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    Chapter 5   
 Silicon Potentiates Host Defense Mechanisms 
Against Infection by Plant Pathogens       

       Fabrício     A.     Rodrigues     ,     Renata     Sousa     Resende    ,     Leandro     José     Dallagnol    , 
and     Lawrence     E.     Datnoff    

    Abstract     Several agronomic and horticultural crops, such as barley, cucumbers, 
oats, rice, sugarcane, and wheat, benefi t from applications of silicon. Growth 
enhancements results, in part, from reductions in the intensities of plant diseases. 
For the rice- Pyricularia oryzae  model pathosystem, the mechanical barrier formed 
from silicon polymerization below the cuticle and in the cell walls was the fi rst 
proposed hypothesis to explain how this element reduced the number of blast lesions 
and the lesion sizes. However, new insights have revealed that silicon's effect on 
plant resistance to a number of diseases may also occur through mediated host plant 
resistance mechanisms against pathogen infection. Plants supplied with silicon 
exhibit potentiated activation of the phenylpropanoid pathway resulting in increases 
in total soluble phenolics and lignin. The activities of defense enzymes, such as 
chitinases and  β -1,3-glucanases, are maintained at higher levels during infection 
and the transcription of defense related genes occur faster and with greater output. 
When plants are supplied with silicon and then challenged with a pathogen, there is 
an enhanced activation in antioxidant metabolism, which in turn, suppresses the 
damaging cytotoxic effect of the reactive oxygen species that causes lipid peroxida-
tion in the cell membrane. At the physiological level, leaf gas exchange parameters 
of silicon-treated plants are higher upon pathogen infection for crops, such as com-
mon beans, rice, sorghum and wheat, indicating the ameliorating effect of this ele-
ment on photosynthesis. Although our understanding of how silicon affects plants in 
response to infection has advanced, the exact mechanism(s) by which silicon 
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 modulates plant physiology through the potentiation of host defense mechanisms 
still requires further investigation at the genomics, proteomics, and metabolomics 
levels.  

        Introduction 

 The benefi cial effects of silicon in plants under biotic and/or abiotic stresses, 
whether direct or indirect, reportedly occur in a wide variety of crops such as barley, 
cucumbers, oats, rice, sugarcane and wheat. Although the most remarkable effect of 
silicon is the reduced intensity of a number of plant diseases in many crops of great 
economic importance, the hypothesis that was fi rst proposed for this underlying 
phenomenon was a  mechanical barrier   resulting from  silicon polymerization   in 
plant tissue. However, in addition to this passive mechanical role played by silicon, 
a plethora of biological, physiological and molecular data now suggests that this 
element may act as a modulator of host resistance against  pathogen infection  . To 
gain further understanding of this subject, we will discuss the mechanisms involved 
in host resistance against pathogen infections as mediated by silicon as well as high-
lights of our current knowledge at the -omics level in this chapter.  

    The Physical Barrier Hypothesis 

 To establish a successful infection, plant pathogens must gain access to the host’s 
tissue by overcoming the physical barriers conferred primarily by wax, the cuticle 
and a thick cell wall (Freeman and Beattie  2008 ). The microscopic evidence used to 
explain how silicon may increase host resistance against plant diseases is based on 
the following: pre-formed defense barriers (a cuticle and cell wall) and post-formed 
defense barriers (papillae deposition and cell wall reinforcement at the infection 
sites) in an attempt to avoid or delay pathogen ingress. 

 The physical barrier was the fi rst mechanism proposed to explain why silicon 
increased rice resistance to blast caused by  Pyricularia oryzae . The great number of 
silicifi ed bulliform cells in the epidermis of rice leaves was believed to act as a 
physical barrier that effi ciently impeded or delayed penetration by  P. oryzae  (Ito and 
Hayashi  1931 ; Suzuki  1940 ; Hemmi et al.  1941 ). This physical barrier hypothesis 
gained more credence because a silica layer with a thickness of approximately 
2.5 μm was observed beneath the cuticle of rice leaves and sheaths ( Yoshida   et al. 
 1962 ). This cuticle-silicon double layer was associated with a decrease in the num-
ber of blast lesions observed on the leaf blades and with a reduction in the number 
of infection pegs formed by the appressoria that pierced the underlying cell wall, 
allowing fungal access into the epidermal cell (Yoshida et al.  1962 ). Indeed, more 
detailed studies showed that the epidermal cell wall of plants that were supplied 
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with silicon was made of an outer electron-dense silicon layer and an inner electron- 
translucent layer, which often had thin, electron-dense silicon layers embedded in 
cellulose microfi brils (Kim et al.  2002 ). Interestingly, the epidermal cell wall thick-
ness was not signifi cantly affected by silicon. However, the thickness ratios of silica 
layers to epidermal cell walls were much higher for plants from a resistant cultivar 
than for plants from a susceptible one. This fi nding supported the idea that silicifi ed 
epidermal cell walls were closely associated with reduced blast severity for plants 
that were supplied with silicon (Kim et al.  2002 ). He and colleagues ( 2015 ) recently 
reported that most silicon was cross-linked with hemicellulose in the rice cell wall, 
which improved both the mechanical properties and the regeneration of the cell 
walls. 

 Seebold et al. ( 2001 ) noted that the reduced number of blast lesions (which were 
evaluated as the relative infection effi ciency) on rice leaves from partially resistant 
and susceptible cultivars that were amended with silicon had fewer successful 
established infections per unit of inoculum, lending partial support to the physical 
barrier hypothesis. The reduction in the number of blast lesions as the silicon rates 
increased in the soil clearly indicated that silicon manifested its benefi cial effects 
before the penetration peg from  P. oryzae  gained full access to the epidermal cell. 
Therefore, Seebold et al. ( 2001 ) proposed that silicon does more than just act as a 
physical barrier in rice resistance against blast. Based on light microscopy observa-
tions of the leaf adaxial surfaces from rice plants that were supplied with silicon, 
Hayasaka et al. ( 2008 ) noticed that the number of appressorial sites for  P. oryzae  
with successful penetration was reduced in proportion to the amount of silicon 
deposited in the leaf epidermis. Although this fact does not necessarily support a 
cause-and-effect relation between the denser silicon layer and the reduced number 
of appressorial sites for  P. oryzae  with successful penetration, it is plausible that the 
denser silicon layer contributed to a longer incubation period. These studies empha-
sized the importance of the silicon deposition beneath the rice cuticle and in the cell 
wall to prevent or delay penetration by  P. oryzae . Abed-Ashtiani et al. ( 2012 ) also 
observed that the blast severity dramatically decreased as the foliar silicon concen-
tration increased when increasing silicon rates were added to the soil. In an oat- 
  Blumeria   graminis  f. sp.  avenae  interaction, the fortifi cation of the epidermal cell 
walls through silicifi cation was also reported as a structural barrier against fungal 
penetration (Carver et al.  1998 ). 

 Although the silicifi cation of the epidermal cell walls was believed to be the 
primary cause associated with the reduced number of leaf blast lesions, no direct 
supportive evidence was provided to show that the narrow fungal penetration peg 
did not actually overcome the cuticle-silicon double layer and the epidermal cell 
silicifi cation. For many years, the density of silicifi ed cells in the leaf epidermis of 
some rice cultivars was known for not being proportional to their level of blast resis-
tance always (Hashioka  1942 ; Kawamura and Ono  1948 ). This effect may be related 
to the fact that the silicifi ed cells, in which silicon was deposited and polymerized 
in the form of amorphous silica bodies, were not uniformly distributed throughout 
the leaf surfaces, thereby leaving unprotected areas of the leaf surface exposed to 
pathogen penetration (Kim et al.  2002 ; Motomura et al.  2004 ; Ma and Yamaji  2006 ; 
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Cacique et al.  2013 ). Rodrigues and his colleagues ( 2005 ) noted a decrease in the 
number of leaf blast lesions in rice plants that were supplied with silicon, which was 
likely caused by the inability of the  P. oryzae -formed appressoria to overcome the 
physical impediment created by the cuticle-silica double layer. However, the pres-
ence of silica cells and silica bodies were again observed to be not uniformly distrib-
uted in the adaxial epidermis of leaves, and, as a consequence, they may have 
allowed successful fungal penetration at some infection sites. 

