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� Background and Aims Although silicon (Si) has been widely reported to alleviate plant nutrient deficiency, the
alleviating effect of Si on potassium (K) deficiency and its underlying mechanism are poorly understood. Here, we
examined whether Si-regulated putrescine (Put) metabolisms are involved in Si-alleviated K deficiency.
�Methods Sorghum seedlings were grown in K deficiency solution with and without Si for 15 d. The influence of
K deficiency and Si on leaf chlorosis symptoms, Kþ concentration, polyamine (PA) levels, amine oxidase activities,
the transcription of Put synthesis genes, antioxidant enzyme activities and H2O2 accumulation were measured.
� Key Results Under K-sufficient conditions, plant growth was not affected by Si application. Si application signifi-
cantly alleviated the growth inhibition induced by K-deficient stress, however. K deficiency induced leaf chlorosis
and reduction in several leaf chlorosis-related metrics, including photosynthesis, efficiency of photosystem II photo-
chemistry, chlorophyll content and chlorophyll a/b ratio; all of these changes were moderated by Si application. Si
application did not influence the Kþ concentration in leaves under K-sufficient or K-deficient conditions. It did,
however, decrease the excessive accumulation of Put that was otherwise induced by K deficiency. Simultaneously,
Put synthesis gene transcription and activation of amine oxidases were down-regulated by Si application under
K-deficient conditions. In addition, Si reduced K-deficiency-enhanced antioxidant enzyme activities and decreased
K-deficiency-induced H2O2 accumulation.
� Conclusions These results indicate that Si application could reduce K-deficiency-induced Put accumulation by
inhibiting Put synthesis and could decrease H2O2 production via PA oxidation. Decreased H2O2 accumulation
contributes to the alleviation of cell death, thereby also alleviating K-deficiency-induced leaf chlorosis and necrosis.

Key words: Silicon, K deficiency, leaf chlorosis, putrescine, arginine decarboxylase, H2O2, amine oxidase,
sorghum.

INTRODUCTION

Potassium (K) is the most abundant cation in plants and is asso-
ciated or involved in several physiological processes supporting
crop growth and development (Pettigrew, 2008; Wang and Wu,
2013, 2015). The importance of Kþ in photosynthesis, osmo-
regulation, enzyme activation, protein synthesis, ion homeosta-
sis and the maintenance of anion–cation balances in plants is
well documented (Zhao et al., 2001; Kanai et al., 2011; Epron
et al., 2016). K deficiency, therefore, can result in severe reduc-
tion in plant growth and yield (Hafsi et al., 2014; Wang and
Wu, 2015).

As one of the most abundant elements in the Earth’s crust,
silicon (Si) is reported to be beneficial for improving plant re-
sistance to various stresses (Epstein, 2009; Yin et al., 2016). It
has also been widely reported that Si application can alleviate
plant nutrient deficiencies, including K deficiency (Miao et al.,
2010; Hernandez-Apaolaza, 2014). Unlike several other mecha-
nisms by which Si is known to alleviate other stresses, the ame-
liorative effect of Si on K deficiency and its underlying
mechanism have rarely been investigated. Miao et al. (2010)

concluded that Si application alleviates K deficiency in soy-
beans by enhancing the efficiency of the plant’s K use and thus
reducing K-deficiency-induced oxidative damage. Yet K defi-
ciency disturbs plant growth, development and yield in various
ways, and it is not clear whether there are other mechanisms by
which Si helps moderate K deficiency. In addition, a better un-
derstanding of the interaction between Si application and K de-
ficiency would provide us with information that may prove
relevant to the use of Si and K fertilizer in crop production.

In plants, typical external symptoms of K deficiency include
curling of leaf tips as well as leaf chlorosis, which is directly
linked to chlorophyll degradation (Tian et al., 2008). Often, Kþ

