
Academic Editors: Rudo Ngara and

Yuri Shavrukov

Received: 27 August 2025

Revised: 23 October 2025

Accepted: 24 October 2025

Published: 30 October 2025

Citation: Gurina, A.; Bilova, T.;

Gorbach, D.; Soboleva, A.; Stepanova,

N.; Babich, O.; Ihling, C.;

Kamionskaya, A.; Osmolovskaya, N.;

Frolov, A. Metabolic Responses to the

Zinc Stress in the Roots and Leaves of

Amaranthus caudatus: The Proteomics

View. Plants 2025, 14, 3315. https://

doi.org/10.3390/plants14213315

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Metabolic Responses to the Zinc Stress in the Roots and Leaves
of Amaranthus caudatus: The Proteomics View
Anastasia Gurina 1,2,† , Tatiana Bilova 1,2,*,† , Daria Gorbach 2 , Alena Soboleva 2 , Nataliia Stepanova 3 ,
Olga Babich 4 , Christian Ihling 5, Anastasia Kamionskaya 3 , Natalia Osmolovskaya 1 and Andrej Frolov 2,*

1 Department of Plant Physiology and Biochemistry, St. Petersburg State University,
199034 St. Petersburg, Russia; anastasia.gurina@list.ru (A.G.); n.osmolovskaya@spbu.ru (N.O.)

2 Laboratory of Analytical Biochemistry and Biotechnology, K.A. Timiryazev Institute of Plant Physiology,
Russian Academy of Science, 127276 Moscow, Russia; daria.gorba4@yandex.ru (D.G.);
oriselle@yandex.ru (A.S.)

3 Federal Research Centre Fundamentals of Biotechnology, Russian Academy of Science,
119071 Moscow, Russia; akamio@fbras.ru (A.K.)

4 Research and Educational Center “Applied Biotechnologies”, Immanuel Kant Baltic Federal University,
236041 Kaliningrad, Russia; olich.43@mail.ru

5 Department of Pharmaceutical Chemistry and Bioanalytics, Institute of Pharmacy, Martin-Luther Universität
Halle-Wittenberg, 06120 Halle, Germany; christian.ihling@pharmazie.uni-halle.de

* Correspondence: bilova.tatiana@gmail.com (T.B.); afrolov0375@yandex.ru (A.F.)
† These authors contributed equally to this work.

Abstract

Zinc excess (Zn stress) could lead to deleterious effects in plants such as enhanced ROS
production, inhibition of photosynthetic machinery, and impairment of nutrient uptake.
Hence, we aimed to investigate the complexity of metabolic responses to Zn stress in
Amaranthus caudatus young and mature leaves, as well as in roots by means of proteomics.
Our previous metabolomics research has indicated potential involvement of gluconate
and salicylate in Zn tolerance mechanisms. However, proteomics study of metabolic
adjustments underlying Zn stress tolerance can give additional insight to the issue, as a
lot of enzymes are known to be affected by the excess of transitional metals. The results
obtained through bottom-up proteomics were complementary to our earlier metabolomics
data and, furthermore, enlightened other important details in the metabolic response of A.
caudatus plants to the applied Zn stress. In particular, the significant involvement of redox-
related enzymes was shown, especially for the roots, and their possible interactions with
salicylate and jasmonate signaling could be proposed. Furthermore, Zn2+-induced changes
in roots and young leaves strongly affected sugar metabolism, enhanced protein quality
control system, while mature leaves were characterized by remarkable decrease in subunits
of photosynthetic electron transport complexes. Thus, this work emphasizes massive
metabolic reprogramming aimed to reinforce root defense responses while supporting
young leaves with sugar metabolites. Mass spectrometry proteomics data are available via
ProteomeXchange with identifier PXD069557.

Keywords: Amaranthus caudatus; zinc stress; bottom-up proteomics; metabolic adjustment

1. Introduction
Zinc (Zn) is one of the eight essential micronutrients [1] acting as a cofactor of multiple

enzymes involved in signal transduction, protein biosynthesis, maturation and structure
integrity, DNA replication and repair, detoxication of reactive oxygen species (ROS) [2,3].
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In agreement with this, more than 2000 proteins in the Arabidopsis thaliana proteome
were predicted to have Zn-binding cites [4] that might indicate high responsivity of plant
proteome to Zn.

In plants, Zn uptake relies on the root absorption of Zn(II) cations, which are suffi-
ciently abundant in soils, although in poorly soluble state [5]. Therefore, the equilibrium
concentrations of free Zn2+ in the soil solution are quite low (typically not exceeding a
few micromoles per L) [6] and essentially depend on the physicochemical properties of
the soil, secretion activity of the plant roots, and metabolic features of the rhizosphere
microbial community [2]. In agreement with this, plants typically accumulate Zn at rela-
tively low levels (30–100 µg/g dry weight) [7]. These metabolically adequate contents can
be efficiently managed by constitutive detoxification systems [8]. Accumulation of Zn(II)
ions above these values results in overwhelming the plant metal detoxification capacity
and development of heavy metal stress, which is typically accompanied by clear signs of
toxicity [4].

Despite limited availability of Zn for its uptake by plant roots, several scenarios might
lead to enhanced solubilization of the soil Zn pool [2]. Thus, acidified soils favor enhanced
liberation of Zn from insoluble complexes and impact on development of Zn toxicity due
to accumulation of this micronutrient in tissues [9]. Moreover, increased Zn contents might
be underlied by prolonged application of phosphate-based fertilizers and by the use of
sewage sludge [9]. Not less importantly, stressors such as drought or flooding can positively
affect Zn availability and thereby favor higher Zn2+ concentrations in the soil solution [10].
Finally, accumulation of Zn in the plant tissues might be underlied by industrial activities
and enhanced soil pollution [11].

From the point of plant physiology, high tissue Zn contents represent an abiotic stressor
triggering a well-defined pattern of physiological responses: [9] decrease in seed germi-
nation rates, retardation of seedling growth [12], chlorosis in young leaves [13], necrosis
and reddening lesions in mature leaves [14], decrease in photosynthetic efficiency [15],
inhibition of nutrient [15,16] and water uptake [17], reduced stomatal activity [15]. To an
essential extent, these effects can be attributed to overproduction of reactive oxygen species
(ROS) and development of oxidative stress [18,19], which is, at least partly, underlied by
impaired redox reactions in the electron transport chains (ETCs) of the chloroplasts and
mitochondria [20]. Another toxicity mechanism might be associated with the loss of protein
functionality due to the displacement of metal ions (particularly Fe2+/Fe3+, Mg2+, and
Mn2+) by Zn2+ from their functional sites of enzymes [3].

Fortunately, plants possess well-established mechanisms of biochemical adaptation to
Zn stress, such as the activation of antioxidant defense, enhanced synthesis of transport
proteins involved in the uptake, partitioning and sequestration of Zn ions, as well as
redirection of the central metabolism to cover the associated energy demand [18]. However,
plants essentially differ in efficiency of the principal mechanism behind the tolerance to the
Zn stress—in ability to rapidly compartmentalize Zn into vacuoles via transporters [21]
and scavenging of Zn2+ in the cytosol by chelation with organic acids [22], amino acids
(cysteine) [23], and glutathione [19].

The genus Amaranthus is not only a valuable source of nutrients and biologically
active metabolites [24], but is also a highly adaptive crop [25] and a versatile tool for
phytoremediation of Zn-contaminated agricultural soils [26]. In our previous work [27]
we addressed the metabolic rearrangements triggered by the Zn stress in the roots and
leaves of A. caudatus plants, and described the accompanying adaptive metabolic shifts
therein. However, to address these metabolic changes in the most comprehensive way,
the expressional changes at the proteome level (i.e., stress-induced dynamics of effector
enzymes, transporters and ROS scavenging systems) need to be understood as well.
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In this context, proteomics represents a versatile tool for disclosing the molecular
mechanisms behind the Zn toxicity and plant tolerance to Zn stress, as was shown by
Fukao et al. (2011) in Arabidopsis thaliana seedlings, Šimon et al. (2021) in Oryza sativa roots,
and by Lucini et al. (2015) in Lactuca sativa leaves using gel-based and gel-free bottom-up
approaches [28–30]. A study on A. thaliana seedlings grown under Zn excess can serve as a
model to illustrate the significance of proteomics data in understanding the development
of adaptive physiological reactions or Zn toxicity symptoms [30]. The seedling toxicity
symptom such as chlorosis was associated with an increase in abundance of a few proteins
known to be responsive to iron deficiency, indicating that Zn displaces iron from active sites
of enzymes involved in chlorophyll synthesis. Another A. thaliana Zn toxicity symptom is a
reduction in seedling root growth, associated with decrease in abundance of a few subunits
of V-ATPase which are responsible for cell expansion and Zn2+ ion sequestration into
vacuole [30]. However, despite the impressive body of the data accumulated so far, such a
promising food crop as A. caudatus was still not addressed by the proteomics approach in
respect of Zn stress.

Therefore, here we employ LC-MS-based bottom-up proteomics to address the
metabolic responses of the A. caudatus root and leaves to moderate Zn stress. Thereby,
we aimed to identify the Zn-responsive proteins in the roots, young and mature leaves of
the A. caudatus plants exposed to Zn stress for seven days, as well as their comprehensive
discussion in the context of the Zn2+-induced adaptive metabolic shifts discovered in these
organs earlier [27].

2. Results
2.1. Suppressing Exposure to Zn Caused Suppression of the Photosystem II Efficiency in the A.
caudatus Leaves

After two weeks of growing under the hydroponic conditions, the six-week-old A.
caudatus plants were exposed to 300 µmol/L ZnSO4 × 7H2O supplemented to the nutri-
ent solution. A one-week stress application did not cause severe alterations in leaf and
root morphology in comparison to the age-matched untreated controls. The visibly de-
tectable changes were observed only for the young leaves, which became light green upon
application of the Zn stress (Supplementary Information 1, Figure S1-1).

Physiological assays accomplished by means of non-invasive methods for the 3rd
fully expanded leaf revealed no significant changes in stomatal conductance, leaf relative
water contents (LRWC), and chlorophyll contents upon Zn stress application in compar-
ison to control plants (Figure 1a,b). However, as could be seen from the decrease in the
Fv/Fm values, photosystem II (PS II) efficiency appeared to be affected by stress conditions
(Figure 1a,b). These results were also confirmed in the second independent experiment,
which was accomplished to validate the initial findings (Figures S1-4, S1-2a and S1-3b).

