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performance liquid chromatography indicated that Zn defi-
ciency triggered the accumulation of glycerol-3-phosphate 
and acetate in sensitive genotypes, while less or no accu-
mulation was seen in tolerant genotypes. We suggest that 
these metabolites may serve as biochemical indicators of 
root damage under Zn deficiency.
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Introduction

Zinc (Zn) deficiency, a major soil constraint in crop pro-
duction, is prevalent in around 50% of lowland rice soils, 
especially in inland alkaline/sodic and costal saline soils of 
Asia (Alloway 2008; White and Zasoski 1999; Yoshida and 
Tanaka 1969). Soil physico-chemical factors linked with 
Zn deficiency are high organic matter, high bicarbonate 
content, high pH (>7.0), high exchangeable Mg+2: Ca+2 
ratio, and high phosphorus availability (Neue and Lantin 
1994; Quijano-Guetra et al. 2002). Bicarbonate toxicity is 
a stress that frequently occurs together with Zn deficiency, 
especially in sodic or calcareous soils or in perennially wet 
soils where organic matter decomposition under anaerobic 
conditions leads to bicarbonate accumulation (Mengel et al. 
1984; Ponnamperuma 1972). Zn deficiency causes leaf 
bronzing in rice, and within 2–3 weeks after transplanting, 
brown blotches and streaks develop that eventually cover 
older leaves (Yoshida and Tanaka 1969). Plants experienc-
ing Zn deficiency stress remain stunted and, under severe 
Zn deficiency, plant mortality can be high. If deficiency is 
less severe, plants may begin to recover 4–5  weeks after 
transplanting, however, delayed maturity and reductions in 
grain yield are common (Neue and Lantin 1994).

Abstract  Zn deficiency is one of the major soil con-
straints currently limiting rice production. Although recent 
studies demonstrated that higher antioxidant activity in leaf 
tissue effectively protects against Zn deficiency stress, lit-
tle is known about whether similar tolerance mechanisms 
operate in root tissue. In this study we explored root-spe-
cific responses of different rice genotypes to Zn deficiency. 
Root solute leakage and biomass reduction, antioxidant 
activity, and metabolic changes were measured using plants 
grown in Zn-deficient soil and hydroponics. Solute leakage 
from roots was higher in sensitive genotypes and linked to 
membrane damage caused by Zn deficiency-induced oxi-
dative stress. However, total root antioxidant activity was 
four-fold lower than in leaves and did not differ between 
sensitive and tolerant genotypes. Root metabolite analysis 
using gas chromatography–mass spectrometry and high 
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Oxidative stress has been considered a major factor 
inducing Zn deficiency symptoms. Zinc deficiency inter-
feres with membrane-bound NADPH oxidase and inter-
nal iron concentration producing reactive oxygen species 
(ROS). Thus, Zn-deficient leaves are damaged by pho-
tooxidation in the chloroplast and rapidly become chlo-
rotic and necrotic when exposed to high light intensity 
(Cakmak 2000). This hypothesis was proved by Frei et al. 
(2010), showing that higher antioxidant accumulation in 
leaves lowered leaf bronzing symptoms. Recently Mori 
et  al. (2016) observed that maintaining root growth and 
activity is key to overcoming Zn deficiency. While Rose 
et  al. (2012) reported that Zn deficiency caused cellular 
damage in roots as well. To what extent cellular damages 
and defense mechanisms are similar in roots and shoots is 
not known. The objective of this study is to explore root-
specific physiological responses to Zn deficiency stress in 
both Zn-deficient soils and nutrient solution experiments, 
including evaluation of antioxidant defense mechanisms 
and characterization of metabolite patterns.

Materials and methods

Plant materials

Four rice (Oryza sativa L.) genotypes comprising two Zn 
deficiency-tolerant (A69-1, IR55179), and two Zn defi-
ciency-sensitive genotypes [‘Kinandang Patong’ (KP), 
IR26] were used. The extent of tolerance to Zn defi-
ciency in these genotypes was determined in preliminary 
experiments.