 It is known that the resistance of epidermal cells against fungal penetration is not 
strictly related to the increased thickness of the cuticle-silicon double layer or the 
number of silica cells found in the leaf epidermis (Rodrigues et al.  2005 ). Studies 
measuring the puncture resistance of rice epidermal cells to a needle tip from 
beneath a torsion balance in leaves were collected from rice plants that had been 
supplied with different silicon rates, and the results suggest that the puncture resis-
tance was not explained solely by leaf epidermis silicifi cation (Ishiguro  2001 ). 
Rather, this resistance might also be attributed to the nature of the epidermal cell 
protoplasm (Ito and Sakamoto  1939 ). Schurt et al. ( 2012 ) also observed that the leaf 
sheaths of rice plants that were supplied with silicon had increased puncture resis-
tance. Therefore, the high silicon deposition most likely contributed to a delay in 
leaf sheath colonization by  Rhizoctonia solani . 

 Domiciano et al. ( 2013 ) noted that the time needed for  Bipolaris sorokiniana  
ingress into wheat epidermal cells was lengthened, and the foliar tissue colonized 
by the fungus was reduced because of the physical barrier formed by the double 
cuticle-silicon layer. According to these authors, this physical barrier may have 
reduced the diffusion of the lytic enzymes and the non-host selective toxins released 
by the pathogen at the leaf surface as shown by the reduced degradation of the waxy 
layer. Sousa et al. ( 2013 ) investigated the effect of silicon on cytological aspects 
arising from the infection of wheat leaves by  P. oryzae  at the microscopic level. 
According to these authors,  P. oryzae  hyphae grew successfully and formed an 
extensively branched mycelium in the fi rst-invaded epidermal cell and then invaded 
several neighboring leaf cells from plants that were not supplied with silicon. By 
contrast, the leaves of silicon-supplied plants contained fungal hyphae that were 
restricted to the fi rst-invaded epidermal cell. The number of brown (necrotic) adax-
ial epidermal cells and their browning intensities were signifi cantly lower for 
silicon- supplied plants than those that were not supplied with silicon. The frequency 
of appressorial sites that exhibited a type B reaction (infection hyphae within the 
epidermal cell and an absence of cytoplasm granulation) was lower for silicon- 
supplied plants than for those that were not supplied from 72 to 96 h after inocula-
tion, and the frequency of appressorial sites showing a type A reaction (unsuccessful 
penetration) was much higher in comparison with the non-supplied plants as well. 
Schurt et al. ( 2015 ) used light microscopy and scanning electron microscopy to 
observe the reduced growth of  R. solani  on the leaf sheaths of rice plants that were 
supplied with silicon, which exhibited intense autofl uorescence in tissues near 
necrotic areas because of fungal colonization. 

 In addition to the reinforcement of cell walls by silicon, the formation of papillae 
has also been greatly stimulated by this element. Carver et al. ( 1987 ) observed 
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localized silicon deposition in host cells beneath the appressoria of  B. graminis  f. sp. 
 hordei , which failed to penetrate the barley epidermal cells. Silicon accumulation 
was found to occur in the haustorial neck and collar area of the fungus as well as in 
the papillae, regardless of the outcome of attempted penetration. At 20 h after inoc-
ulation, when the successful and failed penetration attempts became evident, the 
silicon concentration was three to four times greater at the infection sites where 
fungal penetration failed in comparison with the infection sites where successful 
fungal penetration occurred. The absence of high background silicon levels in the 
barley epidermal cells that were distant and adjacent to the penetrated cells sug-
gested that the cuticle-silicon double layer likely did not play a role in the increasing 
barley resistance to powdery mildew, unlike the fi ndings reported earlier in rice 
epidermal cells against  P. oryzae  (Kim et al.  2002 ). This fi nding further suggests 
that silicon was deposited in response to the penetration of the barley epidermal 
cells by  B. graminis  f. sp.  hordei  (Carver et al.  1998 ). Zeyen et al. ( 1993 ) demon-
strated that barley epidermal cells would produce papillae in response to infections 
by  B. graminis  f. sp.  hordei  in the presence of  soluble silicon  . This fi nding sug-
gested that an active process occurs in the cytoplasmic aggregate that then presum-
ably concentrated soluble silicon and prevented its polymerization before it was 
transported across the plasma membrane into the epidermal cell wall and mature 
papillae. Jiang ( 1993 ) experimentally interrupted the papilla deposition in barley 
leaf epidermal cells that were and were not supplied with silicon, and were inocu-
lated with  B. graminis  f. sp.  hordei . The researchers noted a delay in the fungal 
penetration of leaves from silicon-supplied plants before papilla formation. Because 
soluble silicon was abundant at that time, it is unlikely that the physical barrier that 
was formed by insoluble silicon was more important in increasing resistance to 
penetration. Furthermore, the deposition of silicon appears to have required the 
availability of phenolics and hydroxyproline-rich glycoproteins in the leaf epider-
mal cells to prevent haustorium formation by  Uromyces vignae  in the leaves of 
French beans (Perumalla and Heath  1991 ). According to these authors, although the 
callose and cell wall reinforcement contributed to preventing haustorium formation, 
silicon deposition played the most pivotal role in this process. Kauss et al. ( 2003 ) 
reported that a strongly cationic, proline-rich protein reinforced the cell wall at the 
infection sites, and silicon deposition was enhanced during the development of sys-
temic acquired resistance in cucumber leaves in response to  Colletotrichum lage-
narium  infection, thus preventing fungal infection. In roses, the quantity of papillae 
was greater in the leaf cells of plants that were supplied with silicon in response to 
 Podosphaera pannosa  infection (Shetty et al.  2012 ). In wheat, the epidermal cells of 
plants that were supplied with silicon reacted against  B. graminis  f. sp.  tritici  infec-
tion by massive papilla formation (Bélanger et al.  2003 ). Pozza et al. ( 2004 ) reported 
a thicker cuticle on the lower leaf surface of coffee seedlings that received silicon. 
This thickened cuticle helped to reduce the penetration of  Cercospora coffeicola  
and subsequently reduced the number of leaf lesions that developed. Taken together, 
these observations indicate that the proposed physical silicon barrier enhances resis-
tance by decreasing the intensity of a number of plant diseases, and the mechanism 
is likely very complex. 
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 The contribution of the physical barrier to the mechanism of silicon-conferred 
resistance against plant diseases (as conferred by  silicon polymerization   beneath the 
cuticle and in the cell wall) is still not widely agreed on. According to Fauteux et al. 
( 2005 ), a silicon accumulation as determined by scanning electron microscopy and 
X-ray microanalysis at the leaf infection sites of  Arabidopsis thaliana  by  Erysiphe 
cichoracearum  was attributed to higher transpiration rates caused by cuticle damage 
rather than active transport. According to Samuels et al. ( 1991 ), cucumber plants 
that were transferred from pots containing 100 ppm of silicon to pots without silicon 
had higher powdery mildew severities. According to these authors, the presence of 
polymerized silicon in the cucumber leaves before the inoculum arrival did not 
seem to be more important than the constant presence of  soluble silicon   during the 
time course of the fungal infection. Sun et al. ( 2010 ) showed that rice plants that 
were initially grown in the presence of silicon and were then switched to a nutrient 
solution without this element prior to inoculation with  P. oryzae  still exhibited lower 
blast severity. However, the disease severity levels were greater for this treatment 
when compared with those of inoculated plants that received a continuous supply of 
silicon. It is likely that insoluble silicon affected blast development by physically 
strengthening the cell wall and thus reduced fungal leaf colonization (Sun et al. 
 2010 ). However, the authors also highlighted that the deposited (insoluble) silicon 
may not be as important as the available silicon (soluble) that is found in the cells at 
the time of fungal infection for reducing disease severity (Sun et al.  2010 ). These 
fi ndings help to support the concept that a reduction in  disease intensities   cannot 
solely be attributed to the presence of insoluble silicon in the papillae and cell wall 
as reported for cucumber epidermal cells. Furthermore, Chérif et al. ( 1992b ) 
observed the deposition of silicon in needle-punctured leaf holes and the absence of 
these deposits when the plants were grown under saturated humidity. This fi nding 
again suggested that when silicon accumulated in areas in which the cuticle was 
damaged, this accumulation was caused by an increase in the transpiration rate. 
Menzies et al. ( 1991 ) reported a negative correlation between a high foliar silicon 
concentration in cucumber plants with the leaf area covered by  Sphaerotheca fuligi-
nea  colonies, the number of colonies per leaf, the individual colony size and the 
germination of conidia. These authors believed that the increased resistance of 
cucumber leaves to powdery mildew was associated with the reinforcement of epi-
dermal cell walls by silicon. Samuels et al. ( 1991 ) also noted that the accumulation 
of silicon around powdery mildew colonies on cucumber leaves affected the fungal 
growth and, consequently, the diameter of the colonies. 

