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RESUMO

Entre os fatores ambientais a luz exerce papel fundamental no crescimento e
desenvolvimento das plantas. As vias de sinalizacdo do crescimento e diferenciacao
celular, crosstalk com metabolismo hormonal, up e down-regulation em genes especificos
que modulam, dentre outras modificagdes, em nivel celular e molecular até o fenétipo das
plantas, sdo intrinsecos dessa fonte de energia, fundamental para 0s processos
bioquimicos e fisioldgicos vegetais. Diante do breve exposto, demonstramos aqui, em
nossa linha de pesquisa, as contribui¢des da luz na cascata de sinalizagdo das plantas e
interacdo do espectro eletromagnético. Os trabalhos aqui apresentados, demonstram parte
das pesquisas desenvolvidas com énfase nos efeitos da luz na regulagdo do crescimento
e desenvolvimento das plantas e sobre as alteracdes das propriedades dpticas foliares.
Integrando diferentes métodos de biologia celular e molecular, técnicas de microscopia
de luz, fluorescéncia e eletrénica de varredura e transmissdo, dentre outras abordagens
multi-disciplinares, essa tese foi subdividida em trés capitulos, em formato de artigos

cientificos publicados em revistas peer-review.

O Capitulo I “Increased Gibberellins and Light Levels Promotes Cell Wall
Thickness and Enhance Lignin Deposition in Xylem Fibers” publicado na Frontiers in
Plant Science, fator de impacto 4.106 (JCR-2019) e Qualis-Capes Al, demonstramos
como a sinalizagdo decorrentes da variagdo da intensidade luminosa e disponibilidade de
acido giberelico (GA3), em promover alteracdes na espessura e deposi¢do de lignina nas
paredes das fibras do xilema em plantas de tabaco. Além disso, detectada a existéncia de

um mecanismo de resposta exclusivo a luz, que as GAs nao conseguem substituir.

O Capitulo Il “Cell wall structure and composition is affected by light quality in
tomato seedlings” publicado na Journal of Photochemistry and Photobiology: B-
Biology, fator de impacto 4.067 (JCR-2019) e Qualis-Capes Al, evidenciamos
alteracGes promovidas na estrutura e composicdo da parede celular, em hipocotilos
de tomate crescidos em diferentes qualidades de luz. Alteragfes substanciais da
reorganizagdo da parede celular primaria, das microfibrilas de celulose e na
cascata de sinalizacdo hormonal regulados pela qualidade da luz. Demonstramos uma
profusa rede regulatoria, envolvendo qualidade de luz e hormonios, sobre as

microfibrilas de celulose.



O Capitulo 111 “High resolution leaf spectral signature as a tool for foliar pigment
estimation displaying potential for species differentiation” publicado na Journal of Plant
Physiology, fator de impacto 2.825 (JCR-2019) e Qualis-Capes Al, analisamos,
propomos e discutimos como variagdes de classes e conteddo de diferentes pigmentos
foliares, bem como componentes estruturais e ultraestruturais, promovem
alteracGes substanciais da interacdo da luz no perfil optico foliar. Concluimos que a
interagdo de luz com os pigmentos e estruturas foliares, se mostram um recurso valioso

no estudos das plantas.

PALAVRAS-CHAVE: Crescimento e desenvolvimento, microfibrilas, qualidade da

luz, propriedades Opticas foliares



ABSTRACT

Among environmental factors, light plays a vital role in plant growth and development.
Cell growth and development signaling pathways, crosstalk with hormonal metabolism
and up and down-regulation in specific genes that modulate, among other changes, from
the cellular and molecular level to the plant phenotype, are intrinsic to this energy source,
essential for biochemistry and physiology plant processes. In this context, we demonstrate
light contributions to plant cascade signaling and interaction with the electromagnetic
light spectrum in our line of research. The investigation presented herein demonstrates
part of the research developed with emphasis on the effects of light on plant growth and
development regulation and on leaf optical property alterations. Integrating different
cellular and molecular biology methods and light microscopy, fluorescence and scanning
and transmission electron microscopy techniques, among other multi-disciplinary
approaches, this thesis was subdivided into three chapters, in the form of scientific articles

published in peer-review journals.

In Chapter I “Increased Gibberellins and Light Levels Promotes Cell Wall
Thickness and Enhance Lignin Deposition in Xylem Fibers”, published in Frontiers in
Plant Science, impact factor 4.106 (JCR-2019) and Qualis-Capes Al, we demonstrate
how the signaling arising from luminous intensity variation and gibberellic acid (GAs3)
availability promotes changes in lignin thickness and deposition in the xylem fiber walls

of tobacco plants.

In Chapter II “Cell wall structure and composition is affected by light quality in
tomato Seedlings”, published in the Journal of Photochemistry and Photobiology: B-
Biology, impact factor 4.067 (JCR-2019) and Qualis-Capes Al, we highlight changes
promoted in cell wall structure and composition in tomato hypocotyls grown under
different light qualities. Substantial alterations in primary cell wall reorganization, the
cellulose microfibrils and in the light-regulated hormonal signaling cascade were
observed.

In Chapter III “High resolution leaf spectral signature as a tool for foliar pigment
estimation displaying potential for species differentiation, published in the Journal of
Plant Physiology, impact factor 2.825 (JCR-2019) and Qualis-Capes Al, we analyse,



propose and discuss how variations in different leaf pigment classes and content, as well
as structural and ultrastructural components, promote substantial changes between light

interactions and leaf optical profiles.

KEYWORDS: Growth and development, light quality, leaf optical properties, microfibril



CHAPTER 1

Increased Gibberellins and Light Levels Promotes Cell Wall Thickness

and Enhance Lignin Deposition in Xylem Fibers
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Carlos Moacir Bonato’ and Werner Camargos Antunes’2*
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Brazil, ° Laboratdrio de Histotécnica e Anatomia Vegetal, Universidade Estadual de Maringd, Maringd, Brazil

Light intensity and hormones (gibberellins; GAs) alter plant growth and development.
A fine regulation triggered by light and GAs induces changes in stem cell walls (CW).
Cross-talk between light-stimulated and GAs-induced processes as well as the phenolic
compounds metabolism leads to modifications in lignin formation and deposition on
cell walls. How these factors (light and GAs) promote changes in lignin content and
composition. In addition, structural changes were evaluated in the stem anatomy of
tobacco plants. GAz was sprayed onto the leaves and paclobutrazol (PAC), a GA
biosynthesis inhibitor, via soil, at different irradiance levels. Fluorescence microscopy
techniques were applied to detect lignin, and electron microscopy (SEM and TEM)
was used to obtain details on cell wall structure. Furthermore, determination of total
lignin and monomer contents were analyzed. Both light and GAs induces increased
lignin content and CW thickening as well as greater number of fiber-like cells but not
tracheary elements. The assays demonstrate that light exerts a role in lignification under
GAg3 supplementation. In addition, the existence of an exclusive response mechanism
to light was detected, that GAs are not able to replace.

Keywords: lignin monomers, stem, hormones, cambial activity, cell wall

INTRODUCTION

Changes in plant habitat luminosity are associated to high phenotypic plasticity (Valladares et al.,
2000; Pearcy, 2007; Pugnaire and Valladares, 2007; Sarlikioti et al., 2011; Niinemets et al., 2015),
especially in relation to stem development (Pearcy, 2007; Kurepin and Pharis, 2014) and either
endogenous gibberellin (GAs) levels or the signaling cascade triggered by this hormone (Alabadi
etal., 2008; Lau and Deng, 2010).

Plants grown in high irradiance environments present reduced stem length and shorter
internodes compared to shade-grown plants (Pugnaire and Valladares, 2007; Lau and Deng,
2010; Ribeiro et al., 2012; Wang and Benning, 2012; Kurepin and Pharis, 2014; de Wit et al,
2016). They also present higher chlorophyll and carotenoid concentrations per unit of leaf area
(Pearcy, 2007; Pugnaire and Valladares, 2007; Lambers et al., 2008), thicker leaves, more elongated
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palisade parenchyma cells (Lambers and Poorter, 2004; Poorter
et al, 2009) and increased tissue lignification (Onoda et al.,
2017), among other biochemical and anatomical alterations that
provide acclimatization to high irradiance conditions (Givnish,
1988; Kurepin et al., 2007; Pugnaire and Valladares, 2007). On the
other hand, plants grown in low irradiance environment display
shade avoidance syndrome with etiolated phenotype and lower
lignin concentrations per biomass unit (Hoffmann and Poorter,
2002; Kurepin et al., 2007; Pugnaire and Valladares, 2007; Lau
and Deng, 2010; Kurepin and Pharis, 2014; Hedden and Sponsel,
2015).

Among the various plant hormones synthesized by plants,
GAs belong to a group of tetracyclic diterpenoids that promote
biochemical, physiological and anatomical plant changes
(Biemelt et al, 2004; Yamaguchi, 2008; Dayan et al, 2012;
Hedden and Thomas, 2016). Three major enzymes that regulate
GAs homeostasis and biosynthesis are known, namely GA
20-oxidase (GA200x) and GA 3-oxidase (GA3ox), which
catalyze the early phases of bioactive GA biosynthesis, and GA
2-oxidase (GA20x), involved in the deactivation of bioactive
GAs (Yamaguchi, 2008; Martins, 2013; Hedden and Thomas,
2016). A fine metabolic regulation in response to light causes GA
homeostasis to be controlled by induction of GA20x genes, with
negative feedback, as well as the GA200ox and GA3ox genes. GAs,
in addition to several well-known responses (Ueguchi-Tanaka
et al., 2007; Yamaguchi, 2008; Dayan et al., 2010; Aloni, 2013; Bai
et al., 2014) also play a regulatory role concerning terpenes and
phenolic compounds, particularly lignin (Hedden and Phillips,
2000; Olszewski et al., 2002; Biemelt et al., 2004; Davies, 2010;
Ribeiro et al., 2012; Kurepin and Pharis, 2014; Ye et al., 2015;
Hedden and Thomas, 2016). Together, light availability and GAs
influence plant cell development and cell wall composition.

