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Silicon changes C:N:P
stoichiometry of sugarcane and its
consequences for photosynthesis,
biomass partitioning and plant
growth

Joaquim José Frazdo"™, Renato de Mello Prado, Jonas Pereira de Souza Junior &
Davi Rodrigo Rossatto

Silicon (Si) application has improved yield and stress tolerance in sugarcane crops. In this respect,
C:N:P stoichiometry makes it possible to identify flows and interaction between elements in plants
and their relationship with growth. However, few studies have investigated the influence of Si on
physiological variables and C:N:P stoichiometry in sugarcane. As such, this study aimed to assess the
effect of increasing Si concentrations on the growth and stoichiometric composition of sugarcane
plants in the early growth stage. The experiment was conducted in pots, using four Si concentrations
(0, 0.8, 1.6 and 3.2 mM). Biomass production, the concentration and accumulation of C, N, P and

Si as well as the relationship between them were assessed. Silicon application increased biomass
production, the rate of photosynthesis, instantaneous carboxylation efficiency and C, N, P and Si
accumulation, in addition to altering stoichiometric ratios (C:N, C:P, N:P and C:Si) in different parts of
the plants. The decline in C concentration associated with greater N and P absorption indicates that Si
favoured physiological processes, which is reflected in biomass production. Our results demonstrate
that Si supply improved carbon use efficiency, directly influencing sugarcane yield as well as C and
nutrient cycling.

Silicon (Si) is the second most abundant element in the earth’s crust'. However, a significant portion of Si is not
readily available to plants, particularly in highly weathered soils such as those found in the tropics, where most
global crop production is concentrated. Although Si is not considered a nutrient, in plants such as sugarcane, a
known silicon accumulator?, its presence favours growth and biomass production®-.

The processes responsible for the high growth rate observed in sugarcane and crops such as rice, pea, maize
and wheat®’ supplied with Si include mitigating different stresses'®!!, especially those that affect photosynthetic
capacity, and improving physiological processes due to nutrient accumulation and use'>">.

Photosynthetic capacity is generally closely linked to leaf N and P content!*-°. Previous studies have shown
that N and P deficiencies reduce the photosynthetic rate (A), stomatal conductance (gs), transpiration (E) and
chlorophyll content of plants'>'”-'*. However, some studies have suggested that elements such as Si may affect
photosynthetic performance, even in plants grown under stress®. Silicon has been reported to increase A and
chlorophyll content®**2, with significant impacts on leaf N and P content’.

On the other hand, recent studies have revealed that Si can reduce carbon (C) concentration in wheat plants®,
suggesting that it may play a role similar to C in plant leaf structure. In fact, there is evidence that the energy
cost of including Si in the C chain is lower than that of C inclusion®’. As a result, increasing doses of Si can alter
the stoichiometric composition of plants and, in turn, improve their physiological aspects, leading to increased
growth. Recent investigations have found that Si application can change the stoichiometric ratios in wheat®
and rice leaves*.
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Figure 1. (a) Response of sugarcane plants supplied with increasing concentrations of silicon at 90 days after
transplanting. (b) Shoot dry weight (SDW), root dry weight (RDW) e total dry weight (TDW) of sugarcane
plants supplied with increasing concentrations of silicon. Error bars indicate standard error of the mean (n=6).

Although sugarcane is one of the world’s most widely grown crops?” and a well-known Si accumulator,
there are no studies that investigate the effect of Si on C, N, and P accumulation, their stoichiometric ratios and
physiological variables such as A. The relationship between Si and stoichiometric homeostasis and its impact
on gas exchange needs to be better understood in this species, which is known to have highly efficient biomass
accumulation.

The aim of this study was to determine whether there is a dose-dependent response to exogenous Si applica-
tion in the C:N:P stoichiometry, physiological variables and growth of sugarcane plants. We hypothesized that an
increase in Si supply will: (1) modify C:N:P stoichiometry, in particular by decreasing C content without affecting
N and P, and (2) improve photosynthetic parameters, leading to better biomass production in sugarcane plants.