 Taken together, these studies clearly showed that silicon is deposited below the 
cuticle and in the cell walls, and it contributed in part to increased physical resis-
tance against pathogen penetration. However, insoluble silicon may not be more 
important than  soluble silicon   in enhancing resistance to infection by plant patho-
gens. The resistance of plants that were supplied with silicon to both soil-borne and 
 foliar diseases   is a very complex phenomenon, and the physical resistance barrier is 
likely only one small aspect of how silicon confers plant disease resistance.  
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    Biochemical and Molecular Aspects of Silicon-Mediated Host 
Resistance to Pathogens 

 Wheat plants that were supplied with silicon produced fungitoxic aglycones in 
response to  Blumeria graminis  f. sp.  tritici  infection as demonstrated by TLC chro-
matogram analyses coupled with bioassays (Rémus-Borel et al.  2005 ). According to 
these authors, after the leaf fractions were analyzed by high-performance liquid 
chromatography and comparative analyses of the profi les were performed, at least 
three compounds were confi rmed to occur in higher amounts for inoculated wheat 
plants that had been supplied with silicon (Rémus-Borel et al.  2005 ). Fresh trans-
verse sections of leaves from wheat plants that were supplied with silicon and 
infected with  B. graminis  f. sp.  tritici  were analyzed by fl uorescence microscopy, 
and intense autofl uorescence was observed. This fi nding suggested that the presence 
of phenolics likely contributed to the collapse of conidial chains at the examined 
fungal infection sites (Rémus-Borel et al.  2005 ). Rémus-Borel et al. ( 2009 ) further 
investigated if trans-aconitate (TA) could act as a precursor of methylated TA forms 
in wheat, and they addressed the possible relations between the silicon supply, dis-
ease development, and TA and methyl TA concentrations in leaf tissues. According 
to these authors, the TA concentration in non-inoculated plants increased as the 
disease progressed, regardless of the presence of silicon. By contrast, the TA con-
centration remained fairly constant in the leaf tissue of inoculated plants regardless 
of whether silicon was present. However, for plants that were supplied with silicon, 
the TA concentration was signifi cantly lower than it was for the plants that were not 
supplied with silicon. For the inoculated plants supplied with silicon, an increase in 
wheat resistance to powdery mildew was closely associated with the methyl TA 
concentration. Silicon apparently had an effect on the methyl TA concentration only 
for inoculated plants, suggesting that this element does not act directly on the TA 
concentration, but increases the production of methyl TA for infected plants. Based 
on the increase in methyl TA and the leveling off of the TA concentration, it appears 
that the latter, instead of accumulating, was used by the diseased plants to produce 
methylated forms of antifungal TA so that they would act as phytoalexins to decrease 
disease development. This observed phenomenon was more pronounced for silicon- 
supplied plants (Rémus-Borel et al.  2009 ). 

 Rodrigues et al. ( 2003 ) provided the fi rst cytological evidence that silicon- 
mediated resistance to  P. oryzae  in rice was correlated with a specifi c leaf cell reac-
tion that interfered with pathogen development. Ultrastructural observations of 
samples from plants that were not supplied with silicon revealed that some host 
cells were devoid of organelles and that some host cell walls were no longer discern-
ible in the massively colonized mesophyll and vascular bundle (Fig.  5.1a and b ). A 
light deposition of osmiophilic material with a granular texture that occasionally 
interacted with fungal walls was observed in some epidermal cells (Fig.  5.1c , 
arrows). In plants that received silicon, empty fungal hyphae were evenly sur-
rounded by a dense layer of granular osmiophilic material that partially occluded 
the epidermal cells (Fig.  5.1d , arrows), the vascular bundle (Fig.  5.1e , arrowheads) 
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  Fig. 5.1    Transmission electron micrographs of leaf samples collected from rice plants non- 
supplied (−Si) and supplied (+Si) with silicon (Si) at 96 h after inoculation with  Pyricularia ory-
zae.  ( a ) Ultrastructurally normal fungal hyphae colonize both the epidermis and mesophyll. Host 
cell walls are no longer discernible in the mesophyll (−Si). Bar = 2 μm. ( b ) The vascular bundle is 
massively colonized by the fungal hyphae (−Si). Bar = 5 μm. ( c ) Some amorphous material 
( arrows ) accumulates in an epidermal cell and irregularly interacts with a fungal cell wall (−Si). 
Bar = 1 μm. ( d ) A dense amorphous material ( arrows ) accumulates around an empty fungal hyphae 
in the epidermal cell and also is found in an epidermal cell neighboring the colonized one (+Si). 
Bar = 1 μm. ( e ) Fungal hyphae invading the vascular bundle are often surrounded by dense amor-
phous material and often reduced to empty shells (+Si;  arrowheads ). Bar = 2 μm. ( f ) Two fungal 
hyphae in a mesophyll cell are evenly coated by the amorphous material (+Si;  arrows ) Bar = 1 μm. 
 AM  Amorphous material,  F  fungal hyphae,  E  epidermis,  M  mesophyll,  HCW  host cell wall, and  V  
vascular bundle (Reproduced from Datnoff and Rodrigues ( 2005 ))       
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and the mesophyll cells (Fig.  5.1f , arrows). The cytochemical labeling of chitin 
revealed no difference in the pattern of chitin localization over fungal cell walls 
regardless of the presence of silicon at 96 h after inoculation, indicating a limited 
production of chitinases by the rice plant as a mechanism of defense. However, the 
occurrence of empty fungal hyphae that were surrounded or trapped in amorphous 
material, which were found in samples from plants that were supplied with silicon, 
suggested that phenolic-like compounds or phytoalexins played a primary role in 
rice defense response against  P. oryzae  infection. In a further study, Rodrigues et al. 
( 2004 ) provided evidence that higher levels of momilactone phytoalexins were 
found in leaf extracts from plants that were inoculated with  P. oryzae  and supplied 
with silicon than in leaf extracts from inoculated plants that were not supplied with 
silicon or were not inoculated and supplied with silicon. On this basis, the more 
effi cient terpenoid pathway stimulation in the plants receiving silicon and, conse-
quently, the increase in the momilactone levels, appeared to be a factor that contrib-
uted to enhanced rice resistance to blast. Maekawa et al. ( 2002 ) observed a dramatic 
increase in superoxide generation in the rice leaves of plants that were supplied with 
silicon 15 min after  P. oryzae  inoculation. After this time, the superoxide generation 
rapidly decreased to levels observed for inoculated plants that had not been supplied 
with silicon. Fortunato et al. ( 2014 ) performed a study to investigate, at the histo-
chemical level, whether silicon could enhance the production of phenolics in banana 
roots in response to  F. oxysporum  f. sp.  cubense  infection. According to these 
authors, intense orange-yellow autofl uorescence was detected in the metaxylem and 
phloem vessels of the root sections of inoculated plants that were not supplied with 
silicon at 24 and 32 dai, respectively (Figs.  5.2a  and  5.3a ). Autofl uorescence was 
also observed in the phloem vessels and the sclerenchyma cells in the root sections 
of the inoculated plants that received silicon at 24 and 32 dai (Figs.  5.2b  and  5.3b ). 
For non-inoculated plants, the autofl uorescence in the medulla and in the cortex was 
weak regardless of whether silicon was provided. There was an absence of fl uores-
cence in the root sections of the inoculated plants that were not supplied with silicon 
when they were treated with both Neu’s and Wilson’s reagents, which are used to 
stain fl avonoid compounds, at 24 and 32 dai (Figs.  5.2c and e ;  5.3c and e ). At 24 dai, 
a strong yellow-orange fl uorescence was observed in the phloem and a lemon- 
yellow fl uorescence was observed in the sclerenchyma and metaxylem vessels in 
the root sections of the inoculated plants that had been supplied with silicon stained 
with Neu’s reagent (Figs.  5.2d  and  5.3d ). With Wilson’s reagent, an orange-yellow 
autofl uorescence was more pronounced around the phloem vessels, and a yellow 
fl uorescence was more pronounced around the metaxylem vessels in the root sec-
tions of the inoculated plants that received silicon at 24 and 32 dai (Figs.  5.2f  and 
 5.3f ). Lignin was densely deposited in the cortex of the root sections in the inocu-
lated plants that received silicon (Figs.  5.2h  and  5.3h ) in comparison with the root 
sections of the inoculated plants that did not at 24 dai (Fig.  5.2g ) and 32 dai 
(Fig.  5.3g ). Dopamine was barely detected in the root sections of the inoculated 
plants that were not supplied with silicon at 24 and 32 dai according to lactic and 
glyoxylic acid stains (Figs.  5.2i  and  5.3i ). However, dopamine was strongly sus-
pected to occur in the phloem and metaxylem vessels of the root sections in 
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  Fig. 5.2    Histochemical characterization of fl avonoids,  lignin   and dopamine in the roots of banana 
plants cultivar Maçã supplied (+Si) ( b ,  d ,  f ,  h  and  j ) or non-supplied with silicon (−Si) ( a ,  c ,  e ,  g  
and  i ) at 24 days after inoculation with  Fusarium oxysporum  f. sp.  cubense . ( a ) Metaxylem vessels 
located in the vascular bundles of the roots of the −Si plants exhibit a  yellow-orange  autofl uores-
cence ( arrow ). ( b ) The roots of +Si plants exhibit slight  yellow-orange  autofl uorescence ( arrow ) 
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 inoculated plants that were supplied with silicon, and it was confi rmed by the 
intense orange-yellow fl uorescence detected at 24 (Fig.  5.2j ) and 32 dai (Fig.  5.3j ). 
Da Silva et al. ( 2015 ) investigated whether silicon could enhance the production of 
fl avonoids in wheat leaves in response to  P. oryzae  infection at the histochemical 
level. According to these authors, a high foliar silicon concentration was correlated 
with reduced fungal growth inside the epidermal cells. A strong fl uorescence, which 
was an indication of the presence of fl avonoids, was detected in the leaf cells of 
plants that received silicon. According to Carver et al. ( 1998 ), oat plants deprived of 
silicon showed increased phenylalanine ammonia-lyase activity and, consequently, 
there was increased accumulation of phenolic compounds in the epidermal cells 
colonized by  B. graminis  f. sp.  avenae . In other words, the activation of the energy-
expensive  phenylpropanoid pathway   likely replaced the fortifi cation of epidermal 
cell walls by silicon. By contrast, Bélanger et al. ( 2003 ) found that the greatest 
cytochemical difference between wheat plants that were and were not supplied with 
silicon was the extensive deposition of glycosylated phenolics, as determined by 
cytochemical labeling, in the cell wall of infected epidermal cells in silicon-sup-
plied plants as well as on the extra-haustorial membrane of  B. graminis  f. sp.  tritici . 
The autofl uorescence of barley epidermal cells upon  B. gramini  f. sp.  hordei  infec-
tion showed a hypersensitive response. This fi nding suggested that phenolics were 
present and likely occurred before silicon accumulated to neutralize the dead cell 
contents while providing the strength and integrity of the surrounding epidermal 
cells (Koga et al.  1988 ).

