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Aluminum (Al) toxicity primarily targets the root tips, inhibiting root growth and function and leading to crop
yield losses on acidic soils. Previously we reported using laser capture microdissection (LCM) proteomics to
identify Al-induced proteins in the outer layer cells in the transitional zone of tomato root-tips. This study aims to
further characterize Al-induced proteomic dynamics from the outer to interior tissues, thus providing a pano
ramic view reflecting Al resistance in the root tip as a whole in tomatoes. Three types of cells were isolated via
LCM from the basal 350–400 μm (below cell elongation regions) of root tips using tomato (Solanum lycopersicum)
‘Micro-Tom’ plants. Type I and Type II were from Al-treated plants. Type I included cells of the outer three layers,
i.e., the epidermis and cortex initials and the quiescent center (QC) in root apical meristem (RAM), and Type II
possessed the interior tissues of the same region. Type III contained cells from the non-Al-treated root tips
collected in the same region as Type I. Two tandem mass tag (TMT) proteomics analyses with three biological
replicates for each sample type were conducted. The TMTexp1 (comparing Type I and Type II) identified 6575
quantifiable proteins and 178 different abundance proteins (DAPs). The TMTexp2 (comparing Type I and Type
III) identified 7197 quantifiable proteins and 162 DAPs. Among all quantified proteins (7685) from the two TMT
experiments, 6088 (79%) proteins, including 313 DAPs (92% of the 340 total), were identified in all tissues. A
model reflecting the tissue-specific Al-resistance mechanism was proposed, in which the level of the citrate
transporter MATE protein, involved in Al exclusion, accumulated to the highest level in the outer-layer cells but
decreased toward the interior of root-tips (which concurs with the tissue-specific importance in Al resistance).
Proteins for biosynthesis of ethylene and jasmonic acid, proteolytic enzymes, stress-responsive proteins, and cell
wall modeling were affected by Al treatment, some in a cell type-specific manner. The KEGG metabolite path
ways enriched with these DAPs changed depending on the cell types. This study demonstrated the advantage of
using the tissue/cell-specific analysis for identifying proteins and their dynamic changes directly associated with
Al resistance in the root-tip region. The proteomics datasets have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride/) with the dataset identifier as
PXD021994 under project title: Proteomics studies of outer and inner cellular layers of tomato root-tips for Al
stress, Project DOI: 10.6019/ PXD021994; and PXD018234 under Project title: Al-induced root proteomics
changes in stress-acclimated tomato plant, Project DOI: https://doi.org/10.6019/PXD018234.
Significance: This paper presents the method of using laser capture microdissection (LCM) to collect homogenous
cell-type specific tissue samples from the outer layers and inner central regions of tomato root-tips. The tandem
mass tag-proteomics analysis showed that the outer-layer cells expressed proteomes that were different from the
inner tissues of Al-treated root-tips; proteins related to resistance/tolerance to Al toxicity were highly accumu
lated in the outer-layer cells. Furthermore, the Al-treated outer-layer cells expressed proteomes which were
different from the non-Al treated counterpart cells. This study has provided the first dataset of proteins differ
entiating from the outer to inner layers of cells in Al-treated root-tips. It provided convincing experimental
evidences demonstrating the single-cell type proteomics as a powerful analytical approach to identify Al
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tolerance mechanisms in plants. The analytical procedure of LCM-tandem mass tag-quantitative proteomics
analysis has a broad application for proteomics analysis of spatially separated cells in complex tissues.

1. Introduction

differentially expressed between the outer and inner-layer cells in the
root apical meristem region. The findings allow us better understand the
relevance and dynamic regulation of these proteins and their corre
sponding metabolic pathways in achieving Al resistance at a tissuespecific resolution in plants. Our results demonstrate the advantage of
using tissue and cell-specific proteomic analysis to address the mecha
nisms underlying Al responses and resistance in plants.

Aluminum (Al) is highly abundant in the soil and is non-toxic to
plants under neutral pH conditions. However, under acidic conditions
(pH <5.0), Al is solubilized as Al ions (Al3+) from the soil clays to the soil
solution, becoming highly toxic to plants and causing poor plant growth
[1]. Compared to essential minerals such as Mg2+ and Ca2+, the trivalent
Al3+ ions have a more substantial positive surface charge but smaller
ionic radius (53 pm for Al3+, 72 pm for Mg2+, 231 pm for Ca2+) [2]. Due
to these physical properties, Al3+ ions have a much stronger affinity to
the negatively charged pectin on cell walls [3–5]. As a result, the binding
of Al3+ ions causes reduced cell wall’s elasticity/relaxation, leading to
cell rupture [4]. In addition, damage to cell membrane integrity by Al3+
ions also induces oxidative burst, leading to cell fatality [6,7]. Moreover,
Al3+ ions could block ion transport channels on the plasma membrane,
thus reducing the entry of essential cations, e.g., Mg2+, Ca2+, into the
cells, leading to physiological deficiency of these essential elements [8].
As a result, Al toxicity is a primary factor limiting plant-species distri
bution and plant yields on acid soils [7].
Among plants with agronomic values, only a few accumulator spe
cies can tolerate Al toxicity, including buckwheat (Fagopyrum escu
lentum) [9–11], hydrangea (Hydrangea macrophylla) [12]), and Chinese
tea (Camellia sinensis) [13]. Tomatoes (Solanum lycopersicum) are among
agronomically important crops yet susceptible to Al toxicity; plants
develop shortened roots with swollen root tips upon exposure to Al
toxicity [14–16].
Root apical meristem (RAM) in the root apex is a small region (0–0.5
mm) covered by a root cap. Tomato roots have a closed RAM organi
zation with specific initials from which all cells are connected by line
age, forming distinct cell layers in the root tip (https://labs.plb.ucdavis.
edu/rost/tomato/Roots/roottip.html). The periblem (the cortex and
endodermis initial (CEI)) gives rise to the multi-layers (2–3 layers) of the
cortex (ground) meristem. The plerome generates the stellar meristem.
And the dematogen/calyptrogen (the epidermis and lateral root cap
initials) complex divides to form the root-cap distally and dermal cells
proximately. On the cross and longitudinal sections of tomato root-tips,
these cell layers are distinguishable under a microscope [17,18], making
it doable to collect a large number of cells from homogenous cell line
ages from frozen sections.
The root meristem region, especially the root transition zone (TZ), is
the primary target of Al toxicity which suppresses root cell division and
elongation [19–22]. We previously identified Al-induced proteins from
the outer cell layers in the TZ of tomato roots via LCM single-cell-type
proteomics analysis [18]. Many identified proteins are transcription
factors and functional components involved in critical cellular pro
cesses. For example, some proteins maintain cellular P homeostasis and
are responsible for phytohormone jasmonic acid and ethylene biosyn
thesis, etc. These functions have also been shown to be regulated at the
transcriptional level by Al stresses [23].
The outer cell layers of the root tips are critical for implementing the
Al-exclusion mechanism via releases of organic compounds such as
organic acids that chelate the toxic Al3+ ion in the rhizosphere and
prevent it from entering the root cells [21,24–26]. However, the inner
layers of the root-tip region comprise a complex set of cell species,
including the primary meristem and the stele precursor, that are critical
for cell division and differentiation. Therefore, Al detoxification in the
inner cells is vital for root development and growth under Al stresses. In
this study, the LCM was used to provide a panoramic view of the Alinduced proteomic dynamic changes from the outer-layer to innerlayer cells in tomato root-tips. With this means, we identified key Alinduced proteins with known functions in Al resistance that are

