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General Introduction

Utilization of sustainable and renewable resources for energy is critical to achieve the
sustainable development goals (SDGs) in 2030 (Griggs et al., 2013). As of 2018, renewable
energy accounted for approximately 14% of the global primary energy supply (World
Bioenergy Association, 2020), and this share is expected to grow further (Morrison, 2007).
Bioenergy is a sector of renewable energy that includes municipal waste, industrial waste, solid
biofuels, biogases, and liquid biofuels, and it accounts for approximately 67% of the current
renewable energy mix (World Bioenergy Association, 2020). Hence, increased production of
bioenergy feedstocks would be significant to facilitate the shift to renewable energy, in turn,
stimulating the demand for biomass as the feedstock for bioenergy. To meet the ever-increasing
demand for biomass energy, the availability of source biomass also needs to be increased.
However, the expansion of arable land area is becoming difficult, while the lands remaining
available often have marginal status, that is, they have certain limitations, such as low water
availability, poor soil fertility, or pollution. Thus, growing stress-tolerant biomass crops in
marginal lands would be a plausible option.

Sorghum [Sorghum bicolor (L.) Moench] is a multipurpose crop grown for food, feed,
and fiber production (Bliimmel et al., 2003; Reddy & Yang, 2015; Xiong et al., 2019). Recently,
it has received attention as a biomass energy feedstock (Dahlberg, 2019; Wiloso et al., 2020).
Potential applications of sorghum in biomass energy production include utilization as feedstock
for ethanol production, either as the starch in the seeds of grain sorghum or the sugars
accumulated in the stalks of sweet sorghum (Tang et al., 2018; Wang et al., 2008). Bagasse,
the plant residue left after extracting the sugars, can also be used as a source of fermentable
sugars via saccharification. Another resource obtained from sorghum is lignocellulose biomass.
Compared on per area and year basis, the production of lignocellulose biomass by certain types
of sorghum can be higher than that of trees (Umezawa, 2018). The lignocellulose biomass of
sorghum is a promising material for use in the production of solid fuels, such as biopellets and
biochar (Dahlberg, 2019; Ferreira et al., 2019; Wahyuni et al., 2019; Wiloso et al., 2020), and
lignocellulose-derived chemicals (Cheng et al., 2020; Kshirsagar et al., 2017). Sorghum is
relatively tolerant to environmental stresses and is capable of maintaining yield under
unfavorable conditions, such as drought and salinity (Tari et al., 2013). This trait is particularly
important given that the availability of arable lands is becoming limited worldwide and the

lands remaining are often in marginal status with some sort of obstruction. Hence, growing
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sorghum in such marginal lands would be a viable way to secure biomass energy feedstock. It
has been actually considered as a candidate crop for the exploitation of currently unused
deteriorated lands in Indonesia (Susilowati & Saliem, 2013).

Proper management of nutrient supply is critical in such trials, as sufficient amounts of
nutrients need to be provided to achieve good yields, while an excess application of fertilizers
can cause environmental problems such as eutrophication and greenhouse gas emission. Since
nitrogen (N) significantly affects the plant biomass production, diagnosing the N status of
sorghum during its growth would be significant. Therefore, I firstly investigated the changes
in several physiological parameters of sorghum in response to N limitation, with the aim of
identifying candidates of N status biomarkers in this species. Parameters responding early and
sensitively to N deficiency were searched in hydroponically cultured seedlings, and their
applicability to field conditions were examined (Chapter 1). In addition, nutrient availability
may affect the properties of sorghum biomass, thereby possibly affecting its quality as the
feedstock for bioenergy and other purposes. While it is obvious that N supply significantly
affects sorghum growth and biomass accumulation, the information is still limited regarding
the effect of N on the biomass quality of sorghum, such as the contents and structures of lignin
and other cell wall components. Hence, in the Chapter 2, I investigated the effects of N supply
on the structure and composition of sorghum cell walls. As a plant nutrient, silicon (Si) may
also influence cell wall composition, including lignin content and structure, as both Si and
lignin are involved in plant mechanical strength. I then comprehensively analyzed the lignin
and other cell wall components of sorghum seedlings cultured hydroponically with or without
Si supplementation using chemical, two-dimensional (2D) heteronuclear single quantum
coherence (HSQC) nuclear magnetic resonance (NMR), histochemical, gene expression,
mechanical properties, and calorific value analyses (Chapter 3). Lastly, the interaction between
N and Si and their effect on the quality of sorghum biomass as fodder were also examined
(Chapter 4). Overall, this study proved that the nutrient management is an important factor

affecting the value of sorghum biomass.



Chapter 1

Search for nitrogen status biomarkers in Sorghum bicolor

1.1 Introduction

Nitrogen (N) is required at the highest level among the plant essential elements that are
taken up from the soil. Plants take up N in the form of nitrate and ammonium. Although these
inorganic N can be provided for plants through a mineralization of soil organic matters, the
process is rather slow and cannot meet the amounts required by rapidly growing plants. Hence,
application of N fertilizer is essential for agricultural production (Masclaux-Daubresse et al.,
2010). This is particularly the case when sorghum as the high-biomass plants are to be grown
in marginal lands with less fertile soil. At the same time, however, an excessive application of
fertilizers should be avoided, in order to prevent various problems including increased cost,
plant toxicity, and environmental pollution (Duan et al., 2019). In general, only approximately
30 -40% of N applied as the fertilizer is taken up by plants during the season (Raun and Johnson,
1999; Krapp, 2015), and a significant part of the rest can be lost through runoff, leaching, or
denitrification. The nitrate leaced into ground water can cause eutrophication. Denitrification
leads to the emission of dinitrogen monoxide, a green house gas, into the atmosphere
(Savci, 2012).

Thus, it is important to supply plants with necessary and sufficient amounts of N
fertilizer but not in excess. Currently, numerous studies have been undertaken to know the
exact amounts of the nutrients required in several crops, especially using morphological and
physiological parameters such as total N and nitrate content, chlorophyll content, and gene
expression analyses (Wiedenfeld et al., 2009; Munoz-Huerta et al., 2013; Ali et al., 2016;
Awada, 2016; Singh et al., 2017). Nevertheless, evaluating the internal nutritional status of
crop plants during their growth is still not an easy work. Then, it is necessary to found and
develop the proper biomarkers which highly reflect the N status with considering several
characters include specificity, reproducibility, robustness, effectiveness, and quickly detected.

Therefore, in this chapter, I searched for N status biomarkers in sorghum plants, as a
requirement for the development of methods to monitor the N sufficiency of sorghum plants
during their growth. Firstly, the biomarker candidates were explored in the controlled
environment using hydroponically cultured plants. The promising biomarker candidates

indentified were then examined for the usability in the field conditions.



1.2 Materials and Methods

1.2.1 Plant growth condition and treatment using hydroponic culture

Seeds of Sorghum bicolor (L.) Moench BTx623 were germinated and grown on
vermiculite for a week in the controlled room condition. Seedlings were transferred to the full
strength Yoshida B hydroponic culture medium (1 mM KCI, 0.25 mM (NH4); HPO4, 0.5 mM
MgSO4 7H20, 1 mM Ca(NOs3)2, 0.1 mM Fe(II)-EDTA, 0.5 ppm B, 9 uM MnCl, 4H>0, 0.3
uM CuSO4 5H>0, 0.8 uM ZnSO4 7H20, 0.1 uM (NH4)2Mo07024 4H>0) and cultured for a
week. The 3-week-old sorghum plants were then transferred to low N or control medium, and
subjected to the analysis of various physiological parameters in the following period. The
control medium was the Yoshida B culture solution. For low N treatment, N was limited to
1/10 of control (0.05 mM NH4" + 0.2 mM NOs"), while Ca and K were maintained at the same

concentration as the control using CaCl, and KH>POs, respectively.

1.2.2 Plant growth condition and treatment using soil culture
1.2.2.1 Kitashirakawa Experimental Farm

A field experiment using 1-m? containers was carried out in Kitashirakawa Experimental
Farm, Graduate School of Agriculture, Kyoto University. Containers were given 133 g of
chemical fertilizer (14-15-5, as P,Os5-K>O-Mg) and 43 g urea for control treatment, 133 g of
chemical fertilizer (14-15-5, as P>Os-K,0-Mg) and 4.3 g urea for low N treatment. The dose
corresponded to 200 kg N ha™!, 200 kg P,Os ha! and 200 kg K,O ha! for the control and 20 kg
N ha!, 200 kg P»Os ha'! and 200 kg K»>O ha™! for low N. At 3, 4 and 5 weeks after germination,
the SPAD values were measured and the leaves were sampled for gene expression analysis.
The chemical fertilizer and urea were given at the half amount of initial application as
topdressing at 9 weeks after germination. Following 4 sorghum genotypes were used for the
analysis; BTx623, G247, Tanshaku (commercial dwarf sorghum), and Koutoubun-DH
(commercial sweet sorghum). Two seeds per hole were directly planted in the field with 5
replicates for each genotype. There were 20 plants from two different sorghum genotypes per

container with a row spacing of 45 cm between each genotype.

1.2.2.2 Uji Campus

A pot experiment (approximately 40 cm in diameter) was carried out using sorghum
BTx623 in Uji Campus, Kyoto University. Nitrogen was given at three levels including NO (0
kg N ha'!), N60 (60 kg N ha!) and N200 (200 kg N ha™!"). All treatments were given 200 kg
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P>0s ha'! and 200 kg K>O ha!. The SPAD values were recorded and the leaves were sampled

for gene expression analysis at 3, 4 and 5 weeks after germination.

1.2.2.3 Shugakuin

A field experiment using a commercial sorghum genotype was conducted in Shugakuin
Villa Field, Kyoto. Methane fermentation waste fluid (MFWF) containing 2.2 g kg! N
ammonium-N and 1.4 g kg'! organic-N (Matsubara et al. 2016) was used as N fertilizer. The
MFWF was applied at 0, 2.5, 5 and 10 liter m™. The area of cultivation was ca. 1-m? for each
treatment. The SPAD values were recorded and the leaves were sampled for gene expression

analysis at 3, 4 and 5 weeks after germination.

1.2.3 Morphological analysis
Several morphological parameters were measured include plant height, stem diameter,
leaf number, leaf length, leaf width, and roots length at 0, 3, 6, 9 day after treatment. Fresh

and dry weight of aboveground parts were recorded at 9 day after treatment.

1.2.4 Total nitrogen and nitrate content analyses

Total N and nitrate content of hydroponically cultured seedlings were determined using
whole shoots (0 d after the onset of low-N treatment) or shoots without stem (3—9 d), whereas
those of soil-grown plants were determined using the third fully expanded leaves. Plant tissues
were dried in an oven and pulverized to a fine powder. Total N content was analyzed using a
nitrogen and carbon (NC) analyzer (Sumigraph NC-22F, Sumika Chemical Analysis Service,
Osaka, Japan). For nitrate analysis, approximately 20 mg of samples were suspended in 1 mL
of distilled water, boiled for 10 min, and centrifuged at 12 000 x g for 5 min. The supernatants
were filtered through a 0.2-um membrane filter and analyzed by ion chromatography (HIC-6A,
Shimadzu, Kyoto, Japan) equipped with a Shim-pack IC-A1 column eluted with a mobile phase
containing 2.5 mM phthalic acid and 2.4 mM Tris at a flow rate of 1.0 mL min~' at 40°C.

1.2.5 Chlorophyll content analysis

Chlorophyll content was measured in the third-youngest fully expanded leaves using
the soil-plant analysis development (SPAD)-502 plus chlorophyll meter (Konica Minolta,
Tokyo, Japan). Within the leaves, the measurement was performed at a position half the

distance from the leaf base to the tip, unless otherwise stated. The measurement was conducted



in average of 15 times (5 individual leaves x 3 times readings). The light intensity in the field
was measured using a photosynthetically active radiation meter (Spectromaster C-7000;

Sekonic, Tokyo, Japan).

1.2.6 Gene expression analyses
1.2.6.1 RNA sequencing analysis

Tips of fully expanded uppermost leaves were used for RNA sequencing analysis. The
leaves from two seedlings were pooled, frozen in liquid nitrogen, and stored at —80°C until use.
Total RNA was extracted from the frozen leaves using the Total RNA Extraction Kit Mini
(Plant) (RBC Bioscience, New Taipei City, Taiwan) according to the manufacturer’s
instructions with on-column deoxyribonuclease treatment. After confirming the integrity of
RNA by electrophoresis on an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA),
mRNA libraries were constructed using the I[llumina TruSeq RNA Sample Prep Kit v2
(Illumina, San Diego, CA, USA). Equal volumes of individual libraries were pooled after
purification and equalization using an Agencourt AMPure XP system (Beckman Coulter, Brea,
CA, USA), according to the manufacturer’s instructions. The paired-end sequences in the
pooled library were determined using an Illumina MiSeq sequencer with the MiSeq Reagent
Kit v3 (150 cycles) (Illumina). For each sample, 3—4 million paired-end reads were obtained.
The short-read data sets were deposited in the DNA Data Bank of Japan (DDBJ) Sequence
Read Archive under accession number DRA010070. The sequence analysis was carried out

using the Galaxy web tool available at https://usegalaxy.org/ (Afgan et al., 2016). The

sequences were quality-checked using FastQC version 0.69
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reads were mapped to the
S. bicolor gene model Sbil (http://www.phytozome.net) using TopHat version 2.1.0 (Kim et
al.,, 2013) with Bowtie2 version 2.2.5, and transcript abundances were estimated using
Cufflinks version 2.2.1 (Trapnell et al., 2010). The count data from three biological replicates
for each treatment were used to estimate differential gene expression using Cuffdiff version
2.2.1 with quartile normalization, and a false discovery rate (FDR) of < 0.05 was set as the
significance threshold. Gene ontology (GO) enrichment analysis of the differentially expressed
genes (DEGs) was performed by singular enrichment analysis method using the AgriGO

webtool (http://bioinfo.cau.edu.cn/agriGO/analysis.php) (Zhou et al., 2010).




1.2.6.2 Reverse transcription-quantitative PCR analysis

Total RNA was prepared from the fully expanded uppermost leaves as described for
RNA sequencing. For the analysis of the pot-grown (in Uji) or field-grown (in Shugakuin)
plants, leaf samples were immersed in the RNA stabilization solution (RNA/afer, Invitrogen,
Carlsbad, CA, USA) immediately after sampling and kept on ice until use. The first-strand
cDNA was synthesized from approximately 1 pg of total RNA in a 10-pul reaction using
ReverTra Ace DNA polymerase (Toyobo, Osaka, Japan) with (dT):s as a primer according to
the manufacturer’s instructions, diluted 10-fold with the buffer containing 10 mM Tris-HCl
(pH 8.0) and 1 mM EDTA, and stored at —20°C until use.

Reverse transcription-quantitative PCR analysis (RT-qPCR) was conducted on a
TaKaRa PCR Thermal Cycler Dice Real Time System II TP 960 (Takara Bio, Shiga, Japan)
using the KOD SYBR qPCR mix (Toyobo), with 0.2 uM primers and 0.2 pl template cDNA
in 10-pl reactions. The temperature program for the analysis included initial denaturation at
95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The amounts of the
targets were estimated based on the comparative gene expression (AACt) method, and the
expression of the corresponding genes was calculated as relative to that of the 18S rRNA gene
(Aglawe et al., 2012). Expression levels of the candidate biomarkers were then used to calculate
composite expression value (CEV) (Yang et al, 2011) as shown below, where
“intensity _induced” and “intensity suppressed” refer to the expression levels of low N-

inducible and suppressive genes, respectively.

Composite expression value (CEV)

= Ylog,(intensity induced) - Ylog,(intensity suppressed)
- " number of genes




1.3 Results

1.3.1 Selection of N status biomarkers in hydroponically cultured seedlings

1.3.1.1 Morphology of plants

In order to find the physiological parameters indicative of the internal N status of
sorghum plants, I analyzed the responses of hydroponically cultured sorghum seedlings to N
limitation. Nitrogen deficiency causes morphological changes such as leaf chlorosis or
dwartfism. In this study, plant appearance and several morphological parameters including plant

height, stem diameter, leaf length, and leaf width became different between low N and control

plants 9 days after treatment (Figure 1.1-2).

Control Low N

Figure 1.1. The appearance of hydroponically grown sorghum seedlings at 9 days after low-
N treatment, scale bar = 3 cm.
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Figure 1.2. Effect of low nitrogen (N) treatment on the (A) plant height, (B) stem diameter, (C) leaf length, and
(D) leaf width of hydroponically cultured sorghum seedlings. Values are means + SD (n = 3). Asterisks indicate
significant differences between low-N and control plants (Student’s #-test, p < 0.05).

1.3.1.2 Total nitrogen and nitrate content

Total N content in leaves of low N seedlings was significantly lower than that of control
seedlings (Figure 1.3A). The difference could be seen as early as 3 days after treatment. The
difference between treatment got larger as the plants developed.

Nitrate content measured by HPLC was significantly different between treatments, as
early as 3 days after treatment (Figure 1.3B). However, still detectable amounts were present
in low N plants even after 9 days after treatment. Nitrate contents were measured using nitrate
ion meter as well. However, for some unknown reason, the results of measurements were not

reproducible even with the same samples.
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Figure 1.3. Effect of low nitrogen (N) treatment on (A) total N and (B) nitrate content in shoots of

hydroponically cultured sorghum seedlings. The content values were measured using whole shoot for the 0-day

sample and combined leaves without stem for the 3-, 6-, and 9-day samples. Values are means + SD (n = 3).

Asterisks indicate significant differences between low-N and control plants (Student’s z-test, p < 0.05).

1.3.1.3 Chlorophyll content

Leaf N and chlorophyll content correlate with each other (Makino and Osmond, 1991;
Uchino et al., 2013). Previously, SPAD values have been used as an index of leaf chlorophyll
content in several crops, including sorghum (Adams et al., 2015; Loh et al., 2002; Maranville
and Madhavan, 2002; Parry et al., 2014; Uddling et al., 2007). Thus, I examined the SPAD
values of sorghum seedlings with low-N and control treatments. The SPAD values of the third-
youngest fully expanded leaves were significantly different between the treatment groups by 6
d (Figure 1.4), indicating that these values could reflect the N sufficiency of sorghum seedlings
earlier than the changes in morphological parameters. I then examined the leaf position that
best reflected the plant N status, based on the correlation between the SPAD value of each leaf
and shoot N content. As shown in Figure 1.5, the two parameters seemed correlated in low-N
plants, whereas the SPAD values were saturated in control plants. Therefore, the degree of
correlation was compared in low-N plants. In the first leaves, the correlation was not
statistically significant (p = 0.05), whereas in the second and third leaves, the two parameters
showed a significant correlation with coefficients of 0.533 and 0.792, respectively. Thus, the
highest correlation was obtained in the third fully expanded leaves. I accordingly measured the

SPAD values with the third-youngest fully expanded leaves in the following experiments.
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Figure 1.4. Effect of low nitrogen (N) treatment on soil-plant analysis development (SPAD) values of the
leaves of hydroponically cultured sorghum seedlings Measurements were done at the first-, second-, and third-
youngest fully expanded leaves. Values are means = SD (n = 3). Asterisks indicate significant differences
between low-N and control plants (Student’s #-test, p < 0.05).
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Figure 1.5. Relationship between shoot total nitrogen (N) content and soil-plant analysis development
(SPAD) values in the first-, second-, and third-youngest fully expanded leaves of hydroponically cultured
sorghum seedlings. The total N content was measured using combined leaves without stem sampled 9 d
after starting the treatment. The SPAD values are those measured at 6 and 9 d. Each point represents the
data from one individual.

11



1.3.1.4 Gene expression
1.3.1.4.1 Expression of homologs of maize nitrogen status marker genes

Modulation of gene expression precedes morphological or metabolic changes. Hence,
the expression of certain genes may serve as early biomarkers for N shortage in plants, but only
a limited amount of information is available regarding the early changes in gene expression in
sorghum under low-N conditions. To find such genes in sorghum, I firstly examined if the
sorghum homologs of N-responsive genes in maize (Yang et al., 2011) were also applicable
for other grasses such as sorghum. Yang et al. (2011) have listed eight genes that accurately
reflect nitrogen status of maize (Table 1.1). Through a TBLASTN search using the 8 sequences
as the query, 13 genes were picked up as their close homologs (several maize genes hit with
multiple sequences of sorghum). Expression of the genes in low N and control sorghum
seedlings were then examined using RT-qPCR. Primers used for the analysis are listed in Table
Table 1.1. Six out of 13 sequences were successfully amplified by RT-qPCR, indicating that
these genes were expressed in sorghum seedlings (Figure 1.6A). Yang et al. (2011) reported
that the expression of the 8 maize biomarker genes were downregulated by N deficiency.
However, in this study, four out of the six sorghum genes were rather low N-inducible. I then
calculated composite expression value (CEV) from the expression values (relative transcript
abundance to 18S rRNA) of all these N-responsive genes. The CEV seemed higher in low N

than in control seedlings, but the difference was not statistically significant (Figure 1.6B).
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Table 1.1. List of primers used for quantitative reverse transcription-PCR analysis (the
candidate target genes from the homolog N-responsive maize biomarker genes).

UniRef
. GenBank ID .
Maize genes ID of sorehum Primers Functional
probeset (Maize/ hom(%log annotation
Rice)
F: GCTCTAAAGGGTTTGGTGCAGA Uncharacterized plant-
A1ZMO006239 at Q10C31 XM_002466252.1* specific domain
R: GCCCTTGCCGCACTTATCG TIGRO1615
F: TGATCCATCTGGTGGCGAAC POZ domain protein
*
A1ZMO11316 s at Q6Z5C8 XM_002445900.1% — - e e familylike
F: TCCACGCATAAAGTTCAGCAC Putative nodule
*
A1ZMO58664_at QOINI4 XM_002460573.1% — = I TGTTGAGCGCATGTGACC inception protein
F: TACAAGCTGGTACCTGGAGA
XM 0024660871 —2 - G AGAATATTGCACACAGGGCT
F: CCGGCGCAGGTCTGGT Ammonium transporter
A1ZMO019982_at Q8SIMO.1 XM _002456661.1 ——c oo m e m e oo e 3 OSAMT322
F: ACAGCTGCTTATCGGGGATG
XM 0024322041 =5 1 C ATCATGGCGGGTTACGTC
F: CTCCCCTACTACGCCAAACAC
ALZMO19124 at QOMADS XM_002440703.1 =5 = 0 GAGCGAGATCAGCTTCTTG Putative acid
- XM 002439367.1% F: ATCAAGCCGGTGATCCTGAC phosphatase
- *" "R: GTCCTGAGGCTTGAGCAGC
F: AGTTCGACGTCCAGGTCACT
ALZMOOI292 5 at Q2VSDI XM 0024321181 5 G GCCCATACTGGAGGAAGTC Glycerophosphoryl
-S.a XM 0004460811 _F: CCCAACAAGACGGCGAAATC diester phosphodisterase
- : R: CTTCCGGAAAAGTGGCTTGC
F: GTGAAGGACGTGGAGCACAT
*
A1ZMO16678_at QONZY1 XM_002455975. 1% — - e e e AtRLI
F: AACATTCCAGGGTGTCGGAG
*
ALZMO04474 at 10R4S XM _002468376.1* — 1 GCCAGTACGACCAAAACCA Alanine-glyoxylate
2 Q XM 002467846.1 F: AGGAGAAGCACGACATCATCG aminotransferase 2
- : R: TCTTTCGCCGGTGTCTTGAG

Asteriks mean the primers were successfully amplified by RT-qPCR in sorghum samples
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Figure 1.6. Changes in the expression of the sorghum homologs of N-responsive genes in maize. (A)
heatmap showing fold changes in the expression of the sorghum homologs of N-responsive genes in
maize and (B) time-course change of the composite expression value calculated from those genes
expressed in low-N and control sorghum seedlings. Values are means + SD (n = 3).

1.3.1.4.2 Expression of genes screened by RNA sequencing

As another approach to identify low N-responsive genes in sorghum, genes
differentially expressed in low N and control plants were searched by RNA sequencing,
followed by validation with RT-qPCR. The process of selection is shown in Figure 1.7. Of the
206 982 expressed genes identified by RNA sequencing, 127 were differentially expressed
between low-N and control seedlings at both 3 and 6 days after starting the treatment (data not
shown); 40 or 85 DEGs were consistently up- or down-regulated by low N treatment at both 3
and 6 days, respectively, whereas the remaining two DEGs were up-regulated at 3 day but
down-regulated at 6 day in low N plants. A GO enrichment analysis of the 127 DEGs revealed
significant overrepresentation of the terms denoting the involvement in N compound metabolic

process in biological process category (Table 1.2 and Table 1.3). The GO terms related to
14



response to stress, chemical, and hormone stimulus and N compound metabolism, including
cellular nitrogen compound metabolic process (GO: 0034641), cellular amine metabolic
process (GO: 0044106), and cellular amino acid metabolic process (GO: 0006520) were
enriched among the DEGs both up- and down-regulated by low N treatment (Table 1.2 and
Table 1.3, respectively). In cellular component category, significant enrichment of GO terms
was associated with the DEGs that were down-regulated by low N treatment. Most of the
enriched terms were related to plastid or chloroplast (Table 1.4). These results suggest that the
sorghum plants tried to adopt to the N-limitation by enhancing the recycling of N compounds
from the cellular components including chloroplast proteins.

Among the DEGs, those exhibiting more than 3-fold change in expression (either
induced or suppressed) upon low-N treatment at either 3 or 6 days were subjected to validation
with RT-qPCR. Several genes that did not fulfill the criteria because of the errors between trials
but appeared promising in preliminary experiments were also included in the validation
analysis. Out of 57 candidate genes examined, 11 genes were thus confirmed to be responsive
to low-N treatment, but not significantly modulated by low phosphorus (P) or low potassium
(K) treatment (Table 1.5, Figure 1.8A). The 11 genes included those possibly involved in
amino acid metabolism (e.g., a branched-chain aminotransferase, a tryptophan/tyrosine
permease, and a glutamine synthetase), and stress-responsive proteins (e.g., a MYB family

protein, a BTB/POZ domain-containing protein, and a chitinase).

q value < 0.05
bothin 3and 6 d

206 982 ‘ 127

from
RNA-seq

Fold change > 3

specific to low N
(vs low P & K)

1 {57

RT-gPCR biomarker
candidates

Figure 1.7. The selection process of N status biomarker genes from RNA sequencing screening
in hydroponically sorghum seedlings. The numbers inside the box indicate the number of genes.
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Table 1.2. Gene ontology (GO) term enrichment in the Biological Process category of the differentially

expressed genes (DEGs) induced by low-N reatment of sorghum seedlings at 3 days after treatment.