The changes observed at structural and ultrastructural stem
levels is an end point of sequence of events that initiate
with plant perception of surrounding environment, signaling
amplifying, changes in gene expression and downstream
proteomic/metabolic profiling modifications and concluding
with cell developmental alterations. Changes in cell wall
formation, structure, and composition (e.g., lignin deposition)
are associated with intense cross-talk between light perception
pathways (Onoda et al., 2017) triggered by photoreceptors, such
as cryptochromes (Ahmad and Wani, 2014) and phytochromes
(Casal, 2012). Furthermore, responses associated to hormonal
signaling (Kurepin et al, 2007; Kurepin and Pharis, 2014),
regulation of gene expression patterns, and cellular changes that
result in metabolic changes (Yamaguchi, 2008; Ye et al., 2015;
Hedden and Thomas, 2016; Zhang et al., 2018a), cytoskeleton
structure (Bashline et al.,, 2014; Liu et al., 2016) and cell wall
architecture (Zheng et al., 2017) are intertwined, creating a
complex scenario of factors that regulate cell wall structure and
composition.

Gibberellins also induce cellulose synthesis by promoting
the release of secondary cell wall protein regulators (NAC
SECONDARY WALL THICKENING PROMOTING FACTOR)
(NST1-3) via DELLA repression cascade, which, in principle,
could possibly boost and correlate with lignin deposition and
increased lignin content (Zhao, 2016). Thus, it is suggested that

a “normal” cellulose deposition pattern may be necessary for
correct assembly and lignin deposition in primary, secondary and
tertiary cell walls (Burk and Ye, 2002; Bai et al., 2014; Ye et al,,
2015; Liu et al., 2016; Zhao, 2016; Zhang et al., 2018a).

Increases in GA contents stimulate lignin deposition under
high irradiance conditions (Wada et al., 2005; Kurepin et al.,
2006; Moura et al., 2010; Bai et al,, 2014; Yang et al., 2015;
Hedden and Thomas, 2016; Li et al., 2017; Zhang et al., 2018a).
On the other hand, GA levels are higher under shaded conditions
(Kurepin et al., 2006; Kurepin and Pharis, 2014), which in
turn triggers cell stretching and etiolation, with lower lignin
deposition over all secondary xylem (SX) fiber-like cells. Thus,
lignification tends to be proportional to the amount of incident
light, i.e., at lower luminous intensity, higher GA levels (Kurepin
et al., 2006; Kurepin and Pharis, 2014) and lower lignin contents
(and vice versa) are observed. This phenomenon indicates several
knowledge gaps regarding individual light availability and GA
responses to lignin deposition in plants, suggesting a cross-talk
between light effects and GA effects on lignin metabolism. Above
all, little is known on the interaction between GA levels and
light on xylem fiber differentiation and lignin deposition on the
cell wall (Dayan et al., 2012) or on the composition of lignin
monomers (Wuddineh et al., 2015; Zheng et al., 2017) in response
to light.

In this study, the hypothesis that light and GAs act
independently in promoting tobacco plant structural xylem and
cell wall modifications, lignin accumulation and stem monomer
composition was tested. To do so, GA3 was supplemented via
foliar spraying, and a GA biosynthesis inhibitor, paclobutrazol
(PAC), an ent-kauren oxidase enzyme (KO; EC 1.14.13.78) was
applied via soil (Ribeiro et al., 2012; Guo et al., 2015) in order
to investigate cell wall, lignin and anatomical changes in tobacco
plants under the influence of different GA levels in high and low
irradiance environments.

MATERIALS AND METHODS

Growth Conditions and Experimental
Design

Nicotiana tabacum L. (cv. HAV 425) plants were cultivated
in greenhouse conditions under full (100% sunlight) and low
(low light — 8.5% of sunlight) irradiance levels. After initial
growth in 5 L pots, one group was transferred to lower
irradiance conditions inside the greenhouse, maintained by
using two overlapping neutral nylon nets (80 and 50% shading)
covering all plants until ground level reached 91.5% shading.
No spectral quality differences were observed in this case, only
decreased light intensity (data not shown). Gibberellic acid
(GA3) at different concentrations was sprayed for 5 times every
2 days on leaves, while paclobutrazol (PAC) was applied to
the soil. All plants grew for 20 days under these conditions.
Reverse osmosis water was sprayed onto the controls (Cont),
10 pM GA3z (GA10), 100 M GA3 (GA100) and PAC 50 mg
L~! (PAC), following the protocol reported by Falcioni et al.
(2017), as well as in combined GA3 10 pM + PAC (GAI10P)
and GA3 100 pM + PAC (GA100P) treatments, totaling 12
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treatments with 6 repetitions each. Representative plants are
displayed in Supplementary Figure S1. The complete growth
profile of these plants was evaluated following (Falcioni et al.,
2018). Chloroplastidic pigments were quantified as reported by
Lichtenthaler (1987).

Epifluorescence Microscopy Analysis

Stem segments (~2 cm’) were fixed in a modified
Karnovsky solution containing 2.5% glutaraldehyde and
2% paraformaldehyde in 0.05 M phosphate buffer, pH 7.2
(Karnovsky, 1965) and stored at 4°C until processing. The
stem samples were then washed in distilled water for 5 min,
rehydrated and placed in glass containers. Subsequently, a
25% (w/v) aqueous polyethylene glycol 6000 (PEG 6000)
solution was added to the samples and the material placed
in an oven at 60°C. When half of the initial solution volume
was reached, 75% (w/v), the PEG 6000 solution was again
added. When the solution reached half the total volume
again, the fragments were incorporated to a 90% PEG 6000
and gum arabic solution (Ferreira et al, 2017). The stem
fragments were placed in cassettes mounted on a wood base
with adhesive tape and immediately frozen at —16°C. Samples
were then unformed, cut using a hand-rotated microtome
(thickness 25-35 pwm) and plated with water between 35 and
50°C (Souza et al.,, 2016; Ferreira et al., 2017). Staining was
performed using astra blue and safranin/basic fuchsin 1% (w/v)
(Kraus et al., 1998) and slides were then mounted between the
slide and a cover slip with 50% glycerin. Digital images were
obtained on an EKB-2F epifluorescence microscope (Eikonal
Ind., Sdo Paulo, Brazil) at the violet excitation wavelength
(400 nm) (Ferreira et al, 2017). The images were processed
with the Bel Eurisko software (Bel Photonics, Piracicaba, Brazil)
and analyzed qualitatively and quantitatively for changes in
vascular cylinder morphology with the Image-Pro-Plus® v.4.5
software. All analyses were performed using cross sections
of stem focusing on vascular cylinder in which composed
by tracheary elements (tracheids and vessel elements), fibers
(fiber-tracheids and libriform fibers) and parenchyma cells.
In addition, some cell of primary xylem (ex. Protoxylem)
were observed in slides. The term fiber-like cells refer to the
all types of fiber cells on the axial system, with exception of
the high differentiated vessel elements (Evert and Eichhorn,
2006).

Fiber Microscopy Analysis

The acid maceration technique was employed for the quantitative
fiber analysis, according to Johansen (1940) and Kraus and
Arduin (1996). Briefly, the stem fragments fixed in Karnovsky’s
solution (Karnovsky, 1965) were placed in 20 mL glass vials
containing a 1:1 acidic solution containing 10% (v/v) chromic
acid and 10% (v/v) nitric acid (Jeftrey’s solution) for 30 min and
then washed in water (Johansen, 1940). An aliquot of the cell
contents stained with safranin 1% (v/v) was arranged between the
slide and the cover slip (Souza et al., 2016). The digital images
were obtained on a microscope (Leica)® coupled to a computer
running the Leica Application Suite® software. Measurements
were performed using the Image-Pro-Plus® v.4.5 software.

Stem Scanning Electron Microscopy

For the vascular system basal region ultrastructure analysis
of tobacco plant stems, approximately 1 cm?® stem segments
obtained on the 20th treatment day were fixed in the previously
mentioned modified Karnovsky’s solution (Karnovsky, 1965;
Kiernan, 2000). The samples were subsequently infiltrated at
different concentrations with a cryoprotectant (glycerol 10, 20,
and 30%) until sinking. The fragments were then immersed in
liquid nitrogen and fractured with a scalpel blade, the fragments
were placed in a container with distilled water and dehydrated
using an increasing series of acetone (30, 50, 70, and 90%)
for 1 h and finally 3x (100%) for 10 min. Critical drying was
carried out on a CPD-030 Bal-Tec critical point dryer (Bal-Tec
AG, Balzers, Liechtenstein). The samples were assembled into
stubs and metallized with gold on a MEDO010 Balzers evaporator
(Bal-Tec AG, Balzers, Liechtenstein). Finally, the samples were
observed on a SS-550 Shimadzu scanning electron microscope
(Shimadzu, Tokyo, Japan) and the digital images were obtained
with the SS-550 software® coupled to the microscope and
analyzed qualitatively.

Transmission Electron Microscopy

For the transmission electron microscopy analysis, similar stem
samples were fixed in modified Karnovsky’s solution (Karnovsky,
1965) with 2.5% glutaraldehyde and 2% paraformaldehyde in
0.05 M cacodylate buffer (pH 7.2) and post-fixed for 1 h with
1% osmium tetroxide in 0.05 M cacodylate buffer. The samples
were then contrasted in bloc with 0.5% uranyl acetate overnight,
dehydrated in an increasing acetone concentration series [30,
50, 70, 80, 90, and 100% (three times)], infiltrated and then
polymerized into Spurr low viscosity epoxy resin. Sections (70 nm
thick, Diamond Knife) were obtained using an ultramicrotome
(MTX Powertome X, Boeckeler Instruments RMC Products) and
contrasted with 3% uranyl acetate and lead citrate. Analyses were
performed using a transmission electron microscope (JEOL JEM-
1400, Leica Microsystems Inc., Buffalo Grove, IL, United States)
equipped with a digital camera at 80 kV. All reagents were of high
standard electron microscopy grade and purchased from Sigma
(St. Louis, MO, United States) or EMS (Electron Microscopy
Sciences, 1560 Industry Road Hatfield, PA, United States).