Results

Plant growth. Silicon application caused a linear increase in shoot (SDW) and root dry weight (RDW) and,
consequently, the total dry weight (TDW) of sugarcane plants (Fig. 1). SDW contributed to approximately 80%
of TDW, which varied from 106.5 to 125.7 g per plant.

Silicon application increased TDW by up to 18% (4.8-18%) in relation to the control treatment (no Si
applied). This increase was even more significant on analysis of RDW data, where the mean for controls was
up to 41.8% lower than in Si treatments (18.6-41.8%). On average, Si application raised RDW, SDW and TDW
production by 28.9, 8.2 and 11.7%, respectively.

Photosynthetic parameters. Chlorophyll a, b, total chlorophyll (a+b) and carotenoid content rose lin-
early (P<0.01) with increasing Si concentrations (Fig. 2). The highest increase was recorded for carotenoid
content, reaching up to 52.3% when compared to controls, with increases of 15.9, 17.5 and 16.2% for chlorophyll
a, b and total chlorophyll, respectively. Carotenoids accounted for 17.8% of the total pigment content and total
chlorophyll (a +b) 82.2%; 79.9 and 20.3% of which corresponded to chlorophyll a and b, respectively.

All the photosynthetic gas exchange parameters were significantly influenced by Si supply (Fig. 3). There was
a linear decrease in stomatal conductance (gs) and transpiration (E) as Si concentrations rose and a quadratic
decline for intracellular CO, concentration (Ci), but a significant increase in net photosynthesis rate (A) and
instantaneous carboxylation efficiency (k). A similar trend was observed for the maximum quantum efficiency
of photosystem II (Fv/Fm). Based on the regression coefficients, the estimated maximum A (29.25 pmol m?s™)
and minimum Ci (173.31 pmol mol!) were obtained with the application of 2.23 and 2.15 mM of Si, respectively.
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Figure 2. Content of carotenoids, chlorophyll a, b and total (a+Db) in leaves of sugarcane plants supplied with
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increasing concentrations of silicon. Error bars indicate standard error of the mean (n=6).
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Figure 3. (a) Stomatal conductance (gs), (b) quantum efficiency of photossystem II (Fv/Fm), (c) transpiration
(E), (d) net photosynthesis rate (A), (e) intracellular CO, concentration (Ci) and (f) instantaneous carboxylation
efficiency (k=A/Ci) in leaves of sugarcane plants supplied with increasing concentrations of silicon. Error bars
indicate standard error of the mean (n=56).
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Figure 4. Concentration of carbon (C), nitrogen (N), phosphorus (P) and silicon (Si) in different parts of
sugarcane plants supplied with increasing concentrations of Si. Error bars indicate standard error of the mean
(n=6).

Concentration and accumulation of C, N, P and Si in plant tissues. Silicon application affected
carbon (C), nitrogen (N), phosphorous (P) and silicon (Si) concentration differently in different parts of the
plant (Fig. 4). In general, the highest concentrations were recorded in leaf + 1, followed by other leaves (OL),
stalks and roots.

Silicon supply significantly altered C concentration in leaf + 1 (+ 1T, + 1B e+ 1S), OL and roots, with linear
declines in C content as Si concentration increased (Fig. 4a—c). The opposite occurred in roots, with a slight
decrease in C concentration in the remaining plant parts.

In regard to N, Si only had an effect on leaf + 1 (+ 1B e+ 1S), with linear declines as Si concentrations rose
(Fig. 4d). Silicon only influenced P concentration in the leaf blade (+ 1T e+ 1B, Fig. 4g) and roots (Fig. 4i).
Finally, Si concentration in all plant parts increased linearly (P <0.01) with a rise in Si doses. As expected, Si
concentration in all three leaf parts (+ 1 and OL) was considerably higher than in stalks and roots. Accumulation
of C, N, P and Si in the plant increased linearly (P <0.01) with Si concentrations by up to 17.7, 15.9 and 20.9%,
respectively (Fig. 5). The largest variation was recorded for Si accumulation (Fig. 5d), with an average of 0.05 g
per plant in controls, whereas plants supplied with Si exhibited accumulation of up to 1.18 g per plant (3.2 mM
Si), representing a 2,182.8% increase.
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Figure 5. Accumulation of carbon (C), nitrogen (N), phosphorus (P) and silicon (Si) in sugarcane plants
supplied with increasing concentrations of Si. Error bars indicate standard error of the mean (n=6).

Stoichiometry. The application of Si significantly altered all the stoichiometric ratios (C:P, N:P e C:Si),
except for C:N (Fig. 6). The highest stoichiometric changes were recorded for roots and leaf + 1, particularly the
tip and base of leaf blades (+ 1T and + 1B, respectively). The greatest difference observed among plant parts was
between the leaves (+ 1 and OL) and other parts (stalks and roots).

Stoichiometric ratios differed between OL and leaf + 1, with the former exhibiting a 15.2, 24.5 and 1.4% higher
C:N ratio than the latter in the tip, base and sheath, respectively, while the C:P ratio was 9.3, 22.2 and 1.7% greater
than in leaf + 1 (Fig. 6). The opposite occurred for N:P and C:Si ratios: + 1T, + 1B and + 1S were 5.2, 1.7 and 2.6%
(N:P), and 381.8, 18.4 and 13.8% (C:Si) higher than OLT, OLB and OLS, respectively.

Although the Si doses used had no effect on the C:N ratio, differences were observed between the various
plant parts (Fig. 6a—c). With respect to leaves (+ 1 and OL), the C:N ratio of the sheath (+ 1S and OLS) was
considerably higher (102%) than at the tip (+ 1T and OLT) and base (+ 1B and OLB). The base of the leaf blade
exhibited a slightly higher C:N ratio than at the tip in both leaf + 1 and OL, with a similar ratio in the sheath and
roots. There was little variation in the C:N ratio in stalks (19.1 a 20.5) and roots (43.2 a 45.5) as Si concentrations
increased. In descending order, the highest average C:N values per plant part were OLS > +1S>root>OLB >0
LT > +1B>stalk> +1T.

Silicon concentrations only influenced the C:P ratio in leaf + 1 blades (+ 1T e+ 1B) and roots, with the highest
and lowest values recorded in the roots and stalk, respectively (Fig. 6d-f). Regardless of the type of leaf, the sheath
(+1S and OLS) displayed a higher C:P ratio that the other leaf parts. In descending order, the largest average C:P
values per plant part were root > +1S>OLS>OLB>OLT > + 1T >stalk > + 1B.

In regard to the N:P ratio, Si only had a significant effect on the roots and tip of leaf +1 (+ 1T), with linear and
quadratic adjustments, respectively (Fig. 6g-i). Patterns for the N:P ratio differed between leaf parts for both +1
and OL: + 1T/OLT > + 1B/OLB > + 1S/OLS. In descending order, the highest average N:P values per plant part
were roots > + 1T >OLT >stalk> + 1B>OLB > + 15> OLS.

As expected, C:Si was the stoichiometric ratio most affected by Si supply, with significant declines observed
in all the plant parts, the largest from 0 to 0.8 mM of Si (Fig. 6j-1). In descending order, the highest average C:Si
ratios per plant part were roots>stalk>OLB> +1B> +1S>OLS> + 1T >OLT.

Discussion

Plant growth and accumulation of C, N, P and Si.  Although not considered a nutrient, Si has had
proven beneficial effects on the growth and production of sugarcane plants, since in a recent study (with two
sugarcane varieties), yield increased linearly with Si doses®. Our findings confirm this beneficial effect, since
linear increases (P < 0.01) were observed in biomass production (Fig. 1); however, we also demonstrate that these
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Figure 6. Changes in C:N:P stoichiometry in different parts of sugarcane plants supplied with increasing
concentrations of silicon. Error bars indicate standard error of the mean (n=6).

increases are likely due to the boost in photosynthetic activity in treated plants, combined with better water use
and higher protection against oxidative stresses in their photosynthetic apparatus.

As a silicon accumulating species, sugarcane is highly responsive to Si application; however, another factor
that contributed to these results was the climate conditions during the experiment. The optimum temperature
for early sugarcane growth is between 28 and 30°C?, but temperatures during the study period were over 41 °C
or below 17 °C, with a daily variation of up to 25 °C (Fig. 7), characterising abiotic stress.

Abiotic stress increases the production of reactive oxygen species (ROS) (O,, OH and H,0,), which causes
oxidative damage at cellular level and degrades photosynthetic pigments, hampering plant growth. In this context,
Si application can mitigate the harmful effects of oxidative stress in the photosynthetic apparatus, which was in
fact observed in the sugarcane plants studied, since the higher Si doses increased the leaf Fv/Fm ratio (Fig. 2),
indicating reduced stress. In a recent review, Kim et al.!! found that Si increased the activity of antioxidants such
as carotenoids, which eliminate ROS from cells.

Mitigating oxidative stress preserves the photosynthetic pigments and maintains the quality and rate of
photosynthesis®. The larger Fv/Fm values obtained under high Si doses may be due to an increase in the concen-
tration of pigments such as carotenoids, chlorophyll a and b and total chlorophyll (Fig. 2), as reported in recent
studies that confirmed the role of Si in improving Fv/Fm under abiotic stress'>**3!.
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In addition to preserving photosynthetic pigments, Si also improves the efficiency of the photosynthetic
apparatus, largely because Fv/Fm values are related to an increase in the electron transport rate, which may result
in greater carbon fixation during the Calvin-Benson cycle*. Another important aspect is the decline in stomatal
conductance (gs) and improved water use efficiency, which help maintain the plant hydrated and increase pho-
tosynthetic activity'®. With lower gs (Fig. 3a), there was a significant increase in net photosynthesis (A, Fig. 3d)
and instantaneous carboxylation efficiency (k, Fig. 3f). The decline in Ci is related to the rise in A, since more
electrons are available for carbon fixation. Other authors have also reported an increase in the photosynthetic
rate of sugarcane submitted to Si application?"*, but did not correlate it with a rise in photoprotective pigments.
Thus, our hypothesis (ii) was confirmed, given that the improvement in photosynthetic parameters with a rise
in Si doses may be responsible for increased biomass production.

Higher biomass production (Fig. 1) combined with changes in C, N, P and Si concentrations in the different
plant parts (Fig. 4) led to a linear accumulation of these elements in the plant (Fig. 5). The present study demon-
strated that although Si application had no significant effect on C, N, and P concentration in some plant parts,
accumulation of these elements in the plant was significant, indicating that Si also improves their absorption, as
reported in previous studies®>**34,

As expected, the highest proportional increase recorded was for Si accumulation (Fig. 5d). This is because sug-
arcane is a known Si accumulator and ultrapure water was used to prepare the nutrient solutions, which resulted
in a greater Si accumulation gradient between controls and the highest Si concentration (2,182.8% increase).

Effect of Si on stoichiometry. As expected, the rising Si doses influenced the stoichiometric ratios in dif-
ferent plant parts (i). Our findings indicate that increasing the Si supply reduced C concentrations in most plant
parts (Fig. 4), representing a negative correlation between Si doses and C. This trend has also been reported in
prior research?*?%%. The reduced C content in plant tissue may indicate its substitution by Si to form cell wall
components**¢, contributing to better plant growth. On the other hand, the improvement in photosynthesis
(Fig. 3) prompted a linear increase in C accumulation in the plant (Fig. 5a), confirming the findings of a recent
meta-analysis®’.

The slight variation in the C:N ratio in the different tissues (Fig. 6) is due to the decline in N and C concentra-
tions with the rise in Si doses (Fig. 4). However, the increase in C:N was more marked in the sheath of leaf + 1 and
OL (+1S e OLS, respectively) because the C concentration in these tissues declined most significantly, whereas
levels in the roots rose with Si application, showing a positive correlation with RDW (Fig. 1). Nevertheless,
there was no clear trend in C:N ratio alterations in this tissue. This pattern of decreased C:N ratios with rising Si
concentrations may be related to the decline in lignin content, as previously reported®?®.

The different parts of leaf + 1 (+ 1T, + 1B e+ 1S) exhibited higher N and P concentrations than those of OL
(OLT, OLB e OLS), due to the redistribution of N and P from older tissue to the meristem, resulting in lower
levels than in younger leaves (leaf + 1). Additionally, P and particularly N transfer to the meristem is directly
linked to transpiration (E), which was negatively related to Si application (Fig. 3¢), leading to a decline in C:N,
C:P and N:P ratios with increasing Si concentrations. This also partially explains the slight rise in these ratios
in OL when compared to leaf + 1.

There was no clear trend for the influence of Si doses on altering C:P and N:P in the different plant parts
(Fig. 6d-f), although an effect was observed in the roots and leaf + 1 blades (+ 1T e+ 1B). In general, C:P and
N:P ratios rose with an increase in Si dose from 0 to 0.8 mM, declining from 1.6 mM Si and rising again at the
highest Si concentration. The fact that the C:P ratio in roots was around 103% higher than in leaves (+1 and OL)
is due to the significant increase in C concentration in the roots with a rise in Si dose and because they exhibited
alower P content than in leaves since they do not accumulate this element (Fig. 4i). Unlike the results obtained
here, Neu et al.”® reported a decrease in the C:P ratio of wheat at all Si concentrations (0 a 50 g per pot).

As expected, C:Si was the stoichiometric ratio most influenced by Si doses, with reductions in all the plant
parts assessed (Fig. 6j-1). The considerable decline in the C:Si ratio with rising Si doses is directly related to the
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lower C content and high Si uptake and accumulation capacity of the plant, evident in the linear increase observed
in Si accumulation (Fig. 5d), in line with recent studies®?'.

Silicon accumulation was predominantly greater in leaves (+ 1 and OL) when compared to the stalk and roots,
particularly the leaf tip (+ 1T and OLT). This high Si concentration gradient between the leaves and other plant
parts is associated with Si metabolism in the plant, which involves uptake, radial transport in the root, xylem
and intervascular transport, xylem unloading and deposit in the leaves”. In light of the above, our hypothesis (i)
that C:N:P stoichiometry in sugarcane plants is modified by Si application was also confirmed.

Outlook and perspectives. This is the first study to address the effect of Si concentrations on C:N:P stoi-
chiometry in sugarcane plants. The findings obtained here indicate that Si alters C:N, C:P, N:P and C:Si differ-
ently according to the plant part. Thus, our results enabled a better understanding of the response of sugarcane
plants to Si supply at cellular level based on chemical and physiological parameters, helping to optimise yield.

It is important to note that the use of pre-sprouted sugarcane seedlings (PSS) is growing, along with reports
of problems related to early growth due to different stresses, especially water deficits and high temperatures at
planting. This study indicated the biomass production of sugarcane plants obtained from mini-sets with low
nutrient reserves increased linearly with Si application, due to more efficient photosynthesis and better heat
tolerance. As such, this study provides valuable information for better initial establishment of PSS. However,
long-term field studies are needed to assess yield and the residual effect of Si application.

Linear increases were also observed for C, N and P accumulation as well as biomass production, indicating
that Si improved the N and P use efficiency, since the plant produced more biomass per unit of N or P absorbed,
confirmed by the lower C:N and C:P ratios. This effect has also been reported in wheat plants®.

The greater accumulation of nutrients and C in biomass contributed to increasing stocks in the environment
and improving C and nutrient cycling in the soil-plant-atmosphere system. Moreover, changes in stoichiometric
ratios directly influenced the decomposition rate of plant residue. For example, lignin content was positively cor-
related with high C:N ratios, which decline as Si supply increases. Thus, Si application in sugarcane plants ena-
bled better C and nutrient cycling in the environment. The global cultivated area for sugarcane is approximately
27.4 million hectares?, highlighting the potential impact of this study in terms of yield and the environment.

Methods
Experimental setup. The experiment was conducted in a greenhouse (21°14'47.20"; 48°18'06.20"W), with
daily relative humidity, maximum and minimum temperature readings (Fig. 7). A completely randomised design
was used, with six repetitions and four silicon (Si) concentrations: 0, 0.8, 1.6 and 3.2 mM. The treatments were
supplied continuously via a nutrient solution, using potassium silicate (128 and 104.6 g of Si and K, respec-
tively) as a Si source. Potassium content was balanced between the treatments using potassium chloride (KCI).
Plastic pots were filled with 3 dm? of sand previously washed with water and 0.5 M HCl solution. One
pre-sprouted sugarcane seedling (PSS) was transplanted into each pot at a depth of 5 cm. PSS is the process of
germination of one node (mini-sets) containing a viable bud*. The sugarcane variety used was CTC4. Nutrient
solution®” was applied to the pots on a daily basis until reaching about 80% water holding capacity, according
to the methods described by Teixeira et al.*’. The solution contained a modified iron source (Fe-EDDHMA)
and pH adjusted to 5.5. Ionic strength of 10, 20, 30, 50 and 70% were applied 3, 8, 13, 18, 23 and 30 days after
transplanting (DAT), respectively. In order to prevent salinization, the substrate of each pot was washed twice
with 3 L of deionised water and pH adjusted to 5.5 every week.

Photosynthetic parameters. At 90 DAT, photosynthetic parameters were assessed in the middle third
of the leaf +1 (first fully expanded leaf), avoiding the midrib. Gas exchange parameters were measured with a
portable photosynthesis system (LcPro-SD, ADC BioScientificLtd., Hoddesdon, UK). Data were collected in
the morning, between 9 and 11 a.m. Gas exchange measurements were taken at a constant light intensity of
1,800 umol m™ s! emitted by a blue-red LED light source, under natural CO, conditions (403-428 ppm). Leaf
temperature was kept at 30 +0.46°C.

Net photosynthesis rate (A), leaf transpiration (E), stomatal conductance (gs) and intracellular CO, concen-
tration (Ci) were determined after stabilisation (3-5 min). Instantaneous carboxylation efficiency was calculated
(k=A/Ci) and the maximum quantum efficiency of photosystem II (Fv/Fm) measured using a chlorophyll fluo-
rometer (Opti-sciences®-Os30P+). Leaf disks were also collected to determine chlorophyll a, b, total chlorophyll
(a+b) and carotenoid content, in accordance with the methodology described by Lichtenthaler*!.

Plant biomass. At 90 DAT, the shoots were cut horizontally and washed with deionised water, detergent
solution (0.1% v/v), HCl solution (0.1% v/v) and then deionised water again. Next, they were stratified into stalks
and leaves (+ 1 and other leaves — OL).The leaves were further stratified into three parts: sheath (S), tip (T) and
base (B) of the leaf blade (without the central vein). In this article, these three leaf parts will be referred to as
+1T, + 1B and + 18 (first fully expanded leaf) and OLT, OLB and OLS (other leaves-OL). This leaf stratification
method was chosen due to the distinct pattern of Si accumulation in this tissue.

Roots were also collected, washed with running water and then deionised water. The plant samples were
dried in a forced-air oven at 65 °C until constant mass and the dry weight of each plant part was determined.

Determination of C, N, P and Si.  The dried plant matter was ground in a Wiley mill to determine carbon
(C), nitrogen (N), phosphorous (P) and silicon (Si) concentrations. Carbon concentration was measured using
the modified Walkley-Black method*?, and P and N concentration according to the method described by Mala-
volta et al.*’. Finally, Si concentration was extracted in line with Kraska and Breitenbeck** and quantified using
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the method proposed by Korndorfer et al.**. Concentrations of C, N, P and Si were used to establish the C:N, C:P,
N:P and C:Si ratios. The accumulation of C, N, P and Si was determined by multiplying the dry weight of each
plant part by the respective concentrations of these elements.

Statistical analyses. The data were submitted to analysis of variance at 5% probability and, when the F-test
was significant, means were fit to the linear or quadratic model via regression analysis. The data were checked for
outliers (Dixon’s Q test), normality (Shapiro-Wilk test) and homogeneity of variances (Levene’s test). Statistical
analyses were performed in R 3.5.1 and graphs and regression analysis in SigmaPlot 10 (Systat Software, San
Jose, CA).
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