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Abstract: The contribution of reactive oxygen species (ROS) and methylglyoxal (MG) formation
and removal in high-pH-mediated alleviation of plant copper (Cu)-toxicity remains to be elu-
cidated. Seedlings of sweet orange (Citrus sinensis) were treated with 0.5 (non-Cu-toxicity) or
300 (Cu-toxicity) µM CuCl2 × pH 4.8, 4.0, or 3.0 for 17 weeks. Thereafter, superoxide anion produc-
tion rate; H2O2 production rate; the concentrations of MG, malondialdehyde (MDA), and antioxidant
metabolites (reduced glutathione, ascorbate, phytochelatins, metallothioneins, total non-protein thi-
ols); and the activities of enzymes (antioxidant enzymes, glyoxalases, and sulfur metabolism-related
enzymes) in leaves and roots were determined. High pH mitigated oxidative damage in Cu-toxic
leaves and roots, thereby conferring sweet orange Cu tolerance. The alleviation of oxidative damage
involved enhanced ability to maintain the balance between ROS and MG formation and removal
through the downregulation of ROS and MG formation and the coordinated actions of ROS and MG
detoxification systems. Low pH (pH 3.0) impaired the balance between ROS and MG formation and
removal, thereby causing oxidative damage in Cu-toxic leaves and roots but not in non-Cu-toxic ones.
Cu toxicity and low pH had obvious synergistic impacts on ROS and MG generation and removal
in leaves and roots. Additionally, 21 (4) parameters in leaves were positively (negatively) related to
the corresponding root parameters, implying that there were some similarities and differences in the
responses of ROS and MG metabolisms to Cu–pH interactions between leaves and roots.

Keywords: antioxidant enzyme; Cu; Cu–pH interactions; glyoxalase; metallothioneins; MG and ROS
detoxification; phytochelatins; sulfur-metabolism-related enzyme

1. Introduction

As a cofactor for many enzymes, copper (Cu) participates in various physiological
processes of plants, including respiration, photosynthesis, protection against oxidative
damage, and carbohydrate and nitrogen metabolisms [1–7]. Cu is also a naturally occurring
heavy metal in soil and is highly toxic to crops when excessive concentration is applied.
Cu excess will affect soil fertility, inhibit crop growth, reduce crop yield and quality, and
even threaten human health [8–11]. In some old Citrus orchards, Cu excess in soil is a
major factor that reduces productivity and quality of Citrus due to human activities, such
as heavy and long-term application of Bordeaux mixture, wastewater irrigation, urban
compost, mining, and industrialization [11–14].

The phytotoxicity of Cu depends greatly on soil pH [15]. Previous reports indi-
cated that high pH had antagonistic actions against the harmful effects of Cu toxicity
on plants [2,3,16,17]. However, most researchers have focused on examining interactive
effects of Cu–pH on plant biomass, root morphology, root exudates, uptake of nutrient and
water, and leaf pigments, photosynthesis, non-structural carbohydrates, gene expression,
metabolite abundances, and cell wall components [2,3,16].
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In plants, excessive Cu can increase reactive oxygen species (ROS) and methylgly-
oxal (MG) formation and overaccumulation via Haber–Weiss reaction and/or Fenton
reaction, resulting in oxidative damage and even cell death [18–22]. ROS can be scav-
enged by non-enzymatic (ascorbate (ASC), metallothioneins (MTs), phytochelatins (PCs)
and reduced glutathione (GSH)) and enzymatic (sulfur-metabolism-related enzymes and
antioxidant enzymes) systems [23]. Glyoxalase (Gly) I and Gly II are the main actors
in MG removal. Coordinated actions of ROS and MG detoxification systems are very
crucial to managing the enhanced formation of ROS and MG [24]. Although Cu-toxic
impacts on ROS and MG formation and scavenging have been investigated in some de-
tail [20,25], reports on Cu–pH-interaction-induced alterations of ROS and MG metabolisms
are rare. Recently, Zhang et al. [2] observed that elevated pH could reduce superoxide an-
ion production rate (SAPR) and malondialdehyde (MDA) concentration in Cu-toxic sweet
orange (Citrus sinensis) leaves. Unfortunately, this study examined only the two parame-
ters involved in ROS and MG metabolisms. In rice (Oryza sativa), GSH- or ASC-mediated
mitigation of Cu toxicity involved reduced oxidative damage by lessening ROS levels
and increasing antioxidant enzyme activities in leaves [25]. In cucumber (Cucumis sativus),
melatonin could alleviate Cu toxicity via enhancing Cu sequestration in vacuoles due to in-
creased accumulation of GSH and PCs and preventing oxidative damage due to decreased
ROS generation and increased antioxidant systems [26]. Abdulmajeed et al. [21] reported
that acetylsalicylic-acid- and NO-mediated mitigation of Vigna radiata Cu toxicity involved
increased activities of glutathione reductase (GR), catalase (CAT), ASC peroxidase (APX),
superoxide dismutase (SOD), Gly I and Gly II, and levels of ASC and GSH and decreased
levels of H2O2, superoxide anion, MG, and MDA in Cu-toxic leaves. Shan et al. [27] found
that H2S protected wheat (Triticum aestivum) seedlings against Cu-toxicity through the
reduction in oxidative damage (MDA) due to increased activities of GR, dehydroascorbate
(DHA) reductase (DHAR), monodehydroascorbate (MDHA) reductase (MDHAR), APX,
and concentrations of GSH and ASC in leaves. Thus, elevated pH might reduce Cu-toxicity-
induced oxidative damage through coordinated actions of ROS and MG detoxification
systems, thus protecting plants against Cu toxicity.