deficiency symptoms first appear on older leaves; this may rep-
resent the plant’s remobilization of Kþ from mature and senesc-
ing leaves to the youngest ones, which contributes to plant
survival under K-deficient conditions (Fageria et al., 2001;
Cochrane and Cochrane, 2009; Hafsi et al., 2014). Cakmak
(2005) suggested that Kþ-deficiency-induced leaf chlorosis
could be associated with the oxidative degradation of chloro-
phyll by reactive oxygen species (ROS), production of which is
enhanced by Kþ deficiency.
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Polyamines (PAs), including spermidine (Spd) and spermine
(Spm) as well as their diamine obligate precursor putrescine
(Put), are ubiquitous low-molecular-weight aliphatic amines
that are implicated in the response to a wide range of abiotic
and biotic stress conditions (Bouchereau et al., 1999; Alc�azar
et al., 2010; Liu et al., 2015). The accumulation of Put via argi-
nine decarboxylase (ADC) activation is widespread among
mono- and dicotyledonous species and may well be a universal
response to K deficiency (Richards and Coleman, 1952;
Bouchereau et al., 1999). It is established that the accumulation
of Put plays a specific role in maintaining a cation–anion bal-
ance in plant tissues under Kþ-deficient conditions (Flores,
1991; Bouchereau et al., 1999). However, feeding Put to cut
leaves of barley produced the same symptoms found in Kþ-de-
ficient plants (Coleman and Richards, 1956). A similar pattern
of severe leaf chlorosis and necrosis has been described in in-
ducible ADC-overexpressing tobacco plants with high Put con-
tent (Masgrau et al., 1997; Panicot et al., 2002). Subsequently,
additional evidence has suggested that either Put or its oxida-
tion products, via diamine oxidase (DAO), are responsible fac-
tors for the deleterious effects observed in these transgenic
plants (Panicot et al., 2002). Together, these results suggest that
K deficiency induces the accumulation of Put to maintain the
cation–anion balance, and the high content of endogenous Put
is toxic for plant growth and results in leaf chlorosis.

In previous research, we found that Si can alter levels of PAs
by regulating the transcription levels of PA synthesis genes un-
der drought stress and salt stress; these results showed that PAs
play an important role in Si-regulated stress resistance (Yin
et al., 2014, 2016; Wang et al., 2015). Given the specific role
of Put in mediating plant response to K deficiency, the hypothe-
sis that Put is involved in Si-mediated K deficiency tolerance
needs to be clarified. Therefore, the effects of Si application on
leaf chlorosis symptoms, Kþ concentration, PA levels, amine
oxidase activities, Put synthesis gene expression levels and anti-
oxidant enzyme activities were measured under K-deficient and
Si application conditions.

MATERIALS AND METHODS

Seedling cultivation and Si and K deficiency treatment

Sorghum cultivar (Sorghum bicolor [L.] Moench.
‘Gadambalia’) was used in this experiment. The seedlings were
planted in a growth chamber with a 14/10-h day/night cycle at
a day/night temperature of 28/25 �C, 40–50 % relative humid-
ity. Photosynthetically active radiation to the upper plant was
about 600 lmol m�2 s�1.

Sterilized seeds were germinated in an incubator at 24 �C
for 4 d under dark conditions. After germination, uniform
healthy seedlings were transplanted into a plastic container (40
� 28 � 14 cm) with 8 litres of one-quarter strength Hoagland
culture solution with KNO3 replaced by Ca(NO3)2 to control
the K concentration. Four treatments were designed for this
study: control, control þ Si, low K and low K þ Si. The K
was supplied via KCl and the K concentration was set to 3 mM

in the control (K sufficiency) treatments and 0�05 mM in the
low-K (K deficiency) treatments. For the Si treatment, 1 mM

H2SiO3 was added to each þ Si container. H2SiO3 was pro-
duced according to Yin et al. (2013) by passing sodium silicate

solution through a column filled with cation-exchange resins.
The pH of the culture solution was adjusted to 6�0 (Yin et al.,
2013) and the culture solution was continuously aerated and re-
newed every 3 d. Fifteen days after transplanting, the seedlings
were harvested for the purpose of measuring the parameters
listed below.

Dry weight

Six seedlings were harvested and dried at 75 �C for 72 h to
measure the total weight.

Photosynthetic rate

The third leaf was selected to measure the photosynthetic rate
using a portable photosynthesis system (Li-6400; LI-COR Inc.,
Lincoln, NE, USA) between 1000 and 1200 h. A 6-cm2 chamber
was used and the photo flux density was set to 1000 lmol
m�2 s�1. There were four replicates in each treatment.

Chlorophyll fluorescence

Photosystem II photochemistry efficiency (Fv/Fm) in the
third leaves was analysed using a pulse amplitude modulated
chlorophyll fluorescence system (Imaging PAM, Walz,
Effeltrich, Germany) according to the method of Chen et al.
(2015). The third leaves were dark-adapted for 30 min before
measurement. Each treatment included four replicates.

