MALDI-MSI analysis showed an opposite trend between fatty 422 

acids and sugar abundance levels (Figure 3A, 3B), where we found an increased level of all three fatty 423 

acids and decreased accumulation of sugars exclusively in vascular cells. This vascular cell-specific 424 

opposite trend between fatty acid and sugar levels during WD stress and recovery conditions indicates 425 

that vascular cells could possibly break down fatty acids to generate sugars during WD stress and re-426 

synthesize fatty acids during recovery (possibly by utilizing those sugars) as the demand for lipids is 427 

increased during recovery from stress (Gigon et al., 2004). In addition, during recovery from stress, a lower 428 

abundance was detected for many of the secondary metabolites exclusively in vascular cells 429 

(Supplementary Table S2), highlighting the possibility that vascular cells diverted the carbon flow from 430 

secondary metabolite biosynthesis to other essential pathways, such as fatty acid biosynthesis during WD 431 

stress.  432 
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Water deficit stress imposes severe phenotypic damage to annual plants and perennial trees such 433 

as poplars. Annual plants escape from drought stress by allocating carbon to seed production, thereby 434 

advancing to the next generation. However, due to a longer reproductive cycles, perennial trees must 435 

withstand stress through different strategies such as tolerance or avoidance mechanisms involving 436 

stomatal regulation, synthesizing osmoprotectants, including ROS-neutralizing metabolites. Although 437 

more studies have been conducted on responses of annual plants to WD, there is a lack of understanding 438 

of metabolic responses of perennial trees to WD. In our work, we observed an overall reduction in poplar 439 

aboveground biomass during both early and late stress stages, while an increase in root biomass was 440 

observed in L-WD (compared to E-WD) (Supplementary Figure S1B). This could possibly be associated with 441 

the observed higher sugar levels in leaf-vascular cells during E-WD and their possible translocation to roots 442 

to reserve carbon for later usage or for root growth in response to WD stress.  Carbon mobilization and 443 

storage in belowground sinks such as roots during dormancy followed by re-mobilization of carbon to 444 

support bud outgrowth in spring has been commonly reported in trees. On the other hand, in oak saplings 445 

(Heizmann et al., 2001), it was reported that under reduced photosynthetic condition, a higher-level 446 

carbon was translocated from roots to leaves via xylem sap. Our hypothesis on vascular cells-mediated 447 

sugar transport to support root growth or from root system to support shoot growth and development 448 

especially during WD should be further tested by isotope labeling and root metabolite profiling in future 449 

work.  Stress memory is another emerging area where plants accumulate stress-responsive molecular 450 

signatures, enabling them to withstand future stress events (Tombesi et al., 2018). In our study, the 451 

recovery from WD was found to have higher levels of flavonoids in palisades and higher levels of fatty 452 

acids in vascular cells, possibly highlighting a preparedness for future episodes of WD stress.  453 

We employed a GC-MS based approach to profile the whole leaf tissue metabolic changes under 454 

WD stress and recovery conditions, and then compared the outcome with the spatial distribution of 455 

metabolites derived by MALDI-MSI. However, we found only a few metabolites that showed similar 456 
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accumulation patterns between the spatial and whole tissue datasets (Figure 4A, 4B). This could be 457 

attributed to the inherent ionization, mechanical, and molecular selectiveness differences between these 458 

two mass spectrometry modalities. GC-MS is an efficient technique for detecting metabolites with mass 459 

weights typically < 500 Dalton, providing it with the ability to readily detect key compounds of primary 460 

metabolism including small organic acids and amino acids, and differentiate between sugar isomers (e.g., 461 

glucose, fructose, mannose, sorbose, etc.) (Smith and Morowitz, 2004). We detected 55 metabolites of 462 

these types with the GC-MS technique compared to the 16-20 metabolites detected by the MALDI-MSI 463 

technique. On the other hand, the MALDI-MSI capability used in this work is a powerful technique for 464 

detecting aromatic compounds and secondary metabolites. We detected about 73 metabolites of these 465 

types using MALDI-MSI compared to the 25 metabolites identified by the GC-MS approach 466 