GO term Description Number p value ¢ value
of genes
GO:0042221 Response to chemical stimulus 10 3.E-03 3.E-02
GO0:0010033 Response to organic substance 8 3.E-03 3.E-02
GO:0009719 Response to endogenous stimulus 8 8.E-04 1.E-02
GO:0009725 Response to hormone stimulus 7 2.E-03 3.E-02
GO0:0042180 Cellular ketone metabolic process 7 7.E-04  1.E-02
GO0:0006082 Organic acid metabolic process 7 7.E-04  1.E-02
GO:0019752 Carboxylic acid metabolic process 7 7.E-04  1.E-02
GO:0006519 Cellular amino acid and derivative metabolic process 6 2.E-03 3.E-02
GO0:0009308 Amine metabolic process 6 4E-04 1.E-02
GO:0034641 Cellular nitrogen compound metabolic process 6 2.E-04 1.E-02
GO0:0006520 Cellular amino acid metabolic process 5 8.E-04 1.E-02
GO0:0044106 Cellular amine metabolic process 5 8.E-04 1.E-02

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
(Fisher and Yekutieli tests, g value < 0.05).

Table 1.3. Gene ontology (GO) term enrichment in the Biological Process category of the differentially

expressed genes (DEGs) repressed by low-N reatment of sorghum seedlings at 3 days after treatment.

GO term Description Number p value ¢ value
of genes
GO0O:0006950 Response to stress 24 5.E-05 4.E-03
GO:0034641 Cellular nitrogen compound metabolic process 14 1.E-08  5.E-06
GO0:0009308 Amine metabolic process 12 4.E-06 4.E-04
GO:0044271 Cellular nitrogen compound biosynthetic process 11 2.E-07 4.E-05
GO0:0044106 Cellular amine metabolic process 9 7.E-05 4.E-03
GO0:0006520 Cellular amino acid metabolic process 8 4.E-04 2.E-02
G0:0009309 Amine biosynthetic process 7 2.E-05 2.E-03
GO0:0016052 Carbohydrate catabolic process 6 7.E-04  3.E-02
GO:0008652 Cellular amino acid biosynthetic process 6 8.E-05 4.E-03

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
(Fisher and Yekutieli tests, g value < 0.05).
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Table 1.4. Gene ontology (GO) term enrichment in the Cellular Component category of the differentially

expressed genes (DEGs) repressed by low-N reatment of sorghum seedlings at 3 days after treatment.

GO term Description Number p value ¢ value
of genes
GO:0005737 Cytoplasm 39 1.E-03  1.E-02
GO0:0044444 Cytoplasmic part 35 8.E-04 1.E-02
G0:0009536 Plastid 28 1.E-12  2.E-10
GO:0009507 Chloroplast 26 2.E-12  2.E-10
G0:0044435 Plastid part 15 6.E-09 4.E-07
GO0:0044434 Chloroplast part 12 1.E-06  4.E-05
G0O:0009579 Thylakoid 10 3.E-06  8.E-05
GO0:0034357 Photosynthetic membrane 10 1.LE-06  4.E-05
GO0:0031984 Organelle subcompartment 9 1.E-05 1.E-04
G0:0044436 Thylakoid part 9 9.E-06 1.E-04
G0:0031976 Plastid thylakoid 9 8.E-06 1.E-04
GO0:0009534 Chloroplast thylakoid 9 8.E-06 1.E-04
GO:0042651 Thylakoid membrane 9 4.E-06 8.E-05
GO:0055035 Plastid thylakoid membrane 9 3.E-06 8.E-05
GO:0009535 Chloroplast thylakoid membrane 9 3.E-06 8.E-05
G0:0009526 Plastid envelope 5 2.E-04 3.E-03

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
(Fisher and Yekutieli tests, g value < 0.05).

I then examined if the expressions of the 11 genes could distinguish the control and
low-N plants. The primers of 11 selected genes used for the analysis are listed in Table 1.6.
Since many factors other than the nutrient availability can affect the gene expression,
judgement based on the expression of single gene may lead to wrong conclusion. To reduce
such risk, the evaluation was made with CEV, the index representing the average of multiple
genes’ expression values. The CEV calculated for the 11 genes was different between the
treatments at 0 d, which corresponded to 4 h after transferring the plants to low-N or control
medium. The difference became more remarkable at 3 d (Figure 1.8B). These results show
that gene expression can be modulated according to the internal N status of sorghum seedlings,

with higher sensitivity and rapidity than the other physiological parameters.
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Table 1.5. Genes selected as candidate nitrogen status biomarkers in sorghum.

Gene ID Functional annotation® day pvalue ¢ value Log:
(fold change)

Sb01g007130  MYB family transcription factor 3 5.E-05 1.E-03 -1.96
6 5.E-05 1.E-03 -2.69
Sb01g010270  Glutamine synthetase 3 5.E-05 1.E-03 -1.99
6 5.E-05 1.E-03 -2.64

Sb01g040410  Unknown protein 3 5.E-05 1.E-03 3.50
6 5.E-05 1.E-03 4.29

Sb01g040820  Tryptophan/tyrosine permease 3 5.E-05 1.E-03 2.47
6 5.E-05 1.E-03 2.66

Sb01g042040  Branched-chain aminotransferase 3 3 5.E-05 1.E-03 3.19
6 5.E-05 1.E-03 3.21
Sb01g048140  Chitinase 3 3.E-04 6.E-03 -1.29
6 5.E-05 1.E-03 -2.03

Sb03g003550  2-Oxoglutarate-dependent dioxygenase 3 5.E-05 1.E-03 2.04
6 5.E-05 1.E-03 227

Sb04g023820  Loricrin-related protein 3 5.E-05 1.E-03 3.19
6 5.E-05 1.E-03 3.44

Sb06g005000  Flowering promoting factor 1 3 3.E-03 4.E-02 1.79
6 3.E-03 3.E-02 2.25

Sb07g028630  BTB/POZ domain-containing protein 6 5.E-05 1.E-03 2.65
Sb09g022260  Unknown protein 3 5.E-05 1.E-03 -2.52
6 5.E-05 1.E-03 -2.22

2According to the MOROKOSHI sorghum transcriptome database.
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Table 1.6. List of primers used for quantitative reverse transcription-PCR analysis (the

eleven selected candidate biomarker genes screened by RNA sequencing analysis).

Gene ID Forward primer (5'—3') Reverse primer (5'—3')
Sb01g007130 AGAGTGAAATCACCTCGCCG TAGATGCCGGCGATACCAAC
Sb01g010270 CTCGGGCCATCTTCAGAGAC GTTGCTCGGAATCGGCTTTC
Sb01g040410 CGTCGCTTTTCGTTTGGGAG TACGGACGACGACGTTACAC
Sb01g040820 TATGGTGTCCTCCCTCCGTT CATCCCAACCAGAACAGGCT
Sb01g042040 TACCTGGAGGAGGTGTCGTC TCAACCTTGTATCCGCGGTC
Sb01g048140 ACACCTACGACGCGTTCATC ATCCACCGGTAGTTTCGTGG
Sb03g003550 CTACAGGCGGGGTCAACTAC CAGGATCTGGATGGTGTCGC
Sb04g023820 GTTTGGCCAGAGCTTCTCCT AAGGAGATGATGGTTCCGGC
Sb06g005000 AGAAACGATGTCGGGTGTGT GTACGACGTCACCACCTCTC
Sb07g028630 TGATCCATCTGGTGGCGAAC GTGAGGATGTCCTCGTGCAG
Sb09g022260 TGTTGGGACTGTTGATGCGA CACCGACCGGATGGATGTAG
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Figure 1.8. Changes in the expression of the genes selected in response to low nitrogen (N) and other
nutrient stress conditions. (A) heatmap showing fold changes in the expression of 11 genes selected as
low-N-responsive genes and (B) time-course change of the composite expression value calculated from
the 11 genes expressed in low-N and control seedlings. Values are means + SD (n = 3). Asterisks indicate
significant differences between low-N and control seedlings (Student’s ¢-test, p < 0.05).
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1.3.2 Evaluation of leaf chlorophyll content and gene expression as nitrogen status

biomarkers for soil-grown sorghum plants

In the previous section, analyses using hydroponically cultured plants demonstrated that
the SPAD value as the index of leaf chlorophyll content and the expression of low N-inducible
genes were promising as the N status biomarkers in sorghum seedlings. However, in plants
grown in the field, those parameters may respond to low N in a different manner from that in
juvenile plants grown under controlled condition. In addition, different genotypes may respond
differently to the stress, possibly making the biomarker selected in one genotype not useful in
other genotypes. Thus, in this part, I investigated the N response of SPAD value and gene
expression in multiple sorghum genotypes grown in the fields, with the aim of examining the

applicability of these parameters to the actual nutritional diagnosis.

1.3.2.1 Growth of sorghum under limited nitrogen supply

Four sorghum genotypes were grown in a 1-m? container under low N and control
condition. Plants were fed with 200 kg N ha™! or 20 kg N ha! for control and low N treatment,
respectively, in the form of urea as basal application. Deficiency became visually apparent by
5 weeks after germination, as can be seen in Figure 1.9. These findings indicate that the low
N treatment indeed affected the plant internal N status in this study. Since the color of leaves

was getting pale around 9 weeks, additional urea fertilizer was applied at 100 and 10 kg ha-1

for control and low N plots, respectively.

Control Low N

Figure 1.9. The appearance of four sorghum genotypes in five weeks after germination under
control or low-N treatment, G1: BTx623, G2: G247, G3:Tanshaku, and G4: Koutoubun-DH.
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1.3.2.2 SPAD chlorophyll meter analysis

Prior to the analysis of SPAD values in the field-grown plants, verification of the
methods were performed. Based on the examination using hydroponically cultured seedlings,
the SPAD values were measured in the third-youngest fully expanded leaves. I then examined
the position within a leaf blade that could provide the most reliable results. The SPAD value
was measured at 1/3, 1/2, and 2/3 positions from the base to tip of the third leaves of low-N
plants and examined for their correlation with the leaf N content. Figure 1.10 shows the
relationship between the SPAD values measured at each position within the third leaves and
the total N content of the leaves. The two parameters showed significant correlation (p < 0.05)
with coefficients of 0.600, 0.618, and 0.634 for the 1/3, 1/2, and 2/3 positions from the base to
tip, respectively. The correlation coefficients for the three positions were not statistically
different. These results suggest that, in sorghum, the position within a leaf is not so critical in
SPAD measurements for N diagnosis. Nonetheless, for consistency, it would be better to
conduct the analysis at a constant position. I, therefore, measured the SPAD value at the

midpoint of the blade of the third fully expanded leaves in the following analyses.
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Figure 1.10. Relationship between total nitrogen (N) content in leaf and soil-plant analysis development
(SPAD) values measured at various points within a single leaf blade. Four genotypes of soil-grown
sorghum plants were subjected to analysis. The total N content was measured in the third-youngest fully
expanded leaves of 5-week-old plants. The SPAD values were measured in the same leaves at the position
corresponding to 1/3 (base), 1/2 (middle), 2/3 (tip) of the length of a leaf blade from base to tip.
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After validating the method of their measurement, the SPAD values were analyzed
during the growth periods of four different genotypes of soil-grown sorghum plants. In
genotypes Tanshaku and Koutoubun-DH, the SPAD values were significantly lower in low-N
plants than in control plants from 4 weeks after germination, whereas in BTx623 and G247, it
became different after 5 weeks. The SPAD values remained higher in control plants than in
low-N plants at the earlier stage, but they declined to the same level as those in low-N plants
by 9 weeks (Figure 1.11). This decline might be caused by the depletion of N applied as the
basal fertilizer. Therefore, N was supplemented by topdressing at 9 weeks, and the SPAD
values became different between the treatment groups again by 11 weeks (Figure 1.11). These
results suggest that the SPAD values indeed reflected the N status of sorghum plants, not only
in young hydroponically grown seedlings of a specific genotype but also in multiple genotypes

at more mature stages.

1.3.2.3 Expression of eleven candidate biomarker genes

The expression of the 11 candidate N status biomarker genes (Figure 1.12) was
examined in soil-grown plants using a RT-qPCR analysis. In Tanshaku, the CEV of the genes
in low-N plants was significantly higher than that in control plants at 3 weeks, and the
difference remained significant until 5 weeks. On the other hand, the differences between the
treatment groups were not clear in the other genotypes. In Koutoubun-DH, the difference could
be observed only after 5 weeks. In BTx623 and G247, no significant difference was observed
between the treatment groups. The time required to see the difference might reflect the severity
of N deficiency in each genotype. This is suggested by the trend of SPAD values, as the decline
of SPAD values in low-N plants appeared earlier and more remarkable in Tanshaku than in the
other genotypes (Figure 1.11).

The CEV in control plants increased at later stages and was even higher than that in
low-N plants at 9 weeks. This change might be due to the depletion of N applied as the basal
fertilizer and hence a shift in the internal N status of control plants. However, I cannot exclude
the possibility of senescence-induced expression of these genes. Taken these results together,
in the soil-grown mature plants, diagnosing the N status based on the 11 genes’ CEV was not

as effective as in the case of hydroponically-cultured seedlings.
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Figure 1.11. Effect of low nitrogen (N) treatment on the soil-plant analysis development (SPAD) values
of four genotypes of soil-grown sorghum plants. Values are means = SD (n = 6). Asterisks indicate
significant differences (Student’s z-test, p < 0.05).
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Figure 1.12. Effect of low nitrogen (N) treatment on the composite expression values of four genotypes of
soil-grown sorghum plants. Values are means = SD (n = 3). Asterisks indicate significant differences
(Student’s t-test, p < 0.05).
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1.3.2.4 Verification experiments at additional sites

To confirm the results obtained in the previous section, additional experiments were
carried out at other experimental sites and setup. Sorghum BTx623 was grown in pots with a
gradient application of N at 0, 60, and 200 kg N ha™' (hereafter referred to as NO, N60, and
N200 treatments, respectively). The SPAD value was lower in NO than in the other two
treatments at 3, 4, and 5 weeks after gemination (Figure 1.13A). The CEV of 11 target genes
was higher in NO than in N60 or N200 at 3 weeks, but not at 4 and 5 weeks (Figure 1.13B).
These results are similar to those obtained in the previous section, in that the SPAD values
were different between N-sufficient and -deficient groups, whereas the difference in CEV was

not obvious (Figure 1.11-12).
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Figure 1.13. Effect of low nitrogen (N) treatment on the (A) soil-plant analysis development (SPAD) values
and (B) composite expression values of pot-cultivated sorghum plants. Sorghum BTx623 plants were grown
on soil treated with urea at concentrations of 0, 60, and 200 kg N ha™' (referred to as NO, N60, and N200,
respectively). Analyses were conducted at 3, 4, and 5 weeks after germination. Values are mean = SD (n=6
for SPAD and n = 3 for composite expression value). Different letters in (A) indicate significant differences
by Tukey-Kramer test at p < 0.05. The asterisk in (B) indicates significant differences among treatment groups

by one-way analysis of variance at p < 0.05.

Another trial was conducted under field conditions, where MFWF was applied as an N
fertilizer. MFWF contains N in the form of both inorganic ammonium ions (NH4") and organic
matter, and the effectiveness of MFWF as a fertilizer depends on its NH4" content (Matsubara
et al., 2016). In this trial, MFWF was applied at the rates equivalent to 0, 90, 180, and 360 kg
NH4*-N ha™'. The SPAD value gradually increased as the MFWF dose increased (Figure
1.14A). These finding indicate that the SPAD value reflected the extent of N sufficiency in
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plants. The CEV of the 11 selected genes tended to be higher in plants without MFWF
application than in those treated with MFWF, but no statistically significant difference was
observed until 5 weeks after germination (Figure 1.4B). These results were consistent with

those obtained in the previous sections.
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Figure 1.14. Effect of low nitrogen (N) treatment on the (A) soil-plant analysis development (SPAD) values
and (B) composite expression values of field-grown sorghum plants. A commercially available genotype of
sorghum was grown on plots applied with methane fermentation waste fluid as organic fertilizer at
concentrations of 0, 90, 180, and 360 kg NHs*-N ha™'. Analyses were conducted at 3, 4, and 5 weeks after
germination. Values are mean £+ SD (n = 6 for SPAD and n = 3 for composite expression value). Different
letters in (A) indicate significant differences by Tukey-Kramer test at p < 0.05. The asterisk in (B) indicates
significant differences among treatment groups by one-way analysis of variance at p <0.05.

1.4 Discussion

In this chapter, I examined several physiological parameters in sorghum seedling
treated with low N condition, with the aim of identifying biomarkers that might be useful for
nutritional stress diagnosis in sorghum cultivation. I first examined morphological changes
induced by N deficiency. Plants deficient with N shows characteristic appearance including
leaf chlorosis or dwarfism, which may serve as the sign of nutritional disorders. Diagnosis
based on visual symptoms is a low cost method requiring no special equipment, and can be
conducted easily in the field (Grundon et al., 1987). The effect of N nutrition on morphological
traits of sorghum plants was summarized by Szydelko-Rabska and Sowinski (2014). Plant
height is one of the parameters remarkable affected by N status (Ikanovic et al., 2013). In this
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study, plant height, stem diameter, leaf length, and leaf width of low N and control sorghum
seedlings were compared, and all the parameters became different at 9 d after treatment.
However, the differences were visually not very remarkable even at that time. In actual
situation in the field, “control” plot is usually unavailable. Thus, in the field it would be difficult
to identify the N deficiency solely on the morphology, at least in the early stage of deficiency.

Nitrate anion in plants is the fraction of N which has been taken up but unused for
growth, thus it can be regarded as surplus and hence the index of N sufficiency of the plants.
Diagnosing N status by nitrate concentration in plant sap has been proposed indeed
(Wiedenfeld et al., 2009; Awada, 2016). In this study, nitrate concentration was clearly
different between the treatment. However, still detectable amounts were present in low N plants
even after 9 days after treatment, by the time plant growth has already been impaired (Figure
1.3B). This result suggest that the judgement of N sufficiency cannot be rendered solely on the
absence or presence of nitrate. In addition, nitrate accumulation can be affected by the factors
other than the dose of fertilizers, including light intensity (Chang et al., 2013). Another
difficulty is the variety in nitrate concentration among different organs and ages. Gleadow et
al. (2016) reported that nitrate content is higher in young seedlings than in older plants. Nitrate
content in internal plant tends to be higher in leaf sheaths comparing to other organs in sorghum
(Worland et al., 2017), making it difficult to determine at which age and part of plants the
analysis should be performed. Considering these points, nitrate-based diagnosis of N
sufficiency of sorghum may not be such straightforward.

The SPAD value is a convenient index of the leaf chlorophyll content, which is known
to be correlated with the leaf N content. The SPAD values of seedling leaves differed between
the treatment groups as early as 6 days after starting the treatment (Figure 1.4), which was
earlier than the morphological changes became apparent. Changes in SPAD values consistent
with the N application regime were also observed in the tests using multiple soil-grown
genotypes at different locations (Figure 1.11, Figure 1.13A, Figure 1.14A). These results
confirmed that the SPAD value could be a useful marker for early detection of N shortage in
sorghum plants.

Eventually, I considered the conditions for the proper measurement of the SPAD value.
In the examination using hydroponically cultured seedlings, the correlation between SPAD
values and shoot N content was higher in the third fully expanded leaves than in the first and
second leaves. Similar results have been reported in rice (Yang et al., 2014; Yuan et al., 2016),
and this was probably due to the preferential distribution of N into younger leaves, which makes

older leaves more sensitive to N limitations. On the other hand, the position within a single leaf
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blade showed no significant effect on the measurement of SPAD values (Figure 1.10). This
result was different from that reported for rice, which showed significant positional effect
within a single leaf blade (Yuan et al., 2016). The reason for this difference is not clear at
present, but it might be due to the differences in leaf anatomies of different species (Xiao et al.,
2016). Taking the results together, I propose the midpoint of the third-youngest fully expanded
leaves as the point of measurement in the SPAD analysis of sorghum.

Homologs of the maize N status marker genes (Yang et al. 2011) were examined for
their response to low N. The CEV seemed higher in low N than in control seedlings, but the
difference was not statistically significant (Figure 1.6B). According to the result, the homolog
genes were inappropriate as the N status biomarkers in sorghum plants. Then, I looked for the
low N-responsive genes in sorghum via screening with RNA sequencing followed by
validation with RT-qPCR. Eleven genes responsive to low-N conditions were identified in
sorghum seedlings (Figure 1.8). Their CEV was modulated by low-N treatment faster than any
other parameter examined in this study. These results suggest that gene expression analysis can
be useful as a tool for early and sensitive detection of N deficiency in sorghum plants. In the
case of soil-grown sorghum plants, the CEV calculated from this specific set of genes did not
respond clearly to N status, yet I observed trends generally consistent with the regime of N
application (Figures 1.12-14). Thus, the gene expression analysis could be made applicable
for practical purposes if more suitable marker genes are selected. The CEV of 11 genes selected
in this study was lower in soil-grown plants than in hydroponically cultured seedlings under
both N-sufficient and -deficient conditions (Figure 1.8 and Figures 1.12-14). These 11 genes
might be highly expressed in the young seedling stage but not in the later growth stages, and
hence the extent of modulation might be modest in soil-grown plants even under N limitation.
In this study, I used a strategy to screen marker genes in seedlings grown under controlled
laboratory conditions to ensure reproducibility between trials. However, using plants growing
under real field conditions may be more appropriate to identify practically usable marker genes,
although more trials would be necessary to isolate true N-responsive genes out of the numerous

genes induced by environmental fluctuations.
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Chapter 2

Plant nitrogen status modulates cell wall composition
in Sorghum bicolor

2.1 Introduction

The impact of N supply on sorghum biomass accumulation has been well documented
(Adams et al., 2015; Sowinski & Gtab, 2018). However, information on the effect of N status
on the quality of sorghum biomass is limited. The quality of biomass as the feedstock for energy
production depends on its composition. When sorghum bagasse is considered as a
lignocellulose feedstock for bioethanol production, the contents and composition of
polysaccharide and lignin would be the matter. The major polysaccharides in sorghum cell wall,
which is the principal components of the bagasse, include cellulose and hemicelluloses such as
noncrystalline (1—4)-B-D-glucans, mixed linkage (1—3), (1—4)-B-D-glucan (MLG),
arabinoxylan, glucuronoxylan, or xyloglucan (Goto et al., 1991). Both the glucans and xylans
can be utilized in liquid biofuel production after decomposed to the component
monosaccharides, hence the contents and composition of polysaccharides are important
properties of biomass. Lignin is the polymers of phenylpropanoids that fortify the cell wall
structure. As such, higher lignin content can lead to higher cell wall recalcitrance, which
reduces the efficiency of ethanol production from the cell wall (Boerjan et al., 2003; Ralph et
al., 2004; Umezawa, 2010). On the other hand, higher lignin content gives higher heating value,
thus it can be a merit when the cell wall, or bagasse, is considered as the source of solid biofuels
such as pellet, chip, or biochar. As another class of aromatic compounds, hydroxycinnamates
such as ferulic acids (FA) and p-coumaric acid (pCA) also occur in sorghum cell walls, to
provide ester cross-linking between polymers. The hydroxycinnamates also affect the cell wall
digesbility (Sato-Izawa et al., 2020).

There have been several reports on the impact of N supply on these cell wall
components in grasses. For example, lignin content was decreased by N fertilizer application
in rice (Oryza sativa) (Zhang et al., 2017), maize (Zea mays) (Sun et al., 2018), and
Brachypodium (Brachypodium distachyon) (Gtazowska et al., 2019). In contrast, in giant
miscanthus (Miscanthus x giganteus), N fertilizers increased cell wall lignin content (Arundale
et al., 2015). While, N supply did not significantly affect lignin content in two genotypes of
sugar cane (Saccharum spp.) (Salvato et al., 2017). These findings suggest that the N supply-

induced modulation of cell wall components differs among plant species. Therefore, in this
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chapter, I investigated N deficiency-induced changes in sorghum cell walls, with the aim of
getting insights on the effects of N nutrition status on the quality of sorghum cell wall as the
feedstock for biomass energy production. The study was conducted with hydroponically
cultured seedlings as the model system, and the properties of cell walls from N-deficient plants
were compared with those from the plants receiving sufficient amount of N, through a
comprehensive analysis of chemical, two-dimensional short-range "H-'*C heteronuclear single
quantum coherence (HSQC) nuclear magnetic resonance (NMR), gene expression,

immunohistochemical, and enzymatic saccharification analyses.

2.2 Materials and Methods

2.2.1 Plant growth condition and treatment
2.2.1.1. Seedling stage — Hydroponic culture

As a main experimental setup of this study, the seedlings of sorghum (S. bicolor) cv.
BTx623 were cultivated hydroponically in a culture room and subjected to low-N treatment, as

previously described in Chapter 1.

Two additional experimental setups were also conducted, including:
2.2.1.2. Mature stage — Hydroponic culture

The one-week-old seedlings of sorghum (S. bicolor) cv. BTx623 were cultured
hydroponically in the full-strength Yoshida B medium and incubated in the greenhouse for four
weeks. The 5-week-old seedlings were transferred to the Yoshida B culture medium containing
0.25, 2.5, or 5 mM N as low-, medium-, or high-N treatment, respectively. The aerial parts of
the 13-week-old (eight weeks after N treatments) sorghum cell walls at early heading stage

were used for lignin content and composition analyses.

2.2.1.3. Mature stage — Soil culture

A field experiment using 1-m? containers was carried out using four sorghum
genotypes; BTx623, G247, Tanshaku (commercial dwarf sorghum), and Koutoubun-DH
(commercial sweet sorghum). The soil was supplemented with N fertilizer (urea) with either
200 or 400 kg N ha! as medium- or high-N treatment, respectively. Two containers were
prepared for each treatment. The cell walls of sorghum plants at seed ripening stage were used

for lignin content and composition analyses.
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2.2.2 Chlorophyll content determination

Chlorophyll content was measured in the third youngest fully expanded leaves, as
previously described in Chapter 1, using the Soil Plant Analysis Development (SPAD)-502
plus chlorophyll meter.

2.2.3 Nitrogen content analysis

For N content analysis, the aerial parts of the 6-week-old (3 weeks after low-N
treatments) seedlings were dried in an oven at 70 °C and pulverized to a fine powder using a
T-351 pulverizing machine (Rong Tsong Iron Co., Taichung, Taiwan). The nitrogen content

was analyzed using an NC analyzer as previously described in Chapter 1.

2.2.4 Cell wall preparation

The cell wall residue (CWR) was prepared as described previously (Yamamura et al.,
2012) using the same dried powder sample as for N content analysis. The powder sample was
further pulverized to a finer powder (TissueLyser, Qiagen, Hilden, Germany). The powder was
sequentially extracted 20 times with methanol at 60 °C, five times with hexane at room
temperature, and five times with distilled water at 60 °C. The residue was freeze-dried to obtain

the CWR.