Chlorophyll concentration

Total chlorophyll was extracted from frozen third leaf sam-
ples (approx. 0�2 g) using 80 % acetone on a shaker at room
temperature until the tissue was completely bleached. The ex-
tract was centrifuged at 5000 g for 5 min, and the supernatant
was gathered for absorbance measurement at 645 and 663 nm
using a spectrophotometer (UV-2550, Shimadzu, Kyoto,
Japan). The chlorophyll a and chlorophyll b concentrations
were calculated using the formula developed by Lichtenthaler
(1987). The total chlorophyll concentration (mg g�1 d. wt) and
the ratio of chlorophyll a/b were then calculated. Each treat-
ment included four replicates.

K1 concentration

For this measurement, the old leaves (leaves 1 and 2), the
third leaves and the upper younger leaves (leaves 4 and 5) were
examined separately. Dried leaf samples were milled to powder
for ion analysis. The powder (approx. 0�5 g) was digested with
5 mL nitric acid in a glass tube at 320 �C for 5 h on a digital
well-type digestion furnace (Foss Tecator Digester 20,
Hoganas, Sweden). Kþ concentrations were measured using an
atomic adsorption spectrometer with a flame photometer
(ZL5100, PerkinElmer, Inc., Waltham, MA, USA) according to
the method of Wang et al. (2015). There were three replicates
in each treatment. In all three leaf age categories, Kþ concen-
tration was not affected by Si under either control or
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K-deficient conditions; thus, only the Kþ concentrations in the
third leaves are shown.

Polyamine quantification

Frozen third leaf samples (approx. 0�5 g) were ground and
homogenized in 5 mL of 5 % HClO4 and extracted for 24 h on
a shaker at room temperature. After centrifuging, the superna-
tant was used to measure free-type polyamines. The polyamine
concentration was analysed by high-performance liquid chro-
matography (HPLC: LC-10A, Shimadzu) according to Yin
et al. (2014). There were three replicates in each treatment.

Gene expression analysis

Third leaf samples were collected to measure the transcrip-
tion levels of PA synthesis genes. RNA was isolated and gene
expression was analysed using quantitative RT-PCR (qRT-
PCR) as described by Yin et al. (2016). Actin1 was used as a
reference and the primer sequences are derived from Yin et al.
(2016) as listed in Table 1. The relative quantity was calculated
using the 2�DDt method. There were three replicates in each
treatment, and each replicate included two technical replicates.

Arginine measurement

Third leaf samples were collected and arginine content was
measured by HPLC analysis of fluorescent derivatives pro-
duced by a reaction with o-phthalaldehyde (OPA) according to
the method of Yin et al. (2016). There were three replicates in
each treatment.

Assays of DAO and PAO activities and protein content

Frozen third leaf samples (approx. 0�5 g) were ground with a
mortar and pestle at 4 �C in 1�6 mL 100 mM sodium phosphate
buffer (pH 6�5). Homogenates were centrifuged at 10̂000 g for
20 min at 4 �C. Supernatants were used for the determination of
protein concentration and DAO and polyamine oxidase (PAO)
activities. DAO and PAO activities were determined according
to Su et al. (2005). Three millilitres of reaction solution con-
tained 2�5 mL sodium phosphate buffer (100 mM, pH 6�5),
0�1 mL crude enzyme extracts, 0�1 mL peroxidase (250 U mL–1)
and 0�2 ml 4-aminoantipyrine/N,N-dimethylaniline reaction
solutions. The reaction was initiated by the addition of 0�1 mL
of 20 mM Put or Spd as a substrate. Enzyme activity was

expressed in U (1 unit is the amount of enzyme that catalyses
the oxidation of 1 lmol substrate min�1) on a protein basis.
Protein content was measured following the method of
Bradford (1976) with bovine serum albumin (BSA) as a stan-
dard. Each treatment included four replications.

H2O2 content analysis

Hydrogen peroxide levels were determined according to the
method of Yin et al. (2010). Frozen third leaf samples (approx.
0�5 g) were homogenized in an ice bath with 5 mL 0�1 % (w/v)
trichloroacetic acid (TCA). The homogenate was centrifuged at
12̂000 g for 20 min. Two millilitres of reaction solution con-
tained 0�5 mL extracted supernatant, 0�5 mL 10 mM potassium
phosphate buffer (pH 7�0) and 1 mL 1 M KI. The absorption at
390 nm was read, and the content of H2O2 was quantified based
on the standard curve. There were three replicates in each
treatment.