     Defense responses have also been reported for dicots such as cucumbers when 
amended with silicon and then infected by fungal pathogens. Menzies et al. ( 1991 ) 
reported that a great number of leaf cells in cucumber plants that were supplied with 
silicon and inoculated with  Podosphaera xanthii  showed a rapid accumulation of 
phenolic-like compounds. Biochemical analyses of leaf extracts from cucumbers 
that received silicon and were inoculated with  P. xanthii  indicated the presence of 
fl avonoids and phenolic acids that accumulated specifi cally and strongly in a man-
ner typical of phytoalexins (Fawe et al.  1998 ). The root cells of cucumbers that were 
supplied with silicon showed a rapid and more extensive accumulation of electron- 
dense, phenolic-like material with antifungal activity against the root rot pathogen 
 Pythium ultimum  (Chérif et al.  1992a ). Moreover, Chérif et al. ( 1994 ) noted an 

Fig. 5.2 (continued) on the phloem and metaxylem vessels. ( c ) No fl uorescence was observed in 
the roots of the−Si plants after staining with Neu’s reagent. ( d ) Strong  yellow-orange  fl uorescence 
( arrow ) observed in the phloem to lemon-yellow fl uorescence in the sclerenchyma and metaxylem 
vessels in the roots of the +Si plants after staining with Neu’s reagent. ( e ) Metaxylem vessels on 
the roots of −Si plants stained with Wilson’s reagent exhibited slight orange fl uorescence ( arrow ). 
( f ) Intense  orange yellow  fl uorescence ( arrowheads ) in the cells neighboring the vascular bundles 
of phloem and metaxylem vessels in the roots of +Si plants stained with Wilson’s reagent. ( g ) No 
evidence of lignin deposition in the roots of −Si plants after staining with phloroglucinol-HCl. ( h ) 
Strong lignin deposition in the cortex of roots of +Si plants stained with phloroglucinol-HCl 
( arrow ). ( i ) Absence of dopamine in the roots of −Si plants. ( j ) Dopamine was strongly suspected 
to occur in the vascular bundles of phloem and metaxylem vessels ( arrow ) of roots of +Si plants as 
confi rmed by  orange-yellow  fl uorescence after staining with lactic acid + glyoxylic acid stain.  c  
cortex,  e  endodermis,  mx  metaxylem,  p  phloem, and  s  sclerenchyma. Bars = 50 μm (Reproduced 
from Fortunato et al. ( 2014 ), with permission from the American Phytopathological Press)       
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  Fig. 5.3    Histochemical characterization of fl avonoids,  lignin   and dopamine in the roots of banana 
plants cultivar Maçã supplied (+Si) ( b ,  d ,  f ,  h  and  j ) or non-supplied with silicon (−Si) ( a ,  c ,  e ,  g  
and  i ) at 32 days after inoculation with  Fusarium oxysporum  f. sp.  cubense . ( a ) Strong  yellow- 
orange   autofl uorescence ( arrow ) in the vascular bundles and in the sclerenchyma cells in the roots 
of −Si plants. ( b ) Slight  yellow-orange  autofl uorescence ( arrow ) observed near the phloem and 
metaxylem vessels in the roots of +Si plants. ( c ) Absence of fl uorescence in the vascular 
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increase in the activities of chitinases, peroxidases and polyphenoloxidases in 
cucumber leaves from plants that received silicon and were inoculated with  P. ulti-
mum  than in infected plants that did not receive silicon. Additionally, leaf extracts 
from plants that were supplied with silicon and inoculated with  P. ultimum  showed 
a marked increase in the concentration of antifungal phenolic compounds. Dann and 
Muir ( 2002 ) reported that pea seedlings that received silicon showed an increase in 
chitinase and  β -1,3-glucanase activities prior to  Mycosphaerella pinodes  inocula-
tion. In addition, few lesions were observed on pea leaf seedlings that were supplied 
with silicon than on the seedlings that were not supplied with this element. In an 
incompatible cowpea- Uromyces vignae  interaction, Heath ( 1981 ) observed that sili-
con was associated with electron-opaque regions of the haustorium encasement, the 
necrotic host cytoplasm and adjacent host cell walls and wall deposits. Although 
silicon accumulation was not involved in haustorium formation, this element could 
have been associated with the phenolics found in many disorganized cowpea epider-
mal cells. Heath and Stumpf ( 1986 ) also observed that in cowpea plants supplied 
with silicon, fungal development apparently ceased while the penetration peg was 
traversing the haustorial mother cell wall, often before the peg reached the adjacent 
silicifi ed plant cell wall. However, in plants that were not supplied with silicon, 
haustorial mother cells for three out of ten infection sites had already formed a 
haustorium. In the majority of the remaining infection sites, fungal growth appeared 
to have ceased before the initiation of a visible penetration peg as well as during a 
stage of development that was observed when the haustorial mother cell and the 
host cell wall were bridged by an electron-opaque material. The fact that most pen-
etration pegs stopped their development earlier in plants that did not receive silicon 
than in plants that received silicon supports the previous suggestion that the higher 
levels of wall-associated phenolic compounds in the former resulted in a faster inhi-
bition of the hydrolytic enzymes that were released by the fungus and were involved 
in the formation of the penetration peg. These and other ultrastructural observations 
suggested that the silicifi ed cell walls in silicon-supplied plants may have reduced 
the interchange of materials between the host and the fungus. As a consequence, the 
resulting phenolic materials would restrict the fl ow of materials to the haustorial 
mother cell that normally prevents its premature senescence, or they would act as a 