Lignin Quantification and Monomer
Composition
Tobacco dry stem powder (150 mg) was washed sequentially as
follows: four times with 7 mL of 0.05 M potassium phosphate
buffer pH 7.0, four times with 1% (v/v) Triton X-100 in 0.05 M
potassium phosphate, three times with 1 M NaCl in phosphate
buffer, twice with deionized water, and twice with acetone. After
each washing step, the suspensions were centrifuged for 5 min
at 1,400 x g. Finally, the pellets were dried at 60°C for 24 h
and cooled in a vacuum desiccator. The obtained dry matter was
defined as the protein-free cell wall (PFCW) fraction (Moreira-
Vilar et al., 2014).

Total lignin content was determined using the acetyl bromide
(AcBr) method (Moreira-Vilar et al., 2014). The PECW fraction
(20 mg) was placed in a screwcap centrifuge tube containing
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0.5 mL of a freshly prepared acetyl bromide solution (25% v/v
acetyl bromide/glacial acetic acid) and incubated at 70°C for
30 min. After complete digestion, the samples were quickly
ice-cooled and mixed with 0.9 mL of 2 M NaOH, 0.1 mL
5 M hydroxylamine-HCl and 6 mL glacial acetic acid for
complete solubilization of the lignin extracts. After centrifugation
(1,400 x g, 5 min), the supernatant absorbance were measured
at 280 nm. A standard curve was generated with alkali lignin
(Aldrich 37, 095-9) and the results were expressed as mg lignin

g ! PECW.
Lignin monomer composition was determined by
alkaline nitrobenzene oxidation (Moreira-Vilar et al,

2014). This technique causes lignin degradation, forming
p-hydroxybenzaldehyde from the H unit, vanillin from the
G unit, and syringaldehyde from the S unit. PFCW aliquots
(50 mg) was sealed in a Pyrex ampoule containing 1 mL of 2
M NaOH and 0.1 mL of nitrobenzene and heated to 170°C for
150 min, with occasional stirring. The samples were then cooled
to room temperature, washed twice with chloroform, acidified
to pH 3-4 with 5 M HCI and extracted twice with chloroform.
The chloroform extracts were combined, dried, resuspended in
1 mL methanol and diluted in methanol/acetic acid 4% in water
(20:80, v/v). Finally, the samples were filtered through a 0.45-pum
disposable syringe filter and analyzed on a Shimadzu® Liquid
Chromatograph equipped with a LC-10AD pump, a CBM-101
Communications Bus Module, a Rheodyne® injector and a
SPD-10A UV-VIS detector. The compounds were separated on
C18 column (150 mm x 4.6 mm, 5 pm; Supelco Discovery®
HS) with an equivalent pre-column (10 x 4.6 mm). The mobile
phase comprised methanol/acetic acid 4% (20:80, v/v) at a flow
rate of 1.2 mL min~! in isocratic mode. Quantification of the
monomer aldehyde products (p-hydroxybenzaldehyde, vanillin,
and syringaldehyde) released by the nitrobenzene oxidation was
performed at 290 nm using the corresponding standards. The
results were expressed as mg monomer g~ ! PFCW.

Statistical Analyses

The quantitative data means were submitted to a One-
Way ANOVA test for comparisons. Statistical significance was
considered when P < 0.05 (Zar, 2010). Duncan’s test was applied
to compare GAs levels in a particular light level (high or low light)
and Student’s t-test was used to compare light levels in plants
displaying similar GAs levels. In addition, Pearson’s correlation
test was also performed when applicable. All statistical analyses
were carried out using the STATISTICA 10® software package
(Statsoft, Tulsa, CA, United States). All graphs were prepared
using the Sigma Plot 10.0® (Systat, San Jose, CA, United States)
software package.

A principal component analysis (PCA) (Jolliffe, 2002) was
performed in order to reduce data dimensionality and to provide
more statistically stable tests than other forms of regression for
the set of autocorrelated variables. The PCA sought to evaluate
the individual variable contributions in order to explain lignin
contents under different light and GA regimes. The primary
growth analysis data collected 20th days after treatment, as
well as the data derived from the primary growth analysis and
subsequent mathematical relationships were used to process

the multivariate analysis. No vector rotation was performed.
Only the first two main components were used for the other
PCA-derived characterizations. Applying eigenvectors (linear
correlation between a variable with a main component) and
eigenvalues (square of the eigenvectors) allowed for statistical
derivations concerning the magnitude of explanations of a
particular variable (individually or groups) for accumulated
lignin content and individual variable contribution. The score
data estimated by the Principal Component 1 (PC1) and Principal
Component 2 (PC2) were submitted to a bifactorial MANOVA
and, if significant by the F-test (P < 0.05), were then submitted
to a means comparison by Duncan’s test or the Student t-test,
considered significant at an error probability of less than 5%.

RESULTS

In general, morphological changes were observed in the vascular
cylinder, particularly in xylem fibers-like cells, with lignin
content variations under the influence of direct GA3 and PAC
applications, as well as in response to irradiance levels. Mitotic
activity stimulation, with a greater number of xylem fibers-
like cells in the cambial zone were found for both light and
GA; stimulation. As expected, GA3 supplementation induced
increased internode length with similar number of leaves, except
for PAC.

Xylem Epifluorescence and Light

Microscopy

The application of GA3, irrespectively of light levels, promoted
an increase in the number of xylem fiber-like cells (>52%)
(Figures 1A,B, 2), higher cambial activity and the development
of secondary wall structures (e.g., secondary xylem), whereas
isolated PAC application promoted a strong repression (>37.5%)
of their development, both in relation to the respective controls
(Figures 1A,B, 2). The number of vessel elements and fibers
length were not altered (P > 0.05) between GA3 and/or PAC
treatments (Figures 1C,D and Supplementary Figure S3).

GAj; application stimulated vascular cylinder thickening both
in plants grown in full sunlight (>87%) (Figures 1B, 2C) and
in the shaded environment (>105%) (Figures 1B, 2I), whereas
plants treated with PAC only displayed decreased vascular
cylinder thickness of 20.1% in the high irradiance environment
(Figures 1B, 2D) and 16.6% in the shade (Figures 1B, 2J),
both in relation to their respective controls (Figures 2A,G).
In addition, plants treated with PAC and supplemented with
GA3 (GA100P) presented phenotype recovering, with a vascular
cylinder diameter increase of 31.9% in the sunlight-irradiated
plants and 22.3% in the shaded plants (Figures 1B, 2EL),
compared to their controls, whose increase was greater when
compared to PAC.

Scanning Electron Microscopy and

Transmission Electron Microscopy

An increase in cell wall thickness of xylem fiber-like cells
in plants treated with GAz (10 and 100 pM) independent
of light conditions (Figure 3) was qualitatively verified. In
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FIGURE 1 | Number of xylem fiber-like cells counted in vascular cylinder radius (A), xylem cylinder thickness (B), length of xylem fibers (C) and number of vessel
elements counted in vascular cylinder radius (D) of tobacco plants grown in high irradiance (full sunlight) and shade (8.5% of sunlight) environments and submitted to
distinct gibberellin regimes. Cont (Control); GA10 (10 uM of gibberellic acid — GAz); GA100 (100 uM GAz) PAC (50 mg L~ of paclobutrazol), and GA10P (combined
GAz 10 uM + PAC); GA100P (combined GAz 100 uM + PAC). Different capital (full sunlight) or lowercase (shade) letters over bars indicate statistical difference
between treatments on similar light regimes by Duncan’s test (P < 0.05). Asterisks indicate statistical difference between lights on similar GA regimes by Student
t test (P < 0.05). (n = 6 + SE).

addition, cell walls were well delimited when submitted
to cryofracturing. In contrast, decreases in endogenous
GAs levels through PAC application led to thinner and
more fragile fiber walls in plants grown in both the full
sunlight and the shade (Figures 3D,]) besides disuniformity
electrodensity by TEM of cell walls. This phenotype was
restored in the GAI1O0OP treatment (Figures 3EL, inset).
Regarding GA-treated plants supplemented with PAC, the cell
wall of GAIOP xylem fiber-like cells was partially restored
(Figure 3E), while GA100P led to a complete restoration of
fiber wall thickness (Figure 3F) in relation to the controls,
in high irradiance conditions (Figure 3A). The ability of
GAj3 to reverse plant phenotype caused by PAC applications
(Figures 3K,L) in shaded plants was observed in GA10P
and GAI100P treated plants, who presented thicker-walled
fiber-like cells compared to plants treated with PAC only
(Figure 3J), but thinner when compared to the GA10 and
GA100 treatments (Figures 3H,I) in shade-grown plants.
No evidence of changes in vessel elements wall thickness
was detected in relation to GA3; and/or PAC treatments

in any of the evaluated combinations herein in this work
(Figure 3).