Antioxidant enzyme activities

Frozen third leaf samples (approx. 0�5 g) were homogenized
in an ice bath with 50 mM sodium phosphate buffer (pH 7�0)
containing 1 mM EDTA-Na2 and 2 % (w/v) polyvinylpolypyr-
rolidone (PVPP). The homogenate was centrifuged at 15̂000 g
for 20 min at 4 �C. Supernatants were used for the enzyme ac-
tivity assays. Superoxide dismutase (SOD; EC 1�15�1�1) activ-
ity was estimated based on its ability to inhibit the
photochemical reduction of nitro blue tetrazolium (NBT) at
560 nm (Beauchamp and Fridovich, 1973). Catalase (CAT; EC
1�11�1�6) activity was estimated by measuring the initial rate of
the disappearance of H2O2 at 240 nm as described by Hamurcu
et al. (2013). Ascorbate peroxidase (APX; EC 1�11�1�11) activ-
ity was estimated based on the decrease in absorbance at
290 nm as the ascorbate is oxidized as described by Nakano
and Asada (1981). There were four replicates in each treatment.

Statistical analysis

Statistical analysis was performed using SPSS statistical soft-
ware (Version 19�0 for Windows, SPSS, Chicago, IL, USA).
Data were analysed by analysis of variance (ANOVA) using
the least significant difference (LSD) post-hoc test and a P
value < 0�05 was considered significant. In the figures,
different letters indicate statistically significant differences at
P < 0�05. All experiments were repeated at least three times.

TABLE 1. Genes and oligonucleotides used in the real-time quantitative PCR experiment

Gene Loci Encoded protein Primers (50–30)

Actin1 Sb01g010030 Actin TGTTCCCTGGGATTGCTG
GCCGGACTCATCGTACTCA

ADC Sb10g002070 Arginine decarboxylase CGGGGAGAAGGGCAAGT
CTGGGAGCCAATGTGGAAGT

CPA Sb04g021790 N-carbamoylputrescine amidohydrolase CTTGGTCCCTCTAGTTGC
TTCCTCGTCTTTGTCGTT

SPDS Sb10g020570 Spermidine synthase ATCGCCTTACCAAGAAAT
CACCTCCAACAACCAAAA
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RESULTS

Si application alleviated K-deficiency-induced growth inhibition
in sorghum

Extreme K deficiency inhibits plant growth. In this study, Si
application did not affect sorghum seedling growth under con-
trol conditions. Under K-deficient conditions, however, plant
growth was significantly reduced and Si application alleviated
this growth inhibition (Fig. 1). The dry weight of Si-treated
plants was 35 % (P < 0�05) higher than that of Si-untreated
plants under K-deficient conditions. This result showed that Si
application alleviated K-deficiency-induced growth inhibition.

Si application alleviated K-deficiency-induced leaf chlorosis in
sorghum

In plants, leaf chlorosis, which is directly bound up with
chlorophyll degradation, is one of the typical external Kþ-
deficiency-induced symptoms (Tian et al., 2008). In the present
study, K deficiency resulted in obvious leaf chlorosis accompa-
nied by anthocyanin accumulation and posterior necrosis in the
older leaves. Si application alleviated this K-deficiency-induced
leaf chlorosis and anthocyanin accumulation (Fig. 2A). Several
leaf chlorosis-related symptoms in the third leaves were investi-
gated. The leaf photosynthesis rate was decreased after 15 d of
K deficiency, but Si significantly reversed this decrease
(Fig. 2B). Similarly, the Fv/Fm, soluble protein content, chloro-
phyll content and chlorophyll a/b ratio also decreased after the
15-d K-deficiency treatment, but Si application significantly
alleviated these K-deficiency-induced changes. These results
indicated that Si application alleviated K-deficiency-induced
leaf chlorosis.