Citrus are widely planted in acidic soils in southern China with high concentrations
and bioavailability of Cu and are vulnerable to Cu toxicity [13,28,29]. In this paper, we
systematically examined interactive impacts of Cu–pH on ROS and MG metabolisms
in sweet orange leaves and roots in order to test the hypothesis that high pH-mediated
mitigation of sweet orange Cu toxicity involved enhanced capacity to maintain a balance
between ROS and MG formation and removal in roots and leaves and to understand the
different responses of leaf and root ROS and MG metabolisms to Cu–pH interactions.

2. Results
2.1. Impacts of Cu–pH Interactions on Seedling Growth, SAPR, H2O2 Production Rate (HPR),
MDA, and MG in Leaves and Roots

Increased pH alleviated the inhibitory actions of Cu toxicity on root and shoot growth.
Without Cu toxicity, only pH 3.0 (low pH) slightly decreased shoot and root growth. With
Cu toxicity, low pH greatly inhibited shoot and root growth (Figure S1).

Cu toxicity elevated HPR, SAPR, MDA, and MG concentrations in leaves and roots,
especially in low pH, except for unaltered HPR and MG concentrations in pH-4.8-treated
leaves and MG concentration in pH-4.0-treated leaves. HPR, SAPR, MDA, and MG con-
centrations were elevated by low pH in 300 µM Cu-treated leaves (LCu300) and 300 µM
Cu-treated roots (RCu300), but unaltered in 0.5 µM Cu-treated leaves (LCK) and 0.5 µM
Cu-treated roots (RCK) (Figure 1).
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Figure 1. Impacts of Cu–pH interactions on HPR (A,E), SAPR (B,F), MDA (C,G), and MG (D,H) 
concentrations in leaves and roots. Bars represent means ± SE (n = 4). Different letters above the bars 
indicate a significant difference at p < 0.05. 

2.2. Impacts of Cu–pH Interactions on the Activities of Enzymes Involved in ROS and MG 
Removal in Leaves and Roots 

Cu toxicity reduced the activities of DHAR, APX, MDHAR, CAT, and GR in leaves 
and roots and guaiacol peroxidase (GuPX) in leaves and SOD in roots at pH 3.0 and pH 
4.0 except for unaltered activities of DHAR and MDHAR in pH-4.0-treated leaves and 
SOD in pH 4.0-treated roots. However, it had had no impacts on their activities in pH-4.8-
treated leaves and roots with the exceptions that Cu-toxicity slightly reduced the activities 
of GR in roots and CAT in leaves. However, low pH enhanced the activities of SOD in 
LCu300 and GuPX in RCu300 (Figure 2). 

The activities of DHAR, APX, MDHAR, CAT and GR in LCu300 and RCu300, GuPX 
in LCu300 and SOD in RCu300 increased with the increase in pH. The activities of the 
seven antioxidant enzymes in LCK and RCK were not significantly altered by the change 
in pH except for a slight increase in MDHAR activity in LCK at pH 3.0 (Figure 2).  

Figure 1. Impacts of Cu–pH interactions on HPR (A,E), SAPR (B,F), MDA (C,G), and MG (D,H)
concentrations in leaves and roots. Bars represent means ± SE (n = 4). Different letters above the bars
indicate a significant difference at p < 0.05.

2.2. Impacts of Cu–pH Interactions on the Activities of Enzymes Involved in ROS and MG
Removal in Leaves and Roots

Cu toxicity reduced the activities of DHAR, APX, MDHAR, CAT, and GR in leaves
and roots and guaiacol peroxidase (GuPX) in leaves and SOD in roots at pH 3.0 and pH 4.0
except for unaltered activities of DHAR and MDHAR in pH-4.0-treated leaves and SOD in
pH 4.0-treated roots. However, it had no impacts on their activities in pH-4.8-treated leaves
and roots with the exceptions that Cu-toxicity slightly reduced the activities of GR in roots
and CAT in leaves. However, low pH enhanced the activities of SOD in LCu300 and GuPX
in RCu300 (Figure 2).

The activities of DHAR, APX, MDHAR, CAT and GR in LCu300 and RCu300, GuPX in
LCu300 and SOD in RCu300 increased with the increase in pH. The activities of the seven
antioxidant enzymes in LCK and RCK were not significantly altered by the change in pH
except for a slight increase in MDHAR activity in LCK at pH 3.0 (Figure 2).

We found that Cu toxicity reduced the activities of ATP sulfurylase (ATPS), adenosine
5′-phosphosulphate reductase (APR), cysteine synthase (CS), glutamine synthetase (GS),
and glutathione S-transferase (GST) in leaves and roots and γ-glutamylcysteine synthetase
(γGCS) in roots more at pH 3.0 than at pH 4.8. We also found that Cu toxicity did not alter
the activities of ATPS, CS, and GST in leaves and roots or APR and GS in roots at pH 4.8.
However, Cu toxicity increased or did not significantly influence the activities of sulfite
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reductase (SiR) and γ-glutamyltransferase (γGT) in leaves and roots and γGCS in roots
except for reduced γGT activity in RCu300 at pH 3.0 (Figure 3).
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We found that Cu toxicity reduced the activities of ATP sulfurylase (ATPS), adeno-
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Figure 2. Impacts of Cu–pH interactions on the activities of CAT (A,H), APX (B,I), DHAR (C,J), MDHAR
(D,K), GR (E,L), GuPX (F,M), and SOD (G,N) in leaves and roots. Bars represent means ± SE (n = 4).
Different letters above the bars indicate a significant difference at p < 0.05.
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Cu toxicity increased Gly II activity in leaves but inhibited or did not affect the activ-
ities of Gly I in leaves and roots and Gly II in roots (Figure 4). 