2. Materials and methods
2.1. Plant material preparation and Al treatments
Tomato ‘MicroTom’ seeds used in this study were from progeny
plants that had been grown under Al-treated conditions for four gener
ations. These tomato plants appeared to have gained some tolerance to
the stress factor as they developed a larger root system than plants from
seeds that had never been exposed to Al toxicity (unpublished data).
Seeds were germinated in rock wool seed cubes in 6.35 cm wide netted
pots inserted in hydroponic tanks [16]. The hydroponic tank contained
30 L Magnavaca solutions (pH 4.5) supplemented without (the nontreatment control) or with 100 μM AlK(SO4)2⋅12H2O (i.e., a 15 μM Al
3+
activity as calculated using the GEOCHEM-EZ program [27,28]. Each
hydroponic tank was planted with 20 netted pots, each growing two
plants, and four tanks containing 160 plants were set up for one bio
logical replicate. Two months after seedling emergence, 5–8 root tips
were harvested from each pot, 300–500 root tips were collected for each
replicate sample for the LCM procedure. Three biological replicates for
each Al-treated and non-treated condition were included. The treatment
experiments were conducted in a glass greenhouse at 25/22 ◦ C (day/
night) with no supplemental light.
2.2. Preparation of microdissection slides of root-tips
Root tips were harvested into a pre-chilled fixative solution (75%
ethanol +25% acetic acid) and vacuumed for 15 min on ice. The vacuum
infiltration was repeated after refreshing the fixative solution. Next, root
tips were infiltrated twice in phosphate buffered saline (PBS), pH 8.0,
containing 10% sucrose and 1 X Halt Protease Inhibitors (Fisher Scien
tific, MA, USA). The same procedure was repeated except for increasing
sucrose to 20%. After being embedded in an optimum cutting temper
ature (OCT) compound (Fisher Scientific), the root tips were transferred
into a cryomold, frozen under liquid N2 [16,18], and cut into 10-μm
longitudinal sections in thickness using a LEICA CM 1950 cryostat with a
temperature set at − 20 ◦ C (Leica, Germany). Finally, the frozen tissue
sections were transferred to pre-coated adhesive slides using the Cry
oJane Tape-Transfer System. Slides were kept at − 20 ◦ C for picking cells
shortly or at − 80 ◦ C for long-term storage.
2.3. Collection of cells using laser capture microdissection
The frozen tissue slides were dipped in pre-chilled 75, 95, and 100%
ethanol for 1 min on ice. After a quick dip in 100% ethanol at room
temperature (to prevent moisture condensation on the slides due to
temperature change) and evaporation of ethanol, slides were mounted
onto the PALM MicroBeam LCM with UV laser system (ZEISS). Cells
were captured by cutting the region of interest into the capture caps.
Under the LCM microscope, layers of epidermal and cortical cells and
their initials, the quiescent center (QC), and the root cap were very
distinctive on the slides. The basal 350–400 μm (below the cell elon
gation regions) of root tips were selected to collect cells. Two types of
tissue samples were harvested from slides prepared from the Al-treated
2
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Fig. 1. Procurement of cell-type-specific samples on longitudinal sections of root-tips from tomato ‘Micro-Tom’ using laser capture microdissection (LCM). A: Type I
tissue samples contain the outer three cell layers from the Al-treated root tips; B: Type II tissue samples include the interior tissues of the same root-tips as Type I; C:
Type III tissue samples comprise the outer three cell layers from the non-Al-treated root tips. Root tips were embedded in optimal cut temperature (OCT) compounds.
Longitudinal root sections in 10 μm thickness were cut from frozen tissues using a cryotome at -20 ◦ C. Cells were collected from the basal 350–400 μm apical
meristem/cell division regions of root-tips. Pictures were taken with the PALM LCM system (ZEISS).

root tips. Type I included cells from the three outer layers comprising
epidermal and cortical cells, QC, and initials in RAM but excluding root
cap. Type II included cells in the central part of the tissue sections,
comprising dividing and differentiating cells and the stele precursor. The
Type III samples were harvested from non-Al treated root tips covering
the same areas as the Type I.

Tryptic peptides were labeled with tandem mass tags (TMTs) using
the TMT10-plex reagent set (ThermoFisher Scientific, USA). Two TMT
experiments were conducted. The TMTexp1 includes Type I (three
replicates labeled with 127 N, 130C, 129 N, respectively) and Type II
(three replicates labeled with 126,128C, 130 N, respectively) from the
Al-treated root tips. The TMTexp2 includes three replicates of Type I
(labeled with 129C, 128 N, 131) and Type III (labeled with 128C, 130 N,
126). The six labeled-peptide samples were pooled for each TMT
experiment and loaded onto the Oasis MCX 1 mL 30 mg Extraction
Cartridges (Waters, MA, USA). After removing residual caotrophic
compunds and unbound tags, the labeled peptides were eluted twice in
75% ACN/10% NH4OH and dried down under a vacuum.

2.4. Protein extraction from the LCM and TMT labeling
Extraction of proteins from the LCM captured cells followed a
method described previously [18]. The LCM captured cells were washed
into a 35 μL PCT buffer comprising of 20 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), 4 M urea, 2% sodium dodecyl
sulfate (SDS), and 2 mM ethylenediaminetetraacetic acid (EDTA) at pH
8.0. Tubes containing the samples were inserted into a Barocycler (2320
EXT; Pressure Biosciences Inc., PBI, NY, USA), run at 45-kPsi pressure
for 60 cycles at 25 ◦ C. The protein extracts were transferred into 1.5 mL
microfuge tube, sonicated for 10 min at 4 ◦ C, and centrifuged at 14,000
xg, 4 ◦ C for 15 min. The protein supernatants were transferred into clean
tubes, and protein concentrations were assayed using the Qubit Protein
Assay kit (Life Technologies Corporation, NY, USA) on a Qubit 3.0
Fluorometer (Life Technologies).
On-column tryptic digestion was conducted using the S-TRAP kit
(PROTIFI, Huntington, NY, USA), following the manufacturer’s in
structions. First, the disulfide crosslinks of cysteine in proteins were
reduced to cysteine residues using tris (2-carboxyethyl) phosphine
(TCEP) followed by blocking of free cysteine thiols with methyl meth
anethiosulfonate (MMTS). After removal of sodium dodecyl sulfate
(SDS) and urea, proteins were digested by loading trypsin (sequencing
grade-modified trypsin; Promega) directly onto the on-column. After
incubation at 35 ◦ C for 16 h, the tryptic peptides were eluted subse
quently by centrifugation (14,000 xg for 2 min) in 40 μL of 50 mM
triethylammonium bicarbonate (TEAB) buffer, 40 μL of 0.2% formic
acid (FA), and finally 40 μL of 50% aqueous acetonitrile (ACN) con
taining 0.2% FA. Finally, all the elutes were combined and evaporated to
complete dryness under a vacuum.