Fig. 5.3 (continued) bundles,sclerenchyma and endodermis cells in the roots of −Si plants stained 
with Neu’s reagent. ( d ) Strong  yellow  fl uorescence in the roots of +Si plants stained with Neu’s 
reagent ( arrow ). ( e ) Slight  orange-yellow  fl uorescence in the cells surrounding the phloem and 
metaxylem vessels and the sclerenchyma cells in the roots of −Si plants stained with Wilson’s 
reagent. ( f ) Strong  orange- yellow   fl uorescence in the phloem vessels and in the sclerenchyma cells 
in the roots of +Si plants stained with Wilson’s reagent ( arrow ). ( g ) Absence of lignin deposition 
in the roots of −Si plants stained with phloroglucinol-HCl. ( h ) Strong lignin deposition in the 
cortex of the roots of +Si plants stained with phloroglucinol-HCl ( arrow ). ( i ) Absence of dopamine 
in the roots of −Si plants. ( j ) Dopamine was strongly suspected to occur in the phloem and meta-
xylem vessels ( arrow ) of the roots of +Si plants as confi rmed by  orange-yellow  fl uorescence after 
staining with lactic acid + glyoxylic acid stain.  c  cortex,  e  endodermis,  mx  metaxylem,  p  phloem, 
and  s  sclerenchyma. Bars = 50 μm (Reproduced from Fortunato et al. ( 2014 ), with permission from 
the American Phytopathological Press)       
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physical barrier if the penetration peg reaches the host cell wall. This fi nding is in 
accordance with previous reports that silicon might form complexes with organic 
compounds in the epidermal cell walls, consequently increasing their resistance to 
degradation by the hydrolytic enzymes and non-host-selective toxins released by 
plant pathogens (Volk et al.  1958 ; Inanaga et al.  1995a ,  b ). Li and Heath ( 1990 ) 
found an increase in the number of  U. vignae  haustoria, but they found a reduction 
in the concentration of silicon and in the intensity of the autofl uorescence of meso-
phyll cell walls when injecting abscisic acid and gibberellic acid into bean leaves. 
Rose plants that were supplied with silicon showed an increase in the concentration 
of antimicrobial phenolic acids and fl avonoids in response to infection by 
 Podosphaera pannosa  (Shetty et al.  2011 ). In addition,  phenylpropanoid pathway   
genes such as those coding for phenylalanine ammonia-lyase, cinnamyl alcohol 
dehydrogenase and chalcone synthase were up-regulated for rose plants that were 
supplied with silicon (Shetty et al.  2011 ). 

 For incompatible and compatible rice- P. oryzae  interactions, the differential 
accumulations of glucanase, peroxidase and PR-1 transcripts were associated with 
limited fungal colonization in the epidermal cells for a blast-susceptible cultivar 
(Rodrigues et al.  2005 ). However, the resistant cultivar responded against fungal 
penetration by developing a hypersensitive response that was associated with a 
strong induction of PR-1 and peroxidase transcripts regardless of whether silicon 
was supplied (Rodrigues et al.  2005 ). Cai et al. ( 2008 ) showed that the lower leaf 
blast disease severity in rice plants that received silicon was linked to higher activi-
ties in peroxidases, polyphenoloxidases and phenylalanine ammonia-lyases. 
Perennial ryegrass plants that were supplied with silicon and were infected by  P. 
oryzae  exhibited the increased production of several phenolic acids, including 
 chlorogenic acid and fl avonoids, greater peroxidase and polyphenoloxidase activi-
ties and higher relative expression levels of the genes encoding phenylalanine 
ammonia- lyase and lipoxygenase compared with the non-silicon-supplied plants 
(Rahman et al.  2015 ). For the pathosystems banana- Fusarium oxysporum  f. sp. 
 cubense , coffee-Meloidogyne  exigua , cotton- Colletotrichum gossypii  var.  cephalo-
sporioides , cotton- Ramularia areola , rice- Monographella albescens , rice- R. solani , 
soybean-   Phakopsora   pachyrhizi  and tomato- Pseudomonas syringae  pv.  tomato , the 
activity of phenylalanine ammonia-lyase, the key enzyme in the  phenylpropanoid 
pathway   that is responsible for the production of different types of phenolics with 
antimicrobial properties, increased when plants were supplied with silicon (Silva 
et al.  2010 ; Fortunato et al.  2012 ; Andrade et al.  2013 ; Cruz et al.  2013 ; Curvelo 
et al.  2013b ; Guerra et al.,  2013a ; Tatagiba et al.  2014 ; Schurt et al.  2014 ). The 
greater phenylalanine ammonia-lyase activity was linked to an increase in the con-
centrations of total  soluble phenolics   and  lignin  -thioglycolic acid derivatives in the 
leaves of banana, coffee and cotton plants that were supplied with silicon and to a 
decrease in disease development (Silva et al.  2010 ; Fortunato et al.  2012 ; Curvelo 
et al.  2013b ; Guerra et al.  2013a ,  b ). Moreover, the benefi cial effect of silicon for 
suppressing infections in the banana- F. oxysporum  f. sp.  cubense , cotton- 
 Colletotrichum   gossypii  var.  cephalosporioides , cotton- Phakopsora gossypii , cof-
fee-  M  . exigua , rice- Bipolaris oryzae,  rice- M. albescens , rice- R. solani , 
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sorghum- Colletotrichum sublineolum , soybean- Phakopsora pachyrhizi  and tomato- 
 Pseudomonas    syringae  pv.  tomato  pairings was in part explained by an increase in 
the activities of defense-related enzymes such as peroxidases, polyphenoloxidases, 
 β -1,3-glucanases, and chitinases as well as by an increase in the anthocyanin con-
centrations for sorghum (Silva et al.  2010 ; Dallagnol et al.  2011 ; Fortunato et al. 
 2012 ; Tatagiba et al.  2014 ; Andrade et al.  2013 ; Cruz et al.  2013 ; Guerra et al. 
 2013a ,  b ; Resende et al.  2013 ; Schurt et al.  2014 ). Silva et al. ( 2012 ) investigated the 
effects of silicon (0 and 2 mmol) and manganese (0.5, 2.5 and 10 μmol) rates on the 
activities of peroxidases, polyphenoloxidases and phenylalanine ammonia-lyases in 
rice that was infected by  B. oryzae , and they observed that the activities of these 
three enzymes were not boosted by silicon at any manganese rate. In some rare 
cases, silicon may not contribute to increased host resistance to disease. Nascimento 
et al. ( 2014 ) examined the response of the soybean cultivars Bossier and Conquista 
that were or were not supplied with silicon to frogeye leaf spot ( Cercospora sojina ). 
These authors looked for  defense enzyme   activities, cell wall-degrading enzymes 
produced by the fungus (cellulases, xylanases, pectin methyl esterases and polyga-
lacturonase) as well as concentrations of total soluble phenolics and lignin- 
thioglycolic acid derivatives. According to their fi ndings, the severity of frogeye leaf 
spot was greater in the Bossier cultivar (susceptible) than in the Conquista culti-
var (resistant) as well as in the plants receiving silicon compared with those that did 
not receive silicon. Except for the concentrations of total soluble phenolics and 
lignin-thioglycolic acid derivatives, the activities of the  defense enzymes   and the 
cell wall-degrading enzymes did not change for non-inoculated plants that were 
supplied with silicon regardless of the cultivar. The activities of lipoxygenases, phe-
nylalanine ammonia-lyases, chitinases, and polyphenoloxidases as well as the 
 activities of cell wall-degrading enzymes decreased for the inoculated plants that 
were supplied with silicon and likely compromised their resistance to frogeye leaf 
spot. 

 Schurt et al. ( 2013a ) used analytical pyrolysis coupled with gas chromatography 
and mass spectrometry to investigate possible changes in the chemical composition 
of  lignin   in leaf sheaths for the BR-Irga 409 and Labelle rice cultivars that were not 
and were supplied with silicon and were infected with  R. solani . Based on the result-
ing mass spectra, 33 compounds were identifi ed, ten of which were products from 
the degradation of carbohydrates and 23 of which were derived from lignin. From 
the lignin derivatives, eight compounds were of the  p -hydroxyphenyl type, 11 com-
pounds were of the guaiacyl type and four compounds were of the syringyl type. 
From the leaf sheaths of both cultivars, the concentrations of lignin ( p- hydroxyphenyl  , 
syringyl (S) and guaiacyl (G)) were approximately 15 %, regardless of whether sili-
con was present. There was no increase in the S/G ratio except in the leaf sheaths of 
BR-Irga 409 that were supplied with silicon and infected with  R. solani . The high 
silicon concentration in the leaf sheaths of both cultivars, which in turn resulted in 
an increase in the S/G ratio, most likely contributed to a reduction in the area under 
the progress curve for sheath blight. In another study, Schurt et al. ( 2013b ) investi-
gated the effect of silicon on the concentrations of soluble and insoluble lignin and 
sugars in rice leaf sheaths that were infected by  R. solani . Based on their results, 
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there was no effect from silicon or fungal inoculation on the concentrations of 
 arabinans, galactans, glucans, mannans, sugars, and xylans for the BR-Irga-409 and 
Labelle cultivars. In addition, no variation was detected in the concentrations of 
insoluble, soluble and total lignin between the cultivars. The concentrations of total 
and insoluble lignin were higher for plants that were supplied with silicon regard-
less of whether they were inoculated. In conclusion, the authors hypothesized that 
the rice plants that were supplied with silicon were more resistant to sheath blight 
because of an increase in the lignifi cations of the leaf sheath tissues and the lower 
concentration in total sugars. 