Field experiment

Field experiments were conducted at the International Rice 
Research Institute (IRRI), Los Baños, Philippines dur-
ing the dry seasons (DS) of 2013 and 2016. Experiments 
were conducted in a Zn-deficient plot with soil collected 
from a Zn-deficient hotspot in Tiaong, Quezon province, 
Philippines. Soil from this site had been brought to IRRI 
and placed in large concrete tanks (16 × 8 m, 0.3 m depth) 
that served as field plots. The soil has low Zn availabil-
ity (0.05  mg kg− ), high pH (8.0), and high organic mat-
ter (3.4%) (Supplementary Table  S1). For soil-Zn analy-
sis, air-dried (at 27–32 °C and 60–80% RH) soil samples 
were ground to pass a 2-mm sieve and then analyzed using 
atomic absorption spectrometry (AAS 3300, Perkin-Elmer; 
Massachusetts, USA) at the Analytical Service Labora-
tory of IRRI. The difference in zinc availability between 
Zn-deficient and control plots (0.05 vs. 0.15 mg kg−1) was 
highly significant. During the plot preparation, NPK ferti-
lizer (14–14–14) was applied at 20 kg ha−1 as basal dose. 

Nitrogen was applied in split doses at 24 and 42 days after 
transplanting (DAT) at 35 and 45  kg ha−1, respectively. 
Insect, disease, and weed control were accomplished fol-
lowing the standard procedures used for rice production 
at IRRI. Seeds were sown in seedling plots in the field, 
and 20  days-old seedlings were transplanted at a spacing 
of 15 × 18  cm (within and between rows) in experimental 
plots with six replicates arranged in a RCBD.

Nutrient solution experiment

The nutrient solution experiment was conducted in a green-
house (controlled temperature and humidity, and insect-
free) at IRRI during the 2013 wet season using the two 
contrasting genotypes, IR55179 (most tolerant in the field) 
and IR26 (sensitive but similar in plant type to IR55179). 
Germinated seeds were placed in holes made on a Styro-
foam sheets floating on a solution containing 0.1 mM Ca 
and 36 µM Fe. After 8 days, seedlings were pre-cultured in 
10 L black plastic boxes containing half strength Yoshida 
solution modified to contain full strength Fe (36 µM) but 
without zinc, to avoid build up of Zn in seedlings before 
treatment (Frei et al. 2010). After 7 days, treatments were 
imposed with full strength Yoshida solution. Treatments 
were two levels each of Zn (0 or 1 µM, as ZnSO4·7H2O) 
and bicarbonate (0 or 5 mM, as NaHCO3) in full strength 
Yoshida solutions (Rose et al. 2012; Yoshida et al. 1971). 
The pH was adjusted daily to 6.5 during the pre-treatment 
period, and to 8.0 for the treatment phase, which represents 
the natural pH of the bicarbonate treatment, similar to the 
field experiment.

Analysis of zinc concentration

Zinc concentration was determined following the method 
of Yoshida et al. (1971). Plants were collected at 4 weeks 
after transplanting (WAT) and carefully washed 3 times by 
reverse osmosis water to remove soil particles attached to 
the roots. Oven-dried samples (at 70 °C for 4  days) were 
cut into small pieces using scissors and then ground. Sam-
ple (100 mg) was digested by 5 mL 1 N HCl solution for 
24 h and zinc concentration was determined using atomic 
absorption spectrometry (A Analyst 400, PerkinElmer; 
Massachusetts, USA).

Assessment of root damage

Seedlings of four genotypes (tolerant A69-1 and IR55179; 
sensitive KP and IR26) were gently pulled out from the 
field plots at 4 WAT. This was only possible because the 
texture of the soil used is extremely ‘loose’. Plant samples 
were carefully collected with minimum damage to the roots 
and washed three times in deionized water; the last was for 
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20 min to remove all solutes due to physical root damage. 
Root solute leakage was measured following Rose et  al. 
(2011) and Ismail and Hall (1999) with slight modifica-
tions. Individual roots were placed in 50 mL Falcon tubes 
filled with 40 mL DI water and wrapped in aluminum foil. 
Electrical conductivity (EC) of the solution was measured 
every 1  h. After 6  h, the solutions containing roots were 
boiled for 1  h and the EC was measured again. Relative 
electrolyte leakage was calculated as percentage of maxi-
mum leakage after boiling.