2.2. Protein Isolation and Tryptic Digestion

The protein concentrations in the resulting young and mature leaves and roots extracts
(assessed with the BCA assay) were in the range of 0.33–1.42 mg/mL, and the protein
recoveries were 0.13–0.72 mg/g fresh weight (Table S1-1). Densitometric analysis of the
electropherograms obtained with 5 µg of the total protein extracts loaded on each lane of
the gels demonstrated comparable signal intensities per line across all gels normalized
by the lines loaded with 5 µL protein ladder (50.85 × 104 ± 68.19 × 103 arbitrary units,
RSD = 13%), indicating sufficient precision of protein assay. The following proteolysis,
accomplished with 25 µg of the individual protein extracts could be considered as complete
or close to complete as no distinct protein bands were detectable in the electropherograms
acquired with filter remnants, assuming sensitivity of the Coomassie staining better than
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30 ng (Figures S1-5 and S1-6) [31]. Unfocused signals at the very beginning of the lines most
likely could be attributed to non-protein negatively charged biopolymers or glycoproteins.

Figure 1. Impact of exogenous Zn2+ (300 µmol/L) on stomatal conductivity, chlorophyll content,
photosystem II (PS II) activity (a), and leaf relative water content (b) of the third mature leaf (the leaf
is indicated by green arrows at photos in the insert; numeration of the mature leaves were performed
just beneath the plant top with young (i.e., not fully expanded) leaves) from six-week-old (before
Zn2+-exposure, 0 day) and seven-week-old A.caudatus plants (n = 9) (after Zn2+-exposure, 7 day)
grown in hydroponic nutrient solution. Gray columns indicate the Zn-treated group, namely plants
whose physiological parameters were measured prior (0 day) and after the Zn-stress exposure (7 day).
The Zn-stress exposure of the plants was performed by supplementation of 300 µmol/L ZnSO4 in
hydroponic nutrient solution for one week. White columns indicate the control group of plants
which were grown during the whole experimental period (from 0 to 7 days) in hydroponic nutrient
solution without the addition of 300 µmol/L ZnSO4. Fv/Fm—variable fluorescence (Fv)/maximal
fluorescence (Fm). Asterisks ** indicate significant difference between Zn-treated and control groups
per time point at p (t-test) < 0.01. The experimental data obtained for a leaf of each plant are presented
in Osmolovskaya et al. [27] Supplementary Information 2, Tables S2-1–S2-3).

2.3. Identification of Peptides and Annotation of Proteins

As the amaranth genome is still not established, for the database search we opted
for the sequence of C. quinoa, which is the closest relative of A. caudatus with sequenced
genome. The parallel search against the A. thaliana database (which contains more entries,
although with a lower expected homology) yielded less numbers of confident matches.
Therefore, the results of this search were not analyzed further.

The search against the C. quinoa protein sequence database resulted in the identifica-
tion of 4608 peptides, comprising 1686 protein groups (non-redundant proteins) which
represented 3163 possible individual proteins (Supplementary Information 2). To address
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the inter-organ differences in the absence and presence of the stress response, we accom-
plished inter-organ comparisons within each treatment group. This analysis, accomplished
for the control group, yielded 2420 peptides comprising 873 non-redundant proteins,
which could be assigned to 2205 possible individual proteins in all organs (Supplementary
Information 1, Figure S1-7). Among these numbers, 444 peptides, 215 protein groups,
and 663 individual proteins were common (18–30% of the total counts). Analogously,
2305 peptides, 856 protein groups, and 2120 proteins could be found in roots, young, and
mature leaves of the Zn2+-treated plants. Thereby, 26–32% of the total protein numbers
appeared to be common for all organs (491, 231, and 681 peptides, protein groups and
proteins, respectively, Figure S1-8).

At the next step, the paired stress-control comparisons were addressed for each
of the organs. The analysis revealed 1738 and 2870 peptides discovered in roots and
leaves (young and mature collectively), respectively. These peptides represented 1145
and 2018 individual proteins, falling in 629 and 1057 protein groups (Figures S1-9–S1-11).
In total, 568 protein groups with 797 possible individual proteins were detected in roots
both in control and stress-exposed groups, while 44 and 17 non-redundant proteins (with
189 and 159 accessions) were found in the control or Zn-treated plants (Figure S1-9a,b;
for the identified peptides behind these annotations, see Figure S1-9c). Considering the
identifications for young and mature leaves separately, 574 and 483 non-redundant pro-
teins (with 1077 and 941 accessions) could be annotated to these groups, respectively
(Figures S1-10a,b and S1-11a,b; for the identified peptides behind these annotations, see
Figures S1-10c and S1-11c). The numbers of the protein groups and individual proteins
common for the young leaves from the control and Zn-treated groups were 535 and 783,
respectively. On the other hand, 8 non-redundant proteins (136 accessions) were found
only in the control samples, while 31 of those (158 accessions) could be annotated solely to
the stress-exposed group (Figure S-10a,b; for the corresponding identified peptides behind,
see Figure S1-10c).

Finally, 466 protein groups were common for the mature leaves harvested in all
treatment groups, while 7 and 10 of them were found only in the controls and Zn-exposed
ones. These non-redundant proteins could be attributed to 690 potential accessions (with
132 and 119 of them found only in the control and Zn-exposed groups, Figure S-11a,b; for
identified peptides behind, see Figure S1-11c).

2.4. Label-Free Quantification

At the first step, we addressed the quantitative differences within the whole dataset in
glance. For this, one-way ANOVA was accomplished at the confidence level of p ≤ 0.05
and the fold change (FC) threshold of 1.5 (both for increase and decrease in abundance
in comparison to control). This multi-group comparison (in total 6 sample groups rep-
resenting two treatments and three organs) revealed 355 non-redundant proteins, which
were differentially expressed in at least 2 sample groups (Supplementary Information 3,
Table S3-1).

Principal component analysis (PCA), accomplished for this differentially expressed
part of the A. caudatus proteome, revealed clear separation in the organ-dependent manner
with 81.2% of explained difference by the principal component 1 (PC1) visible in the corre-
sponding scores plot (Figure 2a). Thus, the four leaf-related sample groups (representing
the young and mature leaves collected from the control and the stress-exposed plants)
clustered together and apart from the two root sample groups (control and stress).
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Figure 2. Principal component analysis with a scores plot performed for all treatment groups (roots,
young, and mature leaves) with or without stress application (a), all groups of plants grown without
Zn treatment (b), and all groups of plants grown under Zn stress conditions (c). PC—principal
component; Control—plants grown without Zn treatment; Stress—plants grown under Zn stress
(supplementation of 300 µmol/L Zn2+ to the hydroponic solution for 7 days).

The same pattern could be observed when the PCA tests were accomplished sep-
arately for all differentially expressed proteins annotated in the controls and in the Zn-
exposed plants (360 and 375 differentially abundant non-redundant proteins, respectively;
Tables S3-2 and S3-3). In both cases 85% of the total variance could be explained by PC1
(Figure 2b,c).

Based on corresponding loadings plots, the top 20 major contributors in these pat-
terns could be assigned for each comparison (Figure S1-12). The analysis of these lists
(Tables S1-2–S1-4) showed that the observed patterns of group separation were most likely
defined by organ specificity and were not affected by the heavy metal treatment. It was
especially relevant for the accessions expressed only in chloroplasts of the green parts.

Table S1-2 presents the five most responsive proteins (with their organ specificity)
among all plant organs irrespective of Zn treatment, which were the major contributors
in the observed differences. Thus, in roots of Zn-exposed plants, the germin-like protein
appeared to be the positive contributor, whereas in the mature leaves of the control plants
it was downregulated. UPF0603 followed an opposite pattern, being the most abundant in
mature leaves and the least abundant in roots under control conditions. In contrast, the
expression of the remaining three proteins was the highest in the control mature leaves but
was the lowest in the roots of the Zn-exposed plants. The magnitude of these differences
varied notably among the organs, ranging from 117.1 to 1461.8-fold.

Similarly, uncharacterized protein LOC110707738 isoform X1, UPF060, chloroplastic-
like probable glutathione S-transferase parC isoform X1, chlorophyll a-b binding protein,
and germin-like protein (72.9–infinite-fold) headlined the lists of the major contributors
among all control groups (Table S1-3). Germin-like protein, peroxidase 12-like, NdhJ,
putative pentatricopeptide repeat-containing protein, and UPF0603 (ranging from 214.4-
fold to infinite-fold changes) were identified as the most significant contributors among all
stress-treated groups (Table S1-4).

At the next step, hierarchical clustering analysis (HCA) with heatmap representation
was accomplished for the whole sample set, which demonstrated comparable generalized
results. The analysis revealed higher homogeneity of the root samples (obtained from
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both control and Zn-exposed plants), as could be seen by more distinct clustering of the
corresponding groups at the column tree of the plot (Figure 3). On the other hand, the
leaf samples (both young and mature) appeared to be distributed in a more or less uneven
manner without any visible impact of the exposure to Zn (Figure 3).

Figure 3. Hierarchical clustering with a heatmap representation showing expression patterns of
individual samples performed for all the treatment groups (roots, young, and mature leaves) with
or without stress application. Control—plants grown without Zn treatment; stress—plants grown
under Zn stress (supplementation of 300 µmol/L Zn2+ to the hydroponic solution for 7 days). Figures
indicate individual samples (n = 6) in each experimental group.

Processing of samples from control and Zn-exposed plants separately revealed the
same pattern for the roots (Figure S1-13a,b). In contrast to the above-described results of
the global HCA test, the control mature and young leaf samples also formed apparent
organ-specific clusters (Figure S1-13a), which were more or less dispersed upon stress
exposure (Figure S1-13b).

Although the multiple comparisons by multivariate statistics and one-way ANOVA
provided quite an informative general overview of the organ- and stress-specificity of the
observed protein dynamics, they are still too complex for making direct and unambiguous
conclusions about specific aspects of the plant response to Zn stress. Therefore, to address
the response of individual plant organs to Zn stress in the most comprehensive way, we
considered individual stress vs. control-paired comparisons at the level of each organ
(Supplementary Information 4). The corresponding PCA tests revealed distinct stress-
dependent inter-group separation in the corresponding scores plots with 52.8%, 40.8%, and
60.2% of the total explained variance for the roots, young, and mature leaves, respectively
(Figures S1-14a–S1-16a).

In more detail, 78 root proteins appeared to be differentially expressed upon seven
days of exposure to the Zn stress among 629 unambiguously annotated, with 34 and 44
of them up- and down-regulated in the Zn-exposed plants, respectively (t-test: p ≤ 0.05;
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FC ≥ 1.5, FDR correction at q ≤ 0.05; Tables S4-1 and S4-2). Analysis of the corresponding
PCA data (and particularly the loadings plot) allowed the identification of the major contrib-
utors to the observed stress-related differences in the root differentially abundant proteins
(Figure S1-14a,b; Table S1-5). Among them, the abundance of putative 12-oxophytodienoate
reductase 11 isoform X1, probable glutathione S-transferase parC, chloroplast stem-loop
binding protein of 41 kDa b, glutathione S-transferase-like protein, and probable inactive
purple acid phosphatase 29 (PC1 0.09–0.15 absolute values; FC 1.6–27.7-fold) were sig-
nificantly raised, while differential abundance level of proteins like plasma membrane
ATPase 4-like, plasma membrane ATPase 4-like isoform X1, tubulin alpha-3 chain, ABC
transporter F family member 3-like, and tubulin beta-5 chain-like were decreased (PC1
0.11–0.14; FC 1.7–3.5-fold). Further, heatmap cluster analysis was performed to highlight
the differential accumulation patterns among proteins from the amaranth roots, where the
clearest stress-related response could be observed (Figure S1-17).