 The silicon effect on the potentiation of host resistance that leads to an increased 
synthesis of antimicrobial compounds depends on whether this element is supplied 
via foliar application or via the roots. Foliar-applied silicon can successfully reduce 
infections of  Podosphaera xanthii  in cucumbers and melons,  Hemileia vastatrix  in 
coffee,  Bipolaris oryzae  in rice and  Pseudomonas syringae  pv.  tomato  in tomato by 
affecting pathogen penetration, but this application is never as effective as silicon 
root applications (Carré-Missio et al.  2009 ; Rezende et al.  2009 ; Liang et al.  2005 ; 
Andrade et al.  2013 ; Dallagnol et al.  2015 ). Because no silicon transporter genes 
have been identifi ed to date for plant foliage, this foliar effect is likely related to the 
formation of a physical barrier after the deposition of the material on the leaf surface 
and/or by an osmotic or pH effect on germinating conidia. Rezende and colleagues 
( 2009 ) partially demonstrated this fi nding for brown spot development in rice by 
showing that foliar applications of silicon to the adaxial leaf surface had practically 
the same x-ray microanalysis intensity for silicon as applying silicon to the roots. 
However, for the abaxial leaf surface, the foliar silicon x-ray microanalysis was 
identical to the non-amended control, whereas applying silicon to the roots expressed 
the same x-ray microanalysis intensity as the adaxial side of the same treatment. 
When these authors compared the silicon concentrations in rice tissue among the 
non-amended control, foliar-applied and applying silicon to the roots treatments, 
only root-supplied silicon showed signifi cant plant tissue uptake of this element. 
Furthermore, both Liang et al. ( 2005 ) and Dallagnol et al. ( 2015 ) demonstrated that 
when comparing foliar with applying silicon to the roots, only the root applications 
and not the foliar applications of silicon potentiated plant defense responses such as 
the activities of peroxidases, polyphenoloxidases,  β -1,3-glucanases and chitinases 
(Pereira et al.  2009a ,  b ; Liang et al.  2005 ; Carré-Missio et al.  2009 ; Andrade et al. 
 2013 ; Dallagnol et al.  2015 ). Proposed models for the modes of action of potassium 
silicate, a source of  soluble silicon  , is shown in Fig.  5.4a and b  for foliar or root 
applications.

Fig. 5.4 (continued) region without silica bodies. The host defense is potentiated by the presence 
of  soluble silicon   at the fungal infection site.  Continuous blue lines  indicate the stimulated route; 
 dashed green lines  indicate the probable stimulated route;  continuous red lines  indicate the 
repressed route;  dashed red lines  indicate the probable repressed route;  gray lines  indicate routes 
that are not directly affected.  ap  appressorium,  CAT  catalase,  CHI  chitinase,  cn  conidium,  ct  cuti-
cle,  cw  cell wall,  da  direct action on pathogen,  GLU β -1,3-glucanases,  H   2   O   2   hydrogen peroxide,  lp  
lipid peroxidation,  O   2    −   superoxide anion,  OH   −   hydroxyl radical,  ph  penetration hyphae,  pm  plasma 
membrane,  POX  peroxidases,  PPO  polyphenoloxidases,  Psp  polymerized potassium silicate,  Si  
soluble silicon,  SOD  superoxide dismutases and  tm  transition metal       
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  Fig. 5.4    Models proposed for the modes of action of potassium silicate (PS) when applied to the 
leaves ( a ) or via the roots ( b ). The numbers 1, 2 and 3 on top of the  yellow circle  represent the  host 
defense mechanism   s  . ( a )  1  – conidial germination is inhibited due to the deposition of PS on the 
leaf surface,  2  – the penetration peg is inhibited due to the deposition of PS on the leaf surface, 
 3  – a leaf region without the deposition of PS favor fungal penetration; ( b )  1  – the fungal peg pen-
etration is inhibited due to the presence of silica bodies inside the epidermal cells,  2  – a leaf 
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   Several studies have reported a link between the silicon supply and an improve-
ment in the  antioxidant metabolism   of plants when they are infected by plant patho-
gens. The rapid production of reactive oxygen species (ROS) in the apoplast in 
response to infections by these pathogens has been proposed as one way in which a 
plant may orchestrate the establishment of defensive barriers, such as the strength-
ening of host cell walls via the cross-linking of glycoprotein, to delay host tissue 
colonization (Lamb and Dixon  1997 ; Torres et al.  2006 ). However, ROS are known 
to be toxic and can directly cause lipid peroxidation in the cell membrane, leading 
to a demand for increased capacity in the antioxidant system to scavenge them 
(Lamb and Dixon  1997 ). Lipid peroxidation was dramatically alleviated for the 
banana- F. oxysporum  f. sp.  cubense , cotton- Ramularia areola , rice- P. oryzae , 
sorghum-    C  . sublineolum  and wheat- P. oryzae  interactions, as indicated by the lower 
malonic aldehyde concentration in plants that were supplied with silicon (Fortunato 
et al.  2012 ; Resende et al.  2012 ; Curvelo et al.  2013a ; Debona et al.  2014 ; Domiciano 
et al.  2015 ). An increase in the activities of ROS-scavenging enzymes, such as 
ascorbate peroxidases, glutathione reductases, superoxide dismutases and catalases 
in plants receiving silicon restricted the ROS-dependent cellular damage that was 
indirectly linked to the high concentration of malonic aldehyde (Mohaghegh et al. 
 2011 ; Sun et al.  2010 ; Li et al.  2012 ; Resende et al.  2012 ; Curvelo et al.  2013a ; 
Polanco et al.  2014 ; Domiciano et al.  2015 ). 

 In a proteomic analysis, Liu et al. ( 2014 ) found that the quantities of ascorbate 
peroxidase, dehydroascorbate reductase and superoxide dismutase were reduced 
after  P. oryzae  infection, but they increased for rice plants that were supplied with 
silicon. Collectively, the fi ndings of these authors clearly suggest the pivotal role 
that is played by silicon in managing the ROS generated in response to infection by 
plant pathogens through an effi cient activation of the ROS-scavenging systems. By 
contrast, Debona et al. ( 2014 ) demonstrated that wheat plants that were supplied 
with silicon and infected by  P. oryzae  showed lower cellular damage and decreased 
superoxide dismutase, catalase, peroxidase, ascorbate peroxidase and glutathione-
S- transferase activities, which was postulated to occur because of the activation of 
other mechanisms that limited leaf tissue colonization by the fungus, therefore 
reducing cellular oxidative stress. 

 A few transcriptomic studies have been conducted in an effort to better under-
stand the molecular mechanisms of silicon-mediated resistance to infection by plant 
pathogens. Interestingly, the benefi cial effect has so far only been manifested when 
plants received silicon via the roots and were then challenge-inoculated by these 
plant pathogens (Fauteux et al.  2006 ; Chain et al.  2009 ; Ghareeb et al.  2011 ; Van 
Bockhaven et al.  2015 ). Fauteux et al. ( 2006 ) conducted a microarray study to 
examine the effect of silicon on the increased resistance of  Arabidopsis  plants 
against  B. graminis  f. sp.  tritici  infection. According to these authors, the expression 
of all but two genes was unaffected by silicon for non-inoculated plants. By con-
trast, for inoculated plants that were not and were supplied with silicon, the expres-
sion of a set of nearly 4,000 genes was dramatically altered. After a functional 
categorization, many of the up-regulated genes were found to be defense-related, 
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whereas a large proportion of down-regulated genes were involved in primary plant 
metabolism. The regulated defense genes included R genes, stress-related transcrip-
tion factors, genes involved in signal transduction, the biosynthesis of stress hor-
mones (salicylic acid, jasmonic acid and ethylene) and the metabolism of ROS. In 
inoculated plants that were supplied with silicon, the magnitude of down-regulation 
was attenuated by more than 25 % (Fauteux et al.  2006 ). Chain et al. ( 2009 ) per-
formed a large transcriptomic analysis (55,000 unigenes) to compare the differential 
responses of wheat plants that were not and were supplied with silicon and were not 
or were inoculated with  B. graminis  f. sp.  tritici . The response to the silicon supply 
in the non-inoculated plants was limited to 47 genes with diverse functions, and 
there was little evidence of the regulation of a specifi c metabolic process. For the 
inoculated plants, there was an up-regulation of many genes that were linked to 
stress and metabolic processes and a down-regulation of genes linked to  photosyn-
thesis  . For plants that were supplied with silicon and infected by  B. graminis  f. sp. 
 tritici , the disease symptoms were reduced and translated into a nearly perfect rever-
sal of genes that were regulated in infected plants that had not received silicon. 
According to these authors, silicon played a limited role in the wheat transcriptome 
in the absence of fungal infection. However, the benefi ts of silicon in reducing dis-
ease symptoms were remarkably aligned with a counter-response to transcriptomic 
changes upon fungal infection. According to the microarray analysis of tomato 
plants that were infected with  Ralstonia solanacearum  as conducted by Ghareeb 
et al. ( 2011 ), there was an up-regulation in the expression of jasmonic acid/ethylene 
marker genes, oxidative stress marker genes and basal defense marker in the pres-
ence of silicon. These fi ndings help to explain partly why the wilt symptoms caused 
by  R. solanacearum  were dramatically reduced. 