2.5. High pH reverse phase (hpRP) fractionation and nano liquid
chromatography and mass spectrometry analysis (LC-MS/MS)
The hpRP chromatography was carried out using a Dionex UltiMate
3000 HPLC system with UV detection (Sunnyvale, CA), as reported
previously [18]. Specifically, the TMT-tagged tryptic peptides were
reconstituted in buffer A (20 mM ammonium formate, pH 9.5 in water)
and loaded onto an XTerra MS C18 column (3.5 μm, 2.1 × 150 mm) from
Waters (Milford, MA). The peptides were eluted using a gradient of
10–45% buffer B (80% ACN/20% 20 mM NH4FA) in 30 min at a flow
rate of 200 μL/min. Forty-eight fractions were collected at 1-min in
tervals and pooled into six fractions based on the UV absorbance at 214
nm and with a multiple fraction concatenation strategy [14,16]. All
fractions were dried and reconstituted in 40 μL of 2% ACN/0.5% FA for
nanoLC-MS/MS analysis.
NanoLC-MS/MS analysis was carried out using an Orbitrap Fusion
(Thermo-Fisher Scientific, San Jose, CA) mass spectrometer equipped
with nano ion source using high energy collision dissociation (HCD)
similar to previous reports [18]. The Orbitrap is coupled with the Ulti
Mate3000 RSLCnano LC system (Dionex, Sunnyvale, CA). Each recon
stituted fraction (8 μL) was injected onto a PepMap C-18 RP nano trap
column (3 μm, 75 μm × 20 mm, Dionex) with nanoViper Fittings at 20
μL/min flow rate for on line desalting. Then, the fraction was further
3
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Fig. 2. The biological processes enriched proteins differentially accumulated in the outer three cell layers (Type I) compared to interior tissues (Type II) of Al-treated
tomato root tips. Proteomes of Type I and Type II cells were quantified using the tandem mass tags (TMT) comparative proteomics analysis; different abundance
proteins (DAPs) were used to construct the association network in STRING (https://string-db.org/) using tomato (Solanum lycopersicum) database. The image showing
protein clusters (1–17) and interactions was generated using Cytoscape. Protein clusters containing more than two proteins were circled together. Proteins showing
higher abundance (positive log2Fold values) in Type I versus Type II were presented in Red; Proteins showing lower abundance (negative log2Fold values) in Type I
versus Type II were presented in Blue. The depth of the color correlates with the Log2Fold (Type I/Type II) of protein abundances. The scale bar for the colors
correlating with the Log2Fold values in Cytoscape was provided. Information of the protein fold change and annotation was provided in Supplemental Table 3. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

separated on a PepMap C-18 RP nano column (3 μm, 75 μm × 15 cm),
and eluted in a 120 min gradient of 5% to 38% ACN in 0.1% FA at 300
nL/min, followed by a 7-min ramping to 95% ACN/0.1% FA and a 7-min
hold in the same solution. The column was re-equilibrated with 2%
ACN/0.1% FA for 20 min before the next run. The Orbitrap Fusion was
operated in positive ion mode with nanospray voltage set at 1.6 kV and
source temperature at 275 ◦ C. External calibration for Fourier transform
(FT), ion trap (IT), and quadrupole mass analyzers were performed. An
internal calibration was performed using the background polysiloxane
ion signal at m/z 445.120025 as the calibrant. The instrument was
operated in data-dependent acquisition (DDA) mode using FT mass
analyzer for one survey MS scan for selecting precursor ions. Then the
Top 3 s data-dependent higher-energy C-trap dissociation (HCD)-MS/
MS scans were used for precursor peptides with 2–7 charged ions above
a threshold ion count of 10,000 with a normalized 37.5% collision

energy. MS survey scanned at a resolving power of 120,000 with a full
width at half-maximum (FWHM) at m/z 200, for the mass range of m/z
400–1600 with AGC =3e5 and Max IT = 50 ms; the MS/MS scanned at
50,000 resolution with AGC = 1e5, Max IT = 120 ms and with Q
isolation window (m/z) at 1.6 for the mass range m/z 105–2000. Dy
namic exclusion parameters were set at 1 within 50 s exclusion duration
with ±10 ppm exclusion mass width. All data were acquired under
Xcalibur 3.0 operation software and Orbitrap Fusion Tune 2.0 (ThermoFisher Scientific).
2.6. Processing of the mass spectrometry data and protein quantification
All MS and MS/MS raw spectra from each TMT experiment were
processed. The database was searched using Sequest HT software within
Proteome Discoverer 2.2 (PD 2.2, Thermo Scientific) against tomato
4
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Fig. 3. The Pfam classification of proteins
differentially accumulated in the outer three
cell layers compared to the interior cells of
Al-treated tomato root tips. Different abun
dance proteins (DAPs) in Type I (the outer
three-layer cells) and Type II (the inner
central tissues) of Al-treated tomato root tips
were analyzed using STRING (https://strin
g-db.org/) with the tomato (Solanum lyco
persicum) database. Details of protein abun
dance ratio between Type I and Type II cells
and annotation of these proteins are pro
vided in Supplemental Table S4.
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ABC transporter
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Number of proteins
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protein database version ITAG2.40 (these tomato accessions are
compatible with the tomato genome/protein databases in STRING). The
default search settings were: two mis-cleavages for full trypsin with
fixed carbamidomethyl of cysteine, fixed 6-plex TMT modifications on
lysine and N-terminal amines, and variable modifications of methionine
oxidation and deamidation on asparagine and glutamine residues. The
peptide mass tolerance and fragment mass tolerance values were 10 ppm
and 50 mDa, respectively. The identified peptides were filtered for a
maximum of 0.05% FDR using the Percolator algorithm in PD 2.2.
Peptide confidence was set to high. The TMT 10-plex quantification
method within PD 2.2 was used to calculate the reporter ratios with a
mass tolerance ±10 ppm without applying isotopic correction factors.
Only peptide spectra containing all reporter ions were designated as
“quantifiable spectra” and used for peptide/protein quantitation.