Si application did not enhance leaf K1 concentration under
K-deficient conditions

A major mechanism by which plants adapt to K starvation is
the activation of Kþ uptake through induction of the expression

of high-affinity transporters (Siddiqi and Glass, 1987; Ashley
et al., 2006; Ma et al., 2012). In the present study, the Kþ con-
centration in the third leaves dramatically decreased after 15 d
of K deficiency. Si application did not increase the Kþ concen-
tration in leaves under control or K-deficient conditions
(Fig. 3). The similar Kþ concentrations observed in Si-treated
and Si-untreated plants indicates that Si’s protective effect
against K-deficiency-induced leaf chlorosis was not due to in-
creased leaf Kþ concentration.

Si application reduced K-deficiency-induced excessive
accumulation of Put

PAs are implicated in the response to a wide range of abiotic
and biotic stress conditions (Bouchereau et al., 1999; Alc�azar,
et al., 2010; Liu et al., 2015). The accumulation of Put is con-
sidered to be a universal response to K deficiency (Richards
and Coleman, 1952; Bouchereau et al., 1999). In this study, the
free PAs were investigated in the third leaves after 15 d of K
deficiency. As shown in Fig. 4, under control conditions, Si ap-
plication did not change the PA levels. In accordance with pre-
vious studies, K deficiency induced a dramatic accumulation of
Put, with the final Put concentration in K-deficient leaves 14
times that in normal-condition leaves. K deficiency also af-
fected the levels of Spd and Spm, but less strongly than it af-
fected Put. Under K-deficient conditions, the Spd concentration
increased about three-fold, while the Spm concentration de-
creased by 38 % compared with normal conditions. Total PAs
increased about four-fold under K-deficient conditions. Si ap-
plication decreased the K-deficiency-induced Put accumulation.
In Si-treated plants, the Put concentration in K-deficient leaves
was 52 % lower than that in Si-untreated K-deficient plants. Si
application did not change Spd and Spm levels, however. The
total free PA level under K-deficient conditions was decreased
by 40 % as a result of Si treatment. These results indicated that
Si application decreased the K-deficiency-induced excessive
accumulation of Put and that this effect could be partly respon-
sible for Si’s ameliorative effect on leaf chlorosis induced by K
deficiency.

Si application down-regulated the expression of Put-synthesis
genes

The effect of Si on Put concentration might be caused by al-
terations in the expression patterns of genes encoding enzymes
involved in Put biosynthesis. Therefore, the expression patterns
of arginine decarboxylase (ADC), N-carbamoylputrescine ami-
dohydrolase (CAP) and Spd synthase (SPDS) genes were ana-
lysed by qRT-PCR (Fig. 5). Under K-deficient conditions,
mRNA levels of ADC and CAP increased 5�7- and 2�9-fold, re-
spectively, compared with their levels under control conditions;
under K-deficient conditions with Si treatment, they still in-
creased, but to a lesser degree (1�5- and 0�5-fold). Regarding
the SPDS gene, its expression level increased 2�3-fold under K-
deficient conditions, but decreased significantly under K-defi-
cient conditions with Si treatment. These results suggested that
the down-regulation of these Put-synthesis genes by Si applica-
tion under K-deficient conditions might be responsible for the
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ameliorative effect of Si application on the K-deficiency-
induced excessive accumulation of Put.

Si application decreased K-deficiency-induced arginine
accumulation

To further clarify how Si affects Put synthesis, arginine, the
substrate for Put synthesis, was investigated after 15 d of K

deficiency and Si treatment. Under K-sufficient conditions, ar-
ginine concentrations were not affected by Si treatment
(Fig. 6). K deficiency induced the accumulation of arginine in
leaves to a concentration 37 % higher than that under normal
growth conditions. Under K-deficient conditions with Si treat-
ment, however, this increase did not occur. This result sug-
gested that Si application may alleviate K-deficiency-induced
excessive accumulation of Put by regulating arginine
metabolism.
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Si application reversed K-deficiency-induced elevation of
DAO and PAO activities

It has been reported that PA catabolism, which is mediated by
the amine oxidases DAO and PAO, leads to an accumulation of
oxidation products (e.g. hydrogen peroxide), which may cause

cellular damage (Cona et al., 2006; Moschou et al., 2008).
Accordingly, DAO and PAO activities were measured in the pre-
sent study (Fig. 7). Under control conditions, Si application
had no influence on the activity of either DAO or PAO. Under
K-deficient conditions, DAO and PAO activities increased by 42
and 35 %, respectively, but these increases were eliminated by Si
application. This result showed that Si application decreases K-
deficiency-induced activation of amine oxidases.