Lignin Content and Monomer

Composition

The application of GA3 induced increased lignin contents in
stems, of 12.4% for GA10 and 28.1% for GA100 plants in
full sunlight conditions, whereas the PAC treatment led to
a 32.6% decrease (Figure 4A) (P < 0.05). Similarly, in the
shaded environment, lignin contents increased 23.1% in GA10
and 28.2% in GA100 plants, while PAC application decreased
lignin contents in 5% (Figure 4A). GA3 application induced
increased stem lignin contents in PAC-treated plants in both
irradiance conditions (Figure 4A). Higher p-hydroxyphenyl
(H) deposition was observed in shade plants (Figure 4B),
although to a lesser extent compared to the syringyl (S)
and guaiacil (G) monomers, which decreased in response to
GA;3 (Figure 4B). In addition, PAC-treated plants exhibited
higher levels of the H monomer in both irradiance conditions
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FIGURE 2 | Fluorescence microscopy of cross section of basal region of representative stem of tobacco plants grown in high irradiance (A-F; full sunlight) and
shade (G-L; 8.5% of sunlight) environments and submitted to distinct gibberellin regimes. Scale bar = 100 wm. Control (A,G), GA10 (B,H), GA100 (C,l), PAC (D,J),
GA10P (E,K), and GA100P (F,L). Box sections for representative image in details fibers (Scale bar = 50 wm). For abbreviations of treatments, see Figure 1. Stained
by safranin and astra blue in fluorescence microscopy under excitation violet light (400 nm).

(Figure 4B). No changes were detected (P > 0.05) in the
amount of G or S monomers in response to light or GA3
(Figures 4C,D).

Multivariate Analysis

A PCA was carried out in order to estimate the individual
contribution (or correlated groups) of the variables evaluated
herein (raw data are not shown) regarding lignin accumulation
in plant stems. The first component (PC1 - highest variance,
52.45%) was able to separate the applied treatments into two
large groups (Figure 5). High participation of light levels was
attributed to PCI that, in isolation, allowed all for separation
between high irradiance and low irradiance level conditions
(Figures 5A-C).

The eigenvector analysis indicated that PC1 was strongly
correlated with primary growth (root, stem, leaf and total
plants dry matter and stem length) components, such as
total DM (—0.9748), stem DM (—0.9326), stem diameter
(—0.9178), energy cost (—0.9517), and total stem calorific energy
(—0.9343) (Supplementary Table S1). In parallel, concerning
PC2, the largest eigenvectors (in modulus) belonged to primary
components and those derived from the growth analysis, such
as internode length (—0.8449) and stem length (—0.6760), stem
mass ratio (—0.8817) and number of fibers (—0.4514), identified
as the individual variables most strongly associated to this
component (Supplementary Table S1).

In order to further investigate the influence of the analyzed
variables on lignin deposition, an empirical grouping of
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Figure 1. Arrows indicate details of cell wall of fiber-like cells.

FIGURE 3 | Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of transversal section of representative basal region of stem of
tobacco plants grown in high irradiance (A-F; full sunlight; Scale bar = 500 wm) and shade (G-L; 8.5% of sunlight; Scale bar = 100 wm) environments and submitted
to distinct gibberellin regimes Control (A,G), GA10 (B,H), GA100 (C,l), PAC (D,J), GA10P (E,K) and GA100P (F,L). Box sections for representative image in details
these cell wall thickness (Scale bar for SEM = 20 pm) and (Scale bar for TEM = 2 um for full sunlight and 1 wm for low light). For abbreviations of treatments, see

the different variables analyzed in six groups according
to the “natural” experimental association of each group,
namely primary growth, photosynthetic pigments, derived
growth, calorific energy, biochemical and anatomical data, was
performed. A high degree of correlation or autocorrelated
variables (residuals are not independent) among the variables
of each group was observed, making simple regression analyses
inappropriate (Chatterjee and Hadi, 2012). For PCl1, strongly
associated to light, the highest explanation percentages were
linked to the calorific group (25.8%), followed by the primary
growth (19.8%) and anatomical (19.2%) groups, and, to a lesser
extent, the biochemistry group (4.5%), concerning total data
variability (Supplementary Table S2). However, for PC2, which

was more strongly linked to GA levels, the highest percentage
of explanation was related to the biochemistry group (32.8%),
followed by the primary growth, pigments and derived growths
groups (between 18.2 and 18.9%, respectively) concerning total
data variability (Supplementary Table S2).

DISCUSSION

This study revealed an association between GA and light
regarding the stimulation of lignin deposition in tobacco plant
stems. GAj3 partially (but not completely) replaced the effect of
light on the stimulation of lignin deposition, particularly in xylem
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FIGURE 4 | Lignin content in protein-free cell wall fraction (A), monomer composition p-hydroxyfenil (H units) (B), guayacy! (G units) (C), syringy! (S units) (D). For
details of treatments and statistics, see Figure 1. (n = 3 &+ SE).

fibers. Our data indicate the existence of an exclusive response
mechanism to light that GAs are not able to replace.

Lignin biosynthesis is affected in response to variations in
light availability (Schopfer et al., 2001; Chen et al., 2002; Kimura
et al,, 2003; Syros et al, 2005; Andersson-Gunneras et al,
2006; Yang et al., 2018). Unlike other reports, the experiments
carried out herein demonstrate that light exerts a strong role
in plant lignification under GA3 supplementation. In contrast,
GAs are important in the stimulation of fibers lignification
and differentiation, reducing the need for light during these
processes. On the other hand, for treatments such as GA10P
and GA100P in shaded conditions, supplementation with GAs
was not enough to stimulate lignin deposition and fibers
differentiation at levels similar to the respective counterparts
grown in full sunlight (Figures 2, 3, 4A), indicating that light
may be a necessary stimulatory component leading to high tissue
lignification rates, when repressor mechanisms are acting or
modulating lignin deposition. According to Kimura et al. (2003)
and Roberts et al. (2008), many genes are expressed exclusively
in high irradiance environments, so different mechanisms occur
at high and low irradiance levels. Thus, light is a possible
environmental components that stimulates the phenylpropanoid
pathway (Roberts et al., 2008; Zhang et al., 2018a), as well as the

expression of genes encoding important enzymes, such as PAL,
CAD and PODs (Zhang et al., 2018b) which GAs alone are not
able to replace.

Lignin biosynthesis does not only depend on the amount
of the precursor components, but also on enzymatic activities,
that are dependent on many other factors (e.g., gene expression,
enzymatic regulation, interaction with phytochromes) (Zhao and
Dixon, 2011; de Wit et al., 2016). Little is known so far at
the transcription level (Wang et al., 2015b) and even less at
the post-transcriptional level, such as how, and at what point
(protein/metabolite), would the lignin biosynthesis pathway be
affected primarily or mostly by GAs (Zhang et al., 2018a,b). In
addition, it is not known whether some genes (and proteins)
stimulated by GAs (Guo et al., 2015; Wang et al., 2015a; Li et al.,
2017) suffer some kind of activity interaction and/or modulation
by PIF proteins (Li et al., 2016). However, this study presents
anatomical evidence triggered by this interaction. In Arabidopsis
thaliana, genes correlated with lignin biosynthesis and associated
to GAs variations are stimulated at high irradiance levels (Kimura
et al,, 2003; Moura et al., 2010). However, in general, wild plants
grown in low irradiance exhibit higher GAs (Kurepin et al.,
2006, 2007; Kurepin and Pharis, 2014) and lower lignin levels,
according to the results reported herein (Figure 4A). That is,
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FIGURE 5 | (A) Spatial distribution of the estimated scores of each replicate
and treatment in relation to the Principal Component 1 (PC1) and the Principal
Component 2 (PC2) and their respective percentages of the total variance
explained by each of the components in relation to the lignin accumulation in
stems. Dashed lines on the right grouping has been shaded plants. (B,C)
Estimated scores of each replicate and treatment in relation to the Principal
Component 1 (PC1) and the Principal Component 2 (PC2) and their respective
percentages of the total variance explained by each of the components in
relation to the lignin accumulation in stems. For details of treatments, see
Figure 1. Different capital (full sunlight) or lowercase (shade) letters over bars
indicate statistical difference between treatments on similar light regimes by
Duncan’s test (P < 0.05). Asterisks indicate statistical difference between
lights on similar GA regimes by Duncan’s test (P < 0.01). (n = 6 £+ SE).

the less light, the lower the lignin content (and vice versa). By
this direct analogy it would be possible to infer that the GAs
act in an inhibitory (and not stimulatory) way in the lignin
biosynthetic pathway, whereas light would play a fundamental
role in the induction of this process. This study confirmed that
both conditions stimulate the biosynthetic pathway linked to
lignification, that lignin contents are not the direct reflection
of the number of cells, and that GAs (GA3) promote fiber wall
thickening and greater lignin content per cell, even in shaded
environments, as evidenced by transmission electron microscopy
(Figure 3, inset).

In the lignin biosynthetic pathway, a profuse metabolic
flexibility and refined gene regulation is observed, as well
as a complex interaction between these processes and the
environment (Zhong and Ye, 2009; Zhao and Dixon, 2011).
Linking data from other reports (Kurepin et al., 2007; Dayan
et al, 2010; Kurepin and Pharis, 2014; Fukuda et al., 2016)
with the present study, it is possible to speculate that, DELLA
levels should be low at increased levels of GAs, as in plants
grown in low-irradiance environments, since they are subject
to degradation promoted by GAs (Ueguchi-Tanaka et al., 2007;
Yamaguchi, 2008; Dixit, 2013; Racca et al, 2018), allowing
PIF3 and PIF4 to be free to bind to their target genes.
Shaded environments, although they lead to increased levels
of endogenous GAs (Kurepin et al., 2006), appear to show
poor interaction with PIFs, providing greater accumulation of
DELLA proteins and inhibition of important enzymes, like PAL
(Roberts et al., 2008; Locascio et al., 2013). GAs interact with
the PIF (light dependent) complex, leading to the degradation
of DELLA proteins and triggering the signaling required for
growth induction (Li et al., 2016). In accordance to these results,
in plants under the influence of PAC, which are expected to
present lower endogenous GAs levels, light exerted a stimulatory
role in the formation of fibers-like cells and lignin fiber wall
deposition (Figures 1B, 2, 3). This combination is suggested
to explain the decreased lignin contents observed in the stem
over PAC under shade. Thus, while light controls PIF3 and PIF4
at the protein level (Soy et al., 2012; Zhong et al.,, 2012), GAs
regulate their transcriptional activity (de Lucas et al., 2008; Li
et al., 2016, 2017; Zhang et al., 2018a). This dual PIF3 and
PIF4 regulation represents a point of integration (cross-talk)
for the coordination of plant photomorphogenesis in response
to light and GAs (Lau and Deng, 2010; Zhu et al,, 2016). We
emphasize that further enzymatic and gene expression studies in
plants grown under controlled conditions undergoing light level
manipulation should be performed to effectively confirm the data
obtained by anatomical observations and direct quantification
of lignin contents in stems (Guo et al, 2015; Zhu et al,
2016).