The protein association network incorporating protein fold changes
(positive and negative values were denoted with different colors) was
visualized in Cytoscape. Enrichment of the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways and Pfam protein functions were per
formed in the same program. The DAPs were classified into three
different categories of Gene Ontology (GO): Biological processes, Mo
lecular functions, and Cellular components (using the established
criteria: FDR adjusted P < 0.05) using modules in Plant MetGenMap
[30].

2.7. Processing of quantifiable proteins and statistics

2.10. Additional information

For each TMT proteomics report dataset, we first applied the filter to
remove proteins identified with 1 or 0 unique peptides. Next, proteins
associated with two or more unique peptides were used for quantitative
analysis to identify the different abundance proteins (DAPs) between the
two types of samples within the same TMT experiment. The Log2 values
of the abundance ratio between the two types of tissues were subjected
to Goodness-of-Fit tests for normal distribution [16] and to obtain the
standard deviation (SD). For each TMT experiment, the normalized re
porter ion intensity values were subjected to t-test followed by FDR
correction using SAS [16]. Criteria for the selection of DAPs were as
follows: proteins quantified with two or more unique peptides, Log2Fold
(protein abundance ratio) ≥ 2SD or ≤ -2SD; FDR adjusted P ≤ 0.05
[16,18].

The mass spectrometry proteomics datasets have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository. The
dataset identifier for Type I/Type II cells (also named as TMT experi
ment 1) was labeled as ‘PXD021994’ under project title ‘ Proteomics
studies of outer and inner cellular layers of tomato root-tips for Al
stress’; and Type I/Type III (named as TMT experiment 2) as
‘PXD018234’ under project title ‘Al-induced root proteomics changes in
stress-acclimated tomato plant’ at http://www.ebi.ac.uk/pride.

2.9. Statistics
The SAS version 9.0 software (SAS Inc., Cary, NC, USA) was used to
analyze quantitative proteomics data.

3. Results and discussion
3.1. Isolation of specific types of cells from tomato root tips using LCM
Procurements of the specific cell populations from longitudinal sec
tions of tomato root tips using LCM are shown in Fig. 1. Cells were
picked in the root-tip region prior to cell elongation (approxmatlely
350–400 μm in length). Type I cells (Fig. 1A) were collected for the three
outer layers of cells on both sides of the cross-section but avoiding any
root-cap cells. After cleaning up all the cells left on the edges, the central
stellar/procambium cells were collected into Type II samples (Fig. 1B).
From the non-Al-treated root tips, the three outer layers of the root tips

2.8. Network analysis and functional classification of the quantified
proteins
Protein association network analysis was performed by comparing
protein accessions with the S. lycopersicum genome, using the STRING
V11.0 software (https://string-db.org/) [29]. Cluster networks were
created using the Markov cluster (MCL) inflation parameter (MCL = 3).
5
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Fig. 4. Gene Ontology Functional Classification in biological processes for proteins differentially accumulated in the outer three cell layers compared to the interior
cells of Al-treated tomato root tips Protein datasets containing information of unigene accession, the ratio of abundance between Type I/Type II tissues for the
different abundance proteins (DAPs) were uploaded onto the data management directory in Plant MetGenMap (http://bioinfo.bti.cornell.edu/cgi-bin/MetGenMAP).
These proteins were analyzed using the GO term function module. Proteins showing a lower or higher abundance in Type I than in Type II in each GO term were used
to make the graphs. A, Molecular Function; B, Biological process; C, Cell components. Data for generating these graphs are described in Supplemental Table S5.

were collected into Type III cell samples (Fig. 1C).
Each LCM element (collection) covers three layers containing about
100–120 cells for the Type I cell samples. For each biological replicate,
4000 LCM collections were picked from 2000 plus sections prepared
using 300–500 root-tips, making approximately 400,000 cells. Proteins
extracted from these cells were used in two TMT experiments. For the
Type II cell samples, each replicate of roughly 200,000 cells was

harvested from 500 to 600 sections, each containing 350–400 cells.
These LCM elements were randomly selected on the slides but ensured
all the root tips were included. Approximately 200,000 cells were har
vested for each replicate sample from the non-Al treated root tips for the
Type III samples.
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Isoquinoline alkaloid biosynthesis
(sly00950)
Phenylalanine metabolism
(sly00360)
Tyrosine metabolism
(sly00350)
Arginine and proline metabolism
(sly00330)
Glutathione metabolism
(sly00480)
Cysteine and methionine metabolism
(sly00270)
Glycolysis/Gluconeogenesis
(sly00010)
Phenylpropanoid biosynthesis
(sly00940)
Biosynthesis of secondary
metabolites (sly01110)
Metabolic pathways
(sly01100)

Proteins higher in Type I than in
Type III cells
Proteins lower in Type I than in Type
III cells

0
KEGG pathways (Term IDs)

compared to Type II samples.
The type I cells accumulated more stress-response and detoxification
proteins (cluster 6, cluster 4), proteins for phosphate uptake
(LOC544136) (cluster 10), and the citrate efflux transporters (MATE)
involved in the Al exclusion mechanism (Cluster 14). MATE-mediated
citrate secretion from the root tips enables the organic acid to bind
Al3+ in the rhizosphere, thus preventing the toxic Al3+ ions from
entering root cells, representing a primary Al resistance mechanism in
plants [32,33]. The differential protein expression between Type I and
Type II cells concurs with the findings that the outer-layer cells are
closer to the rhizosphere and thus more susceptible to Al toxicity. Thus,
the Al-activated and MATE-facilitated Al-exclusion mechanism should
be activated more strongly in these outer-layer cells compared to the
inner stellar tissues. Details of fold-change and annotation of these
proteins were provided in Supplemental Table S3.
Furthermore, these 178 DAPs were classified into 17 Pfam families
(the protein family database) (Fig. 3). These families include proteins in
polysaccharide biosynthesis, xylanase inhibitor, ABC-2 family trans
porters, alcohol dehydrogenase, multicopper oxidase, tubulin, glycosy
lated polypeptide, endomembrane protein, beta-ketoacyl synthase,
protease, NB-ARS domain, aminotransferase class I and II, EF-1 guanine
nucleotide exchange, ABC transporter, root cap protein, and phosphateinduced proteins. The Type I samples contain the calyptrogen/dermat
ogen complex giving rise to epidermis and root-cap. The higher abun
dance of the root-cap proteins concurs with the biological function of
these cells. The identification of this protein in Type II (interior cells)
could be from some residual calyptrogen/dermatogen complex cells
after the collection of Type I cells.
The 178 DAPs were searched in the tomato genome database in the
online analysis platform of Plant MetGenMap (http://bioinfo.bti.corne
ll.edu/cgi-bin/MetGenMAP/GO_slim.cgi). The matching proteins (157
proteins with higher abundance in Type I than in Type II cells) were used
for gene ontology (GO) functional classification. These proteins were
enriched into 22 GO terms for cell components, 23 for biological pro
cesses, and 18 for molecular function (A, B, C). These analyses indicate
that the DEPs were involved in nearly all the cellular processes, which
confirmed that the two types of tissues (cells) had expressed different
proteomes in response to Al treatment; proteins related to Al exclusion
or tolerance mechanism accumulated more in the outer layers of cells.
Details of proteins in this classification were provided in Supplemental
Table S5 Fig. 4.
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Fig. 5. The enriched KEGG pathways for Al-induced proteins in the outer three
cell layers in the root-tips of tomato ‘Micro-Tom.’ Different abundance proteins
(DAPs) in Type I (the outer three cell layers of Al-treated tomato root-tips) and
Type III (the outer three cell layers of non-Al-treated tomato root-tips) were
used to construct the association network in STRING (https://string-db.org/)
using tomato (Solanum lycopersicum) database. The KEGG pathways enriched by
these DEPs include: sly01100, Metabolic pathways; sly01110, Biosynthesis of
secondary metabolites; sly00940, Phenylpropanoid biosynthesis; sly00010,
Glycolysis / Gluconeogenesis; sly00270, Cysteine and methionine metabolism;
sly00480, Glutathione metabolism; sly00330, Arginine and proline metabolism;
sly00350, Tyrosine metabolism; sly00360, Phenylalanine metabolism;
sly00950, Isoquinoline alkaloid biosynthesis. Details of protein fold changes
between Type I and Type III cells and protein annotation are provided in
Supplemental Table S8.