Si application decreased K-deficiency-induced H2O2

accumulation

In addition, H2O2 content was determined after 15 d of K de-
ficiency and Si treatment. As shown in Fig. 8, under control
conditions, Si application did not change the H2O2 level. K de-
ficiency induced a dramatic accumulation of H2O2 in leaves,
with a final H2O2 concentration 6-fold greater than normal. In
Si-treated K-deficient plants, however, this accumulation was
decreased by half. This result showed that Si application allevi-
ated the K-deficiency-induced accumulation of H2O2.

Si application reduced K-deficiency-enhanced antioxidant
enzyme activities

Si application has been widely reported to influence antioxi-
dant enzyme activities and to decrease ROS accumulation
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under various stresses (Liang et al., 2007). Accordingly, the ef-
fect of K deficiency on activities of antioxidant enzymes in the
absence and presence of Si was investigated (Fig. 9). Under
control conditions, Si application had no influence on the anti-
oxidant enzyme activities. Under K-deficient conditions, SOD,
CAT and APX activities increased by 207, 39 and 46 %, re-
spectively, compared with control conditions. Under K

deficiency with Si treatment, however, the increase in SOD ac-
tivity was less dramatic (96 %) and the increases in CAT and
APX activities were eliminated. This result indicated that Si ap-
plication reduced K-deficiency-enhanced antioxidant enzyme
activities.

DISCUSSION

Severe K deficiency initially inhibits plant growth; with pro-
longed exposure time, leaf necrosis appears in old leaves
(Mengel and Kirkby, 2001). In this study, Si-treated K-deficient
plants maintained a higher dry weight than Si-untreated K-defi-
cient plants (Fig. 1), indicating that Si application alleviated the
growth inhibition associated with K deficiency. Severe K defi-
ciency is also reported to induce leaf chlorosis in older leaves,
which is directly bound up with chlorophyll degradation
(Fageria et al., 2001; Tian et al., 2008). In this study, Si appli-
cation alleviated K-deficiency-induced leaf chlorosis (Fig. 2).
Activated Kþ uptake by induction of high-affinity transporter
expression is considered to be a major mechanism of plant ad-
aptation to K starvation (Ashley et al., 2006; Ma et al., 2012).
Yet the Kþ concentration in leaves was not affected by Si appli-
cation (Fig. 3), suggesting that Si’s ability to alleviate K-defi-
ciency-induced leaf chlorosis is not due to increased leaf Kþ

concentration.
The accumulation of Put is considered to be a universal re-

sponse to K deficiency (Bouchereau et al., 1999). High concen-
trations of endogenous Put are toxic to plant growth and result
in leaf chlorosis (Masgrau et al., 1997; Panicot et al., 2002). In
this study, leaf Put concentration increased 13-fold under K-de-
ficient conditions, but increased only 6-fold under K-deficient
conditions with Si treatment, indicating that Si application alle-
viated the K-deficiency-induced excessive accumulation of Put
(Fig. 4). The results of this study suggest that Si application
may alleviate K-deficiency-induced leaf chlorosis by reducing
the excessive accumulation of Put.

It has been reported that the accumulation of Put in response
to K deficiency occurs via the activation of ADC, which
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catalyses the decarboxylation of arginine for Put biosynthesis
(Bouchereau et al., 1999). To investigate how Si mediates Put
synthesis, the transcription levels of Put biosynthesis genes
were analysed by qRT-PCR. The results revealed that ADC was
up-regulated under K-deficient conditions and down-regulated
by Si treatment under K-deficient conditions. Two other en-
zymes in the ADC pathway, agmatine iminohydrolase (AIH)
and CAP, are also involved in Put biosynthesis (Alc�azar et al.,
2010). In this study, AIH expression was not investigated, but
CAP, like ADC, was found to be down-regulated by Si treat-
ment under K-deficient conditions. These results showed that
Si may mediate Put synthesis through down-regulation of the
ADC pathway. In addition, arginine concentration was en-
hanced by K deficiency, but not by K deficiency plus Si
(Fig. 5), supporting the idea that Si application alleviated Put
synthesis under K-deficient conditions.

It has been proposed that PAs are important substrates for
H2O2 production, as they are degraded by DAO or PAO (Yoda
et al., 2003, 2006). Yet the relationship between PAs and ROS
is questionable because it has been suggested that PAs protect
cells against ROS either by eliminating ROS (Das and Misra,

2004) or by inhibiting their formation (Papadakis and
Roubelakis-Angelakis, 2005). At the same time, however, it is
also postulated that PAs are ROS producers (H2O2) during their
catabolism (Cona et al., 2006; Moschou et al., 2008). In this
study, the activities of both DAO and PAO increased under K-
deficient conditions, concomitant with an excessive degree of
H2O2 accumulation (5�8-fold), while Si application inhibited
the activation of amine oxidases and diminished the degree of
H2O2 accumulation (2�5-fold) (Figs 7 and 8). Here, the activa-
tion of PAO was also inhibited by Si. This effect might be
caused by the reduction of Spd biosynthesis by Si under K-defi-
cient conditions as indicated by the down-regulation of the ex-
pression of SPDS, which catalyses the synthesis of Spd from
Put (Fig. 5C). These results suggested that Si’s ability to de-
crease the K-deficiency-induced accumulation of H2O2 is
caused, at least in part, by the inhibition of PA degradation via
amine oxidases.

It has been widely reported that Si influences antioxidant en-
zyme activities and decreases ROS accumulation under various
stresses, such as heavy metal toxicities, salt and freezing stress
(Liang et al., 2007, 2008). In the present study, the activities of
SOD, CAT and APX were increased by K deficiency, but these
increases were markedly reduced by Si. This is consistent with
the findings of a study on soybeans in which K-deficiency-in-
duced accumulation of H2O2 and elevation of antioxidant en-
zyme activities were markedly decreased by Si (Miao et al.,
2010). This result indicated that Si’s ability to decrease K-defi-
ciency-induced H2O2 accumulation was not related to the im-
proved scavenging due to increased antioxidant enzyme
activities.

Hydrogen peroxide has long been considered a causative ele-
ment for apoptotic cell death in plants (Hussain et al., 2011).
Cakmak (2005) suggested that K-deficiency-induced leaf chlo-
rosis and necrosis could be associated with the oxidative degra-
dation of chlorophyll by ROS, whose production is enhanced
by Kþ deficiency. PAs have been postulated as inducers of
plant cell death, with H2O2 suspected to be involved in the
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mechanism (Yoda et al., 2003, 2006; Iannone et al., 2013). It
has also been reported that Put concentration is correlated with
the severity of growth inhibition, leaf chlorosis and necrosis
phenotype in ADC-overexpressing tobacco plants (Masgrau
et al., 1997). In addition, phenotypic abnormalities have been
observed in other studies with PA transgenic plants (Kumar
et al., 1996; Kumria and Rajam, 2002; Waie and Rajam, 2003).
Therefore, high concentrations of cellular PAs are cytotoxic.
Another study has suggested that either Put or one of its oxida-
tion products via DAO is a factor responsible for the deleterious

effects observed in transgenic plants (Panicot et al., 2002). In
this study, K deficiency induced leaf chlorosis in conjunction
with excessive Put and H2O2 accumulation, but these changes
were reversed by Si application, indicating that Si application
may alleviate K-deficiency-induced leaf chlorosis by decreas-
ing H2O2 via the inhibition of Put accumulation and oxidation.

In conclusion, the present study suggests that Si application
could alleviate K-deficiency-induced leaf chlorosis by reducing
the excessive accumulation of Put. It extends our current under-
standing of the interaction between Si application and K defi-
ciency and will provide information about Si and K fertilizer
use in crop production. Perhaps Si supplied by mineral soils or
Si fertilizer will help plants grow in K-deficient soils.
Combining the present findings with those of previous studies,
a model describing how Si is involved in alleviating K defi-
ciency by reducing the excessive accumulation of Put is pro-
posed (Fig. 10). (1) Under K-deficient conditions, Si reduces
the arginine content and depresses activation of the ADC path-
way, suppressing excessive Put accumulation. (2) Si depresses
the activation of amine oxidase activities. (3) These reductions
in Put and amine oxidase activities contribute to decreasing the
H2O2 production. (3) The decreased H2O2 accumulation con-
tributes to the alleviation of cell death, thereby alleviating K-
deficiency-induced leaf chlorosis and necrosis. To summarize,
Si application may alleviate K-deficiency-induced leaf chloro-
sis by decreasing H2O2 via inhibiting Put synthesis and
oxidation.
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