Low pH enhanced Gly II activity in LCu300 but inhibited the activities of Gly I in 
LCu300 and RCu300 and Gly II in RCu300 relative to pH 4.8. The activities of Gly I and 
Gly II in LCK and RCK remained stable with the alteration of pH except for slightly in-
creased Gly II activity in pH-3.0-treated leaves and slightly decreased Gly II activity in 
pH-4.8-treated roots (Figure 4).   

Figure 3. Impacts of Cu–pH interactions on the activities of ATPS (A,I), APR (B,J), SiR (C,K), CS
(D,L), γGCS (E,M), γGT (F,N), GS (G,O), and GST (H,P) in leaves and roots. Bars represent means
± SE (n = 4). Different letters above the bars indicate a significant difference at p < 0.05. Gly-Gly,
glycylglycine; OAS, O-acetylserine.

Low pH reduced the activities of ATPS, APR, CS, GS, and GST in LCu300 and RCu300;
SiR in LCu300; and γGCS and γGT in RCu300; but it increased the activities of SiR, γGCS,
and γGT in LCu300 relative to pH 4.8. The activities of the eight sulfur metabolism-related
enzymes in LCK and RCK were not significantly altered by the alteration of pH except for
elevated γGT activity in LCK at pH 3.0 and reduced GS activity in RCK at pH 3.0 (Figure 3).

Cu toxicity increased Gly II activity in leaves but inhibited or did not affect the activities
of Gly I in leaves and roots and Gly II in roots (Figure 4).
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Figure 4. Impacts of Cu–pH interactions on the activities of Gly I (A,C) and Gly II (B,D) in leaves
and roots. Bars represent means ± SE (n = 4). Different letters above the bars indicate a significant
difference at p < 0.05. SLG, S-D-lactoylglutathione.
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Low pH enhanced Gly II activity in LCu300 but inhibited the activities of Gly I in
LCu300 and RCu300 and Gly II in RCu300 relative to pH 4.8. The activities of Gly I
and Gly II in LCK and RCK remained stable with the alteration of pH except for slightly
increased Gly II activity in pH-3.0-treated leaves and slightly decreased Gly II activity in
pH-4.8-treated roots (Figure 4).

2.3. Impacts of Cu–pH Interactions on the Concentrations and Ratios of Antioxidant Metabolites
Involved in ROS and MG Scavenging in Leaves and Roots

Cu toxicity elevated total ascorbate (TA, sum of ASC and DHA), ASC, and DHA
concentrations in leaves more at pH 3.0 than at pH 4.0–4.8. Cu toxicity enhanced TA,
ASC, and DHA levels in roots more at pH 4.0 than at pH 4.8, but it reduced TA and ASC
levels and did not affect DHA levels in pH-3.0-treated roots. Compared to pH 4.8, low pH
increased TA, ASC, and DHA concentrations in LCu300 relative to pH 4.8 while repressing
their concentrations in RCu300 except for a similar DHA concentration. TA, ASC, and
DHA concentrations in LCK and RCK remained unchanged at pH 3.0–4.8. ASC redox state
(ASC/TA ratio) in leaves and roots did not differ between Cu–pH combinations except for
a drop in pH 3.0 + 300 µM Cu (Figure 5).
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Figure 5. Impacts of Cu–pH interactions on TA (sum of ASC and DHA; (A,I)), ASC (B,J) and DHA
(C,K) concentrations; ASC redox state (ASC/TA ratio; (D,L)); TG (sum of GSH and GSSG; (E,M)),
GSH (F,N) and GSSG (G,O) concentrations; and GSH redox state (GSH/TG ratio; (H,P)) in leaves
and roots. Bars represent means ± SE (n = 4). Different letters above the bars indicate a significant
difference at p < 0.05.

Total glutathione (TG, sum of GSH and oxidized glutathione (GSSG)) and GSH levels
in leaves and GSSG levels and GSH redox state (GSH/TG ratio) in leaves and roots were
similar between Cu–pH combinations except for a drop under pH 3.0 + 300 µM Cu. Cu toxi-
city reduced TG and GSSG levels in roots. Low pH lowered TG and GSSG levels in RCu300
relative to pH 4.8. TG and GSSG levels in RCK remained stable at pH 3.0–4.8 (Figure 5).
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Cu toxicity increased total non-protein thiols (TNP-SH), MTs, and PCs concentrations
in leaves more at pH 3.0 than at pH 4.8. MT concentration in roots was decreased, increased,
and unaltered by Cu toxicity at pH 3.0, 4.0, and 4.8, respectively. Cu toxicity elevated PC
and TNP-SH concentrations in roots at pH 3.0–4.0 but had no effect on them at pH 4.8. Low
pH enhanced the levels of TNP-SH and PCs in LCu300 and RCu300 and MTs in LCu300
relative to pH 4.8 but reduced MT levels in RCu300. The three parameters in LCK and RCK
remained unchanged at pH 3.0–4.8 (Figure 6).
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2.4. Pearson Correlation Coefficient Matrix for All 32 Parameters in Leaves and/or Roots

In leaves, a positive correlation existed between any two parameters of SAPR, HPR,
MDA, and MG. SAPR, HPR, MDA, and MG were positively related to SOD, γGCS, γGT,
Gly II, TNP-SH, PCs, MTs, ASC, DHA, and TA, respectively—with the few exceptions
including the relationships between MG and Gly II, MG and TA, MG and ASC, MG and
MTs, MG and PCs, and MG and TNP-SH—and negatively related to CAT, APX, DHAR,
MDHAR, GR, GuPX, ATPS, APR, CS, GS, GST, Gly I, TG, GSH, GSSG, GSH/TG, and
ASC/TA, respectively—with the few exceptions including the relationships between SAPR
and ASC/TA, MG and GuPX, HPR and APR, MG and APR, MG and CS, MG and Gly I,
MDA and ASC/TA, SAPR and GSSG, and MDA and GSSG (Table S1).