 Brunings and her colleagues ( 2009 ) described the effect of silicon on the molec-
ular response of rice to  P. oryzae  infection on a genome-wide scale when using a 44 
k rice microarray to compare gene expression levels between rice plants that were 
not or were supplied with silicon and were not or were inoculated with  P. oryzae . 
The primary purpose of their study was to investigate the interaction between sili-
con and  P. oryzae  inoculation on the transcriptional profi le of rice. They found that 
defense/stress-related genes were differentially up and down-regulated in  P. oryzae  
comparisons with silicon +  P. oryzae  treatments. These comparisons were of 
 particular interest because they highlighted how silicon changed plant reactions to 
fungal infections. Among these defense/stress-related genes were ethylene signal-
ing pathway genes, a gene encoding a thaumatin/pathogenesis-related protein (Os12 
g0568900), a class III peroxidase (Os07 g0677500) and a number of transcription 
factors and protein kinases. The authors further noted that in addition to simply 
attenuating the plant response to  P. oryzae  infection, a substantially different pattern 
of expression was noted in their experiment. Not only did the silicon comparison 
with the silicon +  P. oryzae  treatment reveal 440 differentially expressed genes less 
than the control comparison with the  P. oryzae  treatment, but the two comparisons 
had only 236 genes in common. Silicon therefore affected the interactions between 
the host and the pathogen at the molecular level by attenuating the rice response to 
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the pathogen and by infl uencing the differential expression of a unique set of genes. 
Silicon was clearly responsible for preconditioning plants to react to stress, which 
was supported in this study by the fact that  P. oryzae  infection resulted in less than 
half the number of differentially expressed genes in plants that were supplied with 
silicon than those that were not supplied with silicon (298 compared with 738). 

 Pursuant to the fact that photorespiration is important in plants that are under 
biotic stress, diatom photorespiration has been shown to be dependent on  silicon 
polymerization  , and the activities of photorespiratory enzymes were higher in plants 
supplied with silicon under stress conditions. Von Bonkhaven et al. ( 2013 ) proposed 
a hypothesis in which photorespiration might play an important role in rice resis-
tance to brown spot as caused by  B. oryzae  in the presence of silicon. A transcrip-
tome study conducted by Van Bockhaven et al. ( 2015 ) showed that fungal infections 
repressed  photosynthesis   and lowered nitrate concentrations in plants that were not 
supplied with silicon, which resulted in greater brown spot symptom development. 
By contrast, for plants that were supplied with silicon, there was an up-regulation of 
several photorespiratory marker genes, leading to the hypothesis that increased pho-
torespiration rates may be one of the driving forces behind the possible effects of 
silicon on rice photosynthesis (Van Bockhaven et al.  2015 ). 

 It has been suggested that silicon primes the plant immune response rather than 
constitutively inducing defense-related genes that result in an increase in host resis-
tance (an increase in the magnitude of host defensive processes and/or the speed 
with which they are activated) after the plant has been challenged by a plant patho-
gen (Ghareeb et al.  2011 ; Van Bockhaven et al.  2013 ,  2015 ; Dallagnol et al.  2015 ; 
Vivancos et al.  2015 ). This primed state allows the plant to respond more quickly 
and effectively to challenges because of the accumulation of inactive cellular pro-
teins that are involved in signal transduction such as mitogen-activated protein 
kinases, chromatin modifi cations and alterations in primary metabolism with a min-
imal metabolic cost (Van Hulten et al.  2006 ; Conrath  2011 ). According to Van 
Bockhaven et al. ( 2013 ), the broad-spectrum disease resistance found in rice plants 
that received silicon was related, at least in part, to the priming effect that resulted 
in a differential accumulation of defense-regulatory transcription factors, a process 
that was suffi cient for priming defense genes but less effective at activating them 
directly. An additional mechanism underpinning the potentiation of host resistance 
to  pathogen infection   by silicon has been the involvement of this element in plant 
hormone responses. This response has been observed for host-pathogen interactions 
that are mediated by salicylic acid, jasmonate and ethylene in the  Arabidopsis- 
Erysiphe    cichoracearum  interaction (Fauteux et al.  2006 ), the ethylene in rice- P. 
oryzae  interaction (Brunings et al.  2009 ), the jasmonate and ethylene in tomato- R. 
solanacearum  interaction (Ghareeb et al.  2011 ) and the ethylene in rice- B. oryzae  
interaction (Van Bockhaven et al.  2015 ). For the rice- B. oryzae  interaction, the 
increased resistance of plants that were supplied with silicon to brown spot was 
attributed to the production and/or action of fungal ethylene that impaired the fun-
gus’ ability to suppress the rice innate immune system and, as a consequence, 
resulted in a faster and stronger activation of the basal mechanisms of host defense 
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(Van Bockhaven et al.  2015 ). Vivancos et al. ( 2015 ) engineered  Arabidopsis  plants 
with a silicon transporter from wheat (TaLsi1) and exploited mutants ( pad4  and 
 sid2 ) that were defi cient in salicylic acid-dependent defense responses. The purpose 
of this transporter engineering and mutant exploitation was to study the phenotypic 
response and changes in defense expressions against  Golovinomyces cichoracearum  
infection when plants were amended with silicon. According to these authors, the 
 TaLsi1  plants exhibited signifi cantly greater concentrations of silicon in plant tissue 
and were signifi cantly more resistant to infection by  G. cichoracearum  than the 
non-inoculated control plants that were supplied with silicon. The resistant plants 
accumulated higher levels of salicylic acid and expressed higher levels of transcripts 
encoding for defense-related genes. However,  TaLsi1 pad4  and  TaLsi1 sid2  plants 
were also more resistant to  G. cichoracearum  infection than  pad4  and  sid2  plants in 
the presence of silicon. An analysis of the resistant phenotypes revealed a signifi -
cant reduction in the production of salicylic acid and the expression of defense 
genes in comparison with those of the susceptible controls. The results obtained by 
these authors indicated that silicon contributed to  Arabidopsis  defense priming fol-
lowing  G. cichoracearum  infection, and they further highlighted that silicon could 
confer protection even when the priming was altered.  

    Silicon-Mediated Host Resistance to Pathogens 
Through Changes in the Primary Metabolism 

 Changes in the growth and development of plants are the results of the occurrence 
of and constant exposure to several abiotic and biotic stresses (Berger et al.  2007 ). 
Biotic stresses, particularly those caused by plant pathogens, lead to changes in 
primary plant metabolism. This response will in turn provide energy for the host’s 
defense responses that originate from secondary metabolism and are primarily 
based on activating the expression of hundreds of genes that are involved in many 
defense pathways (Berger et al.  2007 ; Rojas et al.  2014 ). During  pathogen infection  , 
the host’s physiology is negatively affected primarily because of changes in leaf gas 
exchange, once the amount of healthy leaf area is decreased and the effi ciency of the 
photosynthetic process is dramatically lowered (Shtienberg  1992 ). The most nota-
ble negative effects that have resulted from pathogen infections of their hosts are the 
reduced concentration of pigments, damage to the chloroplasts, impairments in 
energy dissipation via chlorophyll  a  fl uorescence and an increase in the foliar tem-
perature (Petit et al.  2006 ; Zhao et al.  2011 ). For instance, genes involved in  photo-
synthesis   and chlorophyll biosynthesis have been found to be down-regulated in 
many different host-parasite interactions (Scholes and Rolfe  1996 ; Berger et al. 
 2004 ; Swarbrick et al.  2006 ; Bilgin et al.  2010 ). By contrast, several genes that are 
involved in energy production, such as glycolysis and the pentose phosphate path-
ways, the tricarboxylic acid cycle, mitochondrial electron transport and ATP 
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biosynthesis become up-regulated during the infection time-course by a plant patho-
gen (Less et al.  2011 ; Rojas et al.  2014 ). 