At the ultrastructural level, xylem fiber-like cells walls became
thicker and more lignified as a result of increased GAs exposure,
whereas decreased GAs through PAC applications lead to lower
lignin contents in sun environments, but, especially, in shaded
environments, making them fragile and less resistant (Figure 3),
but not necessarily affecting stem diameter (Eriksson et al.,
2000; Biemelt et al., 2004). It should be noted no evidence
of changes in the number or thickening of vessel elements
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walls in response to GA levels was detected. In this sense,
transcriptional factors of the MYB type, particularly MYB58, are
stimulated, but not MYB63 (or Arabidopsis thaliana analogs)
in triggering cell wall thickening via lignin deposition in the
fibers but not in lignin increase in vessel elements (Zhou
et al., 2009; Zhang et al., 2018b). However, there is no direct
evidence to date that these transcriptional factors are stimulated
by GAs or by light, only that they stimulate fiber-like cell
wall and vessel elements thickening, specifically (Zhou et al.,
2009).

Multivariate Influence of Lignin

Deposition

GAj3 supplementation is able to stimulate lignification in shade-
grown plants, but always at lower levels compared to plants in
full sunlight (Figure 4A), indicating the existence of an exclusive
response mechanism to light that GAs are not able to replace.

The multivariate analysis (PCA), that incorporated the effects
of all the data collected, indicated that light was associated to
the first component (PC1), which discriminated all high light
treatments compared to low irradiance regards lignin content
in stems. For the second component (PC2), cluster formation
was observed. From the first to the last treatment (PAC, Control,
GA10P, GA10 and GA100) supposedly with increasing GAs levels
(Supplementary Figure S1). A growing response to increased
GAs levels is observed, where the interaction between GAs
and light appears to be additive in inducing cell lignification
(Figures 1-3).

In full sunlight the percentage of explanation of lignin
deposition were shared in many variables (Supplementary
Tables S1, S2). In the shade, with limited C supply GA3
supplementation correlates strongly to plant height and
internode length. GAs was capable of promoting phenotypic
changes that trigger responses involved with biomass
accumulation by maximizing light capture performance (leaf
area density, Supplementary Table S1) in response to internode
length (Supplementary Figure S2A) and greater efliciency
of light interception by leaf area unit and number of leaves
(Supplementary Figure S2B; Falcioni et al., 2018). In fact the
increase in light interception also increases the photosynthetic
rates, which would allow plants to accumulate greater DW, lignin
and other components.

GAs Effects on the Cell Wall Structure

Two experimental indications on the microfibrillar arrangement
pattern were observed herein. First, more uniform uniformity
of cell wall electrodensity (TEM) under GAjz action and
the opposite under PAC applications (Figure 3, inset). This
suggests a lack of uniformity in microfibril orientation
under PAC applications and a reorientation with GAj
supplementation in PAC treated plants [as reported by
Inada and Shimmen (2000) and Dixit (2013)]. Second, SEM
analyses indicated that the fracture pattern was relatively
smooth and uniform in full sunlight plants (except PAC-
grown plants), while in the shade, particularly for PAC
plants, a very irregular fragmentation pattern was observed
(Figure 3).

A developed model concerning microtubule roles (Dixit,
2013) indicates that increased GAs availability may provide a
larger microtubule organization and guide cellulose microfibrils
in a transversal alignment, thus allowing for space filling with
lignin (Inada and Shimmen, 2000; Dixit, 2013). Conversely, lower
GAs concentrations direct cortical microtubule matrices to a
greater cellular disorganization and a less dense network (Dixit,
2013), reducing the spaces to be filled by lignin. Appropriate
organization provides spaces between microfibrils for lignin
deposition (Li et al., 2016). The proposed model suggests that
higher wall thickenings (and lignin deposition) would be the
primary consequence of a simultaneous action promoted by light
and GAs on microtubule accumulation and organization.

CONCLUSION

The data presented herein reinforce the idea that light and
GAs act exclusively in lignin promotion and deposition in
tobacco plant stems, although a certain cross-talk between the
routes is suggested. In high light availability environments, it
is proposed that light and GAs must act in an additive way
in promoting xylem fiber-like cellular differentiation. However,
at low irradiance levels, even under high GA levels, lignin
deposition is lower than the respective counterpart grown in
high light availability, although a lignification stimulus also
occurs, indicating a unique role played by light in these
processes.
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enhance lignin deposition in xylem fibers
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1.1 Supplementary Figures

GA10P GA100P

Supplementary Figure 1. Representative image of tobacco plants. Grown in high irradiance (full
sunlight, left in each pair) and shade (8.5% of sunlight, right in each pair) environments and
submitted to distinct gibberellin regimes. From left to right the treatments Cont (Control); GA10 (10
UM of gibberellic acid - GAz); GA100 (100 uM GA3z) PAC (50 mg L™ of paclobutrazol), and
GA10P (combined GA3 10 uM + PAC); GA100P (combined GA3 100 uM + PAC).

28



1 Full sunlight

6+ EEEE Shade A a
’-\.5—
E, c g &
o C
o 4
o
o cd
8 3
g D
(b}
=

A* T

a

-
I

12 4 ab E

b b B

;]

.

.l

o

0
PAC

Cont GA10 GA100 GA10P  GA100P

Number of leaves (plant™)
=)

Supplementary Figure 2. (A) Mean of internode lengths and (B) number of leaves (> 5cm) of plants
submitted to distinct gibberelins or light levels. Cont (Control); GA10 (10 uM of gibberellic acid -
GAz3); GA100 (100 uM GA3) PAC (50 mg L™ of paclobutrazol), and GA10P (combined GA3z 10 uM
+ PAC); GA100P (combined GA3 100 uM + PAC). Means followed by upper or lower case letters
represent statistical differences by Duncan’s test (P <0.05) among different GA levels within the
same irradiance level. Asterisks over the means represent statistical differences by Student’s t test (P
<0.05) between different irradiance levels at the same GA regimen. n = 6 * SE.
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Supplementary Figure 3. Light microscopy of the macerated fibers of tobacco stems cultivated in
high irradiance (full sunlight; A-F) and shade (8.5% sunlight; G-L) in response to variation of the
content of GA3: Cont (A and G); GA10 (B and H); GA100 (C and I); PAC (D and J); GA10P (E and
K) and GAL100P (F and L) at 20 days. For abbreviations of treatments, see Figure 1 in main text.
Dyeing with safranin 1%. Scale bar = 500um. Ve = Vessel element; Fb = Xylem fibers; Pc =
Parenchyma cells.
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1.2 Supplementary Table

Supplementary Table S1. Distribution of variables in relation to principal component (PC1) and the
principal component 2 (PC2).

Eigenvectors % of explication
Groups Variables PC1 PC2 PC1 PC2
(light) (GAs)
Root length (cm) -0.4272 | 0.2539 | 0.710% | 0.727%
Root DW (g) -0.8520 | 0.2983 | 2.824% | 1.003%
Stem length (cm) -0.6428 | -0.6760 | 1.607% | 5.152%
Stem DW (g) -0.9326 | -0.1794 | 3.384% | 0.363%
Stem diameter (cm) -0.9178 | 0.1538 | 3.277% | 0.267%
Internode length (cm) -0.2363 | -0.8449 | 0.217% | 8.047%
Growth | Leaf number -0.8993 | -0.1898 | 3.146% | 0.406%
(primary) | _eaf area (cm?) -0.8960 | -0.1412 | 3.124% | 0.225%
Leaf DW (g) -0.9714 | 0.0686 | 3.671% | 0.053%
Plant length (cm) -0.6864 | -0.6101 | 1.833% | 4.197%
Plant DW (g) -0.9748 | 0.0570 | 3.697% | 0.037%
Larger leaf (cm) -0.7120 | -0.3856 | 1.972% | 1.676%

Cone volume (cm® plant™) -0.7454 | -0.4484 | 2.162% | 2.267%
Leaf area density (cm?cm=) | 0.0141 | 0.8665 | 0.001% | 8.465%

Chl a (mg m?) -0.1404 | 0.7119 | 0.077% | 5.714%
Chl b (mg m?) 0.1704 | 0.6960 | 0.113% | 5.461%
Chl total (mg m?) -0.0563 | 0.7437 | 0.012% | 6.236%
Carotenoids (mg m) -0.3202 | 0.7149 | 0.399% | 5.763%
Pigments | Chl a/Chl b (mg m?) -0.4889 | 0.0502 | 0.930% | 0.028%
Chl a (mg g™%) 0.8704 | -0.0563 | 2.948% | 0.036%
Chl b (mg g™%) 0.9074 | -0.0790 | 3.204% | 0.070%
Chl total (mg g™%) 0.8969 | -0.0643 | 3.130% | 0.047%