The ROS level (hydrogen peroxide (H2O2) accumula-
tion) in the roots was visualized for several plants collected 
from the field at the same time, using DAB (3, 3′-diam-
inobenzidine 4 HCl) staining following Schraudner et  al. 
(1998). Samples were photographed using fluorescence 
microscopy. Antioxidant activity was tested following Lee 
and Lee (2004) and Dewanto et al. (2002). Ground samples 
of roots and leaf tissues (0.3 g) were separately extracted 
with 6  mL of 80% MeOH at 40 °C for 3  h. After chemi-
cal reaction with 1, 1-diphenyl-2-picrylhydrazyl (DPPH; 
Sigma Co. Singapore) at 25 °C for 30 min, free radical scav-
enging activity was determined by maximum absorption at 
518 nm. After chemical reactions with 50% Folin–Ciocal-
teu’s phenol reagents, 2 N (Sigma Aldrich, USA) plus 2% 
Na2CO3 solutions, total phenol concentration was deter-
mined by maximum absorption at 725 nm.

Root metabolite analyses

Metabolites in root extracts were analyzed following Roess-
ner et al. (2001) and Ripperger (1993) with modifications. 
Approximately 100 mg of fresh root tissue was incubated 
in 1.4 mL 95% methanol at 70 °C for 3 h and the extracts 
filtered through a 0.45-μm membrane filter (Millex-FH, 
PTFE). Organic acids were measured by high performance 
liquid chromatography (Agilent 1260 HPLC System; 
DKSH Technology, Philippines Inc.) at 210  nm with an 
organic acid column (Agilent Hi-Plex H), and mobile phase 
(0.005 M H2SO4 at 25 °C, 0.8 mL min−1 flow rate). For the 
qualitative analysis of root metabolites, 100 μL of extract 
was vacuum-evaporated and the dry residue was derivatised 
with 50 μL of MSTFA at 50 °C for 24 h. The final sample 
was analyzed using gas chromatography–mass spectrom-
etry (GC–MS) (QP2010 Plus, Shimadzu; Tokyo, Japan) 
with SLB-5MS column (15 mL × 0.25 mm ID × 0.25 μm 
df) and helium and nitrogen as carrier gases. Detected 
chemical components were identified using the library of 
mass spectrometry.

Statistical analysis

The field experiments were arranged in a RCBD with six 
replications in both Zn-deficient and + Zn control plots. 

Relative values were calculated on treatment mean val-
ues. The nutrient solution experiment was arranged in a 
completely randomized design with Zn and Bicarbonate 
as main treatment factors and genotype as subfactor. Data 
were analyzed by (ANOVA) and within each Zn treatment 
and genotype, means were tested for significant differences 
based on LSD (P ≤ 0.05) using STAR v2.0.1 (International 
Rice Research Institute).

Results and discussion

Root solute leakage under Zn deficiency stress

Data from the field trial showed that Zn deficiency stress 
caused membrane damage, which resulted in roots becom-
ing increasingly ‘leaky’ (Fig. 1a). Sensitive genotypes were 
more severely affected than the tolerant genotypes. Solute 
leakage was most severe in IR26, increasing to 43% after 
6 h immersion in a collection solution. This compares with 
around 30% solute leakage in tolerant genotypes. Staining 
of collected roots in DAB indicated the level of ROS pre-
sent in roots was limited to the cell elongation zone in roots 
supplied with adequate Zn, but that ROS was present along 
more mature sections of the roots under Zn deficiency 
(Fig. 1b). This increase in ROS due to Zn deficiency was 
more pronounced in sensitive genotypes.

Effects of Zn deficiency versus bicarbonate stress

To further examine whether root leakage was directly due to 
Zn deficiency or may have been caused by the presence of 
high bicarbonate concentrations in the soil solution, a nutri-
ent solution experiment was conducted under Zn deficiency 
or high bicarbonate stress. Both stresses led to reduced root 
growth but bicarbonate toxicity had a far more severe effect 
(Fig. 2; Supplementary Fig. S1). Genotypes did not differ 
in solute leakage at the onset of the experiment and in the 
+Zn control treatment, and leakage gradually decreased 
with time, possibly because the pre-treatment in 0-Zn solu-
tion induced some root damage that was reversed by the 
addition of Zn. The comparison between the –Zn and bicar-
bonate stress revealed that bicarbonate had a far more dam-
aging effect on the sensitive genotype, IR26. Data by Rose 
et  al. (2012) indicated that membrane damage and subse-
quent root leakage were more severely affected by elevated 
bicarbonate concentration than by Zn deficiency per se and 
the present data confirms this observation in a different 
set of genotypes. Since Zn deficiency in the field typically 
coincides with excess bicarbonate (Kirk 2004), bicarbonate 
sensitivity will be of practical relevance.
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Does oxidative stress defense plays a role in roots?