2.2.5 Lignin content and composition analyses

Lignin content of CWR was determined using a thioglycolic acid lignin method (Suzuki
et al., 2009). The ultraviolet absorbance of thioglycolic acid lignin was measured at 280 nm
using an SH-1000 lab microplate reader (Corona Electric Co., Ltd., Ibaraki, Japan).

Determination of lignin composition was conducted by a thioacidolysis analysis. The
assay was performed as previously described (Yamamura et al., 2012). The released lignin
monomers were derivatized with N,O-bis(trimethylsilyl) acetamide and quantified by gas
chromatography-mass spectrometry (GC-MS) (GCMS-QP 2010 Ultra, Shimadzu, Kyoto,
Japan) using 4,4’-ethylenebisphenol as an internal standard (Yue et al., 2012).

2.2.6 Alkaline-releasable p-hydroxycinnamic acid content analysis

Cell wall-bound pCA and FA were released by a mild-alkaline treatment and quantified
by GC-MS, as previously described (Yamamura et al., 2011). Approximately 10-mg aliquots
of CWR samples were placed in tubes and mixed with 1 M NaOH (1.5 mL), then degassed
with oxygen-free N». The suspension was incubated at 25 °C for 24 h with gentle shaking. The
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suspension was centrifuged and the supernatant was transferred to a new tube, o-coumaric acid

was added as an internal standard, then subjected to GC-MS analysis.

2.2.7 Glycosyl residue composition and crystalline cellulose analyses

Glycosyl residue composition was determined by alditol acetate methods (Hayashi,
1989). Approximately 15 mg of CWR samples were suspended in a 540 pL thermostable a-
amylase (Megazyme, Bray, Ireland) solution that was diluted 30-fold with 100 mM sodium
acetate buffer, then incubated at 100 °C for 12 min. The suspension was cooled to about 40 °C,
added with 18 pL of amyloglucosidase (Megazyme), and incubated at 50 °C for 30 min. The
residue was washed twice with distilled water and twice with methanol, then dried under
vacuum for 2 h. An aliquot of the destarched CWR was subjected to a hydrolysis with 2 M
TFA at 100 °C for 5 h. The released monosaccharides were reduced with sodium borohydride
and converted to alditol acetates using acetic anhydride. The alditol acetates were quantified
using GC-MS (GCMS-QP 2010 Plus, Shimadzu) equipped with SP-2330 column (30 m x 0.25
mm x 0.2 pm film thickness, SUPELCO, Bellefonte, PA, USA) using myo-inositol as an
internal standard.

The residues left after hydrolysis were used to quantify the crystalline cellulose. The
residues were added to the Updegraff reagent (Updegraft, 1969) and heated at 100 °C for 30
min, washed twice with distilled water and acetone, and then hydrolyzed with 72% sulfuric
acid (Hattori et al., 2012) at 30 °C for 1 h. The released glucose was quantified using the
Glucose CII test kit (Wako Pure Chemicals Industries, Osaka, Japan).

2.2.8 Uronic acid content analysis
Uronic acid content of CWR was measured by the m-hydroxydiphenyl assay
(Blumenkrantz & Asboe-Hansen, 1973) using galacturonic acid as a standard. The absorbance

was measured at 520 nm using an SH-1200 lab microplate reader (Corona Electric Co., Ltd.).
2.2.9 Calcium content analysis

Cell wall calcium content was determined by atomic absorption spectroscopy (AA-

6200, Shimadzu) after digesting the CWR with nitric and sulfuric acids.
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2.2.10 Methylation analysis

Polysaccharides in CWR were methylated using NaOH and methyl iodide (Wang et al.,
1995). To the CWR (10 mg) suspended in 600 uL DMSO, 600 puL of NaOH-DMSO suspension,
and 300 pL of methyl iodide were added. The suspension was sonicated for 5 min and
incubated at ambient temperature for 3.5 h with stirring. After adding 900 pL of distilled water,
the per-O-methylated CWR was rinsed with chloroform, air-dried, and then subjected to
hydrolysis of matrix polysaccharides with 4 M TFA at 120 °C for 1 h. Partially methylated
monosaccharides released into the supernatant were converted to alditol acetates and analyzed
by GC-MS (GCMS-QP 2010 Plus) equipped with SP-2330 column (SUPELCO). The molar
ratio of the peaks was calculated using the peak area and the effective carbon-response factors

(Sweet et al., 1975).

2.2.11 2D HSQC NMR

Finely ball-milled CWR samples (~60 mg) were swelled in DMSO-des/pyridine-ds (4:1,
v/v) for the gel-state whole cell wall NMR analysis, as described previously (Kim & Ralph,
2010; Mansfield et al., 2012). NMR spectra were acquired on a Bruker Avance III 800US
system (800 MHz, Bruker Biospin, Billerica, MA, USA) fitted with a cryogenically cooled 5-
mm TCI gradient probe (Bruker Biospin). Adiabatic 2D HSQC NMR experiments were
conducted using the standard implementation (‘hsqcetgpsp.3’) with parameters described in
the literature (Kim & Ralph, 2010; Mansfield et al., 2012). Data processing and analysis were
performed using the Bruker TopSpin 4.1 software (Bruker Biospin) as described previously
(Dumond et al., 2021; Miyamoto et al., 2019; Tarmadi et al., 2018). For volume integration
analysis, the aromatic contour signals from lignin and hydroxycinnamates (C2—H2 correlations
from G and F; C2-H2/C6-H6 correlations from S and P; and C2'-H2'/C6'-H6' correlations
from T, S, P, and T integrals were logically halved) and polysaccharide anomeric signals were
manually integrated and each signal was normalized based on the sum of the S and G lignin

aromatic signals (%2S2/6 + G2) (Dumond et al., 2021).

2.2.12 Immunofluorescent histochemical analysis

The aboveground parts of 3-week-old sorghum seedlings were sampled and fixed in 4%
paraformaldehyde in 50 mM phosphate buffer (pH 7.4). Samples were dehydrated in a graded
ethanol series (30%, 50%, 70%, 80%, 90%, 95%, and 99.5%) and then embedded in LR White
Hard Grade (London Resin Co. Ltd., Reading, UK). For immunofluorescence histochemistry,

transverse sections 0.5 pum thick were cut using an Ultracut E microtome (Reichert-Jung,
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Vienna, Austria). The sections were blocked with 3% (w/v) skim milk in Tris-buffered saline
(TBS; 20 mM Tris-HCl, 154 mM NaCl, pH 8.2) for 30 min and incubated at 4 °C for one d
with either of the following monoclonal antibodies: anti-xylan (LM10, PlantProbes), anti-
arabinoxylan (LMI11, PlantProbes), anti-xyloglucan (LM15, PlantProbes), anti-
glucuronoxylan (LM28, PlantProbes), anti-MLG (400-3, Biosupplies, Australia), and anti-
callose (400-2, Biosupplies Australia). The sections were washed three times with TBS and
incubated at 35 °C for 2 h with either goat anti-rat immunoglobulin (IgG) conjugated to Alexa
Fluor 488 (Molecular Probes, Oregon, USA) or with goat anti-mouse IgG conjugated to Alexa
Fluor 488 (Molecular Probes) for PlantProbes antibodies or Biosupplies antibodies,
respectively. The slides were washed three times with TBS and once with deionized water.
After drying, the sections were mounted using ProLong Diamond (Thermo Fisher Scientific,
Oregon, USA), and observed under a fluorescence microscope (BX50 with BX-FLA
fluorescent light attachment; Olympus, Tokyo, Japan) using a U-MWIB3 filter set (Olympus;

460—490 nm excitation, 515 nm long-pass emission).

2.2.13 Immunogold labeling analysis

For immunogold labeling, ultrathin transverse sections were cut using an Ultracut E
microtome and transferred to 300-mesh nickel grids (Nisshin EM Co. Ltd., Tokyo, Japan). The
grids were blocked in 20 pL of 0.1% (w/v) sodium azide in TBS containing 1% BSA at room
temperature for 30 min. They were then incubated with 20 uL of LM11 and MLG at 4 °C for
one day. After washing three times with TBS, the grids were incubated at 35 °C for 2 h either
with 10 nm colloidal gold conjugated secondary antibody goat anti-rat IgG or anti-mouse IgG
(BBI solutions, Crumlin, UK) for LM11 or MLG, respectively. The grids were washed three
times with TBS and once with deionized water, stained with 2% uranyl acetate for 10 min, and
then washed again with deionized water. The grids were observed under a JEM-1400

transmission electron microscope (JEOL, Tokyo, Japan) operated at 100 kV.

2.2.14 Gene expression analyses

RNA-sequencing data of sorghum seedlings from the Chapter 1 (accession number
DRAO010070) were used for the analysis of the change in transcriptome induced within 3 or 6
d after low N treatment. For RT-qPCR analysis, total RNA was extracted from fully expanded
uppermost leaves of 6-week-old (3 weeks after low-N treatments) seedlings using the Total

RNA Extraction Kit Mini (Plant) (RBC Bioscience, New Taipei City, Taiwan) according to
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the manufacturer’s instructions with on-column deoxyribonuclease treatment. First-strand
cDNA was synthesized as described previously in Chapter 1 using ReverTraAce DNA
polymerase (Toyobo, Osaka, Japan). Quantitative PCR analyses were performed as previously
described previously in Chapter 1 using KDO SYBR gqPCR mix (Toyobo) on TaKaRa PCR
Thermal Cycler Dice Real Time System II TP 960 (Takara Bio, Shiga, Japan). The primers
used for PCR are listed in Table 2.1. The amounts of the targets were estimated by AACt
method using the gene encoding a serine/threonine-protein phosphatase (PP2A) as an internal

control (Reddy et al., 2016).

2.2.15 Enzymatic saccharification analysis

Enzymatic saccharification analysis of CWR was performed as previously described
(Hattori et al., 2012). Briefly, CWR samples were destarched and suspended with an enzyme
cocktail containing Celluclast 1.5 L (Novozymes, Bagsvaerd, Denmark) (1.1 filter paper units),
Novozyme 188 (Novozymes) (2.5 cellobiase units), and Ultraflo L (Novozymes) (65 pg) in
sodium citrate buffer (pH 4.8). The reaction mixture was incubated in a rotary heat-block at
50 °C for 24 h. Quantification of the released glucose was performed using a Glucose CII test

kit.
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Table 2.1. List of primers used for reverse transcription-quantitative PCR analysis.

Gene name Gene ID Forward primer (5'—3’) Reverse primer (5'—3’)
CESA Sb02g010110 TAATGTTGCCAGCCTGTGGT GAACACAGCAAAGAGGTGCG
CSL Sb07g004110 CTCTCCTACAACTGGCCGTG GCCGCCTCACCATATCATCA
Endo-1,4-f3 Sb01g008860 CAAGTTTGCCAGGTCACAGC GCGCTTCGGGTACTTGTTTC
glucanase
Pectate lyase Sb08g004905 CCACCATGGCCAGAGGTATG CTCAGGAGCTTGGATAGCGG
Glucan-1,3-3- Sb03g045460 GGCTCACCTACACCAACCTG GCCCCTGGTTGTACTTCCTC
glucosidase
GAUT Sb01g012060 GCCGAGAGAGAAAAGCCGAG  TCAGGCGAGGTAAATGGTGG
EXP Sb03g038290 CAGTTCTAGCACGCCCCTC AGGAAATGCCTAAGCGGGTG
XTH Sb10g028570 GATAAGTACCGCTTCCCGCA CAAGTCATCATGCACACGGC
GSL Sb04g038510 CTTATCAAACTGCCGCCGTG TGCGTCTCGAGAATCGACTG
LAC Sb03g039970 CCTTCCTCAGCACAAGGAGC CGAGGTTCCCGGTTGATCTC
RG-1 lyase Sb07g024560 AGGGAGAACGCGATAGCAAG  CAATCCCTGAAACGGGCTCT
PAL Sb04g026520 CCAAAGTACAGCGGCTCAAG CAAGAACATGCGCATTGCAG
4CL/ Bmr2 Sb04g005210 CATCTCCAAGCAGGTGGTGT ATTGCACGTAACAAGGCACG
CAD/ Bmr6 Sb04g005950 TACCCTATGGTCCCTGGGC GCCGTCAGTGTAGACATCGT
C3'H Sb09g024210 ACCTTCTGCACCACTTCGAG AGGCACCTCACATCTCAACG
F5H/ CAld5SH  Sb01g017270 ATGGCGGAGATGATGCACAG CGTCTCCTTGATGACGCACT
CoOMT/ Sb07g003860 TTAATGGCCTAGCCTGCCTC CGCAGAGACAATTCGACAGC
CAIdOMT/

Bmri2
PP24 XM 002453490 AACCCGCAAAACCCCAGACTA TACAGGTCGGGCTCATGGAAC

CESA: Cellulose synthase A, CSL: cellulose synthase-like, GAUT: homogalacturonan a-1,4-
galacturonosyltransferase, EXP: expansin, XTH: xyloglucan endotransglucosylase/hydrolase, GSL: glucan
synthase-like/callose synthase, LAC: laccase, RG-I. rhamnogalacturonan I, PAL: phenylalanine ammonia-
lyase, 4CL: 4-coumarate CoA ligase/Brown midrib 2 (Bmr2), CAD: cinnamyl alcohol
dehydrogenase/Brown midrib 6 (Bmr6), C3'H: p-coumaroyl ester 3-hydroxylase, F5H: ferulate 5-
hydroxylase (=coniferaldehyde 5-hydroxylase, CAld5H), COMT: caffeate/5-hydroxyferulate O-
methyltransferase (=5- hydroxyconiferaldehyde O-methyltransferase, CAldOMT)/Brown midrib 12
(Bmrl2), and PP2A: serine/threonine-protein phosphatase.
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2.3 Results

2.3.1 Lignin content and composition

The hydroponically grown sorghum seedlings were cultivated using a standard culture
medium and a medium containing a low level of N (1/10th), as control and low-N treatments,
respectively. The low-N treatment apparantely inhibited the plant growth as shown in Figure
2.1. Furthermore, the treatment reduced the dry weight of seedlings by 51%, with decreased
chlorophyll and N contents (Figure 2.2). The result confirmed that the seedlings were indeed

under N deficient condition in this study.
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Figure 2.1. The appearance of hydroponically grown sorghum seedlings at 3 weeks after low-N treatment.
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Figure 2.2. Effect of low-N treatment on hydroponically grown sorghum seedlings growth.
(A) Dry weight, (B) soil-plant analysis development (SPAD) values, and (C) N content of
hydroponically grown sorghum seedlings cultivated under control or low-N condition at 3
weeks after treatment. Values are means £+ SD (n = 3). Asterisks indicate significant
differences between control and low-N plants. (Student’s ¢ test, p < 0.05).
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The impacts of low-N treatment on cell wall properties of hydroponically sorghum
seedlings were then examined by a series of chemical analyses. First, the thioglycolic acid
lignin analysis revealed that N supply did not affect lignin content significantly (Figure 2.3).
However, the lignin-aromatic composition was modulated, as revealed by 27% decrease of
thioacidolysis-derived syringyl/guaiacyl monomer (S/G) ratio in low-N plants as compared to

control plants (Figure 2.3). The change was ascribed to a 48% increase of G-type lignin

monomer yield under low-N condition (Figure 2.3).
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Figure 2.3. Effect of low-N treatment on lignin content and composition of hydroponically grown
sorghum seedlings cultivated under control or low-N condition at 3 weeks after treatment. (A) Lignin
content, (B) p-hydroxyphenyl (H)-monomer yield, (C) guaiacyl (G)-monomer yield, (D) syringyl (S)-
monomer yield, and (E) S/G monomer ratio. CWR: cell wall residue. Values are given as mean £+ SD (n

= 3). Asterisks indicate significant differences between control and low-N plants (Student’s 7 test, p <
0.05).
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In order to confirm the unchanged lignin content and alteration of lignin composition
by N level in more mature plants, two additional experiments were conducted both in
hydroponic and soil cultures. I found that lignin content was not significantly affected by the
level of N supply in more mature sorghum plants both in hydroponic and soil cultures (Figure
2.4A, Figure 2.5A). The level of N supply modified the lignin composition in hydroponically
grown mature sorghum plants, as shown by the lower thioacidolysis-derived S/G ratio in low-
N plants compared to high-N plants (Figure 2.4B). While, the lignin composition was not
substantially modulated by the level of N supply in four examined sorghum genotypes

cultivated in soil culture (Figure 2.5B).
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Figure 2.4. Effect of the level of N supply on lignin content and composition of hydroponically grown
mature sorghum plants at the heading stage (13-week-old) cultivated under low-, medium-, or high-N
treatment. (A) Lignin content, and (B) S/G monomer ratio. Bars are means + SD (n = 3). Different letters
mean a significant difference (Tukey-Kramer test, p < 0.05).
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Figure 2.5. Effect of the level of N supply on lignin content and composition of four genotypes of
soil grown mature sorghum plants cultivated under 200 or 400 kg N ha™ treatment (N200 or N400,
respectively). (A) Lignin content, and (B) S/G monomer ratio. Bars are means + SD (n = 3).
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To definitely observe the early impact of N level on sorghum cell wall properties and
to minimize the intervention from other factors, the further analyses were conducted using the

samples from hydroponically grown sorghum seedlings throughout this study.

2.3.2 Cell wall-bound p-hydroxycinnamic acid content
Content of cell wall-bound pCA, which possibly attached to lignin, was not different
between control and low-N plants. Contents of FA, which cross-links arabinoxylans to each

other and to lignin, was increased by 56% under low-N condition (Figure 2.6).
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Figure 2.6. Effect of low-N treatment on cell wall-bound p-hydroxycinnamic acid content of
hydroponically grown sorghum seedlings cultivated under control or low-N condition at 3 weeks after
treatment. (A) p-Coumarate (pCA) content, and (B) ferulate (FA) content. CWR: cell wall residue.
Values are given as mean + SD (n = 3). Asterisks indicate significant differences between control and
low-N plants (Student’s ¢ test, p < 0.05).
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2.3.3 Polysaccharide fraction of cell wall

Concerning the polysaccharide components, the content of crystalline cellulose tended
to be higher in low-N plants (Figure 2.7). The glycosyl residue composition analysis of the
trifluoroacetic acid (TFA)-soluble fraction indicated that the low-N plants contained more
arabinosyl, xylosyl, galactosyl, and glucosyl residues than control plants (Figure 2.7). The
change in glucose content was most remarkable, as it increased more than two-fold upon low-
N treatment. Meanwhile, the uronic acid and calcium (Ca) contents were decreased by 18%
and 45% in low-N plants, respectively (Figure 2.7).

Furthermore, methylation analysis revealed the presence of at least 16 glycosyl residues
with different linkages in the cell wall of sorghum seedlings (Table 2.2). Of the sugar residues
listed in Figure 2.7, content of mannose, which probably derived from mannan, remained
unaffected by low-N treatment. Hence, the abundance of detected residues was estimated as
the relative amount to 4-linked mannosyl residue. The residues appearently increased by low-
N treatment include 3- or 4-linked glucosyl and 4- or 3,4-linked xylosyl residues (Table 2.2).
The increase in the amount of 3-linked glucosyl residue suggested an increase of callose
[(1—3)-B-D-glucan] and/or MLG, whereas the increase of 4-linked glucosyl residue suggested
an increase of noncrystalline (1—4)-B-D-glucan. The increased amount of 4- and 3,4-linked
xylosyl residues were possibly due to an increase of xylans with or without substitution, such

as xylan, arabinoxylan, or glucuronoxylan.
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Figure 2.7. Cell wall mineral and polysaccharides contents of hydroponically grown sorghum seedlings
cultivated under control or low-N condition at 3 weeks after treatment. (A) Glucose content from
crystalline cellulose, (B) glucose content from matrix polysaccharides, (C) arabinose content, (D) xylose
content, (E) galactose content, (F) mannose content, (G) uronic acid content, and (H) calcium content.
CWR: cell wall residue. Values are given as mean = SD (n = 3). Asterisks indicate significant differences
between control and low-N plants (Student’s ¢ test, p < 0.05).

44



Table 2.2. Glycosyl linkage composition of the cell walls of hydroponically-grown sorghum

seedlings cultivated under control and low-N conditions at 3 weeks after treatment.

Relative abundance
Residue Position of O-CH3 group Deduced linkage

Control Low N
Arabinose 3.5 2-linked furanose 0.35 0.33
2,5 3-linked furanose 0.59 0.62
2,3 4-linked pyranose 1.53 1.65
Xylose 2,34 terminal 0.77 1.08
23 4-linked pyranose 5.35 8.46
2 3,4-linked pyranose 2.53 3.67
Galactose  2,3,4.6 terminal 1.17 0.86
3,4 2,6-linked 0.37 0.15
2,4 3,6-linked 0.96 0.88
2,3 4,6-linked 2.31 2.08
Glucose 2,3,4,6 terminal 2.29 451
2,4,6 3-linked 0.94 1.11
2,3,6 4-linked 13.13 21.47
Mannose 2,3,4,6 terminal 0.43 0.39
2,3,6 4-linked 1.00 1.00
2,6 3,4-linked 0.81 0.84

Relative abundance of the residues was calculated as molar ratio relative to 4-linked mannosyl
residue. The averages of duplicate (control) or triplicate (low-N) determinations are shown.
Values are the average of two (control) or three (low N) replicate samples.
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2.3.4 2D HSQC NMR

In order to further investigate the low N-induced alteration of cell wall composition and
structure suggested by chemical analyses, I conducted two-dimensional short-range 'H-'3C
HSQC NMR analysis. The relative intensities of G-lignin unit and FA signals with respect to
total lignin aromatic signals (S + G) were increased in low-N plant cell walls compared with
those in control plant cell walls (Figure 2.8). The result is in accordance with the data from
chemical analysis (Figure 2.3) in that thioacidolysis monomer yield of G-lignin unit and FA
content were increased by low-N treatment. The S/G ratio estimated based on the NMR signal
intensities was lower in the cell wall of low-N plants than that in the cell wall of control plants
(Figure 2.8), which was also consistent with the result of chemical analysis (Figure 2.3).

In terms of sugar components, the relative intensities of glucose, arabinose and
galactose signals per total lignin aromatic signals (S + G) were higher in low N plants than in
control plants (Figure 2.8), which was also in agreement with the results of chemical analysis
(Figure 2.7). It is currently unclear why xylose signal was not modulated by low N treatment
in NMR analysis (Figure 2.8), whereas it was found to be increased by low N treatment in the
chemical analysis (Figure 2.7). The relative intensity of glucuronic acid signal was apparently
lower in the cell wall of low N plants than in the cell wall of control plants (Figure 2.8), which
could be consistent with the observed decrease in uronic acid content in chemical analysis

(Figure 2.7).
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Figure 2.8. Two-dimensional short-range 'H-"*C correlation nuclear magnetic resonance (2D HSQC NMR)
spectra of the cell walls of hydroponically-grown sorghum seedlings cultivated under control and low-N
conditions at 3 weeks after treatment. The NMR spectra were acquired with composite samples prepared from
three replicates. (A) Aromatic sub-regions showing signals from major lignin hydroxycinnamate aromatic units.
Contours are color-coded to match the displayed structures. Boxes labeled x 2 means regions with scale
vertically enlarged 2-fold. (B) Anomeric sub-regions showing signals from major cell wall polysaccharide units.
Py, pyridine (solvent). (C) Normalized intensity of major lignin, hydroxycinnamate and polysaccharide signals
expressed on a S + G =1 basis. Data labeled x 1/10 indicate that the reported values are divided by a factor 10

for visualization purposes. (D) S/G signal ratio.
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2.3.5 Immunofluorescent histochemistry

The abundance and localization of several glucans and xylans were examined by
immunostaining. In sections from the aboveground part of sorghum seedlings, which mainly
consisted of developing leaf sheath and leaf blade tissues, fluorescence signals from anti-MLG
antibody and anti-(1—3)-B-D-glucan (callose) antibody were distributed in all parts of the
section, including epidermal, mesophyll, cortical, and vascular tissues (Figure 2.9). These
signals from both anti-MLG and callose antibodies in cortical sclerenchyma were more intense
in low-N plants than in control plants. Conversely, the signals in epidermal tissues were lower
in low-N plants than in control plants (Figure 2.9A). Signals from anti-xyloglucan antibody
(LM15) were present only in phloem and curved epidermal tissues and were stronger in low-
N plants than in control plants (Figure 2.9A). The fluorescence signals from the antibodies
recognizing arabinoxylan (LM11) and xylan (LM10) occurred specifically in epidermal tissues
and vascular bundles, and the signals were more intense in low-N plants than in control plants
(Figure 2.9B). These signals were also detected in epidermal cells in low-N plants, but not in
the control plants (Figure 2. 9B). Mesophyll cells were not stained by antibodies in either low-
N or control plants. The fluorescence signal from anti-glucuronoxylan antibody (LM28) was
present in vascular bundles, excluding cortical sclerenchyma cells, but not in epidermal or
mesophyll tissues in both low-N and control plants. Glucuronoxylan signals in vascular bundles
were more intense in low-N plants than in control plants (Figure 2. 9B). Taken together, these
results suggest that the amounts and/or distribution of several glucans and xylans were

modified under low-N conditions.
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Figure 2.9. Immunofluorescent histochemical analyses of hydroponically grown sorghum seedlings
cultivated under control or low-N conditions at 3 weeks after treatment. (A) Immunofluorescent
labeling of glucose-containing polysaccharides using anti-mixed-linkage (1—3), (1—4)-B-D-glucan
(MLG), (1—3)-p-D-glucan (callose), and xyloglucan antibodies, and (B) Immunofluorescent labeling
of xylose-containing polysaccharides using anti-arabinoxylan, xylan, and glucuronoxylan antibodies,
Ep: epidermal tissues, Ce: curved epidermal tissues, Cc: cortical cells, Me: mesophyll tissues, Bs:
bundle sheath, Xy: xylem, Px: protoxylem, Ph: phloem.
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2.3.6 Immunogold labeling analysis

As MLG and arabinoxylan are the two most abundant hemicellulosic polysaccharides
in cell walls of young, elongating organs of grasses (Peng et al., 2012), I investigated their
abundance and distribution in low-N and control seedlings using immunoelectron microscopy.
With the anti-MLG antibody, the labeling in the cortical cell and xylem walls was more
abundant in low-N plants than in control plants. In contrast, essentially no labeling was
observed in the secondary cell walls of low-N plant epidermal cells, whereas abundant labeling
was found in the corresponding region of control plants (Figure 2.10A). With the anti-
arabinoxylan antibody, cortical cell and xylem walls in low-N plants were labeled more heavily
than those of control plants (Figure 2.10B). The difference in labeling abundance was more
apparent in the secondary cell walls of the epidermal tissues (Figure 2.10B). These results are

in line with the observation in immunofluorescence microscopy analysis (Figure 2.9).
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Figure 2.10. Immunogold labeling using (A) anti-mixed-linkage (1—3), (1—4)-p-D-glucan (MLG),
and (B) arabinoxylan antibodies of hydroponically grown sorghum seedlings cultivated under control
or low-N conditions at 3 weeks after treatment.
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In addition, the secondary cell walls of cortical, xylem and epidermal tissues appeared
thicker in low-N plants than in control plants (Figure 2.10). We then estimated their cell wall
thickness by image analysis. The result confirmed that the secondary cell walls in these tissues

were significantly thicker in low-N plants (Figure 2.11).
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Figure 2.11. Cell wall thicknesses of cortical, xylem, and epidermal cells of hydroponically grown
sorghum seedlings cultivated under control or low-N conditions at 3 weeks after treatment. Values are
given as mean = SD (18 measurements from 6 individual cells for cortical cells, 9 measurements from
3 individual cells for xylem, and 12 measurements from 4 individual cells for epidermal cells).
Asterisks indicate significant differences between control and low-N plants (Student’s ¢ test, p < 0.05).