Carotenoids (mg g ™) 0.8902 | -0.1109 | 3.083% | 0.139%
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Chl a/Chl b (mg g% -0.4889 | 0.0502 | 0.930% | 0.028%
Root mass fraction (g g%) -0.5499 | 0.5297 | 1.177% | 3.163%
Stem mass fraction (g g2) -0.1955 | -0.8817 | 0.149% | 8.764%
Leaf mass fraction (g g%) 0.6926 | 0.2990 | 1.866% | 1.008%
d%:i?/vg;[zs Leaf area fraction (cm? gt) 0.9070 | -0.2444 | 3.201% | 0.674%
Specific leaf area (cm? g%) 0.8365 | -0.3664 | 2.723% | 1.513%
AR (gg?Y 0.6846 | -0.3913 | 1.823% | 1.726%
LAI (cm? cm™) -0.9017 | 0.1430 | 3.163% | 0.231%
Root (cal g?) -0.7028 | 0.2228 | 1.922% | 0.560%
Stem (cal g}) -0.9517 | 0.1119 | 3.524% | 0.141%
Leaf (cal g) -0.6826 | 0.0532 | 1.813% | 0.032%
DWT (cal g% -0.8994 | 0.1533 | 3.147% | 0.265%
Calorimetry | Root cost (kcal) -0.8493 | 0.3082 | 2.806% | 1.071%
Stem cost (kcal) -0.9343 | -0.1639 | 3.397% | 0.303%
Leaf cost (kcal) -0.9738 | 0.0625 | 3.689% | 0.044%
DWT cost (kcal) -0.9745 | 0.0691 | 3.695% | 0.054%
LA cost (cal cm?) -0.7962 | 0.4036 | 2.467% | 1.836%
H - p-Hydroxybenzaldehyde | 0.6634 | 0.6192 | 1.712% | 4.323%
G - Guayacyl -0.0497 | 0.4943 | 0.010% | 2.755%
Biochemistry | S - Syringyl -0.2632 | -0.7113 | 0.269% | 5.704%
S/G ratio -0.1236 | -0.6063 | 0.059% | 4.145%
Leaf thickness (um) -0.6965 | 0.4376 | 1.887% | 2.158%
(Sjrﬁ]‘;”dary xylem thickness | 5 g514 | 02657 | 2.820% | 0.796%
Anatomy Fiber xylem thickness (um) 0.5300 | 0.0228 | 1.093% | 0.006%
Vessel elements (number | g g358 | 0.0472 | 2.718% | 0.025%
relative)
(Frigfnrtjgr"rifgglf‘g)xy'em 07882 | -0.4514 | 2.417% | 2.297%
Total -16.345 0.774 100% 100%
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Supplementary Table S2. Explications of the estimated scores of each replicate and treatment in
relation to the Principal Component 1 (PC1) and the Principal Component 2 (PC2) and their
respective percentages of the total variance explained by each of the components in relation to the
increased lignin accumulation of plants.

Groups Factor 1 - Light Factor 2 - GAs
Growth (primary) 19.8% 18.2%
Pigments 13.0% 18.2%
Growth derivates 17.7% 18.9%
Calorimetry 25.8% 3.7%
Biochemistry 4.5% 32.8%
Anatomy 19.2% 8.2%

Total 100% 100%
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CHAPTER 2

Cell Wall Structure And Composition is Affected By Light Quality In

Tomato Seedlings
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ARTICLE INFO ABSTRACT

Light affects many aspects of cell development. Tomato seedlings growing at different light qualities (white,
blue, green, red, far-red) and in the dark displayed alterations in cell wall structure and composition. A strong
and negative correlation was found between cell wall thickness and hypocotyl growth. Cell walls was thicker
under blue and white lights and thinner under far-red light and in the dark, while intermediate values was
observed for red or green lights. Additionally, the inside layer surface of cell wall presented random deposited
microfibrillae angles under far-red light and in the dark. However, longitudinal transmission electron micro-
scopy indicates a high frequency of microfibrils close to parallels related to the elongation axis in the outer layer.
This was confirmed by ultra-high resolution small angle X-ray scattering. These data suggest that cellulose
microfibrils would be passively reoriented in the longitudinal direction. As the cell expands, the most recently
deposited layers (inside) behave differentially oriented compared to older (outer) layers in the dark or under FR
lights, agreeing with the multinet growth hypothesis. High Ca and pectin levels were found in the cell wall of
seedlings growing under blue and white light, also contributing to the low extensibility of the cell wall. Low Ca
and pectin contents were found in the dark and under far-red light. Auxins marginally stimulated growth in thin
cell wall circumstances. Hypocotyl growth was stimulated by gibberellins under blue light.

Keywords:

Cell wall

Cellulose microfibrils angle
Hormone profile
Photomorphogenesis
Skotomorphogenesis

Small angle X-ray scattering

1. Introduction red (800 nm) regions, whilst dark responses are taken as reference, as

light-promoted effects are absent [2,11].

Light is an essential signal concerning plant development [1-3].
Light is perceived and processed by complex sensorial systems based on
photoreceptors that affect plants at distinct regulation levels, including
gene expression, protein function and metabolism, which, in turn, re-
sult in long-term anatomical and morphological alterations [4,5]. Light
affects leaf expansion, pigment accumulation and promotes cell wall
thickness in many species [6,7]. This has also been related to the de-
velopment of shade avoidance-syndrome, promoting the opening of the
apical hook, among other known responses [8-10]. Most of these re-
sponses are light quality-dependent, from the UV-A (350 nm) to the far-

Both photomorphogenesis (light-grown) or skotomorphogenesis
(dark-grown), growth occurs through a profuse regulation of the sig-
naling transduction cascade [12,13]. Photomorphogenesis is a nega-
tive-regulated signal transduction in which transcription factors are
degraded in the nucleus through the ubiquitin-mediated CONSTITUT-
IVE PHOTOMORPHOGENIC (COP1) [14,15]. In light, this process is
inhibited, allowing for a sequence of physiological events, including the
up- and down-regulation of hormones linked to biosynthesis, cell wall
organization and expansion and cell division [13]. In the dark, the
etiolated phenotype with an elongated hypocotyl is emphasized, while

* Corresponding author at: Plant Ecophysiology Laboratory, Department of Biology, State University of Maringa, Av. Colombo, 5790, 87020-900 Maring4, Parana,
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Fig. 1. Representative image of tomato seedlings grown under distinct light qualities (and dark) 10 days after the beginning of the treatment. (A) from left to right,
seedlings grown under white light, blue light, green light, red light, far-red light and in the dark. Scale bar = 5 cm. (B-G) embryonic leaf close-up showing the upper

hypocotyl section. Scale bar =

2 mm. (H) LED spectral emissivity indicating peak wavelength and band-width at half peak height. Data were normalized to

peak = 100%. (I) hypocotyl length. Different letters over the bars indicate statistical differences between treatments by Duncan's test (P < .05). (n = 80 *+ SE).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

short hypocotyl length is verified in the light. In addition, PHYTOCH-
ROME INTERACTING FACTORS (PIFs), as well as, auxins (IAA), cyto-
kinins (CKs), gibberelins (GAs), brassinosteroids (BRs), jasmonates
(JAs) and abscisic acid (ABA) act as key factors to promote the (de)
etiolated phenotype [13].

Among photoreceptors, phytochromes (phyA-E) are responsible for
red (600-700 nm) and far-red (700-800 nm) perception [11,16], while
cryptochromes (cry) and phototropins (phot) are blue-light
(400-500 nm) activated [17-19]. Blue light activates CRY1 and CRY2
which are involved in de-etiolation, promoting the short length of hy-
pocotyls and cells [18,20] and stimulating secondary cell wall thick-
ening [7]. To date, green light (500-600 nm) is not associated to any
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known photoreceptor [5,21,22] and green light responses are attributed
to the interaction between CRYs [23] and PHYs. The use of LEDs with
narrow bands has now contributed to the elucidation of many of these
interactions and photomorphogenic responses [24-28].

Many factors affect cell growth [29-31]. Light affects cell wall de-
velopment by increased cell turgor pressure through osmotically active
solutes [32,33], cell wall extensibility alterations [34-36] and hor-
monal effects (GAs, CKs, IAA, ethylene) [37-40]. Together, these steps
are associated to initial primary cell wall development stages
[29,41-43]. A well-studied effect is IAA-induced wall loosening
through H*-ATPases and expansins, resulting in acid growth, in-
creasing cell wall extensibility and allowing for cellular expansion



R. Falcioni, et al.

[44-46]. However, it is not clear that only IAA-induced acidification is
sufficient to stimulate and modify cellulose microfibrills arrangement,
and it has been suggested that other hormones, such as GAs, BRs, JAs
and CKs, may also play a role in this process [47,48]. In addition, the
Ca®* signaling cascade, particularly the conjugation of calcium with
pectates (Ca-pectin) in the middle lamella and cytoskeleton organiza-
tion has been associated to cellulose microfibril orientation
[20,31,43,49-52].

The primary cell wall is mainly formed by a cellulose microfibril net
combined with hemicellulose, pectin and structural proteins [53,54]
and their alignment is determinant for cell and tissue form, organiza-
tion and extensibility [55-59]. Growth direction is determined by mi-
crofibril angle, arrangement and spacing variations [55,60]. If the
cellulose microfibril deposition orientation is random, cells grow iso-
tropically, expanding equally in all directions, approaching a sphere
[51,59,61,62]. However, if the microfibrils are aligned in a preferred
direction (transverse, oblique or longitudinal), the result is anisotropic
growth [42,51,59,63-65]. Cellulose microfibrils deposited circumfer-
entially (transverse) at right angles to the longitudinal axis restrict
circumference growth and, therefore, promote length increases
[43,51,57,65,66]. However, other cellulose microfibrils angle (MFA)
variations may also contribute to longitudinal growth and cell expan-
sion [67]. The current consensus is that a random MFA pattern pro-
motes diffuse growth (isotropic) [68], as observed during ethylene-in-
duced growth [63,69].