Antioxidant activity as measured by free radical scaveng-
ing was less than 20% in roots compared with around 80% 
in leaf tissue (Fig.  3a). Genotypic differences were not 

significant in roots, whereas the tolerant genotype had sig-
nificantly higher antioxidant activity in leaves. In leaves, 
detoxification of ROS would involve antioxidants such 
as ascorbate and phenolics (Frei et  al. 2010) and experi-
mental evidence (Fig.  3a, b) showed that these processes 

Fig. 1   Comparison of root damages of 4 rice genotypes grown in 
the Zn-deficient plot. a Root solute leakage (%) of A69-1 (tolerant), 
IR55179 (tolerant), Kinandang Patong (sensitive), IR26 (sensitive). 
Plants had been grown for 4 weeks under Zn deficiency before being 

gently removed from the loose soil, washed, and leakage determined. 
Vertical bars represent ± SE. b DAB staining for histochemical detec-
tion of hydrogen peroxide (H2O2) accumulation in roots. From top to 
bottom IR26, Kinandang Patong, IR55179, A69-1

Fig. 2   Comparison of root dry weight (mg plant−1) and root solute 
leakage (%) between IR55179 (tolerant) and IR26 (sensitive) geno-
types grown in Yoshida nutrient solution between 0 and 14 days after 

transplanting. Vertical bars represent ± SE. ANOVA significant levels 
at 14 DAT: ns not significant; **P ≤ 0.01
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operated in leaves as expected. Higher levels of free radi-
cal scavenging and higher phenolic concentrations in 
leaves of the tolerant genotype indicated that ROS were 
more effectively suppressed. However, in roots, antioxidant 
activity was at least four-fold lower than in leaves and did 
not differ between genotypes. One possible reason for this 
is the higher concentration of Zn in roots than in shoots, 
with similar concentrations in both tolerant and sensitive 
genotypes (Table 1). Moreover, accumulation of glycerol-
3-phosphate and acetate was higher in sensitive genotypes, 
with less to no accumulation in tolerant genotypes (Fig. 4), 
suggesting the sensitive genotypes are experiencing low 
oxygen stress (Miro and Ismail 2013). Thus it appears that 
antioxidant defense mechanisms are different between roots 
and shoots, and more effective in leaves. ROS are formed in 
leaves as reactive intermediates of photosynthesis and are 

known to cause leaf damage (Asada 2006). Less is known 
about ROS formation in roots but causes must be funda-
mentally different as excess light energy cannot be a factor. 
Our qualitative data nevertheless indicated the presence of 
high ROS concentrations in the roots of field-grown plants, 
particularly of sensitive genotypes (Fig. 1b). Having estab-
lished that membrane damage occurred to a larger extent 
in roots of sensitive genotypes (Fig. 1a, b), which also had 
higher ROS concentration in roots, the question remains 
whether this difference is due to excess ROS production or 
other causes.

Metabolic changes in roots triggered by Zn deficiency

12 major root metabolites with peak intensities similar 
to or above the internal standard were identified by gas 

Fig. 3   Antioxidant activity of A69-1 (tolerant) and Kinandang Patong (sensitive) grown in the Zn-deficient plot. ANOVA significant levels at 14 
DAT: ns not significant; **P ≤ 0.01

Table 1   Zn concentration and 
content of 4 rice genotypes from 
the Zn-deficient plot and control 
at 4 weeks after transplanting. 
Tolerant: A69-1, IR55179; 
sensitive: IR26. Sensitive KP 
was not measured due to severe 
damage

*significant at P ≤ 0.05
a ns, genotype differences within treatment are not significant

Genotype Total dry 
weight (g)

Root Zn concen-
tration (μg g−1)

Shoot Zn concen-
tration (μg g−1)

Zn content 
(μg plant−1)

Root to shoot Zn 
translocation (%)