2.3.7 Gene expression

To further confirm the effects of N limitation on sorghum cell wall and to obtain
insights into the mechanism underlying the changes, I conducted gene expression analyses.
Sorghum genes related to cell wall biosynthesis and modification were selected according to a
previous report (Rai et al., 2016), and their expression under low-N conditions was investigated
by referring to data from RNA-sequencing analysis of N-deficient sorghum seedlings in
Chapter 1. Of the genes examined, the endo-1,4-f-glucanase (Sb01g008860) encodes a
homolog of Arabidopsis KORRIGAN 1 (KOR1), which plays an essential role in cellulose
biosynthesis as an integral part of the cellulose synthase complex (Vain et al., 2014). Hence,
although the gene has been categorized as a glycosyl hydrolase in the list (Figure 2.12), it is
more likely to be involved in cellulose biosynthesis rather than glycan degradation. Three days
after initiating the low-N treatment, expression of the genes encoding cellulose synthase

(CESA) and endo-1,4-B-glucanase was upregulated in low-N plants, whereas expression of two
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genes encoding glucan 1,3-B-glucosidase, an enzyme degrading callose, was downregulated
(Figure 2.7). Expression of other glucan-related genes, including cellulose synthase-like
proteins (CSL) and glucan synthase-like proteins (GSL), were not statistically different
between low N and control plants (Figure 2.12). A similar tendency was observed with the
expression of these genes at 6 d, but the statistically significant difference was not demonstrated
between control and low-N plants (Figure 2.12).

The expression of a gene encoding xyloglucan endotransglucosylase/hydrolase (X7TH)
was downregulated in low-N plants, while the expression of endo-xylanase was not modulated
significantly (Figure 2.12). As for the expression of pectin-related genes, a gene for f-
galactosidases (BGAL), which possibly catalyzes the degradation of rhamnogalacturonan I
(RG-I) side chains, was downregulated by low N treatment at 6 d (Figure 2.12). Meanwhile,
no significant change was observed in other pectin-related genes, including homogalacturonan
a-1,4-galacturonosyltransferases (GAUT), polygalacturonases (PGases), pectate and pectin
lyase, RG-I lyase, pectin methylesterase, and pectin acetylesterase (Figure 2.12). Expression
of laccase (LAC), which may be involved in lignin monomer polymerization, was not
significantly modulated by low-N treatment (Figure 2.12).

The results from RNA sequencing analysis suggested altered expression of cell wall-
related genes in sorghum seedlings at 3 or 6 d after low-N treatment. I then further assessed the
impact of N limitation on cell wall-related gene expression at 3 weeks after treatment, using a
reverse transcription-quantitative PCR (RT-qPCR) analysis. The target genes chosen were
those showing the largest change (either up- or down-regulated under low N supply) in each
group (Figure 2.12). As shown in Figure 2.13, the analysis confirmed the upregulated
expression of CESA and endo-1,4-f-glucanase under low-N conditions. Furthermore, the
analysis demonstrated upregulation of CSL, pectate lyase, GAUT, and expansin (EXP) and
downregulation of glucan-1,3-p-glucosidase in low-N plants (Figure 2.13), although their
expression was not changed significantly at 3 or 6 d as revealed by RNA sequencing analysis
(Figure 2.12). Statistically significant changes were not observed with the other targets,
including XTH, GSL, LAC, and RG-I lyase (Figure 2.13). These results confirmed the effect of

low N condition on cell wall components in hydroponically-grown sorghum seedlings.
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Pectin methylesterases (PME)
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Figure 2.12. Heatmap showing the change in expression of known cell wall-related genes in hydroponically

grown sorghum seedlings in response to low-N condition at 3 and 6 days after treatment. The log, values
of the fold change (low-N/control) are shown. Asterisks indicate significant difference between treatments

(n= 3, g value <0.05).
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Figure 2.13. Reverse transcription-quantitative PCR analysis of the expression of selected cell wall
polysaccharide metabolism-related genes in low nitrogen (N)-treated hydroponically grown sorghum
seedlings. The analysis was conducted at 3 weeks after treatment. CESA: Cellulose synthase A, CSL:
cellulose synthase-like, GAUT: homogalacturonan a-1,4-galacturonosyltransferase, EXP: expansin,
XTH: xyloglucan endotransglucosylase/hydrolase, GSL: glucan synthase-like/callose synthase, LAC:
laccase, and RG-I. rhamnogalacturonan I. The expression of each gene was analyzed as transcript
abundance relative to PP24 (XM _002453490). Values are means = SD (n = 3). Asterisks indicate
significant differences between control and low-N plants. (Student’s ¢ test, p < 0.05).
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Multiple known genes involved in lignin biosynthesis were also included in the analysis

(Figure 2.14). Of these, phenylalanine ammonia lyase (PAL) (Agarwal et al., 2016), 4-
coumarate CoA ligase (4CL)/Brown midrib 2 (Bmr2) (Saballos et al., 2012), cinnamyl alcohol

dehydrogenase (CAD)/Brown midrib 6 (Bmr6) (Saballos et al., 2008), and p-coumaroyl ester

3-hydroxylase (C3'H) (Saballos et al., 2012) did not show significant changes following the

low-N treatment (Figure 2.14). On the other hand, two genes associated with S-lignin
biosynthesis, that is, ferulate 5-hydroxylase (F5H) (=coniferaldehyde 5-hydroxylase, CAld5H)
(Tetreault et al., 2020) and caffeate/5-hydroxyferulate O-methyltransferase (COMT) (=5-
hydroxyconiferaldehyde O-methyltransferase, CAIdOMT)/Brown midrib 12 (Bmri2) (Bout &

Vermerris, 2003; Li et al., 2000) were downregulated in low-N plants (Figure 2.14).
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Figure 2.14. Reverse transcription-quantitative PCR analysis of the expression of selected lignin
biosynthesis-related genes in low nitrogen (N)-treated hydroponically grown sorghum seedlings. The

analysis was conducted at 3 weeks after treatment. PAL: phenylalanine ammonia-lyase, 4CL: 4-coumarate
CoA ligase/Brown midrib 2 (Bmr2), CAD: cinnamyl alcohol dehydrogenase/Brown midrib 6 (Bmro6),
C3'H: p-coumaroyl ester 3-hydroxylase, F5SH: ferulate 5-hydroxylase (=coniferaldehyde 5-hydroxylase,
CAld5H), and COMT: caffeate/5-hydroxyferulate O-methyltransferase (=5- hydroxyconiferaldehyde O-
methyltransferase, CAIdOMT)/Brown midrib 12 (Bmrl12). The expression of each gene was analyzed as
transcript abundance relative to PP24 (XM_002453490). Values are means £ SD (n = 3). Asterisks

indicate significant differences between control and low-N plants. (Student’s # test, p < 0.05).
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2.3.8 Enzymatic saccharification

To assess the possible relevance of the changes in cell wall for biomass utilization, I
compared the saccharification performance of low-N and control cell walls. The cell walls were
hydrolyzed using a cocktail of commercially available cellulolytic enzymes, and the released
glucose was quantified after 24-h incubation. The amount of glucose released from the cell
wall of low-N plants was 28% higher than that from the cell wall of control plants (Figure
2.15).
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Figure 2.15. Enzymatic saccharification of cell walls after 24 h of enzymatic hydrolysis of
hydroponically grown sorghum seedlings cultivated under control or low-N conditions at 3 weeks
after treatment. Values are given as mean + SD (n = 3). Asterisks indicate significant differences
between control and low-N plants (Student’s ¢ test, p < 0.05).

2.4 Discussion

In this chapter, I elucidated that the level of N supply could affect the properties of
sorghum cell wall through a series of analyses. Firstly, N deficiency can modulate the cell wall
lignin composition and structures of hydroponically sorghum plants. Although the lignin
content estimated by the thioglycolic acid analysis was not significantly different between low-
N and control plants in hydroponically sorghum seedlings (Figure 2.3A), the sum of contents
of thioacidolysis-derived lignin monomers (H + G + S) was significantly higher in low-N plant
cell wall than in control plant cell wall (Figure 2.3B-D). A similar finding has been reported
for maize under low N supply (Sun et al., 2018). Such a discrepancy about the estimated
amount may arise if the same amounts of lignin monomer units are polymerized differently, as
the thioacidolysis assay detects only the units linked with B-O-4 linkages. Hence, the result in

this study in turn suggests a N deficiency-induced modulation of the polymerization pattern of
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lignin monomers, leading to an increased percentage of thioacidolysis-susceptible B-O-4
linkages. I confirmed that the level of N supply did not substantially affect the content of lignin
both in more mature stages of hydroponically and soil grown sorghum plants (Figure 2.4A,
Figure 2.5A). | also demonstrated an unchanged in lignin content of mature stem from the
multiple soil grown sorghum genotypes cultivated under different N supply (Figure 2.5A).
Similarly, the content of lignin was not affected by the level of N supply in two sugar cane
genotypes (Salvato et al., 2017). These results suggest that the level of N supply did not modify
lignin content in sorghum plant both in seedling and mature stages, and in different sorghum
genotypes.

Although the total lignin content were not different significantly between the treatment,
their composition was modulated, as shown by a substantially lower S/G ratio in low-N cell
walls of hydroponically grown seedlings (Figure 2.3E, Figure 2.8). Both the chemical and
NMR analysis indicated an increase of G lignin monomers under low N condition. Meanwhile,
the content of S lignin monomers was either not different or lower in low N plants as indicated
by chemical and NMR analysis, respectively (Figure 2.3E, Figure 2.8). Thus, N limitation
might cause a shift in lignin monomer synthetic pathway in favor of G rather than S monomer
synthesis as simply shown in Figure 2.16. The responses may be explained as the result of
lowered availability of S-adenosylmethionine, which is synthesized from methionine and used
as the methyl donor in the conversion of G precursors to S precursors (Roje, 2006). In addition,
I also found that the S/G monomer ratio was decline by lowering N supply in more mature
hydroponically sorghum plants compared with high-N treated plants (Figure 2.4B), whereas
the difference was not obvious in four examined soil grown sorghum plants (Figure 2.5B). In
comparison with other studies, the direction of low N-induced change in S/G ratio varies among
reports, as it was increased in poplar (Pitre et al., 2007), Eucalyptus (Camargo et al., 2014) or
maize (Sun et al., 2018). Thus, although the N deficiency-induced modulation of lignin
monomer composition is common, the specific response may vary depending on species and
condition such as the severity of deficiency. Such a modulation may arise at least partly through
the transcriptional change of the genes for the monomer synthetic pathway, as the expression
of F5H (CAIld5H) and COMT (CAIdOMT)/Bmrl2, the genes required for S-lignin synthesis,
were significantly downregulated in low-N plants (Figure 2.14), while the genes involved in
earlier steps of the pathway (PAL, 4CL/Bmr2, CAD/Bmr6, and C3'H) did not show significant
modulation (Figure 2.14).
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Figure 2.16. Schematic flow of the effect of low-N treatment on the modulation of lignin
composition reflected by the syringyl/guaiacyl (S/G)-type monomer ratio in hydroponically
sorghum seedlings.

Limitation of N also affected the polysaccharide moiety of the cell wall in sorghum.
The low-N plant cell wall contained more cellulose and hemicellulose, non-cellulosic glucans
and xylans, as revealed by the chemical, NMR, and immunohistochemical analyses. Possibly
consistent with this notion, the content of cell wall-bound FA, which mediates inter-
arabinoxylan or arabinoxylan-lignin crosslinking, substantially increased under low-N
condition (Figure 2.6, Figure 2.8). The electron microscopy analysis also showed that the cell
walls of low-N plants were thicker than that of control plants (Figure 2.11), probably due to
an enhanced formation of the secondary cell walls. A previous study also reported a thickening
of sorghum cell wall under N limited condition (Makino & Ueno, 2018), particularly in bundle
sheath cells. The current results showed that the low N-induced thickening of cell wall occurred
in tissues other than bundle sheath as well, including cortical, xylem, and epidermal cells
(Figure 2.11). Observed increase in the amount of cellulose and hemicellulose might be due
in part to this estimated enhanced formation of secondary cell walls, as cellulose and
hemicellulose are the two major components of secondary cell walls. However, specific
accumulation of hemicellulose should also be involved, as suggested from the denser labeling
of secondary cell walls in immunoelectron microscopy (Figure 2.10). At least a part of the
change in hemicellulose content was caused via modulated expression of genes for the
synthesis and/or degradation of these polysaccharides, as revealed by the RNA-sequencing and
RT-qPCR analyses (Figure 2.12, Figure 2.13). Notably, those changes of cell wall-related
gene expression occurred as early as 3 d after initiating the low-N treatment, suggesting that
the modulation of cell wall components could be an adaptation strategy for N starvation.

The explanation of the enhanced hemicellulose fractions caused by limiting N supply
is briefly shown in Figure 2.17. Under the condition of insufficient N supply, plants limit the

synthesis of N-containing molecules such as proteins and amino acids. The metabolic
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adjustment reduces the demand for carbon skeletons for N assimilation. The surplus carbon
may be accumulated as starch, or turned to synthesis of cell wall materials, as suggested in
maize leaves (Schliiter et al., 2012). Hoch (2007) reported that hemicelluloses in cell wall are
not only structural components but also the mobile carbon stores in plants. The increase of
glucans and xylans observed in this study might also be such sink of surplus carbon. Possibly
consistent with the finding in this study, application of N fertilizer slightly reduced the content
of hemicellulose in giant mischanthus (Arundale et al., 2015), which is also a grass with C4
photosynthesis.

Uronic acid content was decreased under low N condition (Figure 2.7). As I did not
analyze the molecular identity of the uronic acids in this study, it is difficult to judge if the
observed decrease was of galacturonic acid residues in pectin or glucuronic acid residues in
hemicelluloses. Signals from NMR analysis suggested a decrease of glucuronic acid residues
in low N plant cell walls, but the analysis tells only a relative amount between the treatment,
hence it remains unknown how much of the detected decrease in uronic acid could be explained
by that of glucuronic acid. However, since the expression of GAUT tended to be downregulated
(Figure 2.13), at least the synthesis of polygalacturonate, the major component of pectin,
should have been decreased under N deficiency. Such an effect of N limitation on pectin has
been reported in several previous reports. For example, amount of pectin was reduced under
low-N condition in grapevine callus (Fernandes et al., 2013). The form of N supply also
affected the pectin content and structure in Brachypodium cell wall (Gtazowska et al., 2019).
Considering these findings together, it is possible that N deficiency leads to a decrease of cell
wall pectin also in sorghum. However, the practical significance of the decrease in pectin, if
any, would be limited, as pectin constitutes only a minor fraction of the cell wall in grasses
(O’ Neill et al., 1990).

The present study was mainly conducted with hydroponically grown seedlings, which
was different from the practical situation of biomass crop production. Nonetheless, the study
should give us insights as to whether or not the nutrient supply could affect the properties of
sorghum cell walls. There was indeed some difference between the cell walls of low-N and
control plants, including lignin monomer composition and polysaccharide content. I then
considered possible impacts of these changes on the usability of this material as the feedstock
for biomass energy production. The cell wall of low-N and control plants were not different in
the amount of lignin, but the S/G lignin monomer ratio was lower in the former than the latter.
Lower S/G ratio gave higher enzymatic digestibility in maize cell wall, and its effect exceeded

that of the difference in lignin content (He et al., 2018). In addition, low-N plant cell wall
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contained more cellulose and non-cellulosic glucans, which can be converted into fermentable
sugars. As such, the cell wall of low-N plants could be favorable as the feedstock for biomass
ethanol production, and the enzymatic saccharification of low-N plant cell wall indeed
produced higher amount of glucose compared to control plant cell walls. However, considering
the extent of changes induced by N limitation and critical importance of N to support vigorous
plant growth, it would be more reasonable to supply enough amount of N as fertilizers to get
sufficient yields. In this study as an example, the 51% reduction of biomass production due to

N deficiency cannot be compensated by 28% increase of enzymatic saccharification

performance.
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Figure 2.17. Schematic flow of the effect of low-N treatment on the increased of hemicellulose
fractions in hydroponically sorghum seedlings.
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Chapter 3

Alteration of cell wall lignin structures
by limiting silicon supply in Sorghum bicolor

3.1 Introduction

The quality of plant biomass as the feedstock for bioenergy is highly dependent on the
composition and structure of cell walls (lignocellulose), which are mainly composed of
cellulose, hemicelluloses, and lignin (Hatfield et al., 2017). Lignin content and structure can
be modulated by environmental factors, including nutritional conditions (Moura et al., 2010).

In the previous chapter, I revealed that the level of N supply significantly affected the
structure of lignin in the cell walls of hydroponically grown sorghum seedlings. As a plant
nutrient, silicon (Si) may influence cell wall composition, including lignin content and structure
(Gtazowska et al., 2018; Suzuki et al., 2012). Silicon is contained in plants at 0.1-10% of dry
weight. The majority of Si in plants exists in the form of silica in the cell walls and intercellular
spaces of leaf epidermal tissues (Ma & Yamaji, 2006). Similar to lignin, the silica deposited in
tissues contributes to tissue mechanical strength (Ma & Yamaji, 2006, 2008). As a
mechanically important component of plant tissue, the supply of Si may affect the content
and/or structure of lignin in cell walls.

The mutants of brachypodium and rice defective in Si uptake accumulate more lignin
than wild-type plants (Glazowska et al., 2018; Suzuki et al., 2012). In sorghum, the interaction
of Si and lignin has been reported in root endodermal tissues, in which Si as silica emerged
only after the initiation of lignification in the inner tangential cell walls. The silica was
estimated to be deposited specifically on the newly polymerized coniferyl alcohol (G-lignin
unit) (Soukup et al., 2017, 2020; Zexer & Elbaum, 2020). However, with regards to sorghum
shoot cell walls, limited information is available on the effect of Si supply on lignin properties.
To address this shortfall, the objective of this chapter was to analyze the changes induced by
Si limitation in the cell walls of the shoots of hydroponically grown sorghum seedlings to
determine the effects of Si supply on lignin and other cell wall components in this species. As
a result, the limitation of the Si supply was found to lead to a change in the content and
structures of lignin. The mechanical properties and calorific value was also changed,
suggesting that Si uptake is a factor that affects the properties of sorghum lignocellulose

biomass.
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3.2 Materials and Methods

3.2.1 Plant growth condition and treatment

Cultivation was carried out in a culture room maintained at 25°C with a 16/8 h
light/dark cycle. Sorghum seeds (S. bicolor, cv. BTx623) were germinated and grown on
vermiculite for a week. The seedlings were transferred to a full-strength Yoshida B hydroponic
culture medium and grown further for two weeks as described previously in Chapter 1. The 3-
week-old seedlings were transferred to Yoshida B culture medium containing Si at 50 or 0 mg
SiO, L! and cultured for three weeks. Silicon was added in the form of silicic acid. A solution
of sodium silicate containing Si at approximately 35% as SiO, was passed through a column
of Dowex 50W-X8 (H" form) equilibrated with distilled water. The Si concentration in the
effluent was determined colorimetrically and used as the Si stock solution. The aerial parts of

6-week-old (three weeks after Si treatments) seedlings were used for subsequent analyses.

3.2.2 Silicon content analysis

The aerial parts of the seedlings were dried in an oven at 70°C and pulverized to a fine
powder using a T-351 pulverizing machine (Rong Tsong Iron Co., Taichung, Taiwan).
Approximately 20 mg of powder was ashed and melted with 200 mg Na,CO;3 and then diluted
to 20 ml with distilled water. The Si concentration in the solution was measured using the

colorimetric molybdenum blue method at 600 nm (UV-1700; Shimadzu, Kyoto, Japan).

3.2.3 Cell wall chemical analyses

The cell wall residue (CWR) was prepared as previously described in Chapter 2. The
cell wall Si content was analyzed as described above for the plant Si content. Cell wall chemical
analyses including, lignin content, thioacidolysis-derived lignin composition, cell wall-bound
pCA and FA, uronic acid content, calcium content, crystalline cellulose content and glycosyl

residue composition were conducted as previously described in Chapter 2.

3.2.4 2D HSQC NMR analysis

The analysis and data processing of 2D HSQC NMR were performed as previously
described in Chapter 2. For volume integration analysis, the aromatic contour signals from
lignin and hydroxycinnamates (C2-H2 correlations from G and FA, C2-H2/C6-H6
correlations from S and pCA, and C2-H2'/C6'-H6' correlations from T, S, pCA, and T

integrals were logically halved) and polysaccharide anomeric signals were manually integrated,
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and each signal was normalized based on the sum of the total NMR signals (Dumond et al.,

2021).

3.2.5 Scanning electron microscopy

Fresh hand-cut specimens of the aboveground parts of the seedlings were immersed in
70% ethanol for 2 weeks. The specimens were cut (1 mm thick) and dehydrated in a graded
ethanol series (30%, 50%, 70%, 80%, 90%, 95%, and 99.5%), followed by #-butyl alcohol. The
obtained sections were freeze-dried and coated with platinum using an ion sputter (E-1045;
Hitachi, Tokyo, Japan), and then observed under a field emission scanning electron microscope
(S-4800; Hitachi) at an accelerating voltage of 10 kV coupled with an energy dispersive X-ray
analyzer (Genesis XM2; EDAX, Tokyo, Japan).

3.2.6 Histochemical analyses

Fresh hand-cut specimens of the aboveground parts of the seedlings were immersed in
70% ethanol for a week. The specimens were cut (£30 pm thick) using a sliding microtome
(REM-710; Yamato Kohki Industrial Co., Ltd., Saitama, Japan). For lignin staining with
acriflavine, the sections were stained with 1% (w/v) acriflavine in water for 2 min, washed with
80% ethanol, and observed under a fluorescence microscope (BX50 with BX-FLA fluorescent
light attachment; Olympus, Tokyo, Japan) with U-MWIB3 filter set (460—490 nm excitation,
515 nm long-pass emission) (Olympus). For lignin staining with the phloroglucinol-HCI
method or flavonoid staining with the vanillin-HCI method, the transverse sections were
incubated in 2% (w/v) phloroglucinol or 1% (w/v) vanillin in 95% ethanol, respectively. The
sections were then immersed in 6 M HCIl, mounted on slides, and observed under a light
microscope (BX50; Olympus, Tokyo, Japan). For cellulose or (1—3)--D-glucan (callose)
deposition analyses, fresh transverse sections were incubated in 0.01% (w/v) calcofluor white
(Biotium Inc., California, USA) in deionized water or 0.01% (w/v) aniline blue in 0.08 M
phosphate buffer (pH 9.0) for 10 min. The sections were then observed under a fluorescence
microscope (BX50 with BX-FLA fluorescent light attachment) with a WU filter set (330-385

nm excitation, 420 nm long-pass emission) (Olympus).

3.2.7 Immunofluorescence labeling
Immunofluorescence labeling analyses of arabinoxylan, MLG, and callose were

conducted as previously described in Chapter 2.
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3.2.8 Gene expression analyses
3.2.8.1 RNA sequencing analysis

Total RNA was extracted from the tip of the youngest fully expanded leaves of the
seedlings, as previously described in Chapter 1. Strand-specific RNA sequencing analysis was
performed at GENEWIZ, Inc. (Tokyo, Japan) following the standard protocol. Sequencing
was performed on the Illumina HiSeq platform (Illumina, San Diego, CA, USA) in a 2x150 bp
paired-end configuration. For each sample, 22—-26 million reads were obtained. The short-read
data sets were deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive
under accession number DRR324378-DRR324383. Sequence analysis was performed using
the Galaxy web tool available at https://usegalaxy.org/ (Afgan et al., 2018). The reads were

quality-checked using FastQC version 0.72

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), mapped to the S. bicolor gene

model Sbil (http://www.phytozome.net) using HISAT2 version 2.1.0 (Kim et al., 2015), and
the transcript abundances were estimated using featureCounts version 1.6.4 (Liao et al., 2014).
The count data from three biological replicates for each treatment were used to identify
differentially expressed genes (DEGs) using DESeq?2 version 2.11.40.6 (Love et al., 2014).
Gene ontology (GO) enrichment analysis of the DEGs was conducted by the singular
enrichment method using the AgriGO webtool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)

(Tian et al., 2017). Overrepresentation of the annotation in DEGs was examined by Fisher and
Yekutieli tests, with an adjusted p value < 0.05 as the significance threshold. The functional
annotations listed in Table 3.8-11 refer to the Morokoshi sorghum transcriptome database

(http://sorghum.riken.jp/Home.html) (Makita et al., 2015).

3.2.8.2 Reverse transcription-quantitative PCR analysis

Reverse transcription-quantitative PCR analysis (RT-qPCR) was performed using RNA
extracted from the tip of the youngest fully expanded leaves of the seedlings. For this
experiment, [ used different sets of samples from those used for RNA sequencing analysis.
Total RNA extraction, first-strand cDNA synthesis, and RT-qPCR analyses were conducted as
previously described in Chapter 1. The gene encoding PP2A was used as an internal control

(Reddy et al., 2016). The PCR primers used are listed in Table 3.1.
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Table 3.1. List of primers used for reverse transcription-quantitative PCR analysis.