 Although the aforementioned examples are now well-known, our current under-
standing of how silicon affects the physiology and biochemistry of plants that are 
infected by plant pathogens remains to be elucidated. For this reason, research 
efforts over the last few years have focused on examining the role played by this 
element in host physiology and primary metabolic pathways, especially for altera-
tions in  photosynthesis   that occur during the infection process of several plant 
pathogens in crops of economic importance. For sorghum- Colletotrichum subline-
olum  and common bean- C. lindemuthianum  interactions, in addition to the reduc-
tion of anthracnose symptoms in plants supplied with silicon, the values for the net 
carbon assimilation rate ( A ), stomatal conductance to water vapor ( g  s ) and transpira-
tion rate ( E ) were higher for infected plants that had received silicon than for 
infected plants that were not supplied with this element. These fi ndings suggested 
that the physiology of sorghum and common bean plants was negatively impaired 
upon  pathogen infection  , but it was greatly reduced in the presence of silicon. There 
were no changes in the  A ,  g   s   and  E  for the non-infected plants supplied with silicon. 
Furthermore, the impaired photosynthetic performance of plants that received sili-
con was deeply associated with stomatal limitations, whereas in the non-infected 
plants, those impairments likely refl ected dysfunctions at the biochemical reaction 
level that were involved in CO 2  fi xation (Resende et al.  2012 ; Polanco et al.  2014 ). 
Under fi eld conditions, Rodrigues et al. ( 2015 ) reported that no difference was 
detected between bean plants that were not and were sprayed with potassium sili-
cate (KSi) with respect to the  A ,  g  s ,  E  and internal CO 2  concentration. However, the 
 A  signifi cantly increased by 17 % in plants that were treated with the fungicide 
azoxystrobin. The  A  was not affected by KSi or sodium molybdate (NaMo); how-
ever, the  A  was signifi cantly increased by 13 % after NaMo + KSi applications. In 
conclusion, bean plants that were sprayed with KSi and NaMo were associated with 
decreased anthracnose severity as well as enhanced photosynthesis. 

 For the rice- and wheat- P. oryzae  interactions, higher  A ,  g  s  and  E  values were 
obtained for infected plants that were supplied with silicon in contrast to the lower 
values of infected plants that were not supplied with this element (Aucique-Perez 
et al.  2014 ; Rios et al.  2014 ; Domiciano et al.  2015 ). Biochemical dysfunctions at 
the chloroplast level likely played a key role in limiting  A  upon  P. oryzae  infection 
for both rice and wheat plants instead of causing diffusive (stomatal) limitations to 
 photosynthesis  . Higher  A ,  g  s  and  E  values and an increased concentration of leaf 
pigments were reported to occur in cotton plants that were supplied with silicon and 
infected by  Ramularia areola  (Curvelo et al.  2013a ) and  Colletotrichum gossypii  
var.  cephalosporioides  (Guerra et al.  2013a ). 

 By measuring the emission of chlorophyll  a  fl uorescence, which is considered to 
be a powerful tool and a very sensitive probe for the physiological status of plants 
(Baker  2008 ), the authors demonstrated that some photochemical parameters such 
as the quantum yield of photosystem II (PSII) photochemistry ( F  v / F  m ), photochemi-
cal quenching coeffi cient ( q  p ) and electron transport rate (ETR), together with the 
quantifi cation of chlorophylls and carotenoid concentrations, were greatly improved 
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for rice and wheat plants that were supplied with silicon. By contrast, the heat dis-
sipation of the chlorophyll excitation energy, which is measured on the basis of the 
non-photochemical quenching (NPQ) parameter, decreased for rice and wheat 
plants that were supplied with silicon and inoculated with  P. oryzae . Therefore, the 
PSII electron transport at the chloroplast level was not impaired and the photopro-
tective processes were kept at the desired physiological level, thus contributing to 
the integrity of the photosynthetic apparatus. According to Gao et al. ( 2011 ), an 
increase in rice resistance to  P. oryzae  infection from silicon was associated with an 
enhancement in the photochemical effi ciency, more specifi cally, an increase in the 
maximum/potential quantum effi ciency ( F  v / F  m ) and the maximum primary yield 
( F  v / F  0 ) of the photochemistry of PSII. 

 Microarray and proteome techniques have been exploited in an attempt to 
increase our current knowledge regarding the benefi cial effects of silicon on the 
physiology of several plant species during  pathogen infection   at the molecular level. 
A transcriptome analysis of silicon’s effect on powdery mildew ( Erysiphe cichora-
cearum ) development in  Arabidopsis thaliana  plants indicated that several genes 
that were involved in primary metabolism such as  photosynthesis   and energy path-
ways as well as amino acid, carbohydrate and lipid metabolism were down- regulated 
as a direct result of fungal infection. However, many of these same genes, particu-
larly those involved in photosynthesis and energy pathways, were less responsive 
for plants that were supplied with silicon (Fauteux et al.  2006 ). Chain et al. ( 2009 ) 
performed a transcriptomic analysis of the silicon effect on a  B. graminis  f. sp. 
 tritici  infection for wheat and found that many genes that were associated with 
stress and metabolic processes were up-regulated for infected plants, and genes 
related to photosynthesis were down-regulated. Conversely, when plants were sup-
plied with silicon prior to fungal inoculation, the genes that were associated with 
stress and metabolic processes were down-regulated and the genes linked to photo-
synthesis were up-regulated. In conclusion, the authors noted that the stress imposed 
by fungal infection was greatly diminished in the presence of silicon. A proteomic 
study performed by Liu et al. ( 2014 ) to examine the effect of silicon on rice resis-
tance to  P. oryzae  infection indicated that the pattern of protein spots was greatly 
affected by fungal infection regardless of the presence of silicon. Many proteins 
related to photosynthesis (the chlorophyll  a / b -binding protein, chloroplast putative 
thylakoid lumenal 16.5 kDa protein, sedoheptulose-1,7-bisphosphatase and ribu-
lose bisphosphate carboxylase large chain) were down-regulated upon fungal infec-
tion. In the presence of silicon and fungal infection, these proteins were all 
up-regulated. These photosynthesis-related proteins in silicon-mediated higher 
abundance as mediated by silicon may function as light receptors or they may play 
a role in protein biosynthesis at the chloroplast level, thus affecting rice photosyn-
thesis. Moreover, the differential expression of energy metabolism-related proteins 
that are involved in the tricarboxylic acid or the pentose phosphate pathways may 
increase rice resistance against  P. oryzae  infection. 

 Because the activation of host defense responses requires a large amount of 
energy together with the induction of the sink metabolism, the photosynthetic 
capacity and carbohydrate metabolism can be negatively impacted in response to 
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 pathogen infection   (Ehness et al.  1997 ). Dallagnol et al. ( 2013 ) investigated the 
effect of silicon uptake on the  photosynthesis   and leaf sugar concentration in rice 
plants from the Oochikara cultivar and the  lsi1  mutant ( l ow- si licon; defective in the 
active silicon uptake) that were not or were infected with  B. oryzae . The ineffi ciency 
of the  lsi1  mutant plants in actively taking up silicon negatively affected rice resis-
tance against  B. oryzae  infection, and it reduced photosynthesis and the sugar con-
centration. However, the high foliar silicon concentration resulted in an increase in 
the soluble sugar concentration, photosynthesis, and, consequently, rice resistance 
to  B. oryzae  infection. The authors concluded that a  minimum silicon concentration   
was needed in the leaf tissue of rice plants to avoid the negative impacts of  B. oryzae  
infection on photosynthesis and the sugar concentration. Indeed, rice resistance to 
brown spot was independently and additively affected by the silicon and soluble 
sugar concentrations in the leaf tissue (Dallagnol et al.  2013 ).  

    Conclusions 

 In spite of recent advances linking silicon to host resistance via the -omics, i.e., 
genomics, proteomics and metabolomics, the exact mechanism(s) by which this 
element modulates plant physiology through an increase in host resistance still 
requires further investigation. The information generated to date has provided novel 
insights into silicon’s potential to interact with multiple pathways in the plant’s 
primary metabolism to cope better with infections caused by both soil-borne and 
foliar pathogens. In considering the current  plant nutriomics   scenario, it remains to 
be determined as to whether the involvement of silicon in plant-signaling pathways 
leads to the potentiation of  host defense mechanism   s   and simultaneously makes it 
feasible to modify some key regulator(s) to enhance silicon uptake. In the near 
future, the real functions of silicon will be possible to elucidate at the molecular, 
cellular, organ and even whole plant levels. The function of silicon as linked through 
enzyme antioxidants and  photosynthesis   would be a few of the targeted focus areas, 
and thus the use of this  quasi-essential element   may be enhanced for sustainable 
plant health and plant performance.     
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