3.2. Tissue/cell-specific proteome expression in Al-treated root apex of
tomatoes
From the TMTexp1 (Type I/Type II), 6575 quantifiable proteins,
each associated with two or more unique peptides, were identified
(Supplemental Table S1). When filtered using the criteria of Log2Fold
(Type I/Type II) ≥ 0.50, or ≤ − 0.50 and FDR adjusted P ≤ 0.05, 178
DAPs were selected,157 proteins were shown with higher- and 21 pro
teins with lower- abundance levels in Type I compared to Type II cell
samples (Supplemental Table S2).
When these DAPs were submitted to the STRING database, they
formed 17 clusters, presented with a degree of Log2Fold changes in
Cytoscape (Fig. 2). Analysis of the STRING networks revealed four
clusters associated with metabolic pathways: cluster 1 for the glycolysis
and tricarboxylic acid (TCA) cycle pathways, cluster 2 for tyrosine
amino acid metabolism, cluster 13 for conversion of sucrose into glucose
and fructose, and cluster 5 for fatty acid oxidation. Proteins in these
clusters were more abundant in Type I than Type II samples. Cluster 7
and 8 are related to nucleoside metabolism and transport. Cluster 7
contains the aspartate carbamoyltransferase (LOC544088) in the py
rimidine biosynthetic pathway and the equilibrative nucleoside trans
porter 1 (101249478), which mediates influx and efflux of nucleoside
across the membrane. Cluster 8 contains the phosphor
ibosylformylglycinamidine cycloligase (101246417), a key enzyme in
the purine salvage pathway as an energy-saving mechanism [31].
Compared to the Type II tissues, the Type I outer-layer cells accu
mulated more proteins for cell wall remodeling, such as enzymes for
lignin biosynthesis (cluster 11) and wall loosening (xylanase) (cluster
12), proteins for gene transcription (cluster 3) and intracellular traf
ficking of mRNAs (cluster 9), proteins for mitosis (cluster 15), and ATPbinding cassette transporter (cluster 17). However, one protein in
cluster 16, the Density-regulated protein possibly associated with pro
tein translation initiation (101268202), was less abundant in Type I

3.3. Differential proteome expression in outer layer cells of root-tips from
Al treated to non-treated conditions (type I versus type III tissues)
In the TMTexp2 (Type I/Type III), 7183 quantifiable proteins were
identified, each associated with two or more unique peptides (Supple
mental Table S6). Among the 161 DAPs,136 proteins were at higher- and
25 at lower- abundance in Type I compared to Type III cells (Supple
mental Table S7). When these DAPs were searched in STRING, 10 KEGG
pathways were enriched. The pathways include metabolic pathways (47
proteins), biosynthesis of secondary metabolites (36 proteins), phenyl
propanoid biosynthesis (17 proteins), glycolysis / Gluconeogenesis (6
proteins), cysteine and methionine metabolism (4 proteins), glutathione
metabolism (4 proteins), arginine and proline metabolism (4 proteins),
Tyrosine metabolism (3 proteins), phenylalanine metabolism (3 pro
teins), and isoquinoline alkaloid biosynthesis (3 proteins) (Fig. 5). De
tails of the proteins are provided in Supplemental Table S8, S9,S10.
Furthermore, these 161 DEPs formed 19 clusters (Fig. 6). Clusters
1–10 formed interactive association networks. Cluster 1 is involved in
lignin biosynthesis (peroxidases and cinnamyl alcohol dehydrogenase
O- methyltransferase). Cluster 2 contains five proteins, including the Td
(threonine dehydratase) for branched-chain amino acid (BCAA),
fructose-bisphosphate aldolase (101249787) for pentose-phosphate
pathway/glycolysis pathway, and the pyruvate decarboxylase
(101,246,495, 101,247,173). Cluster 3 is related to tyrosine breakdown.
7
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Fig. 6. The biological processes enriched with Al-induced proteomes in the outer three cell layers of cells of tomato root-tips. Different abundance proteins (DAPs) in
Type I (the outer three cell layers of Al-treated tomato root-tips) and Type III (cells from the same region from non-Al-treated tomato root-tips) were used to construct
the association network in STRING (https://string-db.org/) using tomato (Solanum lycopersicum) database. The image showing protein clusters (1–17) and in
teractions was generated using Cytoscape. Protein clusters containing more than two proteins were circled together. Proteins showing higher abundance levels
(positive log2Fold values) in Type I versus Type III were presented in Red; Proteins showing lower abundance (negative Log2Fold values) in Type I versus Type III
were presented in Blue. The depth of the color correlates with the Log2Fold ratio of protein abundance between Type I and Type III samples. The scale bar for the
colors correlating with the Log2Fold values in Cytoscape was provided. Information of the protein fold change and annotation was provided in Supplemental Table S9
and S10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Mitochondrial proteins (clusters 6, 7), aldehyde dehydrogenase, and
glutamate decarboxylase (cluster 8) were all induced by Al-treatment in
Type I tissues. Cluster 4 contains elongation factor 1-alpha, glutathione
S-transferase, and 30S ribosomal protein S12; the glutathione S-trans
ferase is interconnected with clusters 5 and 7. Proteins for polyamine
biosynthesis (cluster 5) and the phenylalanine ammonia-lyase for
(cluster 8) were all induced under the Al-treated condition. Cluster 10
contains LRR receptor-like serine/threonine-protein kinase and peroxi
dase, which are involved in stress signal transduction and responses.
Cluster 11 is related to apoptosis and programmed cell death with
the Al-induced annexins and aspartic proteinase. Cluster 12–18 each has
two proteins, related to the ATP-binding cassette (cluster 14), thioamino acids biosynthesis pathway (cysteine desulfurase (101247180)
and thiosulfate sulfurtransferase (101262767)) (cluster 13), and cell
wall modification (pectinesterase, expansins) (clusters 12, 17).
Clusters 15, 16 are related to jasmonic acid (JA) biosynthesis. Two
enzymes for JA synthesis (allene oxide synthase, allene oxide cyclase)
were clustered together (cluster 15). The interconnected lipoxygenase
catalyzes α-linolenic acids to produce (13S)-hydroperoxy-octadeca
trienoic acid (13-HPOT), which is metabolized further to synthesize JA
[34]. Jasmonate (JA) has been reported to play a crucial role in regu
lating root growth and development in response to environmental
stresses through interplay with ethylene and auxin. A previous study
reported that the JA signaling pathway influences Al-induced root
growth inhibition [23,35].
Cluster 18 contains two repressed proteins: the 2-nitropropane