Gene name Gene ID Forward primer (5'—3’) Reverse primer (5'—3’)
HCT Sb10g005780 GTAGTGCAGTGCAGACATGC TATCTACGCAGTTCCGCTCG
CCoAOMT Sb10g004540 CAAGCACCCATGGAACCTGA TGGCCAAGATCGTGCCGTC
CCR Sb07g021680 AGCAGCCGTACAAGTTCTCG CCGTATCGTAGAGCGACTGG
F5H (CAId5H) Sb01g017270 ATGGCGGAGATGATGCACAG CGTCTCCTTGATGACGCACT
CAD/Bmr6 Sb04g005950 TACCCTATGGTCCCTGGGC GCCGTCAGTGTAGACATCGT
PAL Sb04g026520 CCAAAGTACAGCGGCTCAAG CAAGAACATGCGCATTGCAG
COMT
(CAldOMT)/ Sb07g003860 TTAATGGCCTAGCCTGCCTC CGCAGAGACAATTCGACAGC
Bmri2
4CL/Bmr2 Sb04g005210 CATCTCCAAGCAGGTGGTGT ATTGCACGTAACAAGGCACG
C3’H Sb09g024210 ACCTTCTGCACCACTTCGAG AGGCACCTCACATCTCAACG
CESA Sb02g010110 TAATGTTGCCAGCCTGTGGT GAACACAGCAAAGAGGTGCG
CSL Sb07g004110 CTCTCCTACAACTGGCCGTG GCCGCCTCACCATATCATCA
Endo-1,4-b
elucanase Sb01g008860 CAAGTTTGCCAGGTCACAGC GCGCTTCGGGTACTTGTTTC
EXP Sb03g038290 CAGTTCTAGCACGCCCCTC AGGAAATGCCTAAGCGGGTG
XTH Sb10g028570 GATAAGTACCGCTTCCCGCA CAAGTCATCATGCACACGGC
GSL Sb04g038510 CTTATCAAACTGCCGCCGTG TGCGTCTCGAGAATCGACTG
Glucan-1,3-b-

Sb03g045460 GGCTCACCTACACCAACCTG GCCCCTGGTTGTACTTCCTC
glucosidase
GAUT Sb01g012060 GCCGAGAGAGAAAAGCCGAG  TCAGGCGAGGTAAATGGTGG
Pectate lyase Sb08g004905 CCACCATGGCCAGAGGTATG CTCAGGAGCTTGGATAGCGG
RG-1 lyase Sb07g024560 AGGGAGAACGCGATAGCAAG  CAATCCCTGAAACGGGCTCT
PP24 XM 002453490 AACCCGCAAAACCCCAGACTA TACAGGTCGGGCTCATGGAAC

HCT: hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase, CCoAOMT: caffeoyl-CoA
O-methyltransferase, CCR: cinnamoyl CoA reductase, F5H: ferulate 5-hydroxylase (=coniferaldehyde 5-
hydroxylase, CAIld5H), COMT: caffeate/5-hydroxyferulate O-methyltransferase (=5-
hydroxyconiferaldehyde O-methyltransferase, CAIAdOMT)/Brown midrib 12 (Bmrl2), CAD: cinnamyl
alcohol dehydrogenase/Brown midrib 6 (Bmr6), PAL: phenylalanine ammonia-lyase, 4CL: 4-coumarate
CoA ligase/Brown midrib 2 (Bmr2), and C3'H: p-coumaroyl ester 3-hydroxylase. CESA: cellulose synthase
A, CSL: cellulose synthase-like, EXP: expansin, XTH: xyloglucan endotransglucosylase/hydrolase, GSL:
glucan synthase-like/callose synthase, GAUT: homogalacturonan a-1,4-galacturonosyltransferase, and
RG-I: rhamnogalacturonan 1.
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3.2.9 Mechanical property analyses

The aboveground parts of the seedlings were cut (£ 90 mm) and the fully expanded
leaves were removed and immersed in 70% ethanol. The samples were dried at room
temperature for 3 days, then in a chamber set at 25°C and 60% relative humidity for 4 days.
The dried samples (n = 4) were subjected to a three-point bending test (Little Senstar, Tokyo,

Japan) with a span length of 65 mm and a loading rate of 10 mm min™!

. Changes in the force
and deflection values were recorded. The linear curve of these values was used to calculate the

modulus of elasticity (MOE) based on the following equation:

where F is the force (N), / is the span length (mm), 7 is the specimen radius (mm), and
d is the deflection height (mm). The samples were then cut (£ 30 mm) and used for microfibril
angle (MFA) analysis. Both ends of the rolled samples were covered with a heat-shrink tube (5
mm in length and 0.5 mm in diameter). X-ray diffraction patterns were acquired using an R-
axis Rapid II diffractometer (Rigaku, Tokyo, Japan). Cu Ko radiation was generated at 50 kV
and 100 mA. The microfibril orientation was derived from the azimuthal distribution of the

200 reflections, as described previously (Thomas et al., 2015).

3.2.10 Determination of heating value

The higher heating value (HHV) of CWR samples was estimated based on their
elemental composition (Yin, 2011). The HHV was calculated according to the equation HHV
=0.2949 C +0.8250 H (kJ g '), where C and H are the carbon and hydrogen contents (% dry
weight), respectively. The C and H contents were determined using a CHN analyzer (JM-10;
J-Science Lab Co., Ltd., Kyoto, Japan).

3.3 Results

3.3.1 Plant growth and biomass accumulation

The shoot Si content in the seedlings with —Si treatment was significantly lower than
that in the seedlings with +Si treatment. This confirmed that the Si treatment affected the plant
Si status (Figure 3.1B). However, as shown in Figure 3.1A, Si supply did not cause any visible
differences in plant growth. Furthermore, there was no difference between the treatments in
terms of biomass yield and growth parameters, including shoot fresh weight, shoot dry weight,

plant height, stem diameter, and leaf length (Figure 3.1C-G).
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Figure 3.1. Effect of silicon (Si) treatment on growth of hydroponically grown sorghum seedlings. (A)
Appearance, (B) Si content, (C) shoot fresh weight, (D) shoot dry weight, (E) plant height, (F) stem diameter,
and (G) leaf length of sorghum seedlings grown under +Si or —Si conditions at 3 weeks after treatment.
Values are given as the mean + standard deviation (SD) (n = 8). Asterisks indicate significant differences
between +Si and —Si plants (Student’s ¢ test, p < 0.05).

3.3.2 Chemical analyses of cell walls

I first examined whether Si limitation affected the composition and structures of the cell
walls of hydroponically grown sorghum seedlings through a series of chemical analyses. Si
limitation considerably reduced the cell wall Si content (Figure 3.2A). The thioglycolic acid
assay indicated that —Si plants contained 31% more lignin than +Si plants (Figure 3.2B). The
thioacidolysis assay revealed a significant increase in G and S lignin monomer yields in —Si
cell walls (Figure 3.2C-E). The lignin aromatic composition was also altered by Si limitation,
as revealed by an increase in the thioacidolysis-derived S/G lignin monomer ratio in the —Si
cell walls (Figure 3.2F), which could be ascribed to a 32% increase in the S-type lignin
monomer yield as opposed to an 18% increase in the G-type monomer yield in —Si plants
(Figure 3.2). The content of alkali-releasable pCA was markedly increased by —Si treatment
(Figure 3.2G). On the other hand, the content of alkali-releasable FA was similar between the
+Si and —Si cell walls (Figure 3.2H).
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The content of crystalline cellulose was not significantly different between treatments
(Figure 3.3A). The amount of neutral sugars released by TFA hydrolysis tended to be higher
in the —Si cell wall, but statistical significance was not detected (Figure 3.3B-F). The uronic
acid content, which probably constituted hemicelluloses and pectin, was 29% higher in the —Si
cell wall than in the +Si cell wall (Figure 3.3G). However, the proportion of these TFA-
released neutral sugars and uronic acids remained unchanged between the +Si and —Si cell

walls (Figure 3.31).
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Figure 3.2. Chemical analysis data of hydroponically grown sorghum cell walls from +Si and —Si seedlings.
(A) Cell wall Si content, (B) lignin content, (C) p-hydroxyphenyl (H)-monomer yield, (D) guaiacyl (G)-
monomer yield, (E) syringyl (S)-monomer yield, (F) S/G monomer ratio, (G) p-coumarate (pCA) content,
and (H) ferulate (FA) content of sorghum seedlings grown under +Si or —Si conditions at 3 weeks after
treatment. CWR: cell wall residue. Values are given as mean + SD (n = 3). Asterisks indicate significant
differences between +Si and —Si plants (Student’s ¢ test, p < 0.05).
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Figure 3.3. Cell wall mineral and polysaccharides contents and proportion of hydroponically grown sorghum
seedlings cultivated under +Si or —Si conditions at 3 weeks after treatment. (A) Glucose content from
crystalline cellulose, (B) glucose content from matrix polysaccharides, (C) arabinose content, (D) xylose
content, (E) galactose content, (F) mannose content, (G) uronic acid content, and (H) monosaccharides

proportion from matrix polysaccharides. CWR: cell wall residue. Values are given as mean £ SD (n = 3).
Asterisks indicate significant differences between +Si and —Si plants (Student’s ¢ test, p < 0.05) for (A-G).
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3.3.3 2D HSQC NMR analysis

The alteration in lignocellulose composition and structures under limited Si supply was
also analyzed by 2D HSQC NMR analysis on +Si and —Si cell walls by using the gel-state
whole-cell wall NMR method (H. Kim & Ralph, 2010; Mansfield et al., 2012). The aromatic
sub-regions of the HSQC NMR spectra displayed well-resolved contour signals from the lignin
aromatic units, such as S (S), G (G), and tricin (T) units, along with the signals from the
hydroxycinnamate FA (F) and pCA (P) units (Figure 3.4A). In addition, the sugar anomeric
sub-regions of the spectra displayed contour signals from cell wall polysaccharide components,
including glucan (Gl), non-acetylated (Xy), acetylated (Xy’ and Xy'’) xylan, arabinan (Ar),
galactan (Ga), and glucuronan (GU) units (Figure 3.4B). These contour signals were
integrated and normalized based on the sum of the total NMR signals (Figure 3.4C-D). The
relative intensities of the S, G, and P signals in the —Si cell walls were 37%, 11%, and 18%
higher than those in the +Si cell walls (Figure 3.4C), corroborating the increased lignin
aromatic unit and lignin-bound pCA levels in —Si cell walls, as revealed by the chemical
analyses (Figure 3.2). Furthermore, in line with the thioacidolysis-derived S/G lignin monomer
ratio data (Figure 3.2F), the S/G signal ratio was 30% higher in the —Si cell walls than in the
+Si cell walls (Figure 3.4D). On the other hand, the lignin-bound tricin signal (T) was lower
in the —Si cell walls than in the +Si cell walls (Figure 3.4C).

Regarding the polysaccharide components, the intensity of the arabinan (Ar) signal in
the —Si cell wall was slightly higher than that in the +Si cell walls. The —Si cell wall also
showed an increased glucuronan (GU) signal (Figure 3.4C). Meanwhile, the signals from
glucan (Gl), xylan (sum of the non-acetylated and acetylated xylan signals, Xy + Xy’ + Xy'’),
and galactan (Ga) appeared to be lower in the —Si cell walls than in the +Si cell walls (Figure
3.4C). Overall, the modulation of the signals by Si treatment was more remarkable in the
aromatic sub-regions (S, G, and T) than in the sugar anomeric sub-regions (Gl, Xy + Xy’ +
Xy", Ar, Ga, and GU). In line with the increased lignin content in the —Si cell wall, the
lignin/polysaccharide signal ratio was higher in the —Si cell wall than in the +Si cell walls

(Figure 3.4D).
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Figure 3.4. Two-dimensional short-range 'H-">C correlation nuclear magnetic resonance (2D HSQC NMR) spectra

of the cell walls of hydroponically grown sorghum seedlings cultivated under +Si and —Si conditions at 3 weeks
after treatment. (A) Aromatic sub-regions showing signals from major lignin hydroxycinnamate aromatic units.

Contours are color-coded to match the displayed structures. Boxes labeled x2 denote regions where the scale has

been vertically enlarged two-fold. (B) Anomeric sub-regions showing signals from major cell wall polysaccharide
units. Py, pyridine (solvent). (C) Normalized intensity of major lignin, hydroxycinnamate and polysaccharide
signals expressed as integrals relative to the total NMR signals. Data labeled x5 or x1/10 denote data that has been
multiplied by a factor 5 or divided by a factor 10 for visualization, respectively. (D) Lignin/polysaccharide and S/G

lignin signal ratios. NMR spectra were collected for pooled cell wall samples prepared from three independently

grown plants.
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3.3.4 Histochemical analyses

The deposition and localization patterns of Si in the aboveground parts of sorghum
seedlings were examined by mapping analysis using a scanning electron microscope coupled
with an energy dispersive X-ray analyzer (SEM-EDX). As shown in Figure 3.5A, an intense
Si signal was detected in the epidermis of +Si plants, whereas no signal was detected in —Si
plants. The abundance and localization of lignin in the aerial parts of seedlings were examined
by acriflavine (Donaldson et al., 2001) and phloroglucinol-HCI (Pomar et al., 2002) staining
(Figure 3.5B). Compared with +Si plants, more intense staining was detected in —Si plants
with both methods, suggesting that —Si plants accumulated more lignin. Enhanced staining was
most remarkable in the sclerenchyma cells (Figure 3.5B). The transverse sections were also
subjected to vanillin-HCI staining for the cell wall-bound flavonoid, which presumably
represented lignin-bound tricin (Lam et al., 2017). However, no significant difference was
observed between the +Si and —Si plants (Figure 3.5B).

Regarding the polysaccharide component in the cell walls, the deposition of cellulose
was examined by staining with calcofluor white reagent. A relatively more intense fluorescence
signal was detected in sclerenchyma cells, vascular bundles, and mesophyll cells (Figure
3.6A). The fluorescence intensity was slightly lower in —Si plants than in +Si plants, but the
distribution of the signal was not clearly different between treatments (Figure 3.6A). For
hemicelluloses, I examined the abundance and distribution of MLG and arabinoxylan in this
study. The fluorescence signal from the antibody recognizing MLG occurred in all parts of the
section, including the epidermis, sclerenchyma, vascular bundle, and mesophyll (Figure 3.6B).
Meanwhile, the fluorescence signal from anti-arabinoxylan antibody (LM11) was distributed
particularly in the epidermis, sclerenchyma, and vascular bundle. No difference was observed
in the intensities of these signals between +Si and —Si plants (Figure 3.6B), suggesting that the
amount of these polysaccharides was not modulated by —Si treatment. The abundance and
localization of callose were examined by aniline blue staining and anti-callose antibody
immunostaining (Figure 3.6C). Aniline blue stained epidermis, sclerenchyma, and vascular
bundle but not mesophyll in both +Si and —Si plants. Epidermis and sclerenchyma were stained
more intensely than the vascular bundle, and selective staining was more remarkable in —Si
plants. The fluorescence signal from the anti-callose antibody was distributed in all parts of the
section, including the epidermis, sclerenchyma, vascular bundle, and mesophyll. These signals

were more intense in the —Si plants than in the +Si plants (Figure 3.6C).
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Figure 3.5. Localization of Si, lignin, and flavonoids in hydroponically grown sorghum seedlings cultivated

under +Si or —Si conditions at 3 weeks after treatment. (A) Si mapping images obtained by SEM-EDX, and

(B) lignin distribution using acriflavine, phloroglucinol-HCI staining, and flavonoid distribution using

vanillin-HCl staining. EP: epidermis, MC: mesophyll cell, SC: sclerenchyma cell, and VB: vascular bundle.
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Figure 3.6. Histochemical analyses of hydroponically grown sorghum seedlings cultivated under +Si or —Si
conditions at 3 weeks after treatment. (A) Cellulose deposition using calcofluor white staining, (B)
hemicelluloses deposition using anti-mixed-linkage (1—3), (1—4)-p-D-glucan (MLG), and arabinoxylan
antibodies, and (C) callose deposition using aniline blue staining and (1—3)-p-D-glucan (callose) antibody.
EP: epidermis, MC: mesophyll cell, SC: sclerenchyma cell, and VB: vascular bundle.
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3.3.5 RNA sequencing analysis

To obtain insights into the physiological changes underlying the alteration of sorghum
cell wall properties under Si limitation, transcriptomes of +Si and —Si plants were compared
by RNA sequencing. Of the 34567 expressed genes identified, 3572 were differentially
expressed (adjusted p value < 0.05) between +Si and —Si seedlings at 3 weeks after starting the
treatment (data not shown). Of these, the expression of 1653 and 1919 genes were up- and
downregulated by —Si treatment, respectively.

Gene ontology (GO) enrichment analysis of the DEGs showed that GO terms for 50 or
69 biological processes were significantly overrepresented (adjusted p value < 0.05) among
genes up- or downregulated by —Si treatment, respectively (Table 3.2 or Table 3.3). Genes
upregulated by —Si treatment were mainly related to localization, reproductive cellular process,
response to biotic stimulus, and secondary metabolic processes, including phenylpropanoid,
flavonoid, and cellular aromatic compound biosynthesis (Table 3.2). Terms associated with
cellular carbohydrate metabolic processes and anatomical structural homeostasis were also
enriched (Table 3.2). In addition, enrichment was also observed with terms related to mineral
nutrition, including cellular nitrogen compounds and phosphorus metabolic processes (Table
3.2). Genes downregulated under the —Si condition included those associated with the response
to abiotic and chemical stimuli, including light, radiation, abscisic acid, jasmonic acid, osmotic,
salt, and water deprivation stresses (Table 3.3). Enrichment was also observed with GO term

photosynthesis, such as light reaction and regulation of stomatal movement (Table 3.3).
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Table 3.2. Gene ontology (GO) term enrichment in the biological process category of the differentially
expressed genes (DEGs) induced by —Si or repressed by +Si treatment of sorghum seedlings at 3 weeks

after treatment.

GO term Description Number p value ¢ value
of genes
GO:0051179 Localization 248 1.E-04 2.E-02
GO0O:0051234 Establishment of localization 234 2.E-04 3.E-02
GO:0006810 Transport 231 2.E-04 3.E-02
GO0O:0043412 Macromolecule modification 198 2.E-05 5.E-03
GO:0006464 Protein modification process 188 2.E-05 5.E-03
GO0O:0043687 Post-translational protein modification 171 2.E-05 4.E-03
GO0:0006793 Phosphorus metabolic process 157 8.E-06 2.E-03
GO:0006796 Phosphate metabolic process 157 7.E-06 2.E-03
GO:0016310 Phosphorylation 150 1.LE-06  5.E-04
GO0O:0006468 Protein amino acid phosphorylation 135 7.E-07 3.E-04
GO:0005975 Carbohydrate metabolic process 119 7.E-06 2.E-03
GO:0006519 Cellular amino acid and derivative metabolic process 111 4.E-08 4.E-05
GO:0009607 Response to biotic stimulus 107 8.E-05 1.E-02
GO0O:0019748 Secondary metabolic process 88 6.E-09 9.E-06
GO:0034641 Cellular nitrogen compound metabolic process 85 1.E-10  4.E-07
GO0:0044262 Cellular carbohydrate metabolic process 79 9.E-07 4.E-04
GO:0006725 Cellular aromatic compound metabolic process 79 2.E-07 1.E-04
GO:0006575 Cellular amino acid derivative metabolic process 68 4.E-07 2.E-04
GO:0009698 Phenylpropanoid metabolic process 56 5.E-08 4.E-05
GO0:0042398 Cellular amino acid derivative biosynthetic process 54 4.E-07 2.E-04
GO0O:0019438 Aromatic compound biosynthetic process 53 5.E-07 2.E-04
GO:0051186 Cofactor metabolic process 50 4.E-06 2.E-03
G0O:0009699 Phenylpropanoid biosynthetic process 50 1.E-08  1.E-05
GO:0044271 Cellular nitrogen compound biosynthetic process 49 2.E-04 2.E-02
GO0:0005996 Monosaccharide metabolic process 41 1.E-04 2.E-02
GO:0006732 Coenzyme metabolic process 40 2.E-06 8.E-04
GO:0019318 Hexose metabolic process 37 2.E-05 4.E-03
GO:0009812 Flavonoid metabolic process 35 2.E-07 1.E-04
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GO:0009813
G0O:0044275
GO:0008652
G0O:0006006
G0O:0019320
GO:0006007
G0:0032504
G0O:0048609
G0O:0048610
G0O:0043603
G0O:0006084
GO:0051187
G0O:0019362
GO:0010876
G0O:0031400
GO:0051554
GO:0051555
GO:0051552
GO:0051553
G0O:0031396
G0O:0031401
G0O:0060249

Flavonoid biosynthetic process

Cellular carbohydrate catabolic process
Cellular amino acid biosynthetic process
Glucose metabolic process

Hexose catabolic process

Glucose catabolic process

Multicellular organism reproduction
Reproductive process in a multicellular organism
Reproductive cellular process

Cellular amide metabolic process
Acetyl-coa metabolic process

Cofactor catabolic process

Pyridine nucleotide metabolic process

Lipid localization

Negative regulation of protein modification process

Flavonol metabolic process

Flavonol biosynthetic process

Flavone metabolic process

Flavone biosynthetic process

Regulation of protein ubiquitination

Positive regulation of protein modification process

Anatomical structure homeostasis

N o0 O O o o

1.E-08
3.E-04
2.E-04
4.E-05
2.E-04
2.E-04
6.E-06
7.E-06
4.E-17
3.E-05
3.E-05
3.E-05
2.E-04
4.E-10
8.E-06
7.E-05
7.E-05
7.E-05
7.E-05
5.E-05
1.E-04
1.E-05

1.E-05
4.E-02
2.E-02
8.E-03
2.E-02
2.E-02
2.E-03
2.E-03
3.E-13
6.E-03
6.E-03
6.E-03
2.E-02
9.E-07
2.E-03
1.E-02
1.E-02
1.E-02
1.E-02
1.E-02
2.E-02
3.E-03

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)

(Fisher and Yekutieli tests, g value < 0.05).
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Table 3.3. Gene ontology (GO) term enrichment in the biological process category of the differentially
expressed genes (DEGs) repressed by —Si or induced by +Si treatment of sorghum seedlings at 3 weeks

after treatment.

GO term Description Number p value ¢ value
of genes
GO0:0050896 Response to stimulus 441 3E-04  4E-02
GO0:0042221 Response to chemical stimulus 260 6E-06  2E-03
G0O:0009628 Response to abiotic stimulus 226 6E-10  9E-07
GO0:0010033 Response to organic substance 177 3E-05 SE-03
GO:0009719 Response to endogenous stimulus 163 3E-07 2E-04
GO:0009791 Post-embryonic development 143 3E-05 6E-03
GO:0009725 Response to hormone stimulus 142 1E-05  3E-03
GO:0009416 Response to light stimulus 111 2E-09  2E-06
GO0:0009314 Response to radiation 111 SE-09  4E-06
GO:0006091 Generation of precursor metabolites and energy 89 4E-13 7E-10
GO0:0044262 Cellular carbohydrate metabolic process 85 4E-06 1E-03
GO:0015979 Photosynthesis 81 2E-29 1E-25
GO:0034641 Cellular nitrogen compound metabolic process 80 1E-06  4E-04
GO:0006811 Ion transport 76 4E-04  4E-02
GO:0009737 Response to abscisic acid stimulus 68 7E-05 1E-02
GO0O:0006970 Response to osmotic stress 65 9E-05 1E-02
GO0:0042592 Homeostatic process 59 3E-04  4E-02
GO:0009651 Response to salt stress 55 3E-04  4E-02
GO0:0009733 Response to auxin stimulus 53 3E-04  4E-02
GO:0019684 Photosynthesis, light reaction 49 SE-19  2E-15
GO:0055114 Oxidation reduction 49 6E-07  3E-04
GO:0016051 Carbohydrate biosynthetic process 49 SE-04  5E-02
GO:0010035 Response to inorganic substance 46 2E-06  8E-04
GO0:0009753 Response to jasmonic acid stimulus 45 2E-05  4E-03
GO:0009415 Response to water 44 2E-04  3E-02
GO0:0009639 Response to red or far red light 41 1E-04  2E-02
GO:0009414 Response to water deprivation 41 SE-04  5E-02
GO:0019318 Hexose metabolic process 37 2E-04  3E-02
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GO:0006073
G0O:0044042
G0:0042440
GO:0009657
G0O:0009642
GO:0010118
G0:0022900
G0O:0048609
G0:0032504
G0O:0006820
GO:0045454
G0O:0006721
GO:0009767
G0O:0009644
GO:0016311
GO:0010119
G0O:0009886
GO:0010114
GO:0010017
G0O:0005984
GO:0009311
G0O:0033013
G0O:0048610
G0O:0046351
GO:0009312
G0O:0043467

G0O:0009765
G0O:0005982
G0O:0042548
GO:0010109
GO:0015977
G0O:0019253

Cellular glucan metabolic process
Glucan metabolic process
Pigment metabolic process
Plastid organization

Response to light intensity
Stomatal movement

Electron transport chain

Reproductive process in a multicellular organism

Multicellular organism reproduction
Anion transport

Cell redox homeostasis

Terpenoid metabolic process
Photosynthetic electron transport chain
Response to high light intensity
Dephosphorylation

Regulation of stomatal movement
Post-embryonic morphogenesis
Response to red light

Red or far-red light signaling pathway
Disaccharide metabolic process
Oligosaccharide metabolic process
Tetrapyrrole metabolic process
Reproductive cellular process
Disaccharide biosynthetic process

Oligosaccharide biosynthetic process

Regulation of generation of precursor metabolites &

energy
Photosynthesis, light harvesting

Starch metabolic process

Regulation of photosynthesis, light reaction

Regulation of photosynthesis
Carbon fixation

Reductive pentose-phosphate cycle
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32
32
30
29
29
27
26
26
26
25
24
23
22
22
22
21
20
19
19
18
18
17
16
16
16
15

14
13
12
12
12
10

2E-04
SE-04
2E-04
2E-06
2E-06
1E-04
6E-07
7E-06
2E-05
4E-04
1E-04
2E-04
2E-09
2E-05
4E-04
2E-04
2E-04
2E-05
2E-04
9E-07
6E-05
4E-04
8E-10
1E-06
8E-06
7E-06

SE-06
3E-04
SE-06
6E-06
3E-04
6E-04

3E-02
4E-02
3E-02
7E-04
8E-04
2E-02
3E-04
2E-03
4E-03
4E-02
2E-02
3E-02
2E-06
SE-03
4E-02
3E-02
3E-02
4E-03
3E-02
4E-04
1E-02
4E-02
1E-06
6E-04
2E-03
2E-03

1E-03
4E-02
1E-03
2E-03
3E-02
SE-02



GO:0009768 Photosynthesis, light harvesting in photosystem I 9 6E-06
G0:0005992 Trehalose biosynthetic process 9 4E-04
GO0:0005991 Trehalose metabolic process 9 4E-04
GO:0010876 Lipid localization 8 4E-05
GO:0009773 Photosynthetic electron transport in photosystem I 8 1E-04
G0:0060249 Anatomical structure homeostasis 7 2E-05
GO0:0010207 Photosystem II assembly 7 1E-04
GO:0043155 Negative regulation of photosynthesis, light reaction 7 4E-04
G0:0010205 Photoinhibition 7 4E-04

2E-03
4E-02
4E-02
7E-03
2E-02
SE-03
2E-02
4E-02
4E-02

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
(Fisher and Yekutieli tests, g value < 0.05).

In addition to the biological process category, the GO analysis displayed 40 or 5

molecular functions overrepresentated among the genes up- or down-regulated by

—Si

treatment, respectively (Table 3.4 or Table 3.5). In detail, the genes up-regulated by —Si

condition mainly associated with the following GO terms: transporter activities, catalytic

activities (oxidoreductase, isomerase, lyase, and transferase activities), and several bindings

including nucleoside, cofactor, vitamin, nucleotide, and carbohydrate bindings (Table 3.4).

While, the GO terms denoting chlorophyll binding, carbon-carbon lyase, and phosphoric ester

hydrolase activities were enriched among the DEGs down-regulated by —Si treatment (Table

3.5). Lastly, the GO enrichment analysis also determined 23 or 50 cellular components

overrepresentated among the genes up- or down-regulated by —Si treatment, respectively

(Table 3.6 or Table 3.7). The genes up-regulated by —Si condition mainly included those

related to membrane and mitochondrial parts (Table 3.6). Whereas, the GO terms associated

with chloroplast, plastid, and thylakoid parts were enriched among the DEGs down-regulated

by —Si condition (Table 3.7).
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Table 3.4. Gene ontology (GO) term enrichment in the molecular function category of the differentially
expressed genes (DEGs) induced by —Si or repressed by +Si treatment of sorghum seedlings at 3 weeks

after treatment.

GO term Description Number p value ¢ value
of genes
G0:0003824 Catalytic activity 840 2E-09  3E-06
GO0:0016740 Transferase activity 344 3E-06 5SE-04
GO:0000166 Nucleotide binding 301 2E-04 1E-02
GO:0017076 Purine nucleotide binding 259 8E-06  8E-04
GO:0032555 Purine ribonucleotide binding 244 1E-05 1E-03
GO0:0032553 Ribonucleotide binding 244 1E-05 1E-03
GO:0001882 Nucleoside binding 241 2E-05  2E-03
GO0:0030554 Adenyl nucleotide binding 240 2E-05 1E-03
GO:0001883 Purine nucleoside binding 240 2E-05 1E-03
G0:0032559 Adenyl ribonucleotide binding 225 3E-05  2E-03
G0:0005524 ATP binding 223 3E-05  2E-03
GO:0016491 Oxidoreductase activity 189 3E-08  2E-05
G0:0016301 Kinase activity 168 1E-06  3E-04
GO:0016773 Phosphotransferase activity, alcohol group as acceptor 155 9E-07  2E-04
GO:0005215 Transporter activity 152 4E-06  5E-04
GO:0004672 Protein kinase activity 136 1E-05 1E-03
GO:0004674 Protein serine/threonine kinase activity 127 2E-07  6E-05
GO0:0004713 Protein tyrosine kinase activity 121 2E-08 1E-05
GO0:0022857 Transmembrane transporter activity 118 4E-06  5E-04
G0:0022892 Substrate-specific transporter activity 116 7E-06  8E-04
G0:0022891 Substrate-specific transmembrane transporter activity 99 7E-06  8E-04
G0:0022804 Active transmembrane transporter activity 80 SE-05  3E-03
GO0:0048037 Cofactor binding 71 4E-05  3E-03
GO:0015075 Ion transmembrane transporter activity 68 1E-03  4E-02
G0:0008324 Cation transmembrane transporter activity 57 8E-04  4E-02
GO0O:0016829 Lyase activity 50 9E-04  4E-02
G0:0030246 Carbohydrate binding 49 1E-07  5SE-05
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GO:0016614 Oxidoreductase activity, acting on CH-OH group of 38 1E-05 1E-03
donors

G0:0005529 Sugar binding 37 1E-06  3E-04

GO:0016853 Isomerase activity 37 4E-04  2E-02

GO:0016616 Oxidoreductase activity, acting on the CH-OH group 36 3E-06 5SE-04
of donors, NAD or NADP as acceptor

GO0:0008194 UDP-glycosyltransferase activity 34 8E-04  4E-02

GO:0004872 Receptor activity 33 2E-04 1E-02

G0:0019842 Vitamin binding 28 4E-04  2E-02

GO0:0035251 UDP-glucosyltransferase activity 20 7E-04  3E-02

GO:0016811 Hydrolase activity, acting on carbon-nitrogen (but not 14 3E-04  2E-02
peptide) bonds, in linear amides

GO:0015326 Cationic amino acid transmembrane transporter 7 6E-04  3E-02
activity

GO0:0010290 Chlorophyll catabolite transmembrane transporter 6 8E-04  4E-02
activity

GO:0015431 Glutathione S-conjugate-exporting atpase activity 6 8E-04  4E-02

GO:0008281 Sulfonylurea receptor activity 6 1E-03  4E-02

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
(Fisher and Yekutieli tests, g value < 0.05).

Table 3.5. Gene ontology (GO) term enrichment in the molecular function category of the differentially
expressed genes (DEGs) repressed by —Si or induced by +Si treatment of sorghum seedlings at 3 weeks

after treatment.

Number
GO term Description p value ¢ value
of genes
GO:0042578 Phosphoric ester hydrolase activity 64 3E-07 2E-04
GO:0016791 Phosphatase activity 57 2E-07  2E-04
GO:0004721 Phosphoprotein phosphatase activity 33 1E-04  5E-02
GO:0016830 Carbon-carbon lyase activity 29 9E-06  5E-03
GO:0016168 Chlorophyll binding 13 1E-05 SE-03

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
(Fisher and Yekutieli tests, g value < 0.05).
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Table 3.6. Gene ontology (GO) term enrichment in the cellular component category of the differentially
expressed genes (DEGs) induced by —Si or repressed by +Si treatment of sorghum seedlings at 3 weeks

after treatment.

GO term Description Number p value ¢ value
of genes
GO:0005737 Cytoplasm 569 2E-06  3E-04
GO0:0044444 Cytoplasmic part 496 SE-07  2E-04
G0:0016020 Membrane 371 3E-05  3E-03
GO0:0044425 Membrane part 225 3E-06 SE-04
GO0:0031224 Intrinsic to membrane 169 6E-06  8E-04
G0O:0005739 Mitochondrion 151 SE-07  2E-04
GO:0016021 Integral to membrane 148 1E-05 1E-03
G0:0005829 Cytosol 128 3E-04  2E-02
GO0:0012505 Endomembrane system 113 2E-04 1E-02
GO:0005783 Endoplasmic reticulum 87 2E-04 1E-02
G0:0044429 Mitochondrial part 68 1E-09 1E-06
GO0:0031975 Envelope 65 6E-04  3E-02
GO0:0031967 Organelle envelope 63 8E-04  4E-02
GO0:0005740 Mitochondrial envelope 50 6E-07  2E-04
GO0:0031966 Mitochondrial membrane 44 6E-06  8E-04
G0:0044432 Endoplasmic reticulum part 34 6E-04  3E-02
G0:0005626 Insoluble fraction 28 9E-04  4E-02
GO0:0005624 Membrane fraction 27 7E-04  3E-02
G0O:0031980 Mitochondrial lumen 22 2E-04 1E-02
GO:0005759 Mitochondrial matrix 22 2E-04 1E-02
GO:0070469 Respiratory chain 15 2E-04 1E-02
GO:0045271 Respiratory chain complex [ 10 4E-05  4E-03
GO0:0030964 NADH dehydrogenase complex 10 4E-05  4E-03

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)

(Fisher and Yekutieli tests, g value < 0.05).
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Table 3.7. Gene ontology (GO) term enrichment in the cellular component category of the differentially
expressed genes (DEGs) repressed by —Si or induced by +Si treatment of sorghum seedlings at 3 weeks

after treatment.

GO term Description Number p value ¢ value
of genes
GO:0044464 Cell part 1116 2E-05  5SE-04
G0:0005623 Cell 1116 2E-05  5SE-04
G0:0005622 Intracellular 888 3E-05  8E-04
GO0:0044424 Intracellular part 858 SE-05 1E-03
GO0:0043229 Intracellular organelle 779 2E-06  6E-05
G0:0043226 Organelle 779 2E-06  7E-05
GO0:0043227 Membrane-bounded organelle 750 8E-09  3E-07
GO0:0043231 Intracellular membrane-bounded organelle 748 9E-09  3E-07
GO:0005737 Cytoplasm 674 SE-10  2E-08
GO0:0044444 Cytoplasmic part 587 2E-10  8E-09
G0:0016020 Membrane 463 8E-11 3E-09
G0:0009536 Plastid 356 1E-63  6E-61
G0:0044422 Organelle part 344 1E-03 2E-02
G0:0044446 Intracellular organelle part 341 2E-03 3E-02
GO:0009507 Chloroplast 334 2E-66  2E-63
GO0:0031090 Organelle membrane 205 2E-17 1E-15
G0:0044435 Plastid part 195 4E-54  6E-52
G0:0044434 Chloroplast part 189 2E-55 6E-53
G0O:0009579 Thylakoid 163 8E-55  2E-52
G0:0044436 Thylakoid part 150 1E-52 1E-50
GO0:0034357 Photosynthetic membrane 149 6E-52  6E-50
GO0:0009534 Chloroplast thylakoid 148 4E-52  4E-50
GO0:0031976 Plastid thylakoid 148 1E-51 1E-49
GO0:0031984 Organelle subcompartment 148 1E-50  9E-49
G0:0042651 Thylakoid membrane 138 1E-49 1E-47
GO:0009535 Chloroplast thylakoid membrane 135 2E-48 1E-46
GO:0055035 Plastid thylakoid membrane 135 2E-48 1E-46
GO:0009521 Photosystem 46 1E-20  9E-19
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GO:0010287
G0O:0009532
G0O:0009523
G0O:0009526
GO:0031977
GO:0031978
G0O:0009543
G0O:0009941
G0O:0009522
GO:0009570
G0O:0042170
GO:0031969
GO:0008287
G0O:0009528
G0O:0030095
G0O:0009654
G0O:0030076
G0O:0009842
G0O:0030075
G0O:0030093
G0O:0009782
GO:0009538

Plastoglobule

Plastid stroma

Photosystem II

Plastid envelope

Thylakoid lumen

Plastid thylakoid lumen
Chloroplast thylakoid lumen
Chloroplast envelope
Photosystem I

Chloroplast stroma

Plastid membrane

Chloroplast membrane

Protein serine/threonine phosphatase complex
Plastid inner membrane
Chloroplast photosystem II
Oxygen evolving complex
Light-harvesting complex
Cyanelle

Plasma membrane-derived thylakoid
Chloroplast photosystem I
Photosystem I antenna complex

Photosystem I reaction center

39
32
30
30
29
29
29
27
22
22
20
18
16
14
10
10

AN N 9

2E-18
2E-06
4E-13
1E-05
4E-12
4E-12
4E-12
2E-05
4E-11
2E-04
6E-04
7E-04
3E-03
2E-03
1E-06
8E-06
3E-04
1E-04
2E-04
4E-04
SE-04
4E-04

8E-17
SE-05
2E-11
3E-04
2E-10
2E-10
2E-10
SE-04
1E-09
4E-03
1E-02
1E-02
4E-02
4E-02
4E-05
2E-04
6E-03
2E-03
SE-03
7E-03
1E-02
7E-03

The overrepresentation was tested by web-tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)

(Fisher and Yekutieli tests, g value < 0.05).
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Differentially expressed genes associated with the GO term phenylpropanoid
biosynthetic process (GO: 0009699) are listed in Table 3.8. These include monolignol
biosynthesis-related  genes, such as  hydroxycinnamoyl-CoA  shikimate/quinate
hydroxycinnamoyltransferase (HCT), caffeoyl-CoA O-methyltransferase (CCoAOMT),
cinnamoyl-CoA reductase (CCR), ferulate 5-hydroxylase (F5H) (=coniferaldehyde 5-
hydroxylase, CAId5H), -caffeate/5-hydroxyferulate O-methyltransferase (COMT) (=5-
hydroxyconiferaldehyde O-methyltransferase, CAldOMT)/Brown midrib 12 (Bmrl2), and
cinnamyl alcohol dehydrogenase (CAD)/Brown midrib 6 (Bmr6) (Table 3.8). All these genes
showed upregulated expression under the —Si condition (Table 3.8). Genes associated with the
GO term flavonoid metabolic process (GO: 0009812) were also upregulated (Table 3.9), as
shown in flavonoid biosynthesis genes, including chalcone synthase (CHS), chalcone
isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR),
flavonol synthase (FLS), anthocyanidin 3-O-glucosyltransferase (UAGT), leucoanthocyanidin
reductase (LAR), and apigenin 3'-hydroxylase/chrysoeriol 5'-hydroxylase (A3'H/C5'H)
(Nelson, 2009)(Lam, Lui, et al., 2019).

Table 3.8. Change in expression of phenylpropanoid biosynthetic process related genes (GO: 0009699)
in hydroponically grown sorghum seedlings in response to silicon (Si) limitation at 3 weeks after

treatment. The log» values of the fold change (—Si/+Si1) are shown (n = 3).

Gene ID Functional annotation® p value g value log:
(fold change)

Sb10g005780 Hydroxycinnamoyl-CoA shikimate/quinate 8E-09 0E+00 34
hydroxycinnamoyltransferase (HCT)

Sb10g007920 Cytokinin-O-glucosyltransferase 3 4E-15 0E+00 2.7

Sb09g022480 Cytochrome P450/CYP75B97/apigenin 3'- 3E-09 0E+00 2.4
hydroxylase/chrysoeriol 5'-hydroxylase
(A3'H/C5'H)

Sb062026340 Unknown 2E-06 0E+00 2.3

Sb05g008770 Disease resistance-responsive (dirigent-like 4E-05 0E+00 2.3
protein)

Sb05g008780 Disease resistance-responsive (dirigent-like 4E-04 1E-02 2.1
protein)

Sb062026330 Unknown 7E-09 0E+00 2.0
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Sb08g004670

Sb05g008800

Sb01g014540
Sb04004290
Sb07g021680
Sb01g003330
Sb04g024710
$b03g029070

Sb10g005170
Sb01g014550

Sb01g000280
Sb032029060

Sb02g038860
Sb10g005700
Sb09g005360
Sb08g002620
Sb052024890

Sb03g004150

Sb07g003860

Sb03g026550
Sb05g020160

Disease resistance-responsive (dirigent-like

protein)

Disease resistance-responsive (dirigent-like

protein)

Gibberellin 20 oxidase 2
Dihydroflavonol 4-reductase (DFR)
Cinnamoyl-CoA reductase 1 (CCR1)
Chalcone isomerase (CHI)
Cytochrome P450

Anthocyanidin 3-O-glucosyltransferase
(UAGT)

Hydroxylase

2-Oxoglutarate and Fe(II)-dependent
oxygenase

COP1-interacting protein
UDP-glucosyl transferase 73B5,
anthocyanidin 3-O-glucosyltransferase
UDP-glucosyl transferase 78D2,
anthocyanidin 3-O-glucosyltransferase
Cinnamoyl-CoA reductase 1 (CCR1)
Cytokinin-O-glucosyltransferase 1

Chalcone isomerase (CHI)

UDP-glucosyl transferase 73C7, cytokinin-

O-glucosyltransferase 3
Cytokinin-O-glucosyltransferase 3, don-
glucosyltransferase 1
Caffeate/5-hydroxyferulate O-
methyltransterase (COMT) (=5-
hydroxyconiferaldehyde O-
methyltransferase, CAIdOMT)/Brown
midrib 12 (Bmrl2)

Aldehyde dehydrogenase

Chalcone synthase (CHS)
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8E-04

1E-03

7E-10
6E-05
3E-09
2E-07
1E-04
8E-05

6E—09
1E-05

4E-06
3E-05

6E-03

1E-03

2E-05

8E-04

3E-04

1E-09

3E-10

3E-06
9E-03

1E-02

1E-02

0E+00
0E+00
0E+00
0E+00
0E+00
0E+00

0E+00
0E+00

0E+00
0E+00

4E-02

1E-02

0E+00

1E-02

0E+00

0E+00

0E+00

0E+00
SE-02

2.0

2.0

2.0
1.9
1.8
1.8
1.8
1.7

1.7
1.6

1.6
1.6

1.5

1.5
1.5
1.5
1.5

1.4
1.4



Sb01g003470
Sb10g024350
Sb01g017270

Sb01g030560
Sb032029080
Sb06g029520
Sb01g016100
Sb04g005950

Sb06g029540
Sb03g031400
Sb10g004540

S$b02g012620
Sb07g005070

Sb02g007240

Sb10g005210
Sb01g050490
Sb01g003480
Sb03g004160
Sb08g016400

Sb10g006280
Sb10g004340
Sb07g006120

Cinnamoyl CoA reductase (CCR)
Flavanone 3-hydroxylase (F3H)
Ferulate-5-hydroxylase (FSH)
(=coniferaldehyde 5-hydroxylase, CAIdSH)
Flavonol synthase (FLS)

Anthocyanidin 3-O-beta-glucosyltransferase

Unknown

MATE efflux family protein

Cinnamy]l alcohol dehydrogenase
(CAD)/Brown midrib 6, (Bmr6)
Leucoanthocyanidin reductase (LAR)
HXXXD-type acyltransferase
Caffeoyl-CoA O-methyltransferase
(CCoAOMT)

HXXXD-type acyltransferase

Flavonol reductase/cinnamoyl-CoA
reductase
1-Aminocyclopropane-1-carboxylate
oxidase 2

Unknown

Naringenin, 2-oxoglutarate 3-dioxygenase
Cinnamoyl CoA reductase (CCR)
Cytokinin-O-glucosyltransferase 3
Oxidoreductase, 2-oxoglutarate-Fe
oxygenase

Cinnamy] alcohol dehydrogenase (CAD)
Flavanone 3-hydroxylase (F3H)

26S Proteasome non-ATPase regulatory

subunit 8

1E-06
2E-04
3E-06

8E-03
1E-03
4E-03
8E-03
1E-05

2E-04
3E-03
2E-05

TE-05
TE-09

4E-04

AE-04
SE-03
1E-03
6E-04
AE-04

4E-03
1E-03
3E-03

0E+00
0E+00
0E+00

SE-02
1E-02
3E-02
SE-02
0E+00

0E+00
2E-02
0E+00

0E+00
0E+00

0E+00

1E-02
4E-02
1E-02
1E-02
1E-02

3E-02
1E-02
2E-02

1.4
1.3
1.3

1.3
1.2
1.2
1.2
1.2

1.2
1.2
1.2

1.0
0.9
0.7
0.7
0.7

0.7
0.6
0.5

*According to the MOROKOSHI sorghum database.
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Table 3.9. Change in expression of flavonoid metabolic process related genes (GO: 0009812) in

hydroponically grown sorghum seedlings in response to silicon (Si) limitation at 3 weeks after

treatment. The log2 values of the fold change (-Si/+Si) are shown.

Gene ID Functional annotation® p value g value log:
(fold change)

Sb10g005780 Hydroxycinnamoyl-CoA shikimate / quinate ~ 8E-09 0E+00 34
hydroxycinnamoy]l transferase (HCT)

Sb10g007920 Cytokinin-O-glucosyltransferase 3 4E-15 0E+00 2.7

Sb09g022480 Cytochrome P450/ CYP75B97/ Apigenin 3'-  3E-09 0E+00 2.4
hydroxylase/ chrysoeriol 3'-hydroxylase
(A3'H/C5'H)

Sb062026340 Unknown 2E-06 0E+00 2.3

Sb01g014540 Gibberellin 20 oxidase 2 7E-10 0E+00 2.0

Sb062026330 Unknown 7E-09 0E+00 2.0

Sb04g004290 Dihydroflavonol 4-reductase (DFR) 6E-05 0E+00 1.9

Sb01g003330 Chalcone isomerase (CHI) 2E-07 0E+00 1.8

Sb04g024710 Cytochrome P450 1E-04 0E+00 1.8

Sb03g029070 Anthocyanidin 3-O-beta-glucosyltransferase ~ 8E-05 0E+00 1.7

Sb10g005170 Hydroxylase 6E-09 0E+00 1.7

Sb01g014550 2-Oxoglutarate (20G) and Fe(I1)-dependent 1E-05 0E+00 1.6
oxygenase

Sb01g000280 COP1-interacting protein 4E-06 0E+00 1.6

Sb03g029060 UDP-glucosyl transferase 73BS5, 3E-05 0E+00 1.6
anthocyanidin 3-O-glucosyltransferase

Sb05g024890 UDP-glucosyl transferase 73C7, cytokinin- 3E-04 0E+00 1.5
O-glucosyltransferase 3

Sb02g038860 UDP-glucosyl transferase 78D2, 6E-03 4E-02 1.5
anthocyanidin 3-O-glucosyltransferase

Sb09g005360 Cytokinin-O-glucosyltransferase 1 2E-05 0E+00 1.5

Sb08g002620 Chalcone isomerase (CHI) 8E-04 1E-02 1.5

Sb03g004150 Cytokinin-O-glucosyltransferase 3, don- 1E-09 0E+00 1.5
glucosyltransferase 1

Sb05g020160 Chalcone synthase (CHS) 9E-03 SE-02 1.4
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Sb10g024350 Flavanone 3-hydroxylase (F3H) 2E-04 0E+00 1.3
Sb01g030560 Flavonol synthase (FLS) 8E-03 SE-02 1.3
Sb03g029080 Anthocyanidin 3-O-glucosyltransferase 1E-03 1E-02 1.2
(UAGT)
Sb062029520 Unknown 4E-03 3E-02 1.2
Sb01g016100 MATE efflux family protein 8E-03 S5E-02 1.2
Sb03g031400 HXXXD-type acyl-transferase 3E-03 2E-02 1.2
Sb06g029540 Leucoanthocyanidin reductase (LAR) 2E-04 0E+00 1.2
Sb02g012620 HXXXD-type acyl-transferase 7E-05 0E+00 1.1
Sb10g005210 Unknown 4E-04 1E-02 1.0
Sb02g007240 1-Aminocyclopropane-1-carboxylate 4E-04 0E+00 1.0
oxidase 2
Sb01g050490 Naringenin, 2-oxoglutarate 3-dioxygenase SE-03 4E-02 0.9
Sb03g004160 Cytokinin-O-glucosyltransferase 3 6E-04 1E-02 0.7
Sb08g016400 Oxidoreductase, 20G-Fe oxygenase 4E-04 1E-02 0.7
Sb10g004340 Flavanone 3-hydroxylase (F3H) 1E-03 1E-02 0.6
Sb07g006120 26S Proteasome non-ATPase regulatory 3E-03 2E-02 0.5

subunit 8

*According to the MOROKOSHI sorghum database.

I also examined the expression of other known lignin-related genes that were not
assigned to these GO terms. p-Coumaroyl-CoA:monolignol transferase (PMT) (Petrik et al.,
2014; Withers et al., 2012), coumarate 3-hydroxylase (C3H) (Barros et al., 2019),
phenylalanine/tyrosine ammonia-lyase (PTAL) (Barros et al., 2016; Jun et al., 2018; Y. Li et
al., 2019), and flavone synthase II (FNSII) (Du et al., 2010; Lam et al., 2017) were upregulated
(Table 3.10). The expression of SODMYB60 (Agarwal et al., 2016; Miyamoto et al., 2020; Scully,
Gries, Sarath, et al., 2016) and SODMYB22 (Agarwal et al., 2016), the transcriptional activators
of the genes involved in lignin biosynthesis, were upregulated in —Si seedlings (Table 3.11).
On the other hand, the expression of SbMYB42 (Agarwal et al., 2016), the transcriptional

repressor of phenylpropanoid biosynthesis, was downregulated in —Si seedlings (Table 3.11).
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Table 3.10. Change in expression of known lignin-related genes in hydroponically grown sorghum
seedlings in response to silicon (Si) limitation at 3 weeks after treatment. The log2 values of the fold

change (-Si/+Si) are shown.

Gene ID Functional annotation® p value g value log:
(fold change)

Sb09g002910 p-Coumaroyl-CoA:monolignol transferase 3E-04  0E+00 1.6
(PMT)

Sb01g038760 Coumarate 3-hydroxylase (C3H) 1E-04  O0E+00 1.1

Sb04g026510 Phenylalanine/tyrosine amonia-lyase 2E-03 2E-02 1.1
(PTAL)

Sb02g000220 Flavone synthase II (FNSII)/flavanone 2- 3E-03 2E-02 1.5
hydroxylase (F2H, for soluble
flavonoids)/CYP93G3

Sb06g000260 Flavone synthase II (FNSII, for tricin bound not found in DEG list
lignin)

*According to the MOROKOSHI sorghum database.

Table 3.11. Change in expression of some MYB transcription factors in hydroponically grown
sorghum seedlings in response to silicon (Si) limitation at 3 weeks after treatment. The log2 values of

the fold change (-Si/+Si) are shown.

Gene ID Functional annotation® p value g value foe:
(fold change)

Sb04g031110 SbMYB60 SE-07 0E+00 2.6

Sb02g030900 SbMYB22 6E-03 4E-02 0.9

Sb07g024890 SbMYB42 3E-03 2E-02 -1.0

*According to the MOROKOSHI sorghum database.
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3.3.6 Reverse transcription-quantitative PCR analysis

To further examine the effect of Si limitation on lignin-related gene expression, I
analyzed the gene expression in +Si and —Si seedlings using reverse transcription-quantitative
PCR (RT-qPCR). The upregulated expression of monolignol biosynthetic genes was also
observed in this analysis, as shown by HCT, CCoAOMT, CCR, F5H (CAld5H), COMT
(CAldOMT)/Bmri2, and CAD/Bmr6 (Figure 3.7). I also examined the expression of several
other genes involved in lignin biosynthesis. The expression of phenylalanine ammonia-lyase
(PAL) (Agarwal et al., 2016; Jun et al., 2018) was also upregulated under —Si conditions
(Figure 3.7). Meanwhile, the expression of 4-coumarate CoA ligase (4CL)/Brown midrib 2
(Bmr2) (Saballos et al., 2008, 2012) and p-coumaroyl ester 3-hydroxylase (C3'H) (Fornalé et
al., 2015; Saballos et al., 2012; Takeda et al., 2018) were not significantly modulated under
—Si conditions (Figure 3.7).

The expression of the genes potentially related to the synthesis or metabolism of cell
wall polysaccharides (Rai et al., 2016) was also examined. Two genes related to callose
metabolism, including glucan synthase-like (GSL) and glucan 1,3-f-glucosidase, were
upregulated under —Si conditions (Figure 3.8). On the other hand, genes involved in the other
cell wall polysaccharide components did not show significant modulation under —Si conditions,
as shown by the expression of cellulose synthase A (CESA), cellulose synthase-like (CSL),
endo-1,4-p-glucanase, expansin (EXP), xyloglucan endotransglucosylase/hydrolase (XTH),
homogalacturonan  a-1,4-galacturonosyltransferase ~ (GAUT), pectate lyase, and

rhamnogalacturonan I (RG-I) lyase (Figure 3.8).
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Figure 3.7. Reverse transcription-quantitative PCR analysis of the expression of lignin biosynthesis-related
genes in hydroponically grown sorghum seedlings cultivated under +Si or —Si conditions at 3 weeks after
treatment. PAL: phenylalanine ammonia-lyase, HCT: hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyltransferase, CCoAOMT: caffeoyl-CoA O-methyltransferase, CCR: cinnamoyl CoA
reductase, FSH: ferulate 5-hydroxylase (=coniferaldehyde 5-hydroxylase, CAId5SH), COMT: caffeate/5-
hydroxyferulate O-methyltransferase (=5-hydroxyconiferaldehyde O-methyltransferase, CAldOMT)/Brown
midrib 12 (Bmri2), CAD: cinnamyl alcohol dehydrogenase/Brown midrib 6 (Bmr6), 4CL: 4-coumarate CoA
ligase/Brown midrib 2 (Bmr2), and C3'H: p-coumaroyl ester 3-hydroxylase. The expression of each gene
was analyzed as transcript abundance relative to PP24 (XM _002453490). Values are given as mean + SD
(n=3). Asterisks indicate significant differences between +Si and —Si plants (Student’s ¢ test, p < 0.05).
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Figure 3.8. Reverse transcription-quantitative PCR analysis of the expression of the selected cell wall polysaccharide
metabolism-related genes in hydroponically grown sorghum seedlings cultivated under +Si or —Si conditions at 3
weeks after treatment. CESA: cellulose synthase A, CSL: cellulose synthase-like, EXP: expansin, XTH:
xyloglucan endotransglucosylase/hydrolase, GSL: glucan synthase-like/callose synthase,
homogalacturonan a-1,4-galacturonosyltransferase, and RG-I: rhamnogalacturonan I. The expression of
each gene was analyzed as transcript abundance relative to PP24 (XM _002453490). Values are given as mean = SD

(n=3). Asterisks indicate significant differences between +Si and —Si plants (Student’s ¢ test, p < 0.05).




3.3.7 Mechanical property analyses

The effect of Si limitation on the mechanical properties of sorghum seedlings was
investigated. The modulus of elasticity (MOE) of —Si plants was significantly higher than that
of +Si plants (Figure 3.9A), indicating that the shoots of —Si plants had stiffer tissues than +Si
plants. The orientation of cellulose microfibrils in the cell wall is another factor affecting the
mechanical properties of the tissue. The MFA, which denotes the angle of crystalline cellulose
fibers to the longitudinal growth axis, has been found to be negatively correlated with
mechanical strength in wood tissues (H. Yamamoto & Kojima, 2002). In the present study, the

MFA of —Si plants measured by X-ray diffractometer was significantly lower than that of +Si

plants (Figure 3.9B).
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Figure 3.9. Mechanical properties of hydroponically grown sorghum seedlings cultivated
under +Si or —Si conditions at 3 weeks after treatment. (A) Modulus of elasticity (MOE) and

(B) microfiber angle (MFA). Values are given as mean £ SD (n = 4). Asterisks indicate
significant differences between +Si and —Si plants (Student’s ¢ test, p < 0.05).

3.3.8 Estimated higher heating values

The calorific values of the cell walls from +Si and —Si seedlings were estimated as the
higher heating value (HHV) calculated based on their elemental composition (Yin, 2011). The
calculated HHV of the —Si cell wall was significantly higher than that of the +Si cell wall

(Table 3.12).
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Table 3.12. Effect of silicon limitation on the calorific value of hydroponically grown

sorghum seedlings at 3 weeks after treatment.

Silicon supply
+Si —Si
C (% dry weight) 4132+047 43.67 045 *
H (% dry weight) 5.75+£0.07 6.23 £0.15*
Higher heating value (kJ g") 16.9+£0.19 18.0+£0.22 *

Values are means + SD (n = 3). Asterisks indicate significant differences between +Si and
—Si plants (Student’s ¢ test, p < 0.05).

3.4 Discussion

In this chapter, I investigated the Si supply dependent alteration of the cell wall
properties of sorghum seedlings, as an initial step to understand the possible effect of the altered
tissue content of Si on the sorghum lignocellulose. Silicon supply reportedly affects the growth
of grasses, including rice (Ma et al., 1989), wheat (Neu et al., 2017), and tef (Ligaba-Osena et
al., 2020). In this current study, under controlled conditions, Si supply did not cause any
significant difference in the growth of sorghum seedlings (Figure 3.1). However, the properties
of the cell wall were affected by the Si supply, as shown by the series of cell wall structural,
mechanical, and heating value analyses.

Chemical analysis of the cell walls revealed that Si limitation led to an increase in the
lignin content in the aboveground parts of the seedlings (Figure 3.2A). This change was
associated with an increase in thioacidolysis-derived S and G phenylpropanoid monomer yields
in the —Si cell walls. The increase was higher in the S-type than in the G-type monomers,
leading to an increased S/G monomer ratio in the —Si cell wall. The content of pCA, which
preferentially acylates the S-type monomer units in grasses (Karlen et al., 2018; Ralph, 2010),
also increased in the —Si cell wall (Figure 3.2). These results were consistent with the
lignocellulose compositional data obtained by 2D HSQC NMR analysis (Figure 3.4). Thus,
the current data collectively indicate that Si limitation leads to an increase in the amount of
lignin with increased relative abundances of S and pCA units in the cell walls of sorghum
seedlings. At least some of these modifications were induced by transcriptional changes, as
suggested by the upregulation of phenylpropanoid biosynthesis-related genes under —Si
conditions (Table 3.2), including PAL, PTAL, and monolignol biosynthetic genes, such as
HCT, CCoAOMT, CCR, F5H (CAld5H), COMT (CAIdOMT)/Bmri2, CAD/Bmr6, and C3H
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(Table 3.8, Figure 3.7, Table 3.10). In addition, the altered expression of several transcription
factors was consistent with the increase in lignin content and S/G monomer ratio in the —Si cell
walls. In this study, the expression of the MYB transcription factors SObMYB60 and SbDMYB22
was upregulated in —Si seedlings, whereas the expression of SbMYB42 was downregulated in
—Si seedlings (Table 3.11). The overexpression of SbMYB60 in sorghum has been shown to
enhance the accumulation of lignin, particularly of the S unit, and the expression of several
monolignol biosynthetic genes (Scully, Gries, Sarath, et al., 2016). The binding of MYB42 to
the genes involved in monolignol biosynthesis has been shown in rice, maize, and sorghum
(Agarwal et al., 2016), and the overexpression of MYB42 suppressed lignin accumulation in
sugarcane (Poovaiah et al., 2016). The observed modulated expression of these transcriptional
factors further supports the notion that the increased accumulation of lignin in —Si seedlings
was induced, at least partly, by transcriptional changes. In addition, the formation of p-
coumaroylated lignin may also have been promoted, as suggested by the upregulated
expression of PMT, a gene for the enzyme acylating monolignols with p-coumarate in grasses
(Table 3.10) (Petrik et al., 2014; Withers et al., 2012). Regarding the accumulation of tricin,
another grass-specific lignin monomer (Del Rio et al., 2020; Lam et al., 2021; Lan et al., 2015),
the effect of Si supply was not clear in this study. NMR analysis showed that the intensity of
the tricin signal was lower in the —Si cell wall than in the +Si cell wall (Figure 3.4), whereas
the histochemical analysis using vanillin-HCI staining detected no discernible difference
between treatments (Figure 3.5). These data suggest that the amount of tricin lignin was either
decreased or unchanged in the —Si cell walls. On the other hand, the expression of A3'H/C5'H
and COMT (CAIdOMT)/Bmri2, the genes encoding the enzymes required for tricin
biosynthesis (Lam, Lui, et al., 2019; Lam, Tobimatsu, et al., 2019; Nelson, 2009), was
upregulated in —Si seedlings (Table 3.8-9). Nevertheless, FNSII (Sb06g000260), which has
been shown to function in the synthesis of both soluble flavone and tricin lignin units (Lam et
al., 2017), was not found in the list of DEGs (Table 3.10). Collectively, the expression of genes
involved in tricin-lignin biosynthesis was either upregulated or unchanged. Further
investigation is necessary to clarify the effect of Si limitation on tricin-lignin synthesis.

Using hydroponically grown sorghum seedlings, the effect of Si supply in the cell wall
polysaccharide fraction was not as notable as that in lignin in this study. Cell wall chemical
analysis showed that the amounts of neutral sugars released by TFA hydrolysis and uronic
acids, which together are considered to constitute cell wall matrix polysaccharides, tended to
be higher in —Si plants than in +Si plants (Figure 3.3B-G). However, the relative amounts of

these monosaccharides remained unchanged between the +Si and —Si cell walls (Figure 3.31).
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Hence, the composition of matrix polysaccharides was likely unchanged by the —Si treatment.
Moreover, histochemical analysis suggested that the amount of MLG and arabinoxylan, the
two major hemicelluloses in younger tissues of grasses, remained unaffected by Si treatment
(Figure 3.6B). Based on these observations, it is possible that the amount of matrix
polysaccharides was not affected significantly by Si supply; however, Si limitation may make
the cell walls more susceptible to acid hydrolysis, by changing their structural organization,
thereby releasing more monosaccharides than +Si cell walls. The 2D HSQC NMR also
suggested that neutral sugars did not increase in the —Si plant cell walls (Figure 3.4). In
addition, the content of cell wall-bound FA, which is mainly associated with arabinoxylan, was
not significantly altered by —Si treatment (Figure 3.2H, Figure 3.4). In line with these
observations, the expression of genes related to hemicellulose and pectin biosynthesis and
metabolism, including EXP, XTH, GAUT, pectate lyase, and rhamnogalacturonan I lyase, was
not significantly different between —Si and +Si seedlings (Figure 3.8). As for cellulose,
calcofluor white staining of —Si seedlings yielded a slightly weaker signal than that from +Si
seedlings (Figure 3.6A). However, the expression of CESA and endo-1,4-f-glucanase as
cellulose-related genes and the content of glucose derived from crystalline cellulose were not
significantly affected by —Si treatment (Figure 3.3 and Figure 3.8). The reduced calcofluor
fluorescence from —Si cell walls may be due to the decreased accessibility of calcofluor white
to cellulose caused by enhanced lignification.

Callose was found to be increased in —Si plants, as revealed by histochemical analyses
(Figure 3.6C). The RT-qPCR analysis showed that genes involved in both biosynthesis (GSL)
and degradation (glucan 1,3-p-glucosidase) of callose were upregulated under —Si conditions
(Figure 3.8), suggesting an enhanced turnover of this polysaccharide. However, the increment
of callose may be quantitatively small, as the relative amount of glucose in TFA-released sugars
remained unchanged by —Si limitation (Figure 3.3I). These results suggest that Si limitation
does not significantly affect the polysaccharide moiety of lignocellulose in sorghum seedlings.

Based on the above considerations, in this chapter, I conclude that the nutritional status
of Si significantly affected the amount and structure of lignin, but not polysaccharides, in
hydroponically cultured sorghum seedlings. This assumption is consistent with the change in
lignin/polysaccharide signal ratio in the 2D NMR analysis (Figure 3.4D), which was increased
under the —Si condition. In contrast, from the Chapter 2, I have demonstrated that N supply
significantly affects the polysaccharide content and composition, but not the content of lignin
in the cell walls of hydroponically grown sorghum seedlings. Although both the N and Si

nutritional status significantly affected the S/G lignin unit ratio, the direction of modification
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was the opposite. The S/G lignin unit ratio was decreased by limiting the N supply (Chapter
2), whereas it was increased by limiting the Si supply. The different effects may reflect the
difference in the synthesis of monolignols, as the expression of F5H (CAId5H), a gene involved
in the biosynthesis of S lignin units in sorghum (Tetreault et al., 2020), was downregulated by
limiting N supply (Chapter 2), whereas it was upregulated by limiting the Si supply in this
chapter. A similar inverse relationship between lignin and Si has been reported for the shoots
of hydroponically grown rice (Suzuki et al., 2012) and soil-grown brachypodium (Gtazowska
et al., 2018), in which mutant plants defective in Si uptake accumulated more lignin than wild-
type plants. The brachypodium mutant also exhibited an altered S/G monomer ratio; however,
contrary to the results from this chapter, the ratio was lower than that of the wild type
(Glazowska et al., 2018). Meanwhile, several previous studies have also reported changes in
polysaccharide fractions. In hydroponically grown mature rice (J. Zhang et al., 2015) and soil-
grown mature brachypodium (Glazowska et al., 2018), the hemicellulose content was
decreased by Si limitation. The cellulose content was increased by Si limitation in
hydroponically grown oat (Hossain et al., 2007), rice (T. Yamamoto et al., 2012), and soil-
grown brachypodium (Gtazowska et al., 2018). In the present experimental conditions, the
effects of Si limitation may be relatively limited compared with those in previous studies with
other grasses, resulting in a limited effect on cell wall polysaccharides. This may also be due
to differences in species, organ examined, and/or developmental stage. Indeed, the changes in
hemicellulose or cellulose in rice, oat, and brachypodium have been found to be highly
dependent on these factors (Gtazowska et al., 2018; Hossain et al., 2007; T. Yamamoto et al.,
2012).

As both Si as silica and lignin contribute to plant mechanical strength, I viewed the
increased accumulation of lignin in —Si plants as an adaptive response to compensate for the
loss of silica as a mechanical support (Figure 3.10). Consistent with this assumption, —Si plants
were not mechanically weaker but rather stiffer than +Si plants (Figure 3.9A). A similar
tendency was previously reported in rice, in which the mechanical strength of rice leaves was
increased in the absence of Si (T. Yamamoto et al., 2012). Notably, the enhanced deposition of
lignin in sorghum seedlings was not particularly remarkable in the epidermis, where Si was
accumulated in +Si plants, but it occurred mainly in the same tissues as in +Si plants, that is,
sclerenchyma and vascular bundles. Hence, the enhanced mechanical strength might be due to
the enhanced deposition of lignin in its original place, but not to an ectopic accumulation. |
also observed a smaller MFA in —Si plants than in +Si plants (Figure 3.9B). MFA represents

the orientation of crystalline cellulose, wherein a smaller MFA is generally related to stiffer

99



tissues (H. Yamamoto & Kojima, 2002). Therefore, in addition to the increased lignin
deposition, the changed orientation of cellulose fibers may also have contributed to the
increased mechanical tissue strength of —Si seedlings. Currently, I have not determined the
contribution of each factor to the increased mechanical strength, and this will require further
investigation. In wood species, higher amounts of lignin have been found to be associated with
higher MFA (Timell, 1982). The results of this study contradict these findings. The reason for

this difference is unclear at present. The enhanced lignin accumulation between cellulose

1

Low-Si plants ------ + Silica deposition ------ + Lignin accumulation

microfibrils may have led to an altered fiber orientation.

As an adaptive response to
compensate for the loss of
silica as mechanical support

Figure 3.10. Schematic flow of the effect of —Si treatment on the increased of lignin accumulation
in hydroponically sorghum seedlings.

The calorific value is the main feature of biomass that determines its performance in
solid fuel applications, and it is positively correlated with lignin content (Demirbasg, 2001;
Koshiba et al., 2017; Scully, Gries, Funnell-Harris, et al., 2016; Takeda et al., 2019; Umezawa,
2018). In this chapter, the estimated HHV of the cell walls of the —Si seedlings was higher than
that of the +Si seedlings (Table 3.12). The cultivar, age, and growth conditions differed
between this study and practical sorghum cultivation. Nonetheless, I believe that the findings
of this study can provide information on the physiological responses of sorghum plants to Si
limitation. The current results suggest that lowering the Si content in plants could promote an
increased HHV in sorghum lignocellulose. A lower Si content could also lead to a reduction in
the amount of ash produced upon combustion, which provides advantages in furnace
maintenance (Lacey et al., 2018). Hence, limiting the Si content in the plant body can be a
viable way to enhance the usability of sorghum as a biomass energy feedstock. In practice,
limiting the supply of Si to crops is difficult because the soil is rich in Si and the natural supply
is usually sufficient for most plant species to accumulate silica in their bodies. Engineering
mutant lines with defective Si uptake may circumvent this problem. A Si uptake transporter
has already been identified in sorghum (Markovich et al., 2019), and it can be a logical target

for obtaining Si-depleted mutant lines for bioenergy applications.
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Chapter 4

The beneficial effect of silicon to reduce nitrate content
in Sorghum bicolor

4.1 Introduction

Sorghum biomass is also important as fodder. The fodder quality of sorghum is
comparable with corn forage (Getachew et al., 2016). Feed value of sorghum can be affected
by various environmental factors, including growth conditions such as nutrients and water
availability (Somegowda et al., 2021).

Nitrogen (N) is required in the highest amount among the plant nutrients taken up from
the soil and the N supply frequently becomes a growth limiting factor. Hence, exogenous
supply of N fertilizer is common and important in crop production. Application of N fertilizer
improves both yield and quality of sorghum as a fodder crop (Sher et al., 2017). However,
overdose N application should be avoided, as an environmental eutrophication can be caused
by the nitrate ions flowing into the water system. In addition, the nitrate accumulation in plants
can be a serious problem in fodder crops (Sidhu et al., 2011). Fodder containing high amount
of nitrate can cause anemia in ruminant animals (Radostits et al., 2000). Nitrate may also impair
thyroid function and vitamin A- and E metabolism as the chronic effects (Bruning-Fann &
Kaneene, 1993).

Grasses including sorghum are known to accumulate relatively high Si as silica in their
cell walls and intercellular space of leaf epidermal tissues (Ma & Yamaji, 2006). Although the
presence of Si in grasses has been considered as the defense system against attack by herbivores
(Vicari & Bazely, 1993), application of Si in a cultivation of grass species did not cause
significant changes in feeding preference of sheep as previously reported by (Massey et al.,
2009). In addition, Si has been recognized as an essential element for normal growth and
development of livestock, particularly it is involved in animal bone formation (Carlisle, 1972).
Another beneficial effect of Si is to promote tolerance against unfavorable conditions,
including nutritional deficiencies (Ali et al., 2020; Majumdar & Prakash, 2020). In fact, Si has
been reported to mitigate nutritional stresses such as potassium (Chen et al., 2016) and iron
deficiency (Teixeira et al., 2020). Wu et al. (2017) reported that Si application increased N use
efficiency of rice. Gou et al. (2020) reported that Si application reduced nitrate accumulation
in cucumber. Hence, Si application may exert beneficial effects in the production of sorghum

as fodder, through improving plant N use efficiency and reducing leaf nitrate content. However,
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information about the interaction between Si and N is still limited in sorghum. Therefore, in
this chapter, I investigated the effect of Si application on nitrate accumulation in
hydroponically grown sorghum plants, then considered possible mechanisms of the Si-N

interaction.

4.2 Materials and Methods

4.2.1 Plant growth condition and treatment
4.2.1.1 Seedling stage

The one-week-old seedlings of sorghum (Sorghum bicolor, cv. BTx623) were
cultivated hydroponically in the full-strength Yoshida B culture solution and incubated in the
culture room maintained at 25°C with a 16/8 h light/dark cycle for two weeks as previously
described in Chapter 1. The 3-week-old seedlings were transferred to the either sufficient- or
low-N treatment solution. The medium for the sufficient-N treatment was Yoshida B culture
solution containing 0.25 mM (NH4)2 HPO4 and 1 mM Ca (NO3)2. The medium for the low-N
treatment contained N at a concentration 1/10th that of sufficient-N treatment (0.05 mM NH4"
and 0.2 NOs"). The concentrations of calcium and potassium were maintained at the same level
as that of the control using CaCl, and KH2POs, respectively. Silicon was also added either O or
50 mg SiO> L' as —Si or +Si treatment, respectively, to the both N treatment culture medium.
The Si0; solution was prepared as previously described in Chapter 3. The aerial parts of the 6-
week-old (three weeks after Si treatments) seedlings were used for the analyses throughout this

set of study.

4.2.1.2 Mature stage

The one-week-old seedlings of sorghum were cultured hydroponically in the full-
strength Yoshida B medium and incubated in the greenhouse for four weeks. The 5-week-old
seedlings were transferred to the Yoshida B culture medium containing 1 mM (NH4), HPO4
and 4 mM Ca (NOs)» as high-N treatment solutions. Silicon was also added either 0, 25, 50, 75
or 100 mg SiO> L' as Si0, Si25, Si50, Si75, or Sil00 treatment, respectively. The aerial parts
of the 13-week-old (eight weeks after Si treatments) sorghum plants at early heading stage were

used for the analyses throughout this set of study.

4.2.2 Silicon content analysis

The silicon content analysis was conducted as previously described in Chapter 3.

102



4.2.3 Chlorophyll, total nitrogen, and nitrate content analyses
Chlorophyll, total nitrogen, and nitrate content of seedling or mature plant were
analyzed as previously described in Chapter 1. Assimilated N content was calculated as the

difference between total N and nitrate contents.

4.2.4 Phosphorous, potassium, calcium, and magnesium content analyses

The dried powder of aerial parts of sorghum plant at heading stage was digested with
nitric and sulfuric acids for phosphorus content determination by colorimetric molybdenum
blue method at 880 nm (UV-1280, Shimadzu, Kyoto, Japan). The digested sample solution was
also used for potassium (K), calcium (Ca), and magnesium (Mg) contents determination by

atomic absorption spectrophotometer (AA-6200, Shimadzu).

4.2.5 Gene expression analyses

RNA-sequencing data of cellular nitrogen compound metabolic process related genes
(GO: 0034641) of sorghum seedlings under Si treatment condition was derived from the results
in Chapter 3 (accession number DRR324378-DRR324383). For RT-qPCR analysis, total RNA
was extracted from fully expanded uppermost leaves of 6-week-old (3 weeks after treatment)
seedlings. Total RNA extraction, first-strand complementary DNA synthesis, and quantitative
PCR analysis were conducted as previously described in Chapter 1. The functional annotation
listed in Table 4.2 and Table 4.3 referred from the MOROKOSHI sorghum database (Makita
et al., 2015). The gene encoding PP2A was used as the internal control (Reddy et al., 2016).
The primers used for PCR are listed in Table 4.1.
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Table 4.1. List of primers used for reverse transcription-quantitative PCR analysis.

Gene name Gene ID Forward primer (5'—3’) Reverse primer (5'—3’)
NRTI.1 Sb01g050410 GCTAGCTAGGTGTGTCCTCG GACTGGTGAGTGACTGCGG
NRTIL.5 Sb02g007605 CTACTCGCAGATGACGTCGG GGGATGGTGAGCTTCCACAG
NRT2.2 Sb06g020180 GTGACACGTCGAGTAGCGAG GATTACTTGTCCCTGCGGCG
NRT2.5 Sb03g032310 CGGCGGAGGACTACTACAAC GTGTGTGTTTCACACGTCGG
AMTI. 1 Sb04g026290 CGACGAGGACATGAGCTTGA TGGCACTATGCCCCACTAGA
AMT?2 Sb03g038840 GCCCAAATTCGCCATCTCAG GTGAACAACGGTGCGCTAAG
NR Sb04g034470 CGGGATTCCTCAAGGACCAC CGACGCGGTACAAATCAAGG
NiR Sb04g034160 CTGTTCATGGAGGACGGCAT CGCCCGTACTGGTGCTTG
GS2 Sb06g031460 ACATTGTGACGGGGCTACTG GTGGGCCTGTTTATTCGTGC
Fd-GOGAT Sb02g041740 CTGGAATGACTGGTGGCCTT TCCCTCAAAATCGTGGCTCC
NADH-GOGAT  Sb03g031310 TGCTATGGCCGACTGCTATG GCTGGGAAAGGTGTTTGTGG
CLCa Sb10g026090 GTCGTCGGGAATGGATCTCG GTTGTTGAAGTAGCGCAGCC
PSIG Sb02g027900 CCTCCAGCAACGGATACGAC CACGCGCAGTTACACTACTTG
Chlorophyllase? Sb02g012300 GATCCCCATCCTGATCGCTG GCTCGTAGTAGCGGTTCTGG
RCCR Sb01g029900 GTGTCCGATAGGGTAGTGGC GAGATTGTGGCTCGCTGGG
NYCl-like XM 021450624 TCTGCTCGAGATCAGCTCAAA TGCAAACTCCACAAGTGCCT
PP24 XM 002453490 AACCCGCAAAACCCCAGACTA TACAGGTCGGGCTCATGGAAC

NRT: nitrate transporter, AMT: ammonium transporter, NR: nitrate reductase, NiR: nitrite reductase, GS:
glutamine synthase, Fd- and NADH-GOGAT: ferredoxin- and NADH-dependent glutamate synthases, CLCa:
chloride channel A, PSI1G: photosystem 1 subunit G, RCCR: red chlorophyll catabolite reductase, NYCI-
like: non yellow coloringl-like, and PP2A: serine/threonine-protein phosphatase.