To date, three hypothesis are being investigated on how primary
cell wall organization affects cell growth: (1) The multinet growth hy-
pothesis, which states that, as the cell expands longitudinally, it is ex-
pected that the microfibrils in older layers become passively reoriented,
more parallel to the elongation axis; (2) microfibrils do not respond to
passive (re)orientation, indicating failures in transverse angle changes
and suggesting that they can be separated from one another layer in a
coordinated way; (3) the older layers of the primary wall become
fragmented as a result of enlargement (radial expansion), which can
contribute to some extent to longitudinal growth control [31,34,35,70].
In the present study, we investigated why hypocotyls grow longer in the
dark and shorter under light following the three aforementioned hy-
potheses. Additionally, we also investigated how different light quali-
ties influence cell wall structure and composition. The use of ultra-high
resolution small angle X-ray scattering (SAXS), longitudinal and trans-
versal transmission electron microscopy (TEM), scanning electron mi-
croscopy (SEM) and field-emission-gun scanning electron microscopy
(FEG-SEM) [52,57,59,60,68,71,72] allowed for the evaluation of mi-
crofibril angle distribution and cell growth [55,57-60,71], as well as
cell wall thickness and wall texture. In addition, we also evaluated cell
wall composition by attenuated-total-reflection Fourier transform in-
frared spectroscopy and carried out seedling hormonal profiling to
identify significant alterations in dark or far-red growth in comparison
to white, blue, green or red light growth.

2. Material and Methods
2.1. Growth Conditions and Experimental Design

Solanum lycopersicum (tomato, cv. Santa Clara) seeds were germi-
nated on Germitest® paper immersed with 20 mL of Hoagland's solution
(pH 5.3) in 1 L transparent pots in the dark for three days at 25 °C. Each
pot was covered by a perforated PVC film to avoid ethylene accumu-
lation. On the 3rd day, pots were transferred to white-covered wood
boxes illuminated by low spectral dispersion LEDs (Fig. 1), with light
irradiance fixed at 100 pmol m~2 s™?, individually adjusted by a LI-
190R quantum sensor (LiCor, Nebraska, USA), under a 12 h/12 h
photoperiod (light/dark). On the 10th day, the seedlings were collected
and freshly analyzed, frozen in liquid Nj, stored at —80 °C, and freeze-
or oven-dried (70 °C) for the various analyses.

LED emissivity was verified wusing a

high resolution
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spectroradiometer (ADS Inc.; FieldSpec 3, Colorado, USA). White (WL —
peaks at 443 and 580 nm), Blue (BL — peak at 450 nm), Green (GL -
peak at 555 nm), Red (RL - peak at 658 nm) and Far-Red (FR - peak at
742 nm) (Fig. 1H).

2.2. Seedling Growth and Hypocotyl Analysis

Seedlings were scanned (HP Scanjet 300, California, USA) and the
length of 80 hypocotyls were measured using the ImageJ Software
(https://imagej.nih.gov/ij). The morphological characterization of the
seedlings and epidermal modifications were monitored under a Leica
ES2 stereomicroscope (Leica Company, Wetzlar, DEU).

2.3. Photosynthetic Pigments and Anthocyanin Content

Chlorophylls and carotenoids were extracted in 80% (v/v) acetone
saturated with CaCOj; for 24 h in the dark at 25 °C. Absorbances were
determined at 470, 647 and 663 nm [73]. Anthocyanins were extracted
with a water:methanol:acetic acid mixture (50: 45: 5) and absorbances
were determined at 530 and 637 nm [74]. Chlorophyll (a, b and total),
carotenoid (carotenes and xanthophylls) and anthocyanin (AnC) con-
tents were expressed as fresh matter (FW) and by seedling unit.

2.4. Light and Epi-Fluorescence Microscopy Analysis

Hypocotyl segments (2 cm) were immersed in Karnovsky's fixative
solution [75]. The fixed samples were dehydrated in an ethanol series
[50, 70, 80, 90 and 100% (three times)] and infiltrated with methyl-
methacrylate (Leica Historesin®) [76]. Block sectioning (7 pm) was
carried out and the sections were dyed with Toluidine Blue in acetate
buffer pH 4.7 [77] and analyzed under a Leica ICC50 light microscope
(Leica Company, Wetzlar, DEU). Additional slides were double stained
with Calcofluor Bright White 28 (0.01%) and Auramine O (0.01%) [78]
for cellulose (blue) and lignin (yellow) staining and analyzed under a
Zeiss, Axiostar Plus epi-fluorescence microscope with a UV filter [37].

2.5. Hypocotyl Scanning Electron Microscopy

Scanning electron microscopy (SEM) of epidermal cells from hy-
pocotyls (external) and ultra-high-resolution field-emission-gun SEM
(FEG-SEM) of cellulose microfibrils (internal cell wall surface of cortical
parenchyma cell, wall texture) were performed. Samples were fixed in
modified Karnovsky's solution [75] containing 2.5% gluraraldehyde
and 2% paraformaldehyde in a 0.05 M cacodylate buffer (pH 7.2).

For the SEM analyses, hypocotyl segments (2 cm) were dehydrated
in an acetone series [30, 50, 70, 90 and 100% (three times)] for 1 h
each. Critical point drying (CPD) was carried out on a CPD-030
equipment (Bal-Tec AG Balzers, Liechtenstein, DEU). The samples were
assembled into stubs and metallized with gold (50 mA and 150 s) on a
MEDO010 Balzer evaporator (Bal-Tec AG Balzers, Liechtenstein, DEU)
and observed under a Quanta 250 Scanning Electron Microscope at
15 kV (FEI Company, Oregon, USA). Energy-dispersive X-ray spectro-
scopy (EDS) was carried out for elemental composition.

For the FEG-SEM analyses, similar hypocotyl segments were used
for cell wall texture determinations. Fixed samples were infiltrated at
different concentrations with a cryoprotectant (glycerol 10, 20 and
30%) until sinking. The fragments were then immersed into N liquid
and vertically fractured with a scalpel blade. A 1% (v/v) sodium hy-
pochlorite solution was added to the treatments for 15 min, following
[58]. They were then dehydrated using an increasing series of anhy-
drous terc-butanol (50, 70, 90 and 100%) following [71], terc-butanol
and HMDS (hexamethyldisilazane) (3:1, 1:1 and 1:3) for 10 min and
HMDS (100%) overnight. Samples were assembled into stubs and me-
tallized with gold (50 mA and 20 s) on a MEDO10 Balzers evaporator.
Cell walls were analyzed by ultra-high resolution Dual Beam Scious
Field Emission Gun Electron Microscopy at 10 kV and 13 pA (FEIL
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Company, Oregon, USA).
2.6. Transmission Electron Microscopy

Transversal and longitudinal transmission electron microscopy
(TEM) analyses of hypocotyl sections were performed. Hypocotyl
samples were fixed in modified Karnovsky's solution as described pre-
viously. Samples were post-fixed for 1 h with 1% osmium tetroxide and
then contrasted in bloc with 0.5% uranyl acetate overnight, dehydrated
in an acetone concentration series [30, 50, 70, 80, 90 and 100% (three
times)], infiltrated and polymerized onto Spurr low viscosity epoxy
resin. Sections (70 nm thick, Diamond Knife) were obtained using an
ultramicrotome MTX Powertome X (Boeckeler Instruments RMC
Products, Egham, UK) and contrasted with 3% uranyl acetate and lead
citrate. The analyses were performed using a JEOL JEM 1400 trans-
mission electron microscope (Leica Microsystems Inc., Illinois, USA) in
80 kV.

2.7. Protein-Free Cell Wall (PFCW) Preparation

A total of 100 mg of hypocotyl powder was weighed into 2 mL
microtubes. At each step, the samples were washed 5x with 50 mM of
potassium phosphate buffer (pH 7.0), 5x with 0.1% Triton X-100
(pH 7.0), 4 x with 1 M NacCl (pH 7.0), 4 x with distilled water and 3 x
with acetone. A centrifugation was performed at 15,000 rpm for 2 min
for each step. At the end, the pellets were oven dried (60 °C, 24 h). The
obtained material was defined as protein-free cell wall fraction (PFCW)
[79]. PFCW is free of water-soluble compounds (polar) and apolar
compounds [6].

2.8. Lignin Content Determinations

Lignin contents were determined using 20 mg of PFCW by the acetyl
bromide method [79]. Quantification was carried out by the use of a
standard curve with lignin alkali (Aldrich 370959) and the obtained
absorbance value (¢) was 22.9 g L™ ecm ™. The results were expressed
as mg lignin g~ ! PFCW.

2.9. Monomeric Lignin Composition

A total of 20 mg of PFCW were used and hydrolyzed with NaOH
(4 M) at 95 °C overnight on a thermoblock. The samples were then
acidified with HCI (6 M) and centrifuged at 13,000 rpm for 5 min. Next,
two extractions using ethyl acetate were performed, storing the su-
pernatant in a new tube. The solvent was evaporated using the ther-
moblock at 50 °C and the pellets were dissolved in deionized water
[80]. The samples were then filtered through a 0.22 um PTFE mem-
brane and injected in an HPLC (Waters Alliance e2695 Separations
Module and Waters 2998 Photodiode Array Detector; Waters Comp.,
Massachusetts, ~USA), using Discovery® HS C18 HPLC
(15 cm X 4.6 mm; 5 pm) column. The mobile phase consisted of 4%
methanol and 4% acetic acid (20:80 v/v), at 1.2 mL min~ ' under an
isocratic mode for 20 min. Absorbances were monitored at 290 nm. p-
hydroxybenzaldehyde, vanillin and syringaldehyde standards were
used for quantification [79].