dioxygenase and UDP-glucuronosyl/UDP-glucosyltransferase. The 2nitropropane dioxygenase (EC 1.13.11.32) catalyzes the oxidation of
nitroalkanes into their corresponding carbonyl compounds and nitrite.
The FMN-dependent enzyme uses molecular oxygen to oxidize (anionic)
alkyl nitronates and participates in nitrogen metabolism [36]. The UDP
glycosyltransferases (UGT) are involved in glycosylation, protein
folding/stability, or protein-protein interactions [37]. Glycosylated
metabolites generated by UDP-dependent glycosyltransferases (UGTs)
play critical roles in plant interactions with the environment [38]. The
Al-induced changes in these proteins implicate their new functions
against Al toxicity.
3.4. Construction of an Al-resistance model using the Al-induced and celltype-specific proteomic data
From te two TMT experiments described above, three cell-specific
proteomes were identified. As shown in Fig. 7, 6167 proteins (72% of
the 8574 individual proteins quantified from the two TMT experiments)
were shared among all cell types (Supplemental Table 11). Proteins
identified as DAPs in one or both TMT experiments were divided into
three groups. Group 1 contains 23 proteins of which the Type I cells
contained the highest abundance level among the three types of cells.
Group 2 has 142 proteins that differed only between Type I and Type II,
but not from the Type III cells. Group 3 contains 102 proteins that
differed between Type I and Type III, but not from the Type II cells
(Supplemental Table S12, S13). A model of the Al-response/tolerance
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mechanisms with cell specific accumulation of these three groups of
DAPs was developed and described below. The whole system can be
viewed in two layers, the first layer employs the Al exclusion mechanism
to reduce the number of Al 3+ ions entering cells and binding to cell wall;
and the second layer of mechanisms are activated to reduce the injuries
from the celluar stress induced by Al (Fig. 8, Table 1, and Supplemental
Table 13). The cell-specific regulation of these mechanisms are decribed
below.
A). The Al exclusion mechanism. The Al-activated citrate trans
porters (MATE) and malate transporters (ALMTs) facilitate citrate and
malate exudation from the root to chelate Al ions in the rhizosphere,
thus reducing the toxic Al3+ ions entering root cells [39,40], these
proteins provide major Al tolerance mechanisms in plants [32,41–44].
In the tomato root-tips, the Al-treated outer layer cells contained the
highest abundance of a MATE protein (Solyc01g087150.2.1) (Type I
higher than Type II (0.77-Fold) and Type III 0.52-Fold). The ALMT
protein (Solyc03g096820.2.1) was not affected by neither the Al stress
nor the cell types. Therefore, these results suggest that the MATE citrate
transporter, but not the ALMT malate transporter, plays a dominant role
in the Al exclusion-based resistance in tomatoes. This result also concurs
with the Al-induced proteins in the outer layer TZ cells from cherry
tomato [18].
B). The Al tolerance mechanism realted to cell wall properties.
The binding and deposition of Al3+ ions onto the cell wall are
affected by cell wall compositions. Pectinmethylesterase (PME) cata
lyzes demethylation of pectin in favor of binding of Al3+ to the cell wall.
The Al-treament induced an increase in the abundance level of PME
(Solyc02g080210.2.1) (0.60-Fold, Type I/Type III), these cells also
contained more pectinesterase inhibitor (Solyc03g083710.1.1)
compared to interior tissues (0.71-Fold, Type I/Type II). These results
suggest the pectin modification is regulated by an balance of PME
abundance and and its activity (regulated by its inhibitors) and the
process is cell type-specific. On the other hand, the xyloglucan endo
transglucosylase/hydrolase (XET) (Solyc03g093110.2.1)was induced
by Al consistenyly across the whole root-tips (0.70-Fold, Type I/Type III,
P < 0.0001; Type I/Type II, 0.72-fold, P = 0.39). The XET was reported
to confer Al tolerance by reducing Al binding/accumulation on cell wall
[45,46]. A study in buckwheat showed that Al is highly mobile in the
radial direction, it can be distributed across the whole section of roottips [47]. Thus, XET protein may have a role in coping with internal

Fig. 7. The UpSet plot shows the distribution of quantified and different
abundance proteins (DAPs) Al-induced cell type specific proteomes in tomato
root-tips. A total of 8574 proteins were quantified in two TMT experiments.
Among these proteins, 6167 proteins were identified in the three types of cells
(Type I, Type II and Type III); 392 proteins were quantified only in TMTexp1
(Type I/Type II), 999 proteins were quantified only in TMTexp2 (Type I/Type
III). For the different abundance proteins (DAPs), 312 proteins were identified
from the two TMT experiments, 27 proteins were identified as DAPs in the three
types of cells, 135 DAPs were identified as DAPs TMTexp1 but not in TMTexp2,
and 150 DAPs in TMTexp2 but not in TMTexp1. Information on these proteins
is provided in Supplemental Table S11.

Fig. 8. The Al-resistance/response model with a view of Al-induced and cell-type-specific proteins in tomato root tips. Proteins quantified in all of the three types of
cells (Type I, Type II, Type III) were selected, and these proteins were classified into three groups: showing significant different abundance proteins (DAPs) between
Type I and Type II, and Type I and Type III; DAPs between Type I and Type II,but not between Type I and Type III; DAPs between type I and type III, but not between
Type I and Type II. Information of proteins is provided in Supplemental Table S12.
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Table 1
Proteins used to develop the Al-tolerance model in root-tips of tomatoes.a
Log2Foldc
Protein name

TMTexp1 (Type I/
TypeII)d

TMTexp2 (Type I/TypeIII)e

− 0.88

0.04

0.77***f
− 0.30
0.39
0.80***

0.52*
0.12
− 0.15
0.02

0.62*g
1.04*
0.81*

0.05
− 0.32
− 0.06

− 0.23
0.13

1.15***
1.57***

0.14
0.56***

1.40***
0.25

Solyc02g080210.2.1
Solyc03g083710.1.1

− 0.66
0.71***

0.66***
0.38

Solyc03g093110.2.1

0.72

0.70***

Protein accession

b

Proteins with known functions in Al exclusion -tolerance mechanisms
Aluminum-activated malate
Solyc03g096820.2.1
transporter-like
Mate efflux family protein
Solyc01g087150.2.1
Solyc02g061760.2.1
Solyc02g080490.2.1
Citrate synthase
Solyc12g011000.1.1
Proteins with known functions in phytohormone-mediated Al tolerance mechanisms
1. Ethylene biosynthesis
1-aminocyclopropane-1Solyc06g060070.2.1
carboxylate oxidase
Solyc07g026650.2.1
Solyc02g071470.2.1
2. JA biosynthesis
Allene oxide cyclase
Solyc02g085730.2.1
Allene oxide synthase
Solyc10g007960.1.1
3. ABA-responsive gene-expression regulation
ABA/WDS induced protein
Solyc04g071580.2.1
GRAM-containing/ABASolyc08g078510.2.1
responsive protein
Cell wall modification
Pectinesterase
Xyloglucan endotransglucosylase/
hydrolase 9

0.43

0.69***

Solyc02g063480.2.1
Solyc08g076620.1.1
Solyc08g076630.1.1
Solyc08g076640.1.1

1.28
1.83***
1.59***

1.81***
1.39
1.28

Solyc12g005370.1.1
Solyc10g076220.1.1
Solyc01g067870.2.1
Solyc12g094620.1.1
Solyc09g074850.2.1
Solyc04g007030.2.1
Solyc04g007050.2.1
Solyc04g007070.2.1
Solyc01g090430.2.1
Solyc05g007170.2.1
Solyc03g026120.2.1
Solyc06g035790.2.1
Solyc08g080650.1.1

1.12***
0.50
0.75***
0.71
0.54***
1.10***
0.74***
0.95***
0.78***
0.34
1.23***
0.61***
0.76***

− 0.38
1.60***
− 1.18***
0.77***
0.91***
0.57***
0.78***
0.70***
0.32
0.71***
0.16
0.01
0.20***

Solyc01g006660.1.1
Solyc01g087740.1.1
Solyc02g071560.2.1
Solyc08g007610.1.1
Solyc08g007680.1.1
Solyc01g096450.2.1
Solyc01g101240.2.1
Solyc04g076190.1.1
Solyc04g015340.2.1
Solyc04g064760.2.1

0.31
− 0.67***
0.33
0.65***
− 0.58***
− 0.86***
− 0.06
− 0.48***
0.76***
− 0.62***

1.29***
0.31
1.25***
0.29
0.24
− 0.30
1.09***
− 0.01
0.04
0.01

TypeI/
Type II

Type I/Type III

Pathways

Group 1 Proteins DAPs with higher abundance in Type I, than Type II and Type III
Solyc10g007110.2.1
Tyrosine aminotransferase
Solyc12g088000.1.1
Aminotransferase
Solyc01g107590.2.1
Cinnamyl alcohol dehydrogenase
Solyc02g062340.2.1
Fructose-bisphosphate aldolase
Solyc08g068190.2.1
Aldehyde dehydrogenase
Solyc06g064620.2.1
Beta-fructofuranosidase insoluble isoenzyme 2

1.50***
1.04***
2.65***
2.17***
0.68***
0.53***

1.25***
0.76***
0.93***
1.74***
1.10***
0.86***

Biosynthesis of aromatic acids
Phenylpropanoid biosynthesis
Glycolysis / Gluconeogenesis
Fatty acid degradation
Galactose metabolism

Group 2 proteins with DAPs in TypeI/Type II, not in Type I/Type III
Solyc08g083280.2.1
Alcohol dehydrogenase 2
Solyc06g059740.2.1
Alcohol dehydrogenase

0.96***
0.61***

0.05
− 0.81

Fatty acid degradation

Xylanase inhibitors
Stress responses
Peroxidases
Catalase
Glutathione S-transferase

Cc-nbs-lrr, resistance protein
Dehydration-responsive family
protein
Osmotin-like protein
The proteolysis pathways

Subtilisin-like serine proteases
Aspartic proteinase
Serine carboxypeptidase

KEGG biosynthesis of secondary metabolites (sly01110)
Protein accession

Protein name

(continued on next page)
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(continued )
Log2Foldc
Protein name

Protein accessionb

Solyc09g061840.2.1
Solyc09g091470.2.1
Solyc12g099440.1.1

Peroxisomal 3-keto-acyl-CoA thiolase
Thiolase
Glyoxysomal fatty acid beta-oxidation
multifunctional protein mfp-a isoform x1
Transketolase
Peroxisomal 3-keto-acyl-CoA thiolase
3-ketoacyl CoA thiolase 2
Aspartate aminotransferase
Prephenate dehydrogenase
Aspartate aminotransferase
Ornithine decarboxylase-like

Solyc01g028900.2.1
Solyc09g061840.2.1
Solyc09g091470.2.1
Solyc07g055210.2.1
Solyc07g007590.1.1
Solyc07g055210.2.1
Solyc03g098300.1.1

TMTexp1 (Type I/
TypeII)d

Group 3 proteins with DAPs in TypeI/Type III, not in Type I/Type II
Solyc02g084790.2.1
Peroxidase
Solyc02g084780.2.1
Peroxidase
Solyc10g076220.1.1
Peroxidase 70-like;
Solyc10g005060.2.1
Caffeic acid 3-o-methyltransferase
Solyc05g014790.2.1
Lipoxygenase
Solyc10g007960.1.1
Allene oxide synthase

TMTexp2 (Type I/TypeIII)e

0.63***
0.63***
0.68***

0.40
− 0.13
− 0.14

0.54***
0.63***
0.63***
0.62***
0.61***
0.62***
0.65***

0.11
0.40
− 0.13
− 0.10
0.39
− 0.10
0.30

Valine, leucine and isoleucine degradation

− 0.27
− 0.21
0.50
− 0.29
0.08
0.21

1.45***
0.95***
1.60***
1.31***
0.56***
1.63***

Phenylpropanoid biosynthesis linked to
lignin biosynthesis

Phenylalanine, tyrosine, and tryptophan
biosynthesis
Arginine and proline metabolism

alpha-Linolenic acid metabolism (related
to JA biosynthesis)

a
Proteins passed FDR adjusted P ≤ 0.05 test the outer three layers versus the inner tissues of Al-treated root-tips, and for the outer three-layer cells of root-tips from
Al-treated to non-Al treated tomato root-tips.
b
Accession number in the International Tomato Annotation Group (ITAG3.20) protein database.
c
Fold equivalent to Log2 of protein abundance ratio between pairs of tissue samples.
d
TMT experiment for the outer three layers (Type I) and inner tissues (Type II) of Al-treated root-tips.
e
TMT experiment for the outer three layers (Type I) of Al-treated and non-Al-treated (Type III) root-tips.
f
Proteins identified as DAPs for passing criteria for fold-change and the FDR adjusted P ≤ 0.05.
g
Proteins passing criteria for Fold-change, t-test P ≤ 0.05.

and external Al toxicity in both the outer-layer and the interor cells in
tomato root-tips.
C). A complex suit of proteases was activated by Al stress with celltype-specific characteristics. Three of the five subtilisin-like serine pro
teases differed in abundance from the outer-layer to interior cells (DAPs
in Type I/Type II), and two proteins were only affected by Al treatment
(DAPs in Type I/Type III). The aspartic proteinase followed the same
patterns with individual proteins affected differently by Al treatment in
outer and inner cell layers. The abundance of two serine carboxypepti
dases varied from the outer-layer to interior cells but was not affected by
the Al treatment. The Kunitz-type protease and proteinase inhibitor I20
were induced by Al treatment consistently from outer-layer to interior
cells in root-tips.
D). The mechanisms for alleviating Al-induced cellular stress.
Al induces accumulation of reactive oxygen species (ROS), which
causes severe injuries to cells [48,49]. The antioxidant enzymes (DAPs)
include peroxidases, catalase, and glutathione S-transferase (GST).
Among the 11 peroxidases, nine proteins were induced by Al consis
tently from outer to interior cells (DAPs in Type I/ Type III, not in Type
I/II), two enzymes accumulated at a higher level in the outer than in the
inner cells (DAPs in Type I/Type II, not in Type I/Type III). The abun
dance of GST (Solyc09g074850.2.1) declined from outer to interior
cells. The catalase (Solyc02g086880.2.1) was induced by Al consistly
across the whole root-tips. The outer layer cells accumulated more of the
dehydration-responsive
proteins
(Solyc03g026120.2.1,
Sol
yc06g035790.2.1), the osmotin (Solyc08g080650.1.1) and the GRAMcontaining/ABA-responsive protein (Solyc08g078510.2.1). Changes of
these stress proteins concur with previous results in our cell-typespecific and tissue-baed studies [16,18] and the function of these pro
teins in conferring tolerance to the Al-induced cellular dehydration
stress [50,51].
E). Phytohormone biosynthesis and signaling pathways related to Al
resistance.
It has been demonstrated that phytohormones, including auxin,
ethylene, and JA, play essential roles in regulating Al tolerance
[16,52,53]. For example, auxin has a positive role in alleviating Alinduced root growth inhibition [54] and promotes citrate exudation

by upregulating the MATE gene [53]. In contrast, the Al-induced in
creases in ethylene and JA negatively affect Al tolerance [23,55]. In the
Al-treated tomato roots, the Al-treated outer-layer cells contained the
highest abundance levels of the aminocyclopropane-1-carboxylate oxi
dases (ACC oxidases) (Solyc06g060070.2.1, Solyc07g026650.2.1, and
Solyc02g071470.2.1) in ethylene biosynthesis, allene oxide synthase
(Solyc10g007960.1.1, and allene oxide cyclase (Solyc02g085730.2.1) in
JA biosynthesis. The Al-induced JA pathway concur with protein
changes in the same group of cells in cherry tomatoes [18]. Therefore,
the accumulation of JA and ethylene in the outer-layer cells could be
taken as a piece of evidence that these cells are more sensitive and
reactive to Al toxicity than the inner cells.
F). Al-induced and cell-type-specific metabolic pathways in the root
tips.
Among the 25 DAPs in Group 1, six proteins with the highest
abundance in the Type I cells were classified into the KEGG secondary
metabolite biosynthesis pathway. These proteins are the aldehyde de
hydrogenase (Solyc08g068190.2.1) that functions to detoxify lipid
peroxide-derived aldehydes to provide a defense mechanism against Al
toxicity [56]. The cinnamyl alcohol dehydrogenase (Sol
yc01g107590.2.1) serves as a hallmark enzyme for lignin biosynthesis
and deposition on cell walls under Al-treated conditions [51,57]. The
tyrosine aminotransferase (Solyc10g007110.2.1) and aminotransferase
(Solyc12g088000.1.1) are involved in the metabolism of aromatic
amino acids (Parthasarathy et al., 2018). The beta-fructofuranosidase
insoluble isoenzyme 2 (Solyc02g062340.2.1) affects galactose meta
bolism. And the fructose-bisphosphate aldolase (Solyc02g062340.2.1) is
a crucial enzyme in fructose metabolism to remove the accumulation of
sugar phosphates in the cytoplasm, which is toxic for the cells due to
metabolic dysregulation [58].
The Group 2 DAPs (143 proteins) were enriched into KEGG pathways
for fatty acid degradation (glyoxysomal fatty acid beta-oxidation
multifunctional protein, Solyc09g091470.2.1; the enoyl-CoA hydra
tase/isomerase, Solyc12g099440.1.1; the peroxisomal 3-keto-acyl-CoA
thiolase,
Solyc09g061840.2.1;
alcohol
dehydrogenases,
Sol
yc06g059740.2.1, Solyc08g083280.2.1), amino acid metabolism
including biosynthesis of aromatic amino acids (aspartate
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aminotransferases) and arginine and proline metabolism (aspartate
aminotransferase and ornithine decarboxylase-like). The Group 3 DAPs
(101 proteins) were enriched into KEGG secondary metabolite pathways
for the biosynthesis of lignin (peroxidases, caffeic acid 3-o-methyl
transferase), alpha-Linolenic acid metabolism (lipoxygenase and allene
oxide synthase associated with JA synthesis). Based on the KEGG
pathway analysis, different metabolic pathways were activated in
response to Al-treatments in the outer-layer and interior cells in root
tips. This distribution would affect the composition of metabolites in
these cells.

at USDA/ARS for helping with Al treatment set-up. The authors wish to
thank Dr. Mahesh Rangu and Mrs. Sara Bhatii for assisting with the
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