4.2.6 Crude protein content and in vitro digestibility

Crude protein content of the aerial part of the plants was estimated as 6.25 x assimilated

N content (Jones 1941). The in vitro digestibility of cell wall residue (CWR) of sorghum

seedling was determined by enzymatic saccharification analysis as previously described in

Chapter 2. Percentage of released glucose to the total glucan (crystalline+amorphous) was

expressed as enzymatic saccharification efficiency. Total glucan content was estimated as

described previously (Lam et al., 2017).
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4.3 Results

4.3.1 Plant growth and N status of sorghum seedling under Si application

Application of Si significantly increased the shoot Si content in sorghum seedlings both
under sufficient and low-N conditions in this study (Figure 4.1B). Within +Si treatment, shoot
Si content was remarkably higher under low-N than sufficient-N condition (Figure 4.1B).
Application of Si did not significantly affect the growth and biomass accumulation of sorghum
seedling in sufficient-N condition as reported in my previous study in Chapter 3. Silicon

application also did not affect plant growth under low-N condition (Figure 4.1A, C).
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Figure 4.1. Effect of silicon (Si) application on growth of hydroponically grown sorghum seedlings in
sufficient or low N supply. (A) Plant appearance, (B) Si content, and (C) dry weight of sorghum
seedlings grown under -Si and +Si condition at 3 weeks after treatment. Bars are means + SD (n = 6 for
B; n= 8 for C). Different letters mean a significant difference (Tukey-Kramer test, p < 0.05).
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Nitrogen supply significantly affected SPAD values, total N, assimilated N, and nitrate
contents of sorghum seedling (Figure 4.2). The application of Si did not significantly affect
the SPAD values, total N, and assimilated N contents of sorghum seedling both under sufficient
and low-N supply (Figure 4.2A-C). Silicon application reduced nitrate content in sorghum

seedling when they received the sufficient N supply (Figure 4.2D).
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Figure 4.2. Effect of silicon (Si) application on nitrogen (N) status in sufficient or low N supply.
(A) Soil-plant analysis development (SPAD) value, (B) total N content, (C) assimilated N, and (D)
nitrate content of hydroponically grown sorghum seedlings cultivated under -Si and +Si condition
at 3 weeks after treatment. Bars are means = SD (n = 6). Different letters mean a significant
difference (Tukey-Kramer test, p < 0.05).
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4.3.2 Evaluation of the effect of Si application on plant growth and N status of sorghum
plant at mature stage

The findings in the seedling stage were examined in mature plants grown
hydroponically with five levels of Si applications (0, 25, 50, 75, and 100 mg SiO> L") under
high-N supply. The shoot Si content in mature sorghum plants was gradually increased by
increasing Si supply from 0 until 75 mg SiO> L', and it became constant between 75 and 100
mg SiO, L' supply (Figure 4.3A). The difference confirmed that the treatment indeed
modulated Si status of sorghum in mature stage. The findings in which the level of Si slightly
affected plant growth and biomass accumulation from seedling stage were similarly found in
mature plants of sorghum, however, the dry weight of Si75-plants was higher than that of Si0
plants (Figure 4.3B-F).
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Figure 4.3. Effect of silicon (Si) application on growth of hydroponically grown mature sorghum
plants at the heading stage (13-week-old) cultivated under high N supply. (A) Si content, (B) dry
weight, (C) plant height, (D) stem diameter, (E) leaf length, and (F) leaf width of sorghum plants.
Bars are means + SD (n = 3 for A; n =4 for B, C, D, E, and F). Different letters mean a significant
difference (Tukey-Kramer test, p < 0.05). 107



In general, SPAD values, total N, and assimilated N contents were not obviously
affected by Si application in mature sorghum plants, except in certain level of Si. Total and
assimilated N of Si100-plants was higher than that of Si0 plants (Figure 4.4A-C). Consistent
with the results in the seedling stage, the nitrate content was considerably reduced by applying
50 - 100 mg SiO> L' (Figure 4.4D). In addition, Si application increased K content in Si50-
and Si100-plants but did not significantly alter the contents of other minerals, including, P, Ca,
and Mg of mature sorghum plants under high-N supply (Figure 4.5). Taken together, these
results suggest that Si has a beneficial effect to reduce nitrate content without affecting the

biomass production of sorghum at both seedling and mature stage.
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Figure 4.4. Effect of silicon (Si) application on nitrogen (N) status of hydroponically grown mature
sorghum plants at the heading stage (13-week-old) cultivated under high N supply. (A) Soil-plant
analysis development (SPAD) values, (B) total N content, (C) assimilated N, and (D) nitrate content
of sorghum plants. Bars are means = SD (n = 3). Different letters mean a significant difference (Tukey-
Kramer test, p < 0.05).

108



>
w

2 0.4
3151 $03 |
3 b
K ab O R
< . a < a a a a a
g 19 02
c c
8 8
¥ 0.5 1 o 0.1

0 - 0 A

D O o ©

PP S PP LS
C D

04 0.4
203 - 303 -
e T
N X
g 2 :
$ 0.2 - §02-a a a a
c c
8 8
1] ] o) i
S o1 2o.1

O_

. D 0 O

PP S PP P S

Figure 4.5. Effect of silicon (Si) application on mineral contents of hydroponically grown mature
sorghum plants at the heading stage (13-week-old) cultivated under high N supply. (A) Potassium (K)
content, (B) phosphorous (P) content, (C) calcium (Ca) content, and (D) magnesium (Mg) content of

sorghum plants. Bars are means = SD (n = 3). Different letters mean a significant difference (Tukey-
Kramer test, p < 0.05).

4.3.3 Modulation of the expression of N metabolism related genes

In order to investigate how transcriptome were changed by the Si application, gene
expression analysis was performed at the seedling stage. The transcriptomic analysis by RNA-
sequencing followed by a gene ontology (GO) enrichment analysis of the DEGs under —Si and
+Si condition is described in Chapter 3. The analysis revealed 50 or 69 biological processes
overrepresented among the genes down- or up-regulated by Si application treatment,

respectively, including the cellular N compound metabolic process (GO: 003464 1). Within the
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term, 85 or 80 genes were down- or up-regulated by Si application, then those exhibiting the
log> fold change > 1 in expression either suppressed or induced by Si application were listed
in Table 4.2 or Table 4.3, respectively. The expression of gene encoding nitrate reductase
(NR) was notably suppressed by Si application (Table 4.2). Additionally, the genes related to
chlorophyll degradation activity including red chlorophyll catabolite reductase (RCCR) and
chlorophyllase 2 were suppressed by Si application (Table 4.2). In contrast, the expression of
glutamine synthase 2 (GS2), ferredoxin- and NADH-dependent glutamate synthases (Fd- and
NADH-GOGAT) were induced by Si application (Table 4.3). A gene encoding photosystem 1
subunit G (PS1G), which related to photosynthesis was also found to be induced by Si
application (Table 4.3). These results suggested a modulated expression of N metabolism and
photosynthesis by Si application.

I also performed a reverse transcription-quantitative PCR (RT-qPCR) analysis to
confirm the result from the RNA-sequencing analysis. As shown in Figure 4.6, the analysis
confirmed the downregulated expression of NR, RCCR, and chlorophyllase 2 under Si
application treatment. The analysis also confirmed the upregulated expression of PS/G under
Si application condition (Figure 4.6). A consistent tendency was observed in the expression of
Fd- and NADH-GOGAT by applying Si treatment in the analysis, albeit with no statistical
significance (Figure 4.6). Statistically significant change could not be seen with the expression
of GS2 (Figure 4.6). I also examined the expression of several genes that were suggested to be
involved in N metabolism and chlorophyll degradation process in MOROKOSHI database
(Makita et al. 2015). I found that the relative expression of nitrate transporter 2.2 (NRT2.2),
nitrate transporter 2.5 (NRT2.5), ammonium transporter 1.1 (AMT1.1), nitrite reductase (NiR),
and non yellow coloringl-like (NYCI-like) were significantly suppressed by applying Si
condition (Figure 4.6). A similar tendency of suppressed expression by Si application was
observed with nitrate transporter 1.1 (NRTI.1), nitrate transporter 1.5 (NRTI.5), and
ammonium transporter 2 (AMT?2) treatment, albeit with no statistical significance (Figure 4.6).
In addition, I revealed that the relative expression of chloride channel A (CLCa), which is

involved in vacuolar storage of nitrate, was induced by Si application (Figure 4.6).
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Table 4.2. The suppressed expression of cellular nitrogen compound metabolic process related
genes (GO: 0034641) in hydroponically grown sorghum seedlings in response to silicon (Si)

application at three weeks after treatment. The log> values of the fold change (+Si/-Si) > 1 are

shown.
Gene ID Functional annotation? p value ¢ value log:
(fold change)
Sb04g034470 Nitrate reductase 1.E-14  0.E+00 -4.2
Sb01g009880 Glutamate decarboxylase 1.E-07  0.E+00 -2.5
Sb01g029900 Red chlorophyll catabolite reductase 9.E-06 0.E+00 -2.4
Sb01g041700 Glutamate decarboxylase 2.E-06 0.E+00 2.3
Sb03g045940 Uridine 5S-monophosphate synthase 5.E-09 0.E+00 -2.1
Sb03g036040 Homocysteine S-methyltransferase 2.E-07 0.E+00 -2.0
Sb05g017270 Red chlorophyll catabolite reductase 1.E-03  1.E-02 -2.0
Sb06g023110 Nicotinamidase 2 1.E-05 0.E+00 -2.0
Sb10g003510 Unknown 3.E-07 0.E+00 -2.0
Sb01g030270 Strictosidine synthase 1.E-07  0.E+00 -1.9
Sb03g026000 1-Aminocyclopropane-1-carboxylate 4.E-04 1.E-02 -1.9
oxidase
Sb10g008320 Urea transmembrane transporters 5.E-06 0.E+00 -1.9
Sb02g012300 Chlorophyllase-2 2.E-03 2.E-02 -1.8
Sb02g025110 S-adenosylmethionine decarboxylase 1.E-07  0.E+00 -1.7
Sb02g036490 Alternative NAD(P)H dehydrogenase 1 5.E-03  3.E-02 -1.7
Sb03g039480 Triosephosphate isomerase 7.E-05 0.E+00 -1.7
Sb05g025240 Adenylyl-sulfate kinase 1.E-03  1.E-02 -1.7
Sb06g009610 NAD(P)-binding Rossmann-fold 3.E-03 2.E-02 -1.7
superfamily protein
Sb08g022280 Cysteine synthase, O-acetylserine (thiol)  4.E-13  0.E+00 -1.7
lyase (OAS-TL)
Sb01g000280 COPI-interacting protein 4.E-06 0.E+00 -1.6
Sb07g025080 6-phosphogluconolactonase, 4.E-06 0.E+00 -1.6
NagB/RpiA/CoA transferase-like
Sb01g012960 5-Methyltetrahydropteroyltriglutamate- 6.E-06 0.E+00 -1.5

homocysteine methyltransferase
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Sb01g021240
Sb03g009260
Sb05g021600
Sb04g028610
Sb02g003520
Sb02g029250
Sb02g030830

Sb04g026500
Sb09g027430
Sb03g035480
Sb01g041240
Sb03g008050
Sb04g026510
Sb06g033160
Sb01g046360

Sb01g046580
Sb04g000580
Sb04g019020
Sb04g026940
Sb05g014880
Sb09g002470

Cationic amino acid transporter 2
Cysteine synthase

Aminotransferase

Pyrimidine 1

Tyrosine aminotransferase
Ribulose-phosphate 3-epimerase
Senescence-inducible chloroplast stay-
green protein 1

Adenosine kinase 2

Threonine synthase

Amino acid kinase
Dihydrodipicolinate reductase
Fructose-bisphospate aldolase isozyme
Phenylalanine ammonia-lyase
Allantoinase

1,2-Dihydroxy-3-keto-5-
methylthiopentene dioxygenase
Aminotransferase

Lactate/malate dehydrogenase
Fructose-bisphospate aldolase isozyme
Nitrilase 4

Serine hydroxymethyltransferase

Glutamate-cysteine ligase

5.E-04
2.E-11
2.E-03
5.E-06
1.E-03
5.E-10
2.E-03

4.E-12
1.E-06
5.E-09
2.E-05
2.E-05
2.E-03
9.E-03
1.E-04

1.E-05
2.E-06
6.E-07
6.E-06
5.E-05
3.E-03

1.E-02
0.E+00
2.E-02
0.E+00
1.E-02
0.E+00
2.E-02

0.E+00
0.E+00
0.E+00
0.E+00
0.E+00
2.E-02
5.E-02
0.E+00

0.E+00
0.E+00
0.E+00
0.E+00
0.E+00
3.E-02

-1.5
-1.5
-1.5
-1.4
-1.3
-1.3
-1.3

-1.3
-1.3
-1.2
-1.1
-1.1
-1.1
-1.1
-1.0

-1.0
-1.0
-1.0
-1.0
-1.0
-1.0

*According to the MOROKOSHI sorghum database.
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Table 4.3. The induced expression of cellular nitrogen compound metabolic process related genes

(GO: 0034641) in hydroponically grown sorghum seedlings in response to silicon (Si) application

at three weeks after treatment. The log: values of the fold change (+Si/-Si) > 1 are shown.

Gene ID Functional annotation? p value ¢ value to
(fold change)
Sb08g016060 Ureide permease 2 9.E-06 0.E+00 2.3
Sb01g022730 Pyridoxal phosphate (PLP)-dependent 6.E-04 1.E-02 2.1
transferase
Sb07g026100 ACT domain repeat 3 3.E-04 0.E+00 2.0
Sb02g031540 Phospholipase D delta 2.E-10  0.E+00 1.9
Sb01g042580 Homocysteine S-methyltransferase 8.E-07 0.E+00 1.8
Sb04g005360 Glutamine amidotransferase 2.E-03 2.E-02 1.8
Sb10g023850 Fructose-bisphospate aldolase isozyme 3.E-07 0.E+00 1.8
Sb04g035560 Trehalose-6-phosphate synthase 4.E-11 0.E+00 1.7
Sb03g035850 Polyphenol oxidase 3.E-03 2.E-02 1.6
Sb01g003540 Aromatic and neutral transporter 1 2.E-06 0.E+00 1.5
Sb01g044050 Serine acetyltransferase 2 8.E-05 0.E+00 1.5
Sb09g022310 Unknown 6.E-12  0.E+00 1.5
Sb02g033250 Pyridoxal-dependent decarboxylase 7.E-04 1.E-02 1.4
Sb06g030160 Shikimate/quinate 5-dehydrogenase 2.E-04 0.E+00 1.4
Sb10g020570 Spermidine synthase 3 3.E-09 0.E+00 1.4
Sb02g010470 Pyridoxal phosphate (PLP)-dependent 2.E-04 0.E+00 1.3
transferase
Sb02g027900 Photosystem I subunit G 4.E-04 1.E-02 1.3
Sb03g003230 NADP-malic enzyme 4 1.E-08  0.E+00 1.3
Sb03g011270 Magnesium-protoporphyrin IX monomethyl 1.E-04  0.E+00 1.3
ester cyclase
Sb03g031880 Threonine synthase 4.E-04 1.E-02 1.3
Sb03g035800 Pyridoxal phosphate (PLP)-dependent 2.E-04 0.E+00 1.3
transferase
Sb06g031460 Glutamine synthetase 2 (GS2) 5.E-04 1.E-02 1.3
Sb09g022620 Riboflavin biosynthesis protein ribAB, GTP  4.E-10  0.E+00 1.3

cyclohydrolase 11
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Sb01g004440
Sb01g010070
Sb03g041580
Sb06g032740
Sb08g021000
Sb01g003860
Sb04g010210
Sb02g041740

Sb03g031310

Sb03g033120
Sb04g022140

Sb04g028050

Sb08g003300

Sb08g005210
Sb09g025490

ACDI-like, pheophorbide a oxygenase
Histidine kinase

Amino acid permease 8, amino acid
transporter

Magnesium-chelatase

Phytochrome interacting factor 4
ALBINA 1, magnesium-chelatase subunit
chlD

Dynein light chain type 1, RHO guanyl-
nucleotide exchange factor 11
Ferredoxin-dependent glutamate synthase
(Fd-GOGAT)

NADH-dependent glutamate synthase 1
(NADH-GOGAT)

Serine acetyltransferase 1;1

Pyridoxal phosphate (PLP)-dependent
transferase

Pyridine nucleotide-disulphide
oxidoreductase

Enzyme binding;tetrapyrrole binding
Glycine cleavage system H protein

Cytochrome P450

3.E-05

1.E-05

2.E-03

1.E-04

9.E-05

1.E-05

2.E-04

2.E-05

5.E-04

6.E-04
2.E-08

8.E-03

7.E-04

1.E-03
5.E-03

0.E+00

0.E+00

2.E-02

0.E+00

0.E+00

0.E+00

0.E+00

0.E+00

1.E-02

1.E-02
0.E+00

5.E-02

1.E-02

1.E-02
3.E-02

1.2

1.2

1.2

1.2

1.2

1.1

1.1

1.0

1.0

1.0
1.0

1.0

1.0

1.0
1.0

*According to the MOROKOSHI sorghum database.
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Figure 4.6. Reverse transcription-quantitative PCR analysis of the expression of nitrogen and photosynthesis
metabolism related genes under Si application of hydroponically grown sorghum seedlings at 3 weeks after
treatment. NRT: nitrate transporter, AMT: ammonium transporter, NR: nitrate reductase, NiR: nitrite reductase,
GS: glutamine synthase, Fd- and NADH-GOGAT: ferredoxin- and NADH-dependent glutamate synthases, CLCa:
chloride channel A, PSIG: photosystem 1 subunit G, RCCR: red chlorophyll catabolite reductase, NYCI-like:
non yellow coloringl-like, and PP2A: serine/threonine-protein phosphatase. The expression of each gene was
analyzed as transcript abundance relative to PP24 (XM _002453490). Values are given as mean + SD (n = 3).

Asterisks indicate significant differences between -Si and +Si plants. (Student’s ¢ test, p < 0.05).
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4.3.4 Crude protein and in vitro digestibility of sorghum biomass

To consider the biomass utilization for animal fodder, the crude protein (CP) content
and the in vitro digestibility rate of sorghum biomass under Si application were performed. The
CP content was calculated from assimilated N content in dry weight basis (Jones 1941). In
general, application of Si did not greatly affect the CP content of sorghum biomass both in
seedling and mature stages, except for the increment of CP content in Sil00-plants (Figure
4.7A-B). In vitro digestibility estimated as enzymatic saccharification performance did not
significantly affect by Si application (Figure 4.7C). Also, the enzymatic saccharification
efficiency, which was expressed as a relative proportion of the released glucose yield to total
glucan (both crystalline and amorphous glucans), was not significantly changed by Si

application condition (Figure 4.7D).
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Figure 4.7. Effect of silicon (Si) application on biomass characteristics. (A) Crude protein content of
hydroponically grown sorghum seedlings cultivated under sufficient or low nitrogen condition at 3
weeks after treatment, (B) crude protein content of hydroponically grown mature sorghum plants at
heading stage (13-week-old) cultivated under high N supply, (C) enzymatic saccharification of cell
walls after 24 h of enzymatic hydrolysis, and (D) the saccharification efficiency (glucose yield per
total glucan) of hydroponically grown sorghum seedlings cultivated under -Si and +Si condition at 3
weeks after treatment. Bars are means = SD (n = 6 for A; n = 3 for B, C, and D). Different letters
mean a significant difference (Tukey-Kramer test, p < 0.05).

4.4 Discussion

In this chapter, I examined the impacts of Si application on the amount and quality of
sorghum biomass as a fodder. First, I revealed that Si application did not significantly affect
the growth and biomass accumulation of hydroponically grown sorghum plants both at seedling

and mature stages under all N condition examined (Figure 4.1, Figure 4.3), which was
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consistent with the previous results in Chapter 3. Positive effects of Si application on plant
growth have been reported in multiple species such as rice (Ma et al., 1989), cucumber (Gou
et al., 2020), tef (Ligaba-Osena et al., 2020), and maize (da Silva et al., 2021). On the other
hand, the growth of soil-grown Brachiaria brizantha, a tropical forage grass, did not respond
to Si application (de Melo et al., 2010). The response of growth to Si thus can be different
among species.

Consistent with the unchanged biomass accumulation, in general, the Si treatment did
not affect the level of assimilated N in plants, except for its increment in Si100-plants (Figure
4.2C, Figure 4.4C). On the other hand, nitrate content was considerably reduced in both
sufficient-N seedling and high-N mature plant by Si application (Figure 4.2D, Figure 4.4D).
The result suggests that Si application affected N uptake of sorghum plants. Several previous
studies also suggested the interaction between Si and N in other species. The accumulation of
N was negatively correlated with Si supply in rice (Wu et al., 2017). While, the increased N
assimilation but decreased nitrate content was reported in cucumber by Si application under
high-nitrate supply condition (Gou et al., 2020). Application of Si did not alter assimilated N
but enhanced N use efficiency in winter wheat (Neu et al., 2017). In addition, the ammonium
toxicity and/or deficiency was mitigated by Si supply in beet (Viciedo et al., 2019) and
eucalyptus (de Souza et al., 2021). Taken together, the interaction between Si and N varies
among the reports and depends on plant species, organ, developmental stage, and cultivation
test condition.

Moreover, I propose a schematic model of the effect of Si on N metabolism in sorghum
seedling under sufficient N condition as shown in Figure 4.8. First, the plant takes nitrate and
ammonium up as inorganic N sources from the medium. Under +Si condition, N uptake as both
nitrate and ammonium was likely to be decreased as suggested by the downregulated
expression of nitrate and ammonium transporters, of both low- and high-affinity (Figure 4.6).
Similar tendency was also found in rice, in which the expression level of nitrate and ammonium
transporters was downregulated by Si application under high-N treatment (Wu et al., 2017).
These findings suggest that, under +Si condition, plants sufficient with N then limit N uptake.
The reduction of N uptake under Si application might be mediated by cytokinin signaling.
Silicon is suggested to increase cytokinin biosynthesis as an indirect effect via a still unknown
mechanism (Markovich et al., 2017). As Si presents in cell wall, one possible interaction
between Si and cytokinin is in the apoplast where cytokinin and its catabolic enzymes actively
occurred (Tameshige et al., 2015). In line with this notion, in this study, multiple genes

annotated as cytokinin-related genes such as a sorghum putative isopentenyltransferase 7
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(SbIPT7) (Markovich et al., 2017), wridine diphosphate glycosyltransferases (UGTs) and
cytokinin-O-glucosyltransferases were modulated by Si application as shown in Chapter 3.
Furthermore, the Si-induced cytokinin signaling alters N metabolism. Kiba et al. (2011)
assumed that cytokinin synthesis is upregulated by N supply, and cytokinin thus synthesized
downregulates the N uptake as a feedback to save the resources under sufficient N supply.
Hence, the reduced nitrate content in this study might be due to a downregulated N uptake as
the result of an enhanced cytokinin synthesis under Si-sufficient condition. However, other
additional pathway would be involved in the transduction of Si effect before it modulates
cytokinin metabolism. To get more insight into detail mechanism about this aspect, further
study is needed in the near future.

Assimilation of N by plant needs the reduction of nitrate to nitrite, then nitrite to
ammonium followed by ammonium assimilation into amino acid. Nitrate reduction into nitrite
occurs in cytosol by NR activity. Meanwhile, nitrite reduction into ammonium is catalyzed by
NiR activity in chloroplasts. In this study, the expression level of NR and NiR was
downregulated by Si application (Table 4.2, Figure 4.6). It would be due to the reduction of
nitrate uptake in +Si plants. In addition, I found that the expression level of CLCa, which is
involved in nitrate transport from cytosol to vacuole (De Angeli et al., 2006), was upregulated
under +Si condition (Figure 4.6). Although the transcripts of cytosolic NR and chloroplastic
NiR were suggested to be declined under +Si condition, the N assimilation (Figure 4.2C,
Figure 4.4C) and plant growth (Figure 4.1, Figure 4.3) were likely still maintained by
elevating GS/GOGAT cycle as shown by the upregulated expression of GS2 and Fd- and
NADH-GOGAT which was suggested from RNA-sequencing analysis (Table 4.3), albeit no
significant difference was observed in RT-qPCR analysis. Similar tendency of upregulation of
GS and GOGAT expression under Si application has been reported in rice (Wu et al., 2017) and
cucumber (Gou et al., 2020). These results suggest that +Si plants reduce nitrate uptake and
accumulation without affecting the N assimilation and growth of hydroponically sorghum
plants.

Under +Si condition, the photosynthesis process was well maintained by the plant as
shown by upregulated expression of PS/G (Table 4.2, Figure 4.6) and the enrichment of GO
terms associated with photosynthesis (GO: 0015979) in Chapter 3. The downregulated
expression of some genes related to chlorophyll degradation activity, including NYCI-like,
chlorophyllase? and RCCR in +Si plants suggests that the plants is under sufficient N status

and the recycling of N compounds is not necessary in this condition (Table 4.2, Figure 4.6).
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Figure 4.8. Schematic model of the effect of silicon (Si) application on nitrogen (N) metabolism of
hydroponically grown sorghum seedlings at 3 weeks after treatment under sufficient N condition. NRT:
nitrate transporter, AMT: ammonium transporter, NR: nitrate reductase, NiR: nitrite reductase, GS:
glutamine synthase, Fd- and NADH-GOGAT: ferredoxin- and NADH-dependent glutamate synthases,
CLCa: chloride channel A, PSI1G: photosystem 1 subunit G, RCCR: red chlorophyll catabolite
reductase, and NYC1-like: non yellow coloringl-like.

Silicon is known as essential element for normal animal growth and development
(Carlisle, 1972). On the other hand, Si accumulated as silica can make the plant tissue stiffer,
which may act as a feeding deterrant or increase recalcitrance against digestion. However,
application of Si did not cause significant changes in feeding preference of sheep in several
grass species (Massey et al., 2009). In addition, in this study, the crude protein content and in
vitro digestibility rate of sorghum shoots were not significantly affected by Si application
(Figure 4.7). Thus, maintaining sorghum under Si-sufficient condition can be a plausible way
to minimize the accumulation of nitrate in the shoot without reducing its value as fodder. Since
I performed this current experiment in hydroponic system which different with the real biomass
production, further study with soil-grown plants is necessary. It is also needed to examine to
what extent Si application can reduce the nitrate accumulation, taking the safety threshold of

nitrate for livestock feeding into account.
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Conclusions

Nitrogen often becomes a growth-limiting factor in crop production. Hence, to
appropriately control the supply of N fertilizer in sorghum production, it would be significant
to diagnose the N status of sorghum plants during their growth. In this study, biomarkers to
diagnose the N nutrition status of sorghum were explored, and the leaf chlorophyll content
measured as a soil plant analysis development (SPAD) value and the expression of low-N-
responsive genes shown to respond to N status sensitively in hydroponically grown seedlings.
The SPAD value is suggested to be useful under practical conditions as well, as it showed
responses consistent with the applied N levels in multiple genotypes under field conditions.

In addition to biomass accumulation, the level of N supply also considerably affected
the cell wall structure and composition of sorghum seedlings. Limitation of N led to a decrease
in the S/G lignin unit ratio and an increase in the amount and alteration of tissue distribution of
several hemicelluloses, including MLG and arabinoxylan. These cell wall alterations could
affect the properties of biomass such as enzymatic saccharification performance. At least these
cell wall alterations could be associated with changes in gene expression. Nitrogen status is
thus one of the factors affecting the cell wall properties of sorghum seedlings.

The properties of sorghum cell walls were also altered by the level of Si supply.
Limiting the Si supply significantly increased the thioglycolic acid lignin content and
thioacidolysis-derived S/G lignin monomer ratio. At least part of the modification may be
attributable to the change in gene expression, as suggested by the upregulation of
phenylpropanoid biosynthesis-related genes under —Si conditions. The cell walls of the —Si
plants had a higher mechanical strength and calorific value than those of the +Si plants. These
results provide an insight into the enhancement of the value of sorghum biomass as a feedstock
for energy production by limiting Si uptake.

Sorghum is also important as fodder crop. Content of nirate, which can be toxic to
ruminants at high concentration, was found to be reduced by Si application in hydroponically
grown sorghum plants both at seedling and mature stages. The reduction of nitrate content
under Si-sufficient condition was due to a decreased nitrate uptake. The results suggest that
maintaining sorghum under Si-sufficient condition can minimize the accumulation of nitrate in
the shoot and therefore increase its value as fodder. Taken all together, I conclude that the value

of sorghum as a biomass crop can evidentially be enhanced by managing nutrient supply.
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