(supplementary tables S2 and S3). Another possible explanation for the discrepancy between MALDI-MSI 467 

and GC-MS results is that since with MALDI-MSI we capture only a 10µm plane of the whole leaf, there is 468 

a chance that other areas of the leaf (within palisade and vascular regions) show a different trend of 469 

metabolite accumulations which in average could resemble the GC-MS output. However, this point is at 470 

least partially mitigated by a large number of biological and technical replicates used in this study for 471 

generating metabolic snapshots by MALDI-MSI. Moreover, a recent remarkable development in the 472 

MALDI-MSI approach, which uses a novel on-tissue chemical derivatization strategy (Zemaitis et al., 2023), 473 

has significantly expanded the metabolite coverage of phytocompounds including primary carbohydrates, 474 

amino acids, and TCA cycle compounds. This updated version of MALDI-MSI can be adopted in future 475 

studies to improve the cross-comparison between the whole tissue and spatial metabolomics techniques.  476 

Overall, using spatial metabolomics, we found novel distinct WD-responsive metabolic maps of 477 

two major leaf cell types in poplar, which provide a better understanding on how different cell types work 478 

together to respond to environmental perturbations in a strategic perennial tree. Understanding 479 

spatiotemporal differences in metabolic responses to WD stress will help engineer targeted pathways in 480 
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specific cell types, potentially achieving maximum WD response and avoiding any pleiotropic effects on 481 

plant growth and yield. 482 
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 518 

Figure Legends 519 

Figure 1. Spatial metabolomics identified cell type-specific WD stress-responsive metabolites in Poplar 520 

leaf. (A). Total number of significantly altered metabolites under early water deficit (E-WD), late water 521 

deficit (L-WD), and recovery conditions identified through MALDI-MSI analysis. Metabolites significantly 522 

altered in two major leaf cell types, palisade (Pal.) and vascular (Vas.) cells, are marked with different bar 523 

patterns. The relative abundance level of each significant metabolite was averaged from 6 biological 524 

replicates with 2 technical replicates in any given condition. T-test was used for statistical analysis. 525 

Metabolites with significant (n=97, p<0.05) and moderate significant (n=7, 0.05<p≤0.1) changes are 526 

included. (B). Metabolites were grouped into various metabolic classes by Van Krevelen classification and 527 
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cell-type specificity of metabolites under each metabolic class were highlighted with green (Pal unique), 528 

brown (Vas unique) and grey (Pal and Vas shared metabolites) colors.  529 

Figure 2. Palisade cell type-specific metabolites identified by MALDI-MSI analysis. (A). Metabolic 530 

pathway map of selected palisade cell-type abundant metabolites that were significantly altered during 531 

early (E), late (L) water-deficit stress and recovery (R) conditions. Metabolites with significant increased 532 

and decreased abundance levels during stress or recovery conditions compared to the control well-533 

watered condition are presented by green and red colors, respectively. Metabolite relative abundance 534 

levels were averaged from 6 biological replicates with 2 technical replicates in any given condition. T-test 535 

was used for statistical analysis and metabolites that were significant (p<0.05) and moderately significant 536 

(0.05<p ≤ 0.1) were used to generate heatmaps. Solid and dashed arrows represent direct and indirect 537 

metabolic pathway relationships, respectively. (B). Selective ion images of metabolites with palisade cell-538 

type unique enrichment are shown. The ion image for each metabolite is a representative figure from 6 539 

biological replicates with two technical replicates. Metabolite names with an asterisk (*) contain potential 540 

stereoisomers sharing the same molecular formula. For example, Quercetin* (C15H10O7) and caffeate* 541 

(C9H8O4) are shown as representative metabolites among the stereoisomers with same molecular 542 

formula. The scale bar is 1mm. WW: well-watered condition; WD: water-deficit stress. 543 

Figure 3. Vascular cell type- specific metabolites identified by MALDI-MSI analysis. (A). Metabolic 544 

pathway map of selected vascular cell-type abundant metabolites that were significantly altered during 545 

early (E), late (L) water-deficit stress and recovery (R) conditions. Metabolites with significant increased 546 

and decreased abundance levels during stress or recovery conditions compared to the control well-547 

watered condition are presented by green and red colors, respectively. Metabolite relative abundance 548 

levels were averaged from 6 biological replicates with 2 technical replicates in any given condition. T-test 549 

was used for statistical analysis and metabolites that were significant (p<0.05) and moderately significant 550 

(0.05<p ≤ 0.1) were used to generate heatmaps. Solid and dashed arrows represent direct and indirect 551 
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metabolic pathway relationships, respectively. (B). Selective ion images of metabolites with vascular cell-552 

type specific enrichment are shown. The ion image for each metabolite is a representative figure from 6 553 

biological replicates with two technical replicates. Metabolite names with an asterisk (*) contain potential 554 

stereoisomers sharing the same molecular formula. For example, sucrose* (C12H22O11) and Glucose* 555 

(C6H12O6) are shown as representatives of disaccharides and monosaccharide stereoisomers, respectively. 556 

The scale bar is 1mm. WW: well-watered condition; WD: water-deficit stress. 557 

Figure 4. Metabolite accumulations at whole leaf tissue level corresponds to spatially resolved 558 

metabolites at cellular levels. (A). Relative abundance levels of selective metabolites identified by whole 559 

leaf tissue-based GC-MS metabolomics analysis under early water deficit (E-WD), late water deficit (L-560 

WD), and recovery conditions. Metabolite abundance is calculated from an average of 3 biological 561 

replicates. One-way ANOVA was used for statistical analysis (** represents p<0.05). (B). Selective ion 562 

images of monosaccharide, sugar phosphates, and fatty acids that show similar accumulation patterns 563 

with whole leaf metabolite profiles during stress or recovery conditions are provided. For 564 

monosaccharides and hexose phosphates, the ion abundance image reflects all stereoisomers with similar 565 

molecular formula. Ion image for each metabolite is a representative figure from 6 biological replicate 566 

with 2 technical replicates. T-test was used for statistical analysis (0.1≤p<0.05). Levels of metabolic shift 567 

of each compound in stressed vs. control samples are shown by percentages in dark blue color. Pal: 568 

palisade; Vas: vascular; ns: not significant; WW: well-watered condition; WD: water-deficit stress. 569 

 570 

Supplementary material 571 

Supplementary Table S1:  Shoot and root biomass and gas exchange parameters (photosynthesis (A), 572 

conductance (gs) and transpiration (E)) measured from early water deficit (E-WD) and late water deficit 573 

(L-WD) stressed and recovered (R) poplar leaf tissue. Data averaged from four biological replicates for 574 
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biomass analysis and six biological replicates for leaf gas exchange parameters. t-test (p<0.05) was used 575 

for statistical analysis.  576 

Supplementary Table S2:  Total number of significantly altered metabolites identified through MALDI-MSI 577 

analysis of early water deficit (E-WD) and late water deficit (L-WD) stressed and recovered (R) poplar leaf 578 

tissue. Positive and negative ionization modes were used for data acquisition and non-overlapping 579 

metabolic features were merged. Metabolites were grouped into various metabolic classes by Van 580 

Krevelen classification, and cell-type unique (palisade unique and vascular unique) metabolites were 581 

separately tabulated from cell-type shared metabolites. Fold change values were calculated based on 582 

relative abundance of each metabolite in stress vs control conditions. T-test analysis was used for 583 

statistical analysis. Metabolites with significant (n=97, p<0.05) and moderate significant (n=7, 0.05<p<0.1) 584 

changes are included. 585 

Supplementary Table S3:  Total number of significantly altered metabolites identified by whole leaf 586 

metabolite profiling using GCMS technique from early water deficit (E-WD) and late water deficit (L-WD) 587 

stressed and recovered (R) poplar leaf tissue.  Fold change values were calculated based on relative 588 

abundance of each metabolite in stress vs control conditions. T-test analysis was used for statistical 589 

analysis (p<0.05). 590 

Supplementary Table S4:  Total number of significantly altered metabolites identified through negative 591 

ionization mode analysis in MALDI-MSI from early water deficit (E-WD) and late water deficit (L-WD) 592 

stressed and recovered (R) poplar leaf tissue. Fold change values were calculated based on relative 593 

abundance of each metabolite in stress vs control conditions. T-test analysis was used for statistical 594 

analysis and the data from this table is used to created Sup. Table S2. 595 

Supplementary Table S5:  Total number of significantly altered metabolites identified through positive 596 

mode analysis in MALDI-MSI from early water deficit (E-WD) and late water deficit (L-WD) stressed and 597 

recovered (R) poplar leaf tissue. Fold change values were calculated based on relative abundance of each 598 
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metabolite in stress vs control conditions. T-test analysis was used for statistical analysis and the data 599 

from this table is used to created Sup. Table S2. 600 

 601 

Supplementary Figure S1. Water deficit stress alters plant dry weight and leaf physiological parameters 602 

in poplar. (A.) Shoot and root biomass and gas exchange parameters, photosynthesis (A), conductance 603 

(gs) and transpiration (E) measured from plants exposed to early water deficit (E-WD) stress (30-35% 604 

relative SWC), late water deficit (L-WD) stress (water level maintained for 10d at 30-35% relative SWC) 605 

and recovery from stress (R) and data were collected. Data averaged from four biological replicates and 606 

t-test was used for statistical analysis. *represents pvalue<0.05. (B.) Leaf samples were collected for whole 607 

leaf tissue and spatial cell type specific metabolite profiling. Six biological replicates were harvested in any 608 

given condition. Matrix-assisted laser desorption Ionization-mass spectrometry imaging (MALDI-MSI) and 609 

Gas chromatography-mass spectrometry (GC-MS) analysis. 610 

Supplementary Figure S2. Cryosectioning of a poplar leaf tissue. Cryosection highlighting mesophyll 611 

palisade (p) and vascular (v) cell types used for MALDI MSI to generate spatial metabolome data. Scale 612 

bar represents 300µm. 613 

Supplementary Figure S3. Whole leaf tissue-based metabolomics identified water deficit stress 614 

responsive metabolites. (A.) Total no. of metabolites significantly altered during early (E-WD) and late 615 

(L-WD) water deficit stress and recovery (R) conditions in whole leaf tissue of poplar. Green and red bars 616 

highlight metabolites with increased or reduced abundance levels during stress and recovery conditions. 617 

Data averaged from three biological replicates and one-way ANOVA was used for statistical analysis 618 

(p<0.05). (B.) Total significant metabolites were categorized into broader metabolic classes using KEGG 619 

pathway analysis. The heatmap shows metabolite abundance levels in E-WD, L-WD and R conditions. 620 

Data averaged from 3 biological replicates and ANOVA (p<0.05) was used for statistical analysis. 621 

 622 
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Figure 1. Spatial metabolomics identified cell type-specific WD stress-responsive metabolites in Poplar leaf. (A). Total number of significantly altered 

metabolites under early water deficit (E-WD), late water deficit (L-WD), and recovery conditions identified through MALDI-MSI analysis. Metabolites 

significantly altered in two major leaf cell types, palisade (Pal.) and vascular (Vas.) cells, are marked with different bar patterns. The relative abundance 

level of each significant metabolite was averaged from 6 biological replicates with 2 technical replicates in any given condition. T-test was used for 

statistical analysis. Metabolites with significant (n=97, p<0.05) and moderate significant (n=7, 0.05<p≤0.1) changes are included. (B). Metabolites were 

grouped into various metabolic classes by Van Krevelen classification and cell-type specificity of metabolites under each metabolic class were 

highlighted with green (Pal unique), brown (Vas unique) and grey (Pal and Vas shared metabolites) colors.
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Figure 2. Palisade cell type-specific metabolites identified by 

MALDI-MSI analysis. (A) Metabolic pathway map of selected 

palisade cell-type abundant metabolites that were significantly 

altered during early (E), late (L) water-deficit stress and recovery 

(R) conditions. Metabolites with significant increased and 

decreased abundance levels during stress or recovery conditions 

compared to the control well-watered condition are presented 

by green and red colors, respectively. Metabolite relative 

abundance levels were averaged from 6 biological replicates 

with 2 technical replicates in any given condition. T-test was 

used for statistical analysis and metabolites that were significant 

(p<0.05) and moderately significant (0.05<p ≤ 0.1) were used to 
generate heatmaps. Solid and dashed arrows represent direct 

and indirect metabolic pathway relationships, respectively. (B) 

Selective ion images of metabolites with palisade cell-type 

unique enrichment are shown. The ion image for each 

metabolite is a representative figure from 6 biological replicates 

with two technical replicates. Metabolite names with an asterisk 

(*) contain potential stereoisomers sharing the same molecular 

formula. For example, Quercetin* (C15H10O7) and caffeate* 

(C9H8O4) are shown as representative metabolites among the 

stereoisomers with same molecular formula. The scale bar is 

1mm. WW: well-watered condition; WD: water-deficit stress.
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Figure 3. Vascular cell type- specific metabolites identified 

by MALDI-MSI analysis. (A) Metabolic pathway map of 

selected vascular cell-type abundant metabolites that were 

significantly altered during early (E), late (L) water-deficit 

stress and recovery (R) conditions. Metabolites with 

significant increased and decreased abundance levels during 

stress or recovery conditions compared to the control well-

watered condition are presented by green and red colors, 

respectively. Metabolite relative abundance levels were 

averaged from 6 biological replicates with 2 technical 

replicates in any given condition. T-test was used for 

statistical analysis and metabolites that were significant 

(p<0.05) and moderately significant (0.05<p ≤ 0.1) were used 
to generate heatmaps. Solid and dashed arrows represent 

direct and indirect metabolic pathway relationships, 

respectively. (B) Selective ion images of metabolites with 

vascular cell-type specific enrichment are shown. The ion 

image for each metabolite is a representative figure from 6 

biological replicates with two technical replicates. Metabolite 

names with an asterisk (*) contain potential stereoisomers 

sharing the same molecular formula. For example, sucrose* 

(C12H22O11) and Glucose* (C6H12O6) are shown as 

representatives of disaccharides and monosaccharide 

stereoisomers, respectively. The scale bar is 1mm. WW: well-

watered condition; WD: water-deficit stress.
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Figure 4. Metabolite accumulations at whole leaf tissue 

level corresponds to spatially resolved metabolites at 

cellular levels. (A) Relative abundance levels of selective 

metabolites identified by whole leaf tissue-based GC-MS 

metabolomics analysis under early water deficit (E-WD), 

late water deficit (L-WD), and recovery conditions. 

Metabolite abundance is calculated from an average of 3 

biological replicates. One-way ANOVA was used for 

statistical analysis (** represents p<0.05). (B) Selective 

ion images of monosaccharide, sugar phosphates, and 

fatty acids that show similar accumulation patterns with 

whole leaf metabolite profiles during stress or recovery 

conditions are provided. For monosaccharides and hexose 

phosphates, the ion abundance image reflects all 

stereoisomers with similar molecular formula. Ion image 

for each metabolite is a representative figure from 6 

biological replicate with 2 technical replicates. T-test was 

used for statistical analysis (0.1≤p<0.05). Levels of 

metabolic shift of each compound in stressed vs. control 

samples are shown by percentages in dark blue color. Pal: 

palisade; Vas: vascular; ns: not significant; WW: well-

watered condition; WD: water-deficit stress.
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Supplementary Figure S1. Water deficit stress alters plant dry weight and leaf physiological parameters in poplar. A. Shoot and root biomass and gas exchange 

parameters, photosynthesis (A), conductance (gs) and transpiration (E) measured from plants exposed to early water deficit (E-WD) stress (30-35% relative SWC), 

late water deficit (L-WD) stress (water level maintained for 10d at 30-35% relative SWC) and recovery from stress (R) and data were collected. Data averaged from 

four biological replicates and t-test was used for statistical analysis. *represents pvalue<0.05. B. Leaf samples were collected for whole leaf tissue and spatial cell 

type specific metabolite profiling. Six biological replicates were harvested in any given condition. Matrix-assisted laser desorption Ionization-mass spectrometry

imaging (MALDI-MSI) and Gas chromatography-mass spectrometry (GC-MS) analysis.
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Supplementary Figure S2. Cryosectioning of a poplar leaf tissue. 

Cryosection highlighting mesophyll palisade (p) and vascular (v) cell types 

used for MALDI MSI to generate spatial metabolome data. Scale bar 

represents 300µm.
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Supplementary Figure S3. Whole leaf tissue-based 

metabolomics identified water deficit stress 

responsive metabolites. A. Total no. of metabolites 

significantly altered during early (E-WD) and late (L-

WD) water deficit stress and recovery (R) conditions 

in whole leaf tissue of poplar. Green and red bars 

highlight metabolites with increased or reduced 

abundance levels during stress and recovery 

conditions. Data averaged from three biological 

replicates and one-way ANOVA was used for 

statistical analysis (p<0.05). B. Total significant 

metabolites were categorized into broader 

metabolic classes using KEGG pathway analysis. The 

heatmap shows metabolite abundance levels in E-

WD, L-WD and R conditions. Data averaged from 3 

biological replicates and ANOVA (p<0.05) was used 

for statistical analysis.
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