In roots, a positive correlation existed between any two parameters of SAPR, HPR,
MDA, and MG. SAPR, HPR, MDA, and MG were positively related to GuPX, SiR, PCs, and
TNP-SH, respectively, and negatively related to CAT, APX, DHAR, MDHAR, GR, SOD,
ATPS, APR, CS, γGCS, GS, GST, Gly I, Gly II, TG, GSH, GSSG, GSH/TG, and ASC/TA,
respectively (Table S2).

As shown in Table S3, 21 (HPR, SAPR, MDA, MG, CAT, APX, DHAR, MDHAR, GR,
ATPS, APR, CS, GS, GST, Gly I, GSH, TG, GSH/TG, PCs, TNP-SH, and ASC/TA) and
4 (GuPX, SOD, γGCS, and Gly II) parameters in leaves displayed positive and negative
relations with the corresponding root parameters, respectively.
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2.5. PCA Loading Plots

PCA suggested that low pH increased Cu-toxicity-induced-separation of the 64 parame-
ters, and Cu toxicity intensified low-pH-induced-separation of the 64 parameters (Figure S2).

3. Discussion
3.1. Impacts of Cu Toxicity and Low pH on ROS and MG Formation and Removal in Leaves and
Roots Displayed Obvious Synergisms

The impacts of Cu toxicity on most parameters involved in ROS and MG production
and removal were more pronounced in pH-3.0- than in pH-4.8-treated seedlings. Cu toxicity
had no impacts on 2 and 37 out of 64 parameters in pH-3.0- and pH-4.8-treated seedlings,
respectively. Low pH impaired the balance between ROS and MG formation and removal,
thereby causing oxidative damage in LCu300 and RCu300 but not in LCK and RCK. Indeed,
low pH affected 62 out of 64 parameters at 300 µM Cu relative to pH 4.8, but only 4 out
of 64 parameters at 0.5 µM Cu (Figures 1–7). PCA showed that Cu toxicity aggravated
low pH impacts on the 64 parameters and vice versa (Figure S2). Interactive impacts of
Cu–pH on 49 out of 64 parameters were significant (Table S4). Thus, Cu toxicity and low
pH had synergistic effects on ROS and MG production and removal in leaves and roots.
This was supported by the findings that Cu toxicity and low pH had synergistic impacts on
seedling growth (Figure S1) and increased pH mitigated aluminum (Al)-toxicity-induced
oxidative damage and that Al toxicity aggravated low pH-induced oxidative damage in
sweet orange leaves and roots [23].
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leaves (A) and roots (B). In this figure, we used italics for enzymes and plain format for metabolites.
An asterisk indicates a significant difference between two treatments of a comparative group at
p < 0.05. An enzyme or metabolite was considered increased (decreased) when it had both a relative
change of more (less) than 1 and a p-value of < 0.05. P3L, pH 3.0 + 0.5 µM Cu-treated leaves; P3R,
pH 3.0 + 0.5 µM Cu-treated roots; P5L, pH 4.8 + 0.5 µM Cu-treated leaves; P5R, pH 4.8 + 0.5 µM
Cu-treated roots; P3CL, pH 3.0 + 300 µM Cu-treated leaves; P3CR, pH 3.0 + 300 µM Cu-treated roots;
P5CL, pH 4.8 + 300 µM Cu-treated leaves; and P5CR, pH 4.8 + 300 µM Cu-treated roots.

3.2. Elevated pH Ameliorated Oxidative Damage in LCu300 and RCu300

We observed a positive correlation between any two parameters of HPR, SAPR, MDA,
and MG (Tables S1 and S2), demonstrating that Cu toxicity triggered ROS and MG gen-
eration and overaccumulation, thereby causing oxidative damage in leaves and roots.
Cu-toxicity-induced ROS and MG formation and oxidative damage have been obtained in
Citrus [19,30,31] and Malus prunifolia [12] leaves and roots, Brassica rapa roots and shoots [32],
Linum usitatissimum shoots [20], V. radiata leaves [21], and Saccharum officinarum roots [22].

Our results clearly demonstrated that high pH prevented Cu-toxicity-induced in-
creases in HPR, SAPR, MG, and MDA concentrations in leaves and roots and that Cu
toxicity increased HPR, SAPR, MG, and MDA levels more in roots than in leaves. The
different responses of the four parameters in leaves and roots to Cu toxicity could be
explained by the preferential accumulation of Cu in Cu-toxic roots because Cu fraction in
sweet orange roots increased in response to Cu toxicity [33].

ROS can be detoxified by enzymatic and non-enzymatic (ASC, GSH, PCs, MTs, and
TNP-SH) scavenging systems. MG removal is primarily catalyzed by glyoxalases using
cofactor GSH [24]. Yang et al. [23] reported that elevated-pH-mediated mitigation of
oxidative damage caused by Al toxicity in leaves and roots involved the coordinated
actions of ROS and MG scavenging systems. In addition to scavenging ROS and MG, GSH,
PCs, and MTs can mitigate plant Cu toxicity via the chelation of Cu ions in the cytosol.
Cu-PCs and/or Cu-GSH formed can be isolated into vacuoles by ABC transporter [12].
Additionally, GSH can serve as the precursor of PCs biosynthesis. Navarrete et al. [34]
demonstrated the involvement of a coordinated and complementary induction of GSH, PCs,
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and MTs in the detoxification of Cu toxicity in Ulva compressa. Mostofa et al. [35] reported
that the decreases in Cu uptake and ROS accumulation and the increases in redox state;
ASC and PCs concentrations; and GST, DHAR, and CAT activities played a key role, at
least partially, in GSH-mediated amelioration of oxidative damage in Cu-toxic rice leaves.

We found that elevated pH ameliorated Cu-toxicity-induced reductions in the activities
of five antioxidant enzymes (APX, CAT, DHAR, MDHAR, and GR); five sulfur-metabolism-
related enzymes (ATPS, APR, CS, GS, and GST); Gly I in leaves and roots; GuPX in leaves;
SOD, γGCS, γGT, and Gly II in roots; the levels of GSSG, GSH, and TG in leaves and
roots; MTs, ASC, and TA in roots; and GSH and ASC redox state in roots and leaves. It
ameliorated Cu-toxicity-induced increments in the activities of SOD, γGCS, γGT, and Gly
II in leaves; GuPX and SiR in roots; the levels of TNP-SH and PCs in leaves and roots;
and DHA, ASC, TA, and MTs in leaves. Cu toxicity did not affect the activities of SiR in
pH-3.0- and pH-4.8-treated leaves and the levels of DHA in pH-3.0- and pH-4.8-treated
roots (Figures 1–6). We observed that MDA was positively related to PCs, TNP-SH, HPR,
SAPR, or MG in leaves and roots; SOD, γGCS, γGT, Gly II, TA, ASC, DHA, or MTs in
leaves; and GuPX or SiR in roots and negatively related to CAT, APX, DHAR, MDHAR,
GR, ATPS, APR, CS, GS, GST, Gly I, GSH + GSSG, GSH, or GSH/TG in leaves and roots;
GuPX in leaves; and SOD, γGCS, Gly II, GSSG, or ASC/TA in roots (Tables S1 and S2). It is
known that the coordinated actions of glyoxalase and antioxidant detoxification systems
play a key role in dealing with the increased generation of ROS and MG [24]. Exogenous
application of acetylsalicylic acid and NO alleviated V. radiata Cu toxicity by improving
the activities of antioxidant enzymes and glyoxalases and decreasing H2O2, superoxide
anion, MG, and MDA accumulation in Cu-toxic leaves [21]. These results suggested that
elevated-pH-mediated alleviation of oxidative damage involved enhanced ability to keep
the balance between ROS and MG generation and removal via the downregulation of
ROS and MG formation and the upregulation of ROS and MG removal systems in leaves
and roots.

In plant cells, the concentrations of antioxidant metabolites depend on their biosyn-
thesis, degradation, and utilization. Our results indicated that Cu toxicity greatly reduced
GSH concentrations in pH-3.0-treated leaves and roots but only slightly reduced GSH
concentration in pH-4.8-treated roots and had no significant effect on GSH concentration
in pH-4.8-treated leaves (Figure 5). In leaves, GSH was positively related to GR, ATPS,
GS, GST, or Gly I but was negatively related to γGCS, γGT, or PCs (Table S1). Cu-toxicity-
induced reduction in GSH concentration in pH-3.0-treated leaves was associated with
reduced regeneration due to lessened GR activity and increased utilization for the biosyn-
thesis of PCs. In roots, GSH was positively related to GR, ATPS, APR, CS, γGCS, GST, or
Gly I but was negatively related to SiR, γGCS, γGT, or PCs (Table S2). Cu-toxicity-induced
reduction in GSH concentration in pH-3.0-treated roots was associated with decreased
biosynthesis due to reduced CS and γGCS and regeneration due to reduced GR and also
with elevated utilization for the biosynthesis of PCs. Cu-toxicity-induced large increases
in MTs in pH-3.0-treated leaves and in PCs and TNP-SH in pH-3.0-treated leaves and
roots agreed with the elevated requirement for Cu chelation and sequestration because Cu
toxicity greatly elevated Cu accumulation in leaves and roots, especially at low pH [3]. In
Brassica napus, 100 µM Cu-treated roots suffered from oxidative stress, displaying decreases
in TG and GSH concentrations, and GSH redox state, while TG and GSH concentrations
in 100 µM Cu-treated leaves displayed a peak at 5 min of Cu treatment and then declined
with the extension of Cu treatment time [36]. Cu toxicity increased the concentrations
of GSH, GSSG, and PCs in cucumber roots and leaves [26] and in rice leaves [35]. In
U. compressa, Cu-induced alterations in the concentrations of GSH, PCs, and MTs varied
with Cu concentration and duration of exposure to Cu [34]. Taken together, the impacts of
Cu on the concentrations of GSH, GSSG, PCs, and MTs and on GSH redox state depended
on duration of exposure to Cu, pH, Cu concentration, and plant species and/or tissue.

We found that Cu toxicity enhanced the concentrations of TA, ASC, and DHA in leaves
more at pH 3.0 than at pH 4.8 (Figure 5) and that ASC was negatively related to APX,
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DHAR, and MDHAR, respectively (Table S1). Cu-toxicity-induced increment of ASC levels
in leaves might be caused by reduced degradation due to decreased APX activity. In roots,
Cu toxicity increased the concentrations of TA, ASC, and DHA in pH-4.0–4.8-treated roots
and decreased their concentrations in pH-3.0-treated roots with the exceptions that Cu
toxicity did not significantly alter DHA concentration in pH-3.0- and pH-4.8-treated roots
(Figure 5). Cu-toxicity-induced reduction in ASC concentration in pH-3.0-treated roots
might be caused by reduced regeneration due to decreased DHAR and MDHAR activities
(Figure 2). Interestingly, Cu toxicity led to decreased ASC redox state in pH-3.0-treated
leaves and roots but not in pH-4.0–4.8 treated leaves and roots (Figure 5). In rice, Cu
toxicity led to decreased ASC concentration and redox state and increased APX, DHAR,
and MDHAR activities and DHA concentration in leaves [35]. In V. radiata, Cu toxicity
improved APX activity and lowered ASC concentration in leaves [21]. In wheat, Cu-toxic
leaves displayed increases in TA and ASC concentrations and in APX, DHAR, and MDHAR
activities [27]. Drążkiewicz et al. [37] examined the operation of ASC-glutathione cycles
in leaves of Arabidopsis seedlings submitted to 0, 5, 25, 50, and 100 µM Cu for 1, 3, and
7 days. Changes in the activities of APX, MDHAR, and DHAR, and concentrations of ASC
and DHA were both time- and dose-dependent. In Medicago sativa, APX activity in shoots
slightly declined with the increase in Cu supply, while APX activity in roots increased at
high Cu concentrations; Cu treatments decreased or did not affect ASC concentration and
ASC redox state and increased or did not affect DHA concentration with the exception
that 50 mg kg−1 Cu increased ASC concentration in shoots; Cu treatments increased or
did not alter ASC concentration and ASC redox state and decreased or did not affect DHA
concentration in roots [38]. Thus, it appeared that the impacts of Cu on ASC, DHA, and
TA concentrations and on ASC redox state depended on duration of Cu treatment, Cu
concentration, pH, and plant species and/or tissue.

Cu toxicity enhanced MG concentration in leaves at pH 3.0, but not at pH 4.0–4.8
(Figure 1). MG was negatively correlated with GSH and displayed an elevated trend
with the reduction of Gly I in leaves (Table S1). Cu-toxicity-induced increase in MG
concentration in leaves at pH 3.0 could be caused by Cu-toxicity-triggered generation
of MG and downregulated ability to scavenge MG due to decreased Gly I activity and
GSH levels. In roots, Cu-toxicity-induced increment of MG accumulation elevated with
the reduction in pH (Figure 1). MG was negatively correlated with Gly I, Gly II, or GSH
in roots (Table S2). Cu-toxicity-induced increase in MG concentration in roots involved
upregulated generation and downregulated detoxification of MG due to reduced GSH level
and Gly I and Gly II activities. In V. radiata leaves, Cu-toxicity-induced accumulation of MG
was caused by increased MG formation rather than by decreased capacity to detoxify MG
because Cu toxicity led to increased Gly I and Gly II activities and GSH concentration [21].
In rice leaves, Cu toxicity increased GSH and MG concentrations 4 and 7 days after Cu
treatment, and their concentrations at 7 days were higher than those at 4 days; Cu toxicity
increased Gly I and Gly II activities at 4 days and decreased (did not alter) Gly I (Gly
II) activity at 7 days. Cu-toxicity-induced accumulation of MG in rice leaves was due to
increased MG formation and decreased MG removal at 7 days and due to increased MG
generation at 4 days [39].

3.3. Some Differences Existed in the Impacts of Cu–pH Interactions on ROS and MG Metabolisms
between Leaves and Roots

As shown in Table S3, 21 (4) parameters in leaves were positively (negatively) related
to the corresponding root parameters, and there was no significant correlation between
seven parameters in leaves and the corresponding parameters in roots, implying that some
differences existed in the Cu–pH-interaction-induced changes in ROS and MG metabolisms
between leaves and roots. For example, Cu toxicity elevated HPR, SAPR, MG, MDA, TG,
and GSH concentrations more in roots than in leaves (Figures 1 and 5). Cu toxicity elevated
the activities of GuPX in roots and of SOD, γGCS, and Gly II in leaves as well as the
concentration of MTs in leaves but reduced or did not significantly influence the activities
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of GuPX in leaves; of SOD, γGCS, and Gly II in roots; or of the concentration of MTs in roots.
TA, ASC, and DHA concentrations were increased by Cu toxicity in pH-3.0–4.8-treated
leaves and in pH-4.0–4.8-treated roots but decreased or were unaffected by Cu toxicity in
pH-3.0-treated roots. Low pH reduced the activities of GuPX in RCu300 and SOD, γGCS,
γGT, and Gly II in LCu300 and the concentrations of TA, ASC, and MTs in LCu300, but it
decreased the activities of GuPX in LCu300 and SOD, γGCS, γGT, and Gly II in RCu300 as
well as the concentrations of TA, ASC, and MTs in RCu300 (Figures 2–6).

4. Materials and Methods
4.1. Plant Materials

The culture and Cu–pH treatments of sweet orange (Citrus sinensis (L.) Osbeck cv. Xue-
gan) seedlings referred to Cai et al. [3]. Six-week-old uniform seedlings were transplanted to
6 L pots filled with sand (two plants per pot) and then cultured in the greenhouse under nat-
ural conditions at Fujian Agriculture and Forestry University, Fuzhou with annual average
sunlight, temperature, and relative humidity of ~1600 h, 76%, and 20 ◦C, respectively [40].
Six weeks after transplantation, each pot was supplemented with freshly prepared nutrient
solution six times weekly with 0.5 (control or non-Cu toxicity) or 300 (Cu toxicity) µM
CuCl2 × pH 4.8, 4.0 or 3.0 (adjusted by 1 M HCl) until dripping (~ 500 mL). These values
were chosen after referring to previous reports [2,3]. We found that 300 µM Cu led to a
significant—but not too great—decrease in C. sinensis seedling growth at pH 3.0, and it had
almost no impact on seedling growth at pH 4.8 [2,3]. Without Cu-toxicity, pH 3.0 slightly
inhibited seedling growth, pH 4.0 had almost no impact on seedling growth, and seedling
growth and many physiological parameters displayed their maximums at pH 5.0 [41].
According to our observations, Cu precipitation formed easily in nutrient solution with
pH ≥ 5. A total of 40 seedlings (20 pots) per treatment were arranged in a completely
randomized design. Seventeen weeks after treatments, the recently fully explained leaves
and ~5 mm in length of white root tips were taken, immediately placed into liquid nitrogen,
and stored in a −80 ◦C freezer until use except for SAPR and HPR.

4.2. Measurements of SAPR, HPR, MG, and MDA in Leaves and Roots

SAPR and HPR were measured by the reduction in nitroblue tetrazolium (NBT) and
oxidation of guaiacol, respectively [42]. MG was quantified spectrophotometrically based
on the N-acetyl-L-cysteine reaction after being extracted with 5% (w/v) HClO4 [43]. MDA
was estimated with the improved assay of thiobarbituric-acid-reactive substances after
being extracted with 80% (v/v) ethanol [44].

4.3. Assay of Antioxidant Metabolites in Leaves and Roots

MTs were assayed spectrophotometrically using 5,5-dithiobis-2-nitrobenzoic acid
(DTNB) after being extracted with buffer containing 20 mM TRIS-HCl (pH 8.6), 0.5 M
sucrose, and 0.01% β-mercaptoethanol [45]. TNP-SH and GSH were determined spec-
trophotometrically using DTNB after being extracted with 5% (w/v) trichloroacetic acid
(TCA). PCs were calculated as: PCs = TNP-SH - GSH [46]. GSSG and TG were measured
utilizing GR and DTNB after being extracted with 5% (w/v) TCA; and TA and ASC were
quantified using ASC oxidase after being extracted with 6% (v/v) HClO4 [42].

4.4. Assay of Enzyme Activities in Leaves and Roots

APX, CAT, GuPX, DHAR, MDHAR, GR, SOD, and GST were extracted according to
Guo et al. [47]. Briefly, five frozen leaf discs (6 mm in diameter) or 60 mg frozen root tips were
extracted using 2 mL of 50 mM KH2PO4-KOH (pH 7.5) containing 1 mM ethylene diamine
tetraacetic acid (EDTA), 0.5% Triton X-100, and 5% insoluble polyvinylpolypyrrolidone (PVPP).
The extract was then centrifuged at 13,000× g for 10 min at 4 ◦C, and the supernatant was used
immediately for enzyme activity assay. APX activity was assayed by following the decrease in
absorbance at 290 nm. The reaction mixture contained 50 mM HEPES-KOH (pH 7.6), 0.1 mM
EDTA, 0.2 mM H2O2, 0.5 mM ASC, and 50 µL enzyme extract. The reaction was initiated by
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adding H2O2 [48]. CAT activity was assayed at 240 nm in 1 mL of reaction mixture containing
100 mM potassium phosphate buffer (pH 6.0), 10 µL 10% (w/v) H2O2 and 10 µL enzyme
extract. The reaction was initiated by adding H2O2 [48]. GuPX activity was measured at
470 nm in 1 mL of reaction mixture containing 100 mM potassium phosphate (pH 6.0), 5 µL
10% (w/v) H2O2, 16 mM guaiacol, and 10 µL enzyme extract. The reaction was initiated
by adding enzyme extract [49]. DHAR activity was assayed at 265 nm in 1 mL of reaction
mixture containing 100 mM HEPES-KOH (pH 7.0), 0.1 mM EDTA, 2.5 mM GSH, 0.2 mM
DHA, and 100 µL enzyme extract. The reaction was started by adding DHA [48]. MDHAR
activity was measured at 340 nm in 1 mL of reaction mixture containing 50 mM HEPES-KOH
(pH 7.6), 2.5 mM ASC, 0.1 mM NADH, 0.25 U of ASC oxidase, and 100 µL enzyme extract.
The reaction was started by adding ASC oxidase [48]. GR activity was assayed at 340 nm in
1 mL of reaction mixture containing 100 mM TRIS-HCl (pH 8.0), 1 mM GSSG, 1 mM EDTA,
0.2 mM NADPH, and 100 µL enzyme extract. The reaction was started by adding NADPH.
SOD activity was assayed at 560 nm using a photochemical assay system consisting of NBT,
riboflavin, methionine and enzyme extract. One U of SOD activity is defined as the amount to
produce a 50% inhibition of NBT photoreduction [50]. GST activity was assayed in 340 nm
in 1 mL of reaction mixture containing 100 mM TRIS-HCl (pH 6.5), 1.5 mM GSH, 1 mM
1-chloro-2,4-dinitrobenzene (CDNB), and 100 µL enzyme extract. The reaction was started by
the addition of CDNB [51].

ATPS, CS, APR, SiR, γGT, γGCS, Gly I, and Gly II were extracted according to
Cai et al. [52]. Briefly, six frozen leaf discs (6 mm in diameter) or ~100 mg frozen root
tips were ground with a precooled mortar and pestle in 2 mL of ice-cold extraction buffer
containing 100 mM TRIS-HCl (pH 8.0), 10 mM EDTA, 2 mM dithiothreitol (DTT), and
4% (w/v) insoluble PVPP. The extract was centrifuged at 13,000× g for 10 min at 4 ◦C.
The resultant supernatant was used immediately for enzyme activity assay. ATPS activity
was measured according to Guo et al. [47]. An amount of 100 µL of enzyme extract was
incubated for 15 min at 37 ◦C with 80 mM TRIS-HCl (pH 8.0), 5 mM Na2MoO4, 2 mM
Na2ATP, 7 mM MgCl2, and 0.032 U mL−1 of sulfate-free inorganic pyrophosphatase at a
total volume of 0.6 mL. The reaction was initiated by the addition of enzyme extract and
terminated by adding 2 mL of 20% (w/v) TCA, and the phosphate yield in the reaction
was assayed according to Ames [53]. The blank contained the same reaction mixture and
enzyme extract except that Na2MoO4 was absent. CS activity was measured as described
by Warrilow and Hawkesford [54]. The reaction mixture (0.8 mL) contained 0.2 M TRIS-
HCl (pH 7.5), 10 mM DTT, 3 mM Na2S, and 20 µL extract. This reaction was initiated
by adding 5 mM O-acetyl-L-serine (OAS). After 10 min incubation at 25 ◦C, the reaction
was stopped by the addition of 0.2 mL of 1.5 M TCA. The amount of cysteine synthesized
was measured using the ninhydrin method. APR activity was determined according to
Trüper and Rogers [55] with some modifications. Briefly, 1 mL of reaction mixture for
ferricyanide-coupled assay contained 50 mM TRIS-HCl (pH 8.0), 0.5 mM K3Fe(CN)6, 8 mM
EDTA, 0.4 mM adenosine 5′-monophosphate (AMP), 4 mM Na2SO3, and 100 µL enzyme
extract. Absorbance was measured at 420 nm, 25 ◦C against a blank containing the reaction
mixture without enzyme extract. SiR were assayed in 1 mL reaction mixture containing
10 mM TRIS-HCl (pH 7.5), 0.1 mM EDTA, 0.5 mM Na2SO3, 0.2 mM NADPH, and 100 µL
enzyme extract. The reaction was started by the addition of enzyme extract. Absorbance
was measured at 340 nm, 25 ◦C against a blank containing the reaction mixture without
enzyme extract [52]. γGT was assayed as described previously [52]. An amount of 1 mL of
reaction mixture contained 100 mM TRIS-HCl (pH 8.0), 20 mM glycylglycine (Gly-Gly),
2.5 mM L-γ-glutamyl-p-nitroanilide, and 100 µL enzyme extract. After 30 min incubation
at 30 ◦C, the reaction was stopped by the addition of 1 mL of 25% (w/v) TCA. The resultant
p-nitroaniline (ε = 1.74 mM−1 cm−1) was measured at 405 nm. γGCS was assayed in 1 mL
of reaction buffer containing 100 mM TRIS-HCl (pH 8.0), 20 mM MgCl2, 150 mM KCl,
2 mM EDTA, 2 mM phosphoenolpyruvate (PEP), 5 mM ATP, 10 mM glutamate, 10 mM
α-aminobutyrate, 0.2 mM NADH, 7 U of pyruvate kinase (PK), 10 U of lactate dehydro-
genase (LDH), and 100 µL enzyme extract. The reaction was started by the addition of
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enzyme extract. Absorbance was measured at 340 nm, 25 ◦C against a blank containing
the reaction buffer without enzyme extract [52]. Gly I activity was assayed in 1 mL of
reaction mixture containing 100 mM potassium phosphate buffer (pH 7.0), 15 mM MgSO4,
1.7 mM GSH, 3.5 mM MG, and 100 µL enzyme extract. The reaction was started by the
addition of MG; the increase in absorbance was measured at 240 nm, 25 ◦C against a blank
containing the reaction mixture without enzyme extract [56]. Gly II activity was determined
by monitoring the formation of GSH at 412 nm, 25 ◦C. The reaction mixture contained
100 mM TRIS-HCl (pH 7.2), 0.2 mM DTNB, 1 mM S-D-lactoylglutathione (SLG), and 100 µL
enzyme extract [56].

GS was extracted and assayed as described previously [57]; six frozen leaf discs (6 mm
in diameter) or ~100 mg frozen root tips were ground with a precooled mortar and pestle
in 1 mL of ice-cold extraction buffer containing 100 mM TRIS-HCl (pH 7.6), 1 mM MgCl2,
1 mM-EDTA, and 5 mM β-mercaptoethanol and centrifuged at 16,000× g for 30 min at 4 ◦C.
Then, 0.3 mL of supernatant was incubated with 1.4 mL of reaction mixture containing 80 mM
TRIS-HCl (pH 8.0), 40 mM MgCl2, 40 mM monosodium glutamate, and 16 mM hydroxylamine
hydrochloride and 0.6 mL of 8 mM ATP in a water bath at 30 ◦C for 30 min. Blanks (controls)
without hydroxylamine hydrochloride were carried through for all samples. The reaction was
terminated by adding 1 mL of ingrain agent containing 2% TCA (w/v), 3.5% FeCl3 (w/v) and
1.8% HCl (v/v), held at room temperature for 30 min, and centrifuged at 10,000× g for 5 min.
Finally, absorbance of the supernatant was measured at 540 nm.

4.5. Data Analysis

Data were analyzed using two-way ANOVA (two (Cu levels) × three (pH levels)) and
then a least significant difference (LSD) post hoc test at p < 0.05 using DPS 7.05 (Hangzhou
RuiFeng Information Technology Co., Ltd., Hangzhou, China).

5. Conclusions

Elevated-pH-mediated mitigation of Cu-toxicity-induced oxidative damage in leaves
and roots involved enhanced ability to maintain the balance between ROS and MG gen-
eration and removal through the downregulation of ROS and MG formation and the
coordinated actions of ROS and MG detoxification systems. Low pH impaired the balance
between ROS and MG generation and scavenging, thereby causing oxidative damage in
LCu300 and RCu300 but not in LCK or RCK. Cu toxicity and low pH had obvious syner-
gistic impacts on ROS and MG production and removal in leaves and roots. There were
some differences between leaves and roots in Cu–pH-interaction-induced changes in ROS
and MG metabolisms. To conclude, our findings provided some novel evidence for the
contribution of ROS and MG formation and removal in high-pH-mediated mitigation of
plant Cu toxicity.
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