Following the identification of the major patterns through PCA analysis, statistical
evaluation further quantified the significance of differential protein accumulation. The
statistical analysis thereby validated the observed clustering trends in the proteomics
dataset. Increased level of protein abundances was observed for the probable glutathione
S-transferase parC, putative 12-oxophytodienoate reductase 11 isoform X1, non-symbiotic
hemoglobin 1-like, uncoupling protein 4-like, and S-transferase-like with the FC range
of 10.6–39.1 (Table 1). Increased level of protein abundances was observed for such root
proteins as peroxidase 3-like, ABC transporter F family member 3-like, aspartyl protease
AED3-like, glutamine synthetase, and dihydrolipoyl dehydrogenase 2 (FC 2.3–5.0, Table 1).

For the young leaves, 40 proteins occurred as differentially expressed among
574 totally annotated, with 17 proteins demonstrating increased abundance and 23 proteins
with decreased abundance (t-test: p ≤ 0.05; FC ≥ 1.5, FDR correction at q ≤ 0.05; Tables
S4-3 and S4-4). Analysis of the PCA data by the first two principal components (PC1
and PC2) visualized via the corresponding scores and loadings plots allowed identifica-
tion of the major contributors to the observed differences (Figure S1-15a,b; Table S1-10).
Among them, CBS domain-containing protein CBSX3, dihydropyrimidine dehydrogenase
(NADP+), plasma membrane ATPase 4-like, peroxiredoxin-2E-1, dihydrolipoyl dehydro-
genase (PC1 0.17–0.22 absolute values; FC 1.5–2.0-fold) abundance were increased, while
uncharacterized protein LOC110707738 isoform X1, 60S ribosomal protein L10-like, 60S
ribosomal protein L4-like, magnesium-protoporphyrin IX monomethyl ester cyclase, PsbC
showed significant decrease in its abundance (PC1 0.09–0.21; FC 1.6–3.0-fold). Additionally,
heatmap cluster analysis was conducted to reveal differential accumulation patterns among
proteins from the young leaves, where the most distinct stress-related effects were observed
(Figure S1-18).

T-test results were in good agreement with the multivariate statistics data results.
Proteins which demonstrated the most pronounced abundance increase under Zn-stress
conditions were represented by the receptor-like protein 12, aspartate aminotransferase,
CBS domain-containing protein CBSX3, ferredoxin-NADP reductase and probable aldo-
keto reductase 4 (1.9–2.7-fold), and magnesium-protoporphyrin IX monomethyl ester
cyclase, chloroplastic-like, PsbC protein, 60S ribosomal protein L4-like, stearoyl-[acyl-
carrier-protein] 9-desaturase, and porphobilinogen deaminase comprised top of the list of
the entries with the decreased level of abundance after Zn exposure (1.9–3.1-fold) (Table 2).
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Table 1. Top 20 most strongly regulated accessions among the 78 proteins constituting the part of
amaranth root proteome, which was differentially expressed in response to Zn treatment.

Protein Name a KEGG
Accession FC b p Bin c Subcellular

Localization

Proteins displaying a higher abundance under Zn stress in comparison to control
probable glutathione
S-transferase parC XP_021729368.1 39.1 8.6 × 10−6 9, 10, 26 cytoplasm, plastid,

nucleus
putative 12-oxophytodienoate
reductase 11 isoform X1 XP_021714783.1 27.6 7.3 × 10−7 9 cytoplasm,

peroxisome
non-symbiotic hemoglobin 1-like XP_021731656.1 15 1.0 × 10−4 10 cytoplasm, nucleus
mitochondrial uncoupling protein
4-like XP_021725393.1 13.1 1.9 × 10−4 2, 26 mitochondrion

glutathione S-transferase-like XP_021763022.1 10.6 2.3 × 10−5 10, 26 nucleus, cytoplasm,
plasma membrane

probable inactive purple acid
phosphatase 29 XP_021726654.1 10.5 5.0 × 10−5 25 cytoplasm

alcohol dehydrogenase 1 XP_021760951.1 10.1 1.9 × 10−4 3 cytoplasm
probable aldo-keto reductase 4 XP_021724433.1 8.2 5.0 × 10−5 26 mitochondrion
bifunctional riboflavin
biosynthesis protein RIBA 1,
chloroplastic-like

XP_021713589.1 5.9 2.3 × 10−4 7 plastid

LOW QUALITY PROTEIN:
UPF0603 protein At1g54780,
chloroplastic-like

XP_021772984.1 4.9 7.3 × 10−3 1, 19 plastid

Proteins displaying a decreased abundance under Zn stress in comparison to control
peroxidase 3-like XP_021726359.1 5 3.7 × 10−4 21 cell wall
ABC transporter F family
member 3-like XP_021757719.1 3.5 1.9 × 10−4 17 cytoplasm, nucleus

aspartyl protease AED3-like XP_021752910.1 2.9 4.0 × 10−4 19, 26 cell wall
glutamine synthetase,
chloroplastic XP_021727743.1 2.4 1.4 × 10−3 4, 25 plastid

dihydrolipoyl dehydrogenase 2,
chloroplastic-like XP_021730249.1 2.3 2.7 × 10−2 5 plastid

peroxidase 72-like XP_021714590.1 2.3 1.5 × 10−2 21 cell wall
vacuolar-processing enzyme-like XP_021716668.1 2.2 3.7 × 10−4 19 vacuole
apoptosis-inducing factor 2-like XP_021725188.1 2.1 4.4 × 10−3 35 cytoplasm
40S ribosomal protein S27-2 XP_021762421.1 2.1 2.9 × 10−2 17 ribosome, cytoplasm
plasma membrane ATPase 4-like XP_021738895.1 2 6.2 × 10−5 24, 26 plasma membrane

a Identification of peptides and annotation of proteins relied on the database search against amino acid sequences
of Chenopodium quinoa (uploaded from KEGG protein database) accomplished with the SEQUEST algorithm;
Mercator v4.5 was used for proteins annotation, subcellular localization of proteins was defined using BUSCA;
b FC, fold change, for proteins that demonstrated an increase in abundance, FC(Zn stress/Control) indicates an
(≥1.5-fold) increase in their abundance under stress Zn compared to the control, and for proteins that showed a
decrease in abundance, FC(Control/Zn stress) shows a (≥1.5-fold) decrease in their abundance under Zn stress
compared to the control. Thus, the FC values were adjusted for cases showing a decrease by presenting the inverse
of the FC value; c Numbers correspond to the bins annotated with Mercator MapMan software (v4.5) (Table S1-6).

Mature leaf proteome accounted for 21 differentially accumulated accessions from the
483 annotated in total. Among these, 8 and 13 proteins appeared to be stress dependently
up- and down-regulated, respectively (t-test: p ≤ 0.05; FC ≥ 1.5, FDR correction at q ≤ 0.05;
Tables S4-5 and S4-6). PCA test results and loading plots for the mature leaf samples
especially revealed eigenvalues of PC1 for the 20 major contributors (Figure S1-16a,b; Table
S1-11). Thus, heat shock protein 83, probable glutathione S-transferase parC, betaine alde-
hyde dehydrogenase, annexin D2-like protein, citrate synthase comprised the group of the
most differentially abundant proteins (PC1 0.14–0.22; FC 1.5–4.3-fold), while differential
accumulation of PetA protein, catalase, photosystem II 10 kDa polypeptide, LRR receptor-
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like serine/threonine-protein kinase GSO1, 50S ribosomal protein L9 were significantly
declined (PC1 0.21–0.27; FC 1.6–2.1-fold). Cluster analysis coupled with heatmap repre-
sentation was carried out to emphasize the protein abundance level changes in the mature
leaves, where the most pronounced stress-related responses were observed (Figure S1-19).

Table 2. Top 20 most strongly regulated accessions among the 40 proteins constituting the part of
amaranth young leaf proteome, which was differentially expressed in response to Zn treatment.

Protein Name a KEGG
Accession FC b p Bin c Subcellular

Localization

Proteins displaying a higher abundance under Zn stress in comparison to control

receptor-like protein 12 XP_021726832.1 2.7 4.1 × 10−3 26 plasma
membrane

aspartate aminotransferase, cytoplasmic XP_021723631.1 2.2 2.3 × 10−2 4 cytoplasm
CBS domain-containing pro-
tein CBSX3, mitochondrial-like XP_021763137.1 2.2 4.4 × 10−4 10 mitochondrion

ferredoxin-NADP reductase,
chloroplastic-like XP_021727571.1 2.2 5.3 × 10−3 1 chloroplast

probable aldo-keto reductase 4 XP_021724433.1 2.0 3.3 × 10−2 26 mitochondrion
polygalacturonase inhibitor-like XP_021724286.1 1.9 6.7 × 10−3 26 cell wall

plasma membrane ATPase 4-like XP_021723433.1 1.9 7.7 × 10−4 24, 26 plasma
membrane

enolase XP_021743148.1 1.9 1.1 × 10−2 3 cytoplasm
dihydropyrimidine dehydrogenase
(NADP+), chloroplastic-like XP_021732698.1 1.8 3.8 × 10−4 6 chloroplast

peroxiredoxin-2E-1, chloroplastic-like XP_021743149.1 1.8 1.1 × 10−3 10 chloroplast
Proteins displaying a decreased abundance under Zn stress in comparison to control

magnesium-
protoporphyrin IX monomethyl es-
ter [oxidative] cyclase, chloroplastic-like

XP_021745614.1 3.1 1.7 × 10−3 7 chloroplast

PsbC (chloroplast) YP_009380126.1 2.6 7.0 × 10−3 1 chloroplast

60S ribosomal protein L4-like XP_021721538.1 2.1 6.5 × 10−4 17 ribosome,
cytoplasm

stearoyl-[acyl-carrier-protein] 9-
desaturase, chloroplastic XP_021751679.1 2.0 2.5 × 10−2 4 chloroplast

porphobilinogen deami-
nase, chloroplastic-like XP_021752880.1 1.9 8.1 × 10−3 7 chloroplast

translocase of chloro-
plast 159, chloroplastic-like XP_021763183.1 1.9 4.2 × 10−3 23 chloroplast

granule-bound starch syn-
thase 2, chloroplastic/amyloplastic-like XP_021721398.1 1.8 1.1 × 10−2 3 chloroplast

NdhH (chloroplast) YP_009380186.1 1.7 2.3 × 10−2 1 chloroplast
60S ribosomal protein L19-3-like XP_021724307.1 1.7 8.4 × 10−3 17, 26 nucleolus

40S ribosomal protein S30 XP_021774723.1 1.7 1.5 × 10−2 17 ribosome,
cytoplasm

a Identification of peptides and annotation of proteins relied on the database search against amino acid sequences
of Chenopodium quinoa (uploaded from KEGG protein database) accomplished with the SEQUEST algorithm;
Mercator v4.5 was used for proteins annotation, subcellular localization of proteins was defined using BUSCA;
b FC, fold change, for proteins that demonstrated an increase in abundance, FC(Zn stress/Control) indicates an
(≥1.5-fold) increase in their abundance under stress Zn compared to the control, and for proteins that showed
a decrease in abundance under Zn stress compared to the control, the FC values were adjusted by presenting
the inverse of the FC value as FC(Control/Zn stress, ≥1.5); c Numbers correspond to the bins annotated with
Mercator MapMan software (v4.5) (Table S1-6).

T-test results were consistent with the multivariate statistical data. The stress-induced
proteins were represented by the heat shock protein 83, annexin D2-like protein, probable
glutathione S-transferase, uncharacterized protein LOC110692268, and urease-like pro-
tein (1.7–4.2-fold). At the same time, callose synthase 10-like, PetA, NdhH, photosystem
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II 10 kDa polypeptide, magnesium-chelatase subunit ChlI were the top 5 proteins with
decreased abundance level under Zn treatment (1.7–2.6-fold) (Table 3).

Table 3. Top 18 most strongly regulated accessions among the 21 proteins constituting the part of
amaranth root proteome, which was differentially expressed in response to Zn treatment.

Protein Name a KEGG
Accession FC b p Bin c Subcellular

Localization

Proteins displaying a higher abundance under Zn stress in comparison to control
heat shock protein 83 XP_021726736.1 4.2 5.1 × 10−6 26 cytoplasm

annexin D2-like XP_021714165.1 2.1 5.9 × 10−4 22, 26
cytoplasm,

plasma
membrane

probable glutathione S-transferase parC XP_021729368.1 2.1 7.2 × 10−6 9, 10, 26
cytoplasm,
chloroplast,

nucleus

uncharacterized protein LOC110692268 XP_021724961.1 2.0 1.5 × 10−3 - extracellular
space

low quality protein: urease-like XP_021744615.1 1.8 6.1 × 10−3 6 cytoplasm
betaine aldehyde dehydroge-
nase, chloroplastic XP_021733695.1 1.6 4.6 × 10−5 9, 26 chloroplast

citrate synthase, mitochondrial-like XP_021731867.1 1.5 5.6 × 10−4 2 mitochondrion

luminal-binding protein-like XP_021763741.1 1.5 5.050−3 19 endoplasmic
reticulum

Proteins displaying a decreased abundance under Zn stress in comparison to control

callose synthase 10-like XP_021720217.1 2.6 1.0 × 10−2 21 plasma
membrane

PetA (chloroplast) YP_009380143.1 2.1 1.6 × 10−4 1 chloroplast
NdhH (chloroplast) YP_009380186.1 1.8 1.1 × 10−2 1 chloroplast
photosystem II 10 kDa polypep-
tide, chloroplastic XP_021748287.1 1.8 1.9 × 10−3 1 chloroplast

magnesium-
chelatase subunit ChlI, chloroplastic-like XP_021749286.1 1.7 8.9 × 10−3 7 chloroplast

ribosomal protein S14 (chloroplast) YP_009380128.1 1.7 1.7 × 10−2 17 ribosome,
chloroplast

LRR receptor-like serine/threonine-
protein kinase GSO1 XP_021775210.1 1.7 3.1 × 10−3 18, 26 plasma

membrane
uncharacterized pro-
tein LOC110707738 isoform X1 XP_021741469.1 1.7 2.1 × 10−2 - chloroplast

50S ribosomal protein L9, chloroplastic XP_021724417.1 1.6 3.7 × 10−3 17 ribosome,
chloroplast

cytochrome b6/f complex iron-
sulfur subunit, chloroplastic XP_021726772.1 1.6 5.7 × 10−3 1 chloroplast

a Identification of peptides and annotation of proteins relied on the database search against amino acid sequences
of Chenopodium quinoa (uploaded from KEGG protein database) accomplished with the SEQUEST algorithm;
Mercator v4.5 was used for proteins annotation; subcellular localization of proteins was defined using BUSCA;
b FC, fold change, for proteins that demonstrated an increase in abundance; FC(Zn stress/Control) indicates an
(≥1.5-fold) increase in their abundance under stress Zn compared to the control, and for proteins that showed
a decrease in abundance under Zn stress compared to the control, the FC values were adjusted by presenting
the inverse of the FC value as FC(Control/Zn stress, ≥1.5); c Numbers correspond to the bins annotated with
Mercator MapMan software (v4.5) (Table S1-6).

2.5. Functional Annotation of the Differentially Accumulated Proteins

Functional annotation of the differentially expressed proteins relied on the Mercator
MapMan software (v 4.5) with the outputs being manually verified and curated based on
the literature data. This was complemented by the advanced annotation workflow using
open biological databases with an accession-based search (BRENDA Enzyme Database,
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Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, The Arabidopsis Information
Resource, UniprotKB).

Representation of individual functional classes was rich in the A. caudatus root pro-
teome both in terms of the functional diversity (i.e., the number of annotated bins) and the
numbers of entries per bin. All the differentially abundant root proteins were distributed
among 20 bins out of 28 available (Figure 4a; Supplementary Information 5, Tables S5-1
and S5-2), containing 78 entries in general. Thereby, multiple proteins could be attributed
to more than one cellular function. For three entries, no specific molecular function could
be assigned. Therefore, these species were annotated as unknown. Such diversity of
the proteome response could be attributed mostly to the proteins which demonstrated a
down-regulation trend in their response to Zn stress.

Figure 4. Functional annotation of the proteins identified as differentially expressed in the roots
(a), young (b), and mature leaves (c) upon the exposure of the A. caudatus plants to 300 µmol/L
Zn2+ supplemented to the hydroponic solution for 7 days (Zn stress) in comparison to the untreated
controls. The bar labels indicate the numbers of proteins identified as up- (white) and down- (gray)
regulated upon exposure to Zn stress. Protein annotation relied on Mercator MapMan (v4.5) software.
Individual proteins comprising each functional class are listed in Supplementary Information 5.

Root proteins that demonstrated decrease in abundance when stress-induced com-
prised 18 functional classes (bins), while proteins with increased level of abundance were
included in 16 bins. The latter part of the root proteome consisted of proteins involved in
external stimuli response with eight entries (two glutathione S-transferases, uncoupling
protein 4-like, probable aldo-keto reductase 4, heat shock protein 83) demonstrating a
2.4–39.1-fold abundance increase. Enzymes of the carbohydrate and secondary metabolism
pathways also contributed to the observed differences with five proteins annotated within
each functional class. The carbohydrate metabolism group included alcohol dehydroge-
nase 1 (10.1-fold), sucrose synthase-like (3.5-fold), phosphoglycerate kinase 3 (2.2-fold).
Secondary metabolism protein functional class included probable glutathione S-transferase
parC (39.1-fold), putative 12-oxophytodienoate reductase 11 (27.6-fold), BADH acyltrans-
ferase DCR-like (2.3-fold).
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The external stimuli response functional class also dominated among root pro-
teome with decreased level of protein abundance, where it was represented by six
members—aspartyl protease AED3-like, several isoforms of the plasma membrane AT-
Pase 4-like, and peroxidase 57-like, although in this case the stress-related proteins were
less affected in comparison to the up-regulated ones (1.9–2.9 fold). Remarkably, in contrast
to the proteins related to the stress response, the enzymes involved in protein biosynthesis
were strongly suppressed under Zn stress conditions (eight entries in total). This group
was represented by the ABC transporter F family member 3-like protein and different
components of ribosomal machinery (1.5–3.5 fold-change).

The stress-related dynamics of the leaf proteins demonstrated different, although to
some extent similar, patterns. Thereby, as can be seen from Figure 4, in leaves the Zn-
induced changes were less pronounced in comparison to the roots. This effect could be
seen both in terms of the numbers of the differentially expressed proteins and the degree of
their abundance changes. Thus, only 40 differentially abundant species with the regula-
tion degree not exceeding 3.1-fold were detected for the young leaves (in comparison to
78 differentially abundant proteins in roots, which demonstrated up to 39.1-fold changes).

The analysis of the young leaf proteome showed that 17 of 28 available functional
classes (bins) appeared to be involved in the stress-related response in young leaves
(Figure 4b, Tables S5-3 and S5-4). The down-regulated part of the leaf proteome was
represented with 15 bins, whereas only 9 of them constituted its up-regulated part.

The proteins, discovered as Zn-dependently down-regulated in young leaves in re-
sponse to the Zn treatment, dominated by the polypeptides involved in protein biosynthesis
(seven entries). This functional class was represented by several ribosomal proteins and
elongation factors TuB and 2-like (1.5–2.1-fold change) as the most responsive to the toxic
metal. For the up-regulated part of the young leaf proteome, the group of the proteins
responsive to external stimuli appeared to be the most abundant: in total, six proteins
demonstrating a 1.7–2.7 abundance increase (receptor-like protein 12, probable aldo-keto re-
ductase 4, polygalacturonase inhibitor-like, plasma membrane ATPase 4-like, and universal
stress protein PHOS34-like) could be identified.

Finally, the proteome of the mature leaves appeared to be the least affected by Zn
toxicity (Figure 4). Indeed, only 21 accessions representing only 12 bins (7 bins covering
both increase and decrease in protein abundance level, with two representatives without
specific function annotated) were differentially expressed in comparison to the untreated
controls, which was approximately half of those discovered in young leaves (Figure 4c,
Tables S5-5 and S5-6). Thereby, the proteins involved in responses to external stimuli (bin
26) appeared to be the most representative group of proteins with the increased abundance
level, with four entries demonstrating up to 4.2-fold Zn-induced abundance change (heat
shock protein 83, betaine aldehyde dehydrogenase, probable glutathione S-transferase
parC, and annexin D2-like polypeptide). On the other hand, polypeptides involved in
photosynthesis (six entries) were the most pronounced group with the decreased abundance
level, although the degree of the abundance drop did not exceed 2.1-fold. The suppressed
proteins of this class included PetA, NdhH, photosystem II 10 kDa polypeptide, cytochrome
b6-f complex iron-sulfur subunit, NdhA.

Since this experiment revealed a relatively small number of Zn-responsive proteins (78,
40, and 21 for roots, young, and mature leaves, respectively), pathway enrichment analysis
is unlikely to yield results for such small sets of differentially regulated proteins with
fewer than 100 in each plant organ. Thus, further elucidation of important Zn-regulated
metabolic pathways was based on numbers of Zn-responsive proteins assigned to a specific
function. This highlighted at least six major protein functions: stress-response and redox
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metabolism, protein biosynthesis and homeostasis, photosynthesis, sugar metabolism,
energy metabolism, and ion transport.

2.6. Prediction of Sub-Cellular Localization of Zn Stress-Exposed Differentially
Accumulated Proteins

Prediction of the protein sub-cellular localization relied on BUSCA online tool with
subsequent manual verification based on the literature data (Supplementary Information
6). This was further supported by annotation through an accession-based search in sev-
eral open biological databases (BRENDA Enzyme Database, Gene Ontology, KEGG, The
Arabidopsis Information Resource (TAIR), UniprotKB).

All accessions annotated as differentially accumulated in roots and leaves (both young
and mature) were distributed among 17 cellular compartments, where cytosol (15–64% of
proteins) and plastids (20–38% of proteins) tended to dominate in terms of the numbers
of the individual proteins (Figure 5). The response to Zn stress in roots involved much
higher diversity of compartments in comparison to the leaves, especially to the mature
ones (Figure 5A,B). Remarkably, more than two-fold differences in the numbers of the
up-regulated cytosolic proteins could be observed in the roots of the stress-exposed plants
as compared to the young leaves collected from the same plants (Figure 5A,C, 39% and
15%, respectively).

Figure 5. Prediction of sub-cellular localization of the differentially expressed proteins identified
as up- (A,C,E) and down-regulated (B,D,F) in amaranth roots (A,B), young (C,D) and mature
(E,F) leaves relied on BUSCA software. Individual proteins referred to each compartment are listed
in Supplementary Information 6.
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In contrast to roots, stress response in leaves was accompanied with the changes in only
seven compartments, predominantly cytosol, chloroplast, and nucleus (Figure 5E,F). On the
other hand, the lowest contribution was shown for peroxisomes (0–5% of proteins), vacuoles
(0–2% of proteins), and nucleoli (0–7% of proteins). Interestingly, abundances of ribosomal
proteins were mostly decreased in response to Zn exposure with the highest numbers
of affected polypeptides observed in roots (Figure 5B, 16%). In contrast, mitochondrial
proteins were mostly increased in abundance with the most pronounced effect observed in
the young leaves (Figure 5C, 30%). Surprisingly, proteins annotated to the Golgi apparatus
were found only in the down-regulated part of the proteome, but this compartment was
represented by only a few polypeptides (Figure 5B,D, 2–3%).

3. Discussion
With the growing involvement of heavy metals in the industrial production and house-

hold, high capacity of multiple plant species to accumulate pollutants of this type [32]
has attracted particular attention since it can be efficiently used for soil remediation pur-
poses [33]. While for some heavy metals (e.g., cadmium) no constitutive physiological role
in plants has been found so far, others are known as essential micronutrients, critically
impacting catalytic and structural functions of cellular proteins [9]. Although Zn belongs to
the latter group, enhancement of its root absorption leads to clear manifestation of toxicity
signs [9] and development of a well-defined stress response [2,34,35]. Understanding par-
ticular molecular mechanisms behind the Zn-associated toxicity and accompanying stress
responses is critically important for the development of new approaches to attenuate delete-
rious metal-related physiological effects and to establish efficient phytoremediation tools.

Here, we employ the comprehensive bottom-up proteomics approach to characterize
the Zn-related changes in the proteomes of roots, young, and mature leaves of A. caudatus
plants exposed to high Zn2+ concentrations during their growing in a hydroponics system.
The roots and leaves differentially responded to the stressor, which could be seen by
pronounced difference in the qualitative and quantitative patterns of differentially abundant
proteins (DAPs). The organ-specificity of DAPs patterns can be explained in the context of
the roles of these organs in Zn stress response. Indeed, as roots represent the first barrier
on the way of soil solutes to the plant organism, the most pronounced Zn-induced shifts in
the plant proteome (78 DAPs) were observed in this organ. Young leaves were the second
affected plant organ. Their relatively intense response (forty DAPs) might be explained
by their high metabolic activity. In agreement with this, mature leaves with relatively
low metabolic activity appeared to be the least affected (Figure 3; Tables 1–3). Results
of our previous metabolomics study [27] were in good agreement with the results of the
proteomics experiment presented here.

3.1. Plant Response to Zn2+ Was Accompanied by Characteristic Changes in Redox Metabolism
and Stress-Inducible Proteome

Protein functional class related to the external stimuli responses (bin 26) was one of
the most represented in all organs addressed. Moreover, a pattern of the proteins involved
in the constitutive and stress-inducible antioxidative defense mechanisms (bin 10 “Redox
homeostasis”) appeared to be affected in the metabolically active organs (roots and young
leaves, Supplementary Information 5).

Enhancement in production of reactive oxygen species (ROS) is a universal reaction
to any alterations in environment, which might be underlied by signaling events in terms
of the stress response regulation [36] or stress-associated molecular damage due to over-
production of highly toxic radicals [37]. These reactions can be to some extent suppressed
by the enzymatic antioxidant systems [38]. Here, the efficiency of these ROS-protective
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systems could be judged by the numbers of Zn-dependently up-regulated antioxidant
enzymes, and by the degree of their up-regulation.

Thus, glutathione-S-transferase (GST), which was present in roots in two isoforms,
showed a prominent up-regulation upon the exposure to Zn (Table S5-1). This effect can
be explained by the role of this enzyme in the detoxification of highly reactive natural
toxicants, such as lipid peroxides, by their conjugation with glutathione (GSH) [39]. On
the other hand, this strong Zn-related increase in the relative abundance of GST can be
explained by the direct involvement of GSH in detoxification of the Zn2+ ions which can be
chelated directly by GSH to be transported in vacuole by GST [40,41].

This expressional response was in agreement with the shifts in the dynamics of the
enzymes involved in the ascorbate-glutathione cycle: ascorbate peroxidase (APX, 1.7-fold
down-regulated) and monodehydroascorbate reductase-like protein (MDHAR, 1.6-fold
up-regulated, Tables S5-1 and S5-2) [42]. Such an increase in the abundance of the ascorbate-
producing enzyme (MDHAR) might indicate enhancement in the ascorbic acid production
and increase in its equilibrium concentration in cellular liquids. Ascorbate is not only a
powerful scavenger of H2O2, but it plays a crucial role in the zeaxanthin synthesis (which
is involved in dissipation of excess light energy under stress conditions) and reduction in
catalytic transition metals in active centers of multiple ROS-detoxifying enzymes that is
critical for maintaining their functionality [43].

On the other hand, decrease in the relative abundance of APX (present in two ex-
tracellular isoforms) and a concomitant rise in the levels of enzymes implicated in H2O2

production (several germin-like proteins) might indicate development of oxidative stress in
amaranth roots (Tables S4-1 and S4-2). This transient increase in the tissue H2O2 contents
might be a regulatory signal involved in the metabolic shifts associated with induction of
protective phenylpropanoids and deposition of lignin in the cell wall [44].

It is known that H2O2 is a signaling agent employed in various defense responses
and acting in a tight crosstalk with salicylate (SA) and jasmonate (JA) [45], activating
the related signaling pathways, which are known to manage downstream activation of
systemic tolerance mechanisms [46]. In line with this, the enzymes of JA metabolism were
strongly affected by Zn stress. Thus, on one hand, probable linoleate 9S-lipoxygenase
5 (9-LOX5) and putative 12-oxophytodienoate reductase 11 (12-OPDAR), which are the
key enzymes of the JA synthesis [47,48], appeared to be up-regulated in roots upon the
exposure to Zn2+ (1.9- and 27.6- fold, respectively). On the other, peroxisomal 2-hydroxy-
acid oxidase isoform X1, the principal enzyme of the JA metabolism, which is known
to switch off the JA-signaling by hydroxylation of this hormone in its 12th position [49],
was two-fold up-regulated in this organ. This concerted enhancement of JA biosynthesis
and degradation might indicate strong involvement of H2O2-triggered JA-signaling in
adaptation to Zn stress.

This assumption is supported by up-regulation of the root proteins, which are reg-
ulated by the JA- and SA-related pathways. For example, germin-like proteins, which
positively impact on the tissue H2O2 levels [50] and play an important role in pathogen re-
sistance (tightly regulated by JA-dependent mechanisms) [51], were found to be more than
1.5-fold up-regulated in roots. Further, non-symbiotic hemoglobin 1-like protein, which is
known to be activated by JA and SA [52], was strikingly up-regulated in the roots (Table
S5-1). This observation fitted well to the results of our metabolomics experiments [27],
which indicated strong up-regulation of SA in roots and young leaves, highlighting a
special role of SA in the mechanisms behind the plant tolerance to the Zn stress.

Similarly to the roots, the enzymes of the redox metabolism and an array of closely
related proteins appeared to be the most responsive to the Zn exposure in the young leaves.
This coordinated response suggests systemic regulation, where root-emerging redox shifts
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are transmitted with transporters, membrane receptors, and redox, signaling pathways to
newly formed leaves [53]. The Zn-dependently regulated leaf proteome was predominantly
represented by the proteins associated with response to external stimuli (bin 26, Tables
S5-3 and S5-4, Figure 4b). A substantial part of these proteins was involved in signaling
pathways and demonstrated differential patterns of the quantitative response. For example,
leucine reached repeat (LRR)-containing receptor-like protein 12 and polygalacturonase
inhibitor-like appeared to be Zn-dependently up-regulated, while the LRR-containing reg-
ulatory subunit of serine/threonine protein phosphatase 2A (PP2A) was down-regulated.

Currently, the LRR-containing proteins are the subject of extensive discussion with
respect to various stressors, predominantly of the biotic nature [54,55]. The receptor-like
protein 12 particularly, besides its function in stress protection, plays a pivotal role in
the maintenance of meristems, serving as a CLV2-like peptide receptor in A. thaliana [56].
Polygalacturonase inhibitor protein is known to be induced by SA in response to biotic
stress. It suppresses the activity of pathogen-secreted pectin-depolymerizing enzymes,
which, in turn, limits the degree of cell-wall loosening [57]. Already at the beginning of this
century, it was shown that pectin impacts binding heavy metal ions and prevents, thereby
impacting their translocation into the cell [58]. PP2A is featured with broad specificity
of substrates, and is known to be involved in auxin transport, ethylene and abscisic acid
signaling, growth and development [59].

The described pattern of the Zn-induced protein expression shifts in young leaves
might indicate the key role of the molecular signals transmitted therein from roots and
mature leaves. The observed signature of signaling proteins might enable young leaves (as
the most susceptible plant parts), to pre-adjust their metabolism for oncoming increase in
tissue metal contents.

In contrast to the young leaves, the stress response of the mature leaf proteome
dominated with a distinct pattern of up-regulated proteins as follows: heat shock protein 83
(HSP83), glutathione S-transferase parC (GST parC), and betaine aldehyde dehydrogenase
(BADH). This response might highlight a general mechanism of the response to Zn stress,
including maintaining the protein structure during/upon the stress exposure (HSP83) [60],
conjugation of toxic compounds via GST [39], and accumulation of the osmolyte glycine
betaine via BADH [61].

Annexin D2-like protein, a cytosolic polypeptide which was also found to be up-
regulated in the mature leaves, is capable of relocating from cytosol to membranes (plasma
membrane, ER, Golgi apparatus, vacuolar, nuclear, vesicles, etc. [62]) in response to en-
hanced cellular ROS production and increased cytosolic Ca2+ levels (Table S5-5) [63]. It
is plausible to assume that both these stimuli are the parts of the regulatory signaling
pathways including long-distance signal loops from roots. These effects, at least partly, are
mediated by annexin D2, which likely activates defensive mechanisms [64].

Down-regulation of catalase more than 1.5-fold upon Zn treatment in mature leaves
might be underlied by the signaling function of hydrogen peroxide, i.e., this might reduce
H2O2 scavenging and thereby increase its equilibrium concentrations in tissue liquids.
Catalase is known to be regulated by direct SA binding, which decreases the enzyme
activity [65]. Thus, our observation is in agreement with the evidence for SA-repressed
catalase mRNA expression described in the literature [66].

LRR receptor-like serine/threonine-protein kinase GSO1, the abundance of which was
stress-dependently decreased in mature leaves, was intensively discussed in the context
of root growth regulation and embryonic cuticle development [67,68]. Recently, GSO1 in
combination with GSO2 was reported to be a positive regulator of cell proliferation [69].
Thus, it can be hypothesized that down-regulation of GSO1 in the mature amaranth leaves
(Table S5-6) might be a signal linked to stress-related retardation of root and young leaf
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growth. This down-regulation of GSO1 protein likely designates stress-induced resource
reallocation to prioritize defense processes under growth of new tissues [70].

3.2. Exposure to Zn2+ Affects Protein Biosynthesis and Homeostasis

Zn stress is known to cause protein damage, which is typically accompanied by
their misfolding and aggregation [71]. In agreement with this, here we observed mul-
tiple alterations in the abundances of individual polypeptides associated with protein
metabolism and structure maintenance (Figure 3). These shifts might be at least partly
underlied by seven and five down-regulated ribosomal proteins (RPs) in amaranth roots
and young leaves, respectively, and two transcript elongation factors (TEFs) in young
leaves (Tables S5-2 and S5-4).

Now it is believed that besides their canonical structural role, RPs are implicated in
additional specialized extraribosomal regulatory activities, which play important roles in
the diversity of physiological processes [72]. Thus, it is proposed that some RPs could be
capable of remodeling ribosomes for the synthesis of specific proteins that are required
for a certain developmental stage or necessary for the response to defined biotic or abiotic
stressor [73,74].

In addition, the regulatory function of RPs might be accomplished through interaction
with specific proteins or/and metabolites—components of signaling pathways such as
transcriptional factors and phytohormones [72]. Further, involvement of the TEF proteins
in response to the applied Zn stress can be posited from suggestion that TEFs are implicated
in transcriptional reprogramming, i.e., the process by which they regulate RNA polymerase
II to generate transcripts adjusted for the specific demands of a given environment [75].

Another set of Zn-dependently regulated actors of protein metabolism was represented
by the molecules involved in protein maturation and folding. Among them, stress-inducible
HSP83 and proteases FTSH2 were up-regulated in the roots, whereas vacuolar-processing
enzyme ClpA and aspartyl protease AED3-like protein appeared to be down-regulated
(Tables S5-1 and S5-2). These results further suggest a multi-faceted protein protection
mechanism, which includes protein refolding and protection against damage by heat shock
proteins and proteases, and reducing the impact of impaired protein synthesis during
ATP deficiency.

Among the accessions involved in proteolytic degradation in young leaves, the U-box
domain containing 16-like protein was the only up-regulated protein from the group of
ubiquitin ligases, which provided precisely tuned protein ubiquitination (Table S5-3) [76].

3.3. Zn Stress Results in Expressional Suppression of the Electron Transport Chain Proteins in
the Chloroplast

Increased demand for energy and NAD(P)H supplementation is one of the most
critical biochemical challenges associated with any stress response [77]. ATP and NAD(P)H
are critically important for maintaining various metabolic processes including the activity of
antioxidant system and correction of physiologically disadvantageous metabolic shifts [78].

The primary source of these energy-rich metabolites as well as organic carbon-rich
substrates of energy metabolism is photosynthesis. However, the efficiency of this process
in mature leaves is shown to be negatively affected by Zn stress [27]. Indeed, the excess of
Zn might impair photosynthetic processes through disruption of chlorophyll synthesis by
displacement of iron from active site of an enzyme that catalyze the formation of chloro-
phyll precursor, photochlorophilllide [30]; by substitution magnesium in the chlorophyll
molecules [79]; and by causing direct damage of the proteins constituting electron transport
chain (ETC) of the chloroplast [9].

In this study, we succeeded to obtain the first insight into these aspects at the proteome
level. Thus, in agreement with the described scenario, we discovered the following six
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photosynthetic chloroplast ETC proteins which exhibited significant decrease in their
abundance in mature leaves of Zn-exposed plants (Figure 4c): photosystems (PSs) I and II
components (PsaA, PSII 10 kDa polypeptide), cytochrome proteins PetA and iron-sulfur
subunit of cytochrome b6/f complex, NADH-dehydrogenases NdhH and NdhA (Table
S5-6). These results might indicate the enhanced degradation of the ETC proteins under Zn
stress, which, in turn, can lead to disturbances in electron transport and ATP production
processes. The overload of the ETC with electrons and related overproduction of ROS can
further damage ETC proteins, especially those containing iron [80].

The young leaves of the Zn-exposed plants which showed visible chlorosis symptoms
displayed another pattern of DAPs implicated in photosynthetic ETC. Specifically, PsbC,
NdhH, and UPF0603 (A. thaliana homolog At1g54780, annotated as thylakoid lumen protein
18.3 in TAIR) were downregulated, while ferredoxin-NADP+ reductase (FNR) and oxygen-
evolving enhancer protein 2 (OEE2) were up-regulated (Tables S5-3 and S5-4). NdhH
is a constituent of the protein complex implicated in cycled electron flow (CEF) around
PSI [81]. This presents an alternative form of electron transport which is involved in ATP
production under the conditions associated with high energy demand [82]. The down-
regulation of NdhH in young leaves observed here might indicate the general impairment
of photosynthetic complexes by Zn excess. The decline in the abundance of thylakoid
lumen protein 18.3, regulating PSII reassembly, and PsbC, the core light-harvesting subunit
of PSII, might stand for temporal cessation of PSII turnover in the stressful conditions by
abovementioned direct Zn inhibition or as the result of oxidative damage [83].

The up-regulation of two other chloroplast proteins (FNR and OEE2) in young leaves
under Zn stress probably reflects adaptive mechanisms against oxidative damage to main-
tain energy balance. Thus, an increased FNR abundance may suggest compensatory
mechanisms accompanying disrupted efficiency of the photosynthetic machinery under Zn
stress and compromised capacity of the Zn-exposed plant to supply NADPH equivalents
for ROS counteraction and, most important, for sugars production in Calvin cycle [84].
OEE2 may serve to stabilize damaged PSII as its structural component [85].

In general, these findings indicate that exposure to high Zn2+ concentrations damages
photosynthetic ETC or even prevents its establishment and chlorophyll biosynthesis in the
young leaves causing their chlorosis. This, in turn, limits subsequent sugar synthesis. As a
result of the decreased effectiveness of photosynthesis, young leaves have to compensate
for the lack of monosaccharides by inducing their allocation from mature leaves.

3.4. Zn Stress Results in Rearrangement of Sugar and Energy Metabolism in A. caudatus Roots

In agreement with published data on the metabolic responses in heavy metal-exposed
plants [86], our results indicate the inhibition of starch synthesis in the roots of A. cau-
datus plants grown under Zn stress. Indeed, fructose-1,6-bisphosphatase and glucose-1-
phosphate adenylyltransferase—the two key enzymes involved in the early steps of starch
biosynthesis—were found to be down-regulated in the Zn-affected root tissues.

Not less importantly, two sucrose synthase-like isoforms appeared to be Zn-induced
in the amaranth roots (Tables S5-1 and S5-2). This enzyme is already known to be re-
sponsive to heavy metal ions with pronounced suppression of sucrose biosynthesis and
activation of its degradation [87,88]. Thus, the results of our proteomics survey are in good
agreement with observation of Li et al. Moreover, our proteomics data fit well with the
results of the comprehensive metabolic profiling, accomplished for the same amaranth root
material and clearly demonstrating a pronounced Zn-induced metabolic shift in favor of
monosaccharides [27]. Some of the sugars might be involved in sugar signaling. Indeed,
glucose produced by invertase may further maintain activity of hexokinase, one of major
components of the sugar signaling cascades [89]. In fact, two hexokinase isoforms were
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annotated in amaranth roots. However, these enzymes did not exert Zn stress-associated
expressional response (Tables S2-3 and S2-4, S4-1 and S4-2). Interestingly, fructokinase,
the primary fructose-phosphorylating enzyme, responded to Zn stress by increasing the
number of isomers from 10 found in roots of control plants to 15 found in roots of Zn-treated
plants. It is known that some of fructokinase isoforms could be inhibited by fructose in
concentration exceeding 0.5–1 mmol/L [90] and it is proposed that fructokinase might act
as a fructose sensor [91]. Differential expression patterns of different fructokinase isoforms
were found in other plants (rice, sunflower) in response to various abiotic stresses [92,93].
Thus, our data, together with the literature data, suggest that under unfavorable conditions,
different isoforms of fructokinase may play an important role in regulating the amount of
metabolized carbohydrates.

Furthermore, three proteins representing bins 2 and 3 (Cellular respiration and
Carbohydrate metabolism, respectively), namely 2,3-bisphosphoglycerate-independent
phosphoglycerate mutase, phosphoglycerate kinase 3, and alcohol dehydrogenase 1
(Tables S5-1 and S5-2), were found to be upregulated under Zn stress conditions. In the
context of the above discussed data on the stress-induced dynamics of the enzymes in-
volved in starch and sucrose degradation, it can be inferred that energy metabolism serves
as the principal pathway for the utilization of the overproduced monosaccharides in the
roots of the Zn-exposed plants.

The up-regulation of glycolytic enzymes observed here can also be triggered by a
decline in cellular energy status (i.e., in the ATP/ADP ratio [94]), and is currently regarded
as a protective survival strategy under stress [95]. These changes are also consistent with the
sugar signaling model, as evidenced by the role of Sucrose Non-fermenting-Related Kinase
1 (SnRK1) in this process [96]. This multimeric protein serves as a sugar sensor that is
activated under energy-deprived conditions, such as stress, to promote catabolic pathways
and downstream enhancement of defense proteins expression/activity [97]. On the other
hand, Target of Rapamycin (TOR) kinase functions as an antagonist to SnRK1, promoting
anabolic growth and ribosome biogenesis coordinating nutrient availability and energy
status [98]. The expression levels of SnRK1 or TOR remained unchanged in response to
zinc exposure in any of the plant organs in the present experiment. Nonetheless, it has been
reported that these proteins are subject to regulation at the post-translational level, primarily
through the process of phosphorylation [99], as well as through interactions with sugar
phosphates, such as trehalose-6-phosphate [100]. In addition, a multitude of downstream
targets have been identified [101]. The upregulation of several glycolytic enzymes discussed
earlier, sucrose-degrading enzymes (sucrose synthase-like isoforms), and redox-related
enzymes with heat shock protein 83 (also discussed above) in roots is consistent with the
hypothesis that a sugar-regulated signal is generated, involving SnRK1 activation, which
in turn activates catabolic processes and defense responses via transcriptional factors [102].
This signal emanated primarily more likely in mature leaves as a source tissue. Phloem-
mobile sucrose is synthesized mainly in mature leaves and transported to sink tissues
such as roots and young leaves, where it serves as substrate for energy generation and
can influence energy-sensing pathways such as SnRK1, particularly in roots under stress
conditions [96]. Furthermore, up-regulation of key enzymes of pyruvate dehydrogenase
complex and TCA cycle (dihydrolipoyl dehydrogenase and citrate synthase, respectively) in
the young leaves may occur in response to higher energy demands upon heavy metal stress,
as these enzymes play crucial roles in energy metabolism and are often activated under
conditions of nutrient stress to enhance metabolic efficiency and energy production [103].
The observed downregulation of multiple ribosomal proteins in root tissue in response to Zn
exposure suggests that TOR signaling was likely repressed. The aforementioned repression
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led to a coordinated decrease in ribosomal biogenesis and overall protein biosynthesis as
energy-intensive process.

Remarkably, such concerted shifts in the levels of abovementioned proteins in roots
related to sugar metabolism, glycolysis, and fermentation were negligible in young and
mature leaves. Nevertheless, our metabolomics study, accomplished with the same plant
material [27], revealed a Zn-induced increase in the relative contents of soluble sugars
in these organs, especially in young leaves. This finding suggests that the translocation
of sugars from mature leaves rather than their de novo synthesis might underlie their up-
regulation in the young leaves. Interestingly, this fact could not be supported by differential
expression of sugar transporters in none of the studied organs of the Zn-exposed plants,
although several of them were annotated in our dataset, e.g., sugar carrier protein C-like
and sugar transport protein 1-like, both identified in roots and leaves (Supplementary Infor-
mation 2). Thus, the plausible reason for the increase in the sugar relative contents could be
changes in the process of translation and post-translational regulation of their transporters.

3.5. The Excess of the Zn(II) Ions Is Sequestered into the Vacuole and Cell Wall by Means of Several
Transport Protein Systems

Exposure of the A. caudatus plants to Zn2+ caused clear alterations in the expressional
patterns of membrane transporters. Thus, three isoforms of the root plasma membrane
(P-type) H+-ATPase 4 and vacuolar (V-type) H+-ATPase subunit B2 appeared to be up
to 2-fold down-regulated, which might cause compromised ability of the plant root to
manage ionic balance and translocation under stress conditions [30,104,105]. On the other
hand, multiple V-type H+-ATPases, annotated in the roots and leaves, did not show any
stress-associated expressional response. This, however, does not ultimately indicate their
unaffected functional state, as these V-type H+-ATPases are known to be regulated on the
post-translational level (by phosphorylation) under the conditions of heavy metal stress
(Cd, Cu, and Ni) [106].

The changes in the activity of P- and V-type H+-ATPases in roots (due to expressional
or regulatory mechanisms) are critically important for suppression of Zn translocation
to the shoot. This mechanism is implicated in the attenuation of Zn excess toxicity (i)
by sequestering free Zn2+ ions or their chelates with low-molecular weight ligands from
cytosol with the help of various types of Zn transporters (e.g., metal tolerance protein
(MTP), vacuolar iron transporter (VIT), etc.) [9,107] or (ii) by promoting an accumulation of
anionic metabolites (GSH, organic acids, amino acids, phytates, phosphate) in vacuoles,
which further form complexes with Zn2+ [9,22]. This vacuolar sequestration of Zn2+ in
root cells limits the ions translocation from roots to leaves and is regarded as one of
HM tolerance mechanisms [108]. The proteomic datasets of amaranth roots and leaves
studied here revealed no identification of any Zn transporters. Nevertheless, multiple
representatives of ATP-binding cassette (ABC) transporters, a transporter group which was
assumed to also be implicated in the translocation of free Zn2+ and their complexes across
membranes into vacuoles [109], were annotated in all organs (Supplementary Information
2). However, no Zn-related alterations in their relative abundances could be observed
in all organs (Supplementary Information 4). This fact might point to other mechanisms
rather than transcriptional regulation that may be involved in control of ABC transporters.
This might be the case here, as ABC transporters are often found to be post-translationally
or epigenetically regulated [110,111]. The absence of the expressional response might be
a species- or metal-specific feature. For example, transcriptional regulation of the ABC
transporters was shown in tomato plants exposed to cadmium [112].
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3.6. Consideration of the Zn-Induced Alterations in A. caudatus Proteome in the Context of the
Accompanying Metabolic Adjustments Gives Access to the Mechanisms of Zn Stress Tolerance

Generally, metabolic adjustments observed in our previous study on the same plant
model [27] in response to Zn stress were more pronounced (both in terms of the numbers of
affected metabolites and magnitude of corresponding shifts in their relative abundance) in
the roots and young leaves than in the mature leaves. Thereby, multiple sugars and organic
acids (in particular sugar acids) were the major classes of compounds to be strongly up-
regulated in all organs. Generalized information relating to the further discussed principal
changes in primary metabolism that occurred in the roots and leaves of A. caudatus plants
in response to Zn stress and supported by findings of this proteomic research is presented
in Figure 6.

Figure 6. Consideration of the acquired proteomics data in the context of the metabolic
shifts induced in the leaves and roots of the A. caudatus plants after their exposure
to zinc in aq. culture (Zn2+, 300 µmol/L, 7 days, described earlier by Osmolovskaya
et al. [27]). The scheme presents the alterations specific for leaves (a), common for
leaves and roots (b), and specific for roots (c). The proteomic findings observed here
are indicated with green (up-regulation) and red (down-regulation) rectangles as follows:
1.1.1.1—alcohol dehydrogenase; 1.11.1.11—ascorbate peroxidase; 2.1.3.2—probable inactive purple
acid phosphatase 29; 1.18.1.2—ferredoxin-NADP+ reductase; 2.5.1.18—glutathione S-transferase;
1.6.5.4—monodehydroascorbate reductase; 2.7.2.3—phosphoglycerate kinase; 1.3.1.42—putative
12-oxophytodienoate reductase 11 isoform X1; 1.13.11.58—probable linoleate 9S-lipoxygenase 5;
OEE2—oxygen evolving enhancer protein 2.

Our proteomics data did not provide direct evidence of increased pectin synthesis, a
common response to heavy metal stress in plants [113]. Indeed, increased pectin deposition
in cell walls of plants upon Cd stress was associated with elevated expression of galac-
turonic acid transferase in tomato and potato, as well as with increased activity of pectin
methylesterase [114]. Thus, both expression of key enzymes of pectin biosynthesis and
pectin modifications (e.g., decreased methylesterification) influence heavy metal sequestra-
tion and, consequently, detoxification by cell wall. Thus, we can assume that regulation
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of this biopolymer does not rely mainly on the protein expression level in amaranth roots
upon Zn stress. On the other hand, probable carbohydrate esterase At4g34215 likely be-
longs to SGNH-hydrolase superfamily of enzymes [115] and was down-regulated under
Zn stress in the amaranth roots. Members of this superfamily are known for their ability
to modify wide diversity of carbohydrates including pectins [116]. BAHD acyltransferase
DCR-like up-regulated in roots could also be involved in pectin and cuticle remodel-
ing [117]. The opposing regulation of these two cell-wall-modifying enzymes promotes
the dynamic reconstruction of heteropolysaccharides in the root cell wall, improving Zn2+

chelation and counteracting their translocation into the shoot. Furthermore, the pattern
of Zn-dependently up-regulated sugars dominated with galactose, which demonstrated
a 9-fold increase in roots. This observation might be explained by the fact that galactose
is putatively involved in the enhanced deposition of cell wall pectin, which has a high
capacity for heavy metal binding [118].

Furthermore, galactose might be involved in the biosynthesis of galactolipids, which is
known to be stimulated in response to phosphate starvation [119]. The deficit of phosphate
might be underlied by enhanced involvement of this anion in chelation of Zn(II) ions under
the conditions of their increased abundance in the plant tissues [120]. This assumption
is confirmed by the fact that exposure of plants to high concentrations of Zn2+ results
in low levels of phosphate in plants [121]. Our results also indicate the development of
phosphate deficiency, which can be clearly seen from a 10-fold increase in the abundance of
probable inactive purple acid phosphatase 29 (Table S5-1), which is a universally recognized
indicator of this physiological state [122]. In the context of this finding, it is possible to
assume that involvement of galactose in the biosynthesis of galactolipids can be activated
by the substitution membrane phospholipids with galactolipids [123]. This is an adaptive
strategy for membrane lipid remodeling during phosphate deprivation observed in several
plants [119,123]. Additionally, LC-MS analysis of N. caerulescens leaves from Zn-treated
plants revealed Zn-dependently altered galactolipid profiles, with a sharp increase in 12-
oxo-phytodienoic acid (OPDA) contents, oxidized galactolipid species [124]. These changes
fit well with the report of López-Orenes et al. on the heavy metal-induced SA-promoted
oxylipin synthesis and the role of this oxylipin up-regulation in stress signaling and plant
tolerance to abiotic stresses [125].

The role of SA in the plant response to the Zn exposure is another aspect to be
discussed. In our earlier metabolomics survey [27] we observed a strong up-regulation of
this phytohormone in young leaves and roots (23- and 27-fold, respectively). Although
direct players involved in the SA biosynthetic pathway were not found in our proteomics
dataset, multiple DAPs appeared to be involved in the processes, which, at least partly, rely
on SA signaling. For example, SA is known to induce pathogenesis-related proteins, such
as non-symbiotic hemoglobin 1-like protein in roots and polygalacturonase inhibitor-like in
young leaves (Tables S4-1 and S4-3). Moreover, SA promotes biosynthesis of oxylipins [126],
including jasmonates, which could be confirmed by the induction of putative 12-OPDAR
and 9-LOX5 upon Zn stress in the roots (Table S4-1).

Increased (2–3.5-fold) expression of sucrose synthase in roots of Zn-treated plants
(Table S4-1) might indicate stress-induced sucrose influx and its metabolism in roots. This
enzyme together with hexose metabolizing hexokinases and fructokinases (see Section 4.4)
supplies substrates for energy metabolism via their oxidation in glycolysis or PPP. This is
in line with our previous metabolomics study which showed an increase in the levels of
hexoses and, in particular, strong accumulation gluconic acid in roots and young leaves [27].
In plant cells gluconate acts as a powerful chelator of metal ions [127] and can be produced
in the gluconate shunt of the pentose phosphate pathway (PPP) [128], described so far
for bacteria, yeast, and fungi [129]. It is worth emphasizing that at the background of the
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ongoing oxidative stress, the gluconate formation, at least partly, may be caused by non-
enzymatic glucose oxidation and thus contributes to metal-induced oxidative stress [27].
The presence of this phenomenon (i.e., enhanced ROS production) could be clearly seen
by a 13-fold increase in the expression of mitochondrial uncoupling protein 4-like (Table
S4-1), which discharges the mitochondrial membrane to reduce ROS production [130], and
by a 2–5-fold reduction in the expression of five different peroxidases (Supplementary
Information 3, Table S3-2). As a result, in conditions where sugar accumulation and
oxidative stress occur simultaneously, generation of reactive carbonyl compounds (RCCs)
might be activated, accompanied by the development of protein glycation and carbonyl
stress [131]. This, in turn, may explain [132] the observed activation in expression of
aldo-keto reductase (8-fold for probable aldo-keto reductase 4, Table S4-1) as a protein
anti-glycation repair mechanism.

4. Materials and Methods
4.1. Plant Growth Conditions and Zn Stress Application

The detailed information on plant growth conditions was described in our previous
work by Osmolovskaya et al. [27]. The study employed Amaranthus caudatus L. var. Karwa
dauta. The seeds were provided by the Vavilov All-Russia Institute of Plant Genetic
Resources, Saint Petersburg, Russia. The seeds were subjected to surface sterilization using
a 3% (v/v) H2O2 solution for 20 min and rinsed with deionized water. The seeds were then
germinated in containers filled with calcined quartz sand. The plants were cultivated in
two separate experiments, each with an identical setup. Each experiment consisted of nine
treatment groups, with a total of 27 plants distributed across nine vessels. The plants were
grown under a controlled environment, with a 16 h day and 8 h night cycle, a relative
humidity of 70–75%, and day/night temperatures of 24/18 ◦C. The plants were illuminated
by fluorescent lamps (wavelength of 320–780 nm and a photosynthetic photon flux density
of 120 µmol m−2 s−1).

In the initial seven days after the seeds germinated, the seedlings were irrigated with
a ten-fold diluted nutrient solution (0.1 n.s., see Supplementary Information 1, Protocol
S1-1) three times a day. Over three weeks, the concentration of the solution was gradually
increased to 0.2 n.s., 0.5 n.s., and 1.0 n.s., respectively. After four weeks, the plants were
transplanted into new 3 L hydroponic containers filled with the full-strength (1.0 n.s.)
nutrient solution, with three plants per container.

After two weeks of growth in the hydroponic setup, the containers with six-week-old
plants, featuring fully developed leaves that could be clearly distinguished from younger
ones, were randomly divided into three equal groups (n = 3). The plants in the first
group were harvested prior to the application of stress, for a separate evaluation of their
root, young, and mature leaf biomass. The second group of plants was designated as
the “Zn-treated” group with addition of 300 micromoles per liter of ZnSO4×7H2O to the
nutrient solution. These stress conditions were chosen based on the previous research,
including studies on amaranth [26]. The plants in the third group were considered as the
control group and were not subjected to any treatment. The experiments were conducted
in three independent biological replicates, with a total of nine plants in each group. The
plants treated with zinc and the control plants were evaluated for a range of physiological
characteristics (stomatal conductance, chlorophyll content, photosystem II activity, leaf
water content) before (Day 0) and after the zinc stress (Day 7), and were then harvested
for proteomics.
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4.2. Protein Isolation and Digestion

The total leaf and root protein fractions were isolated from approximately 200 and
250 mg of fresh-frozen grounded leaf and root material per sample, respectively, by the
phenol extraction method as it was described by Frolov et al. [133]. The resulting dry
acetone protein pellets were reconstituted in 4% (w/v) aqueous (aq.) sodium dodecyl sulfate
(SDS) under continuous sonication in 5 min cycles with ice cooling. Protein concentrations
were determined by BCA assay kit according to the manufacturer’s protocol and cross-
validated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as
described previously [134].

Aliquots of protein extracts (25 µg) were digested with trypsin according to the filter-
aided sample preparation (FASP)-based protocol of Leonova et al. [135] with minimal
changes (for details see Supplementary Information 1, Protocol S1-2). The complete-
ness of protein digestion was verified with SDS-PAGE as described by Greifenhagen
and co-workers [134]. The resulting tryptic hydrolysates were desalted and pre-cleaned
with reverse-phase solid phase extraction (rpSPE) with six layers of C18 material-filled
200 µL tips (Merck KGaA, Darmstadt, Germany) according to the in-house established
procedure [136]. The samples were dried under reduced pressure and stored at −20 ◦C
until analysis.

4.3. Nano LC-MS/MS Experiments

Each of the samples containing dried tryptic hydrolysates were sequentially recon-
stituted in 60, 20, and 3% (v/v) aq. acetonitrile containing 0.1% (v/v) formic acid, and
resulted samples were loaded on an Acclaim PepMap trap column (300 µm × 5 mm,
5 µm particle size, Thermo Fisher Scientific, Waltham, MA, USA) during 15 min at the
flow rate of 30 µL/min. Peptides were separated on a RP C18 emitter column (PicoFrit,
75 µm × 250 mm, 15 µm tip diameter (New Objective) packed with ReproSil-Pur C18-AQ
material, 1.9 µm, 120 Å, Dr. Maisch, Ammerbuch-Entringen, Germany) using an Ultimate
3000 RSLC nano chromatography system (Thermo Fisher Scientific, Waltham, MA, USA)
coupled on-line to an Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) operated in the positive ion mode via a nano-ESI source under the LC and MS
settings specified in Tables S1-9 and S1-10, respectively. The nanoLC-ESI-Orbitrap-MS
analysis relied on data-dependent acquisition (DDA) experiments, comprising in each cycle
one survey Orbitrap-MS scan and dependent MS/MS scans for five the most abundant
signals with the charge states from two to seven selected in the previous cycle.

4.4. Processing, Post-Processing, and Statistical Analysis of the Proteomics Data

The acquired LC-MS data were processed with Proteome Discoverer (v2.2, Thermo
Fisher Scientific, Waltham, MA, USA) for identification of tryptic peptides and annota-
tion of proteins (FDR correction at q ≤ 0.05 and Percolator node to filter high-confident
identifications; for other search settings, see Table S1-11), whereas label-free quantification
relied on QIProgenesis software (Waters GmbH, Eschborn, Germany). To select proteins
that are significantly differentially abundant, thresholds for fold change (FC) and FDR
adjusted p-value were set at 1.5 as the lowest value and 0.05 as the highest value, respec-
tively. With this, proteins that showed an increase greater than 1.5-fold in abundance
under Zn stress compared to the control (FC(Zn-stress/Control) ≥ 1.5) were considered
as up-accumulated; proteins that showed a decrease greater than 1.5-fold in abundance
under Zn stress compared to the control (FC(Control/Zn-stress) ≥ 1.5) were considered to
be down-accumulated. Thus, the FC values were adjusted for cases of proteins showing a
decrease in abundance by presenting the inverse of the FC value. For identification and
annotation of proteins Arabidopsis thaliana (Uniprot) and Chenopodium quinoa polypeptide se-
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quence databases uploaded from Uniprot and Kyoto Encyclopedia of Genes and Genomes
(KEGG), respectively, on 12 September 2023 were used. The quantitative data outputs from
QIProgenesis software were post-processed in R programming environment (v4.0.2, pack-
ages as follows: factoextra, pheatmap, VennDiagram) following log2-transformation. The
differentially expressed proteins were annotated with Mercator MapMan platform (v4.5,
https://plabipd.de/portal/mercator-sequence-annotation, accessed on 30 September 2023)
to characterize functional roles and BUSCA online tool (http://busca.biocomp.unibo.it/,
accessed on 1 October 2023) for sub-cellular localization prediction.

5. Conclusions
Comprehensive knowledge about the underlying mechanisms of plants adjustments

and tolerance to heavy metals stress is critically important to achieve high efficiency of crops
cultivation in polluted soils. In this regard, the integration of proteomics and metabolomics
data is the best way to achieve this goal. The employed bottom-up proteomics approach
revealed clear organ-specific responses to Zn exposure in A. caudatus, which were more
pronounced in roots, indicating their crucial role as the first barrier on the way of pollutant
uptake and distribution in plants. Our data indicated Zn-induced fine-tuned adaptive
shifts in redox homeostasis, and enhancement of protein biosynthesis, repair/folding, and
degradation systems. These adaptations, however, could not exclude the appearance of
pronounced signs of toxicity and damage, like expressional suppression of ETC complexes
in young and mature leaves.

Notably, the results of the proteomics study were consistent with the findings of the
associated metabolomics research. Thus, the induction of SA-mediated protective reactions,
as well as impact of SA on JA biosynthesis could be confirmed at the proteomics level.
Furthermore, the strong up-regulation of gluconic acid (metal ion chelator in roots and
young leaves) observed earlier was supported here by the induction of proteins forming
soluble sugars for PPP which can also contribute to gluconate synthesis. Remarkably, while
Zn-induced oxidative stress was evidenced by the upregulation of multiple antioxidative
enzymes, a similar up-regulation was not observed for sugar transporters in roots and
young leaves. Nevertheless, the annotation of several sugar transporters in these organs
suggests the possibility of their regulation on post-translational level.

These findings may suggest that post-translational rather than transcriptional regu-
lation is involved in fine-tuning control of the ion and sugar transport systems under Zn
stress, which needs to be addressed in future studies.

To conclude, our results expand the existing knowledge on Zn-induced protein dy-
namics and give a better insight into the associated process of the metabolic adjustment as
a part of the general response of plants to the Zn stress.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14213315/s1, Supplementary Information 1: Protocols,
Figures, and Tables; Supplementary Information 2: Peptides, proteins, and protein groups (non-
redundant proteins), identified in amaranth (Amaranthus caudatus) plants under Zn stress conditions;
Supplementary Information 3: Proteins, differentially expressed (ANOVA) in amaranth (A. caudatus)
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(t-test) in amaranth (A. caudatus) plants under Zn stress conditions; Supplementary Information 5:
Functional classes of proteins, differentially expressed in amaranth (A. caudatus) plants under Zn stress
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