Zn deficiency
A69-1 0.99 20.1 11.2 29.5 27.7
IR55179 0.49 17.1 8.6 12.3 23.9
IR26 0.63 23.3 9.6 20.8 22.2
ANOVA (G)a ns ns ns ns ns
Control
A69-1 6.03 58.6a 22.4 499.3 22.3
IR55179 3.99 53.5b 24.3 308.3 25.2
IR26 5.33 60.9a 21.7 440.3 20.6
ANOVA (G) ns * ns ns ns
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chromatography-mass spectrometry (Fig. 4; Supplementary 
Fig. S2). Among these metabolites, glycerol-3-phosphate, a 
major component of glycerol-based phospholipids in cellu-
lar membranes (Berg et al. 2002) was most relevant to root 
damage in Zn-deficient conditions (Fig. 4a). Zn deficiency 
increased the accumulation of glycerol-3-phosphate in 
both genotypes but more significantly in IR26. In a recent 
study, Bandyopadhyay et  al. (2017) reported 77 genes to 
be differentially expressed in response to Zn deficiency in 
a rice genotype, some of which (e.g. Os03g58290; indole-
3-glycerol phosphate lyase) could be associated with this 
respones. Increased levels of glycerol-3-phosphate fur-
ther confirmed that membrane breakdown occurred, and 
this may explain the higher root solute leakage in sensi-
tive genotypes. A completely contrasting pattern between 
genotypes was observed for acetate, which only appeared in 
sensitive genotype KP under Zn deficiency (Fig. 4b). Ace-
tate, the result of tissue anoxia imposed by a reduced avail-
ability of oxygen in rice paddy (El et  al. 2003), has been 
known to increase in plants due to wounding or environ-
mental stresses (Dat et al. 2000; Kimmerer and Kozlowski 
1982). Acetate is the product of acetaldehyde oxidation 
through a reaction catalyzed by aldehyde dehydrogenase 
(ALDH), and ALDH upregulation under low oxygen stress 
or hypoxia caused by flooding in rice, was reported in sev-
eral studies (Estioko et  al. 2014; Nakazono et  al. 2000). 
This process has been linked to detoxification of acetal-
dehyde that accumulates during low oxygen stress and to 
maintenance of energy production for survival and growth 
(Miro and Ismail 2013). The question still remains whether 
the high ROS (Fig.  1b) and acetate (Fig.  4b) detected in 
roots of the sensitive genotypes is associated with hindered 
root aeration, possibly through Zn-deficiency induced sup-
pression of aerenchyma formation. There had not yet been 
a cross-study of Zn deficiency and submergence tolerance 
mechanisms.

With more Zn being taken up, one may argue that toler-
ant genotypes experienced less stress compared with sensi-
tive genotypes, but this is not supported by data on tissue 
Zn concentrations, which were found to not differ between 
genotype groups in the present study (Table  1) and else-
where (Mori et al. 2016; Wissuwa et al. 2006).

Our study has shown that Zn deficiency causes cellular 
damage in leaves and roots, that damage is less pronounced 
in genotypes considered to be tolerant to Zn deficiency, and 
that the degree of damage observed in genotypes was not 
associated with differences in tissue Zn concentrations that 
were equally low in all genotypes. We confirm the results 
of Frei et al. (2010) that maintaining a higher ROS defense 
level was associated with reduced cellular damage in leaf 
tissue. However, in roots, different tolerance mechanisms 
must operate, as the antioxidant level was similarly low in 
all genotypes. Accumulation of high acetate concentration Fi
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in roots of sensitive genotype KP is indicative of low oxy-
gen stress, which is probably associated with Zn deficiency-
induced reduction in root aeration. Further biochemical 
screening on a broad range of metabolites across more 
diverse genotypes together with studies on cross-tolerance 
of Zn deficiency and submergence are needed to com-
pletely understand the Zn deficiency-tolerance mechanism.

Conclusions

We have shown that the defense against ROS-induced cell 
membrane damage is an important component of tolerance 
to Zn deficiency. In leaf tissue, this process is mediated by 
antioxidants such as ascorbate and phenolics but in root tis-
sue, these defense mechanisms do not seem to be impor-
tant. Tolerance mechanisms operating in roots need to be 
identified but in the meantime, two metabolites we dis-
covered in roots, glycerol-3-phosphate and acetate, appear 
to indicate root damage and could be used as biochemical 
indicators for Zn deficiency and related oxidative stress.
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