2.10. Cellulose Quantification and Calorimetric Analysis

Cellulose quantification were performed as described in [81,82].
Three hypocotyl segments from different seedlings were used for each
sample. Cellulose concentrations were expressed as equivalent to glu-
cose concentration (umol glucose g~ DW) against a standard curve.
Additionally, seedling accumulated energy was obtained using a Parr
6100 adiabatic calorimetric bomb (Parr, Instrument Company, Illinois,
USA) following [37].
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2.11. Hormone Profiling

Hormone levels were quantified by ultra high-performance liquid
chromatography coupled to tandem mass spectrometry (UPLC/ESI-MS/
MS) as described in [83]. Briefly, freeze-dried hypocotyl seedlings
(20 mg) were extracted in a 2 mL microcentrifuge tube with 500 pL of
the extraction solvent (ice-cold methanol 100%) using ultra sonication
(4-7 °C) for 30 min. Then, after centrifugation at 12,000 rpm for 10 min
at 4 °C (centrifuge MR18-22, Jouan, Saint-Herblain, FR), the pellet was
re-extracted as above and the resulting supernatants were pooled and
filtered through a 0.22-um PTFE filter (Waters, Milford, Massachusetts,
USA) before UHPLC-MS/MS analyses. The endogenous contents of the
hormones auxin indole-3-acetic acid (IAA), the cytokinins trans-zeatin
(t-2), its riboside (t-ZR), isopentenyl adenosine (IPA) and 2-isopentenyl
adenine (2iP), the bioactive gibberellins GA;, GA3, GA4, GA;, abscisic
acid (ABA), jasmonic acid (JA), salicylic acid (SA) and melatonin (MEL)
were quantified using deuterium-labelled compounds as internal stan-
dards.

2.12. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR/) Analysis

Fourier transform infrared spectroscopy was performed on oven-
dried (70 °C) hypocotyl samples on a Bruker Vertex 70v FTIR spectro-
meter (Bruker Optik GmbH, Ettilingen, DEU) with a platinum atte-
nuated reflectance accessory (ATR). The spectra were obtained from
4000 to 400 cm ™! with a spectral resolution of 4 cm™~*. Two replica-
tions were performed for each sample and each spectrum was composed
of an average of 300 scans. All measurements were carried out at room
temperature (25 °C). Standard cellulose and lignin were also analyzed.
A multivariate principal component analysis (PCA) was run using total
(or portion) spectra.

2.13. Cellulose Microfibrils Orientation by SAXS Analysis

Ultra-high resolution small angle X-ray scattering (SAXS) was per-
formed on fresh hypocotyl samples using a Xenocs 2.0 (Xeuss,
Sassenage, FR), equipped with a Dectris PILATUS 300 K detector and
Cu Ka source of radiation with a wavelength of 0.154 nm (50 kV,
0.6 mA and 600 s). The beam diameter was of 400 pm. Sample-detector
distance was of 986 mm (~1 m). The samples were measured in an air
chamber, with the long axis of the hypocotyl perpendicular to the in-
cident X-ray microbeam. Ag-Behenate and vitreous carbon were used as
calibration standards. Azimuthal intensity profiles of the diffraction
patterns were obtained by radially integrating the intensity with an
azimuthal step size of 1°. The detail simulation, fitting procedure and
calculation of the azimuthal position cellulose microfibril angle in a cell
wall model were exactly as described in Riiggeberg et al [72] and Saxe
et al [57].

2.14. Statistical Analyses

A One-Way ANOVA was used for mean comparisons of quantitative
data. Statistical significances were considered when p < .05 [84].
Duncan's post-hoc test was applied to compare treatments (white light,
blue light, green light, red light, far-red light and dark). Pearson's
correlation test was also applied to test for significant relationships
between response variables. A principal component analysis (PCA) was
performed with the spectroscopy data [85]. All statistical analyses were
carried out using the Statistica 10® (Statsoft Inc., California, USA)
software package. All graphs were prepared using the Sigma Plot 10.0
(Systat Inc., California, USA) software.
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Fig. 2. Scanning electron microscopy from the medial section of tomato hypocotyls 10 days after the beginning of the treatments. Red arrows point to tector
trichomes and green arrows points to glandular trichomes. (A) white light, (B) blue light, (C) green light, (D) red light, (E) far-red light, (F) dark. Scale bar = 250 um.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results
3.1. Morphological Seedling Alterations

Tomato seedlings growing under distinct light qualities presented
distinct hypocotyl lengths, shorter when grown under blue light (BL)
and longer in the dark. Intermediate values were found under white
(WL), green (GL), red (RL) or far-red (FR) lights (Fig. 1). Moreover,
hypocotyl growth was highly correlated with cell length (Fig. S1).
Additionally, all light-grown seedlings accumulated photosynthetic
pigments and BL stimulated anthocyanin hypocotyl accumulation (Fig.
S2). Higher Chl a/b ratios were detected under BL, lower under FR (Fig.
S2, inset). FR grown seedlings maintained closed embryonic leaves, but
opened the apical hook. In the dark, a typical etiolated phenotype de-
veloped (Fig. 1; Fig. S1, S2).

BL stimulated trichome development (both tector and glandular) in
tomato hypocotyls, while reduced amounts of trichomes were observed
under GL and RL. Sporadic trichomes were found in FR, rare in the dark
(Fig. 2).

Light microscopy of a transversal section of hypocotyl displayed a
single-layered protoderm in all treatments (Fig. S3). Increased hypo-
cotyl diameter (Fig. 2, Fig. S3 and Table 1) was observed when plants
were grown under RL and FR. These responses were related to increased
cortical parenchyma thickness, but not to number of cells (Table 1).
Fluorescence microscopy using double staining demonstrated that
lignin is deposited in xylem fibers and protoxylem cells. In addition,
xylem cells displayed higher differentiation under BL and WL in com-
parison to plants grown in the dark. Moreover, Calcofluor Bright White
28 dye demonstrated that the parenchyma and phloem cell walls are
mainly formed by a cellulose polymer (Fig. S3).

3.2. Cell Wall Structure
BL stimulated cell wall thickness (256.8 nm), at three times the

thickness than FR, at a thickness of 80.5 nm (Fig. 3, Table 1). Cell walls
under WL were also considered thick (223.9 nm). WL encompassed

39

18% of blue light (430-485 nm) and stimulated cell wall thickness
while under RL or GL was approximately half times thinner than under
BL (160.5 nm, 131.5 nm, respectively). In addition, an increase in
middle lamella thickness and cell wall electrondensity under BL and WL
in comparison to dark was observed (Fig. 3). Energy-dispersive X-ray
spectroscopy (EDS) of the elemental cell wall composition indicated
45.5% of Ca under WL, 36.1% under BL, 10.3% under FR and 16.1% in
the dark (Fig. S4). Intermediate values were found for GL and RL
growths. No obvious relationship were identified for the others ele-
ments (Fig. S4).

The longitudinal TEM analysis, with progressive magnifications
from 40,000 X to 200,000 x (Fig. 4) aided in understanding the orga-
nization, arrangement and electrondensity variation of the cellulose
microfibrils, which were lined up perpendicularly in the primary cell
wall to the middle lamella (ML). Microfibrils displaying higher elec-
trondensity were evidenced under WL and BL, being smaller-spaced
between each other under BL (Fig. 4). Microfibrils were well organized
circumferentially in short hypocotyls under WL and BL, but the degree
of disorganization increased under GL and RL. These structures were
highly disorganized (randomly deposited) in the inside surface (newer
layer) and parallel to the elongation axis on the outside (older layer)
under FR or in the dark. It is important to note that seedling hypocotyls
growing under FR or in the dark were longer, with lengthy cells (Fig. 1,
S1). A very high and negative correlation was found between cell wall
thickness and hypocotyl length (Fig. 5). Microtubules were observed in
some TEM images, following a similar orientation pattern to that of
cellulose microfibrils (data not shown).

In order to adequately evaluate macro- and microfibril orientations
in the primary cell wall, an ultra-high resolution field-emission-gun
scanning electron microscopy (FEG-SEM) was performed on the inner
cell wall surface of cortical parenchyma cells (Fig. 6). The cell wall
texture indicated that the inner microfibril layer is deposited lining up
and in a juxtaposed and more organized manner under BL and RL and
randomly deposited in FR and in the dark. The inner surface cell wall
formed under WL or GL, which display a transitional texture between
BL and the dark, presented loose but organized and arranged in non-



Journal of Photochemistry & Photobiology, B: Biology 203 (2020) 111745

R. Falcioni, et al.

q 0z't ¥ S6°06 v 60°0 ¥ €€CL ) Sh'1 F 09'v9 q €10 yreq
4 LE'T + 05°08 d 600 + 00°0T d (444 + 85°C6 2 cro pal-Teq
o} 98’1 ¥ €5°091 d 60°0 ¥ €€°01 q 8’1 ¥ 88°/8 v cro Py
a 10°€ ¥ 0S'I€T o} 10°0 ¥ 00'6 d cL'T ¥ 0T'L8 od 80°0 us21)
v 0e'1 + 08'95¢ d ST'0 + 00°0T v 90°¢ + 15°201 q 80°0 anig
d TeT ¥ 88°€CC v €20 B €eTl v b1 ¥ 1v°201 av faN] AMYM
(s31um) 1[99 ewAydouared s}

(uru) ssawyRIY) [[em [[9D (s31un) S[[99 WAAX JO I_dqUINN (wrl) 19puI[Ad Ie[NdSeA JO IS)RUWRIQ JO Jaquinu [eipey -UauneaI],

¥ €09 a SL'S ¥ ¢S'v0C o} 190 + P61 o} 808 + 86'6C9 Jredq
¥ L9°S v Ty x C¢1°08C v 00'T ¥ 80°1€ v SEET ¥ Y9v18 pal-eq
¥ 0’9 q fead ¥ ¢S'19¢ v 040 ¥ 85°0€ v 9’8 + 80°T18 pay
+ L8'S 2 €8¢ + LT91C d 68°0 + 98'9¢ o} 09'9 + 98°G0L usaId
¥ L0'9 q oSy = €1'CST av L6'0 B €9'8C d 90vT ¥ LT'LSL an[g
¥ LT9 o) 20°¢ = T8'€CT v €01 * L1°0€ d TS ES 8L'09L S1IYM
(syun) {199 ewAyduared s)
Jo Iaquinu [eipey () ssauyo1y) ewAyouared [ed1110D) () ssawdIY) ULIBPOIOI (wrl) 193ourerp [£1000dAH  -usuneaij,

“(as

F

0 = (s0" > d
159] suedUN( £q SIUSUNEII) U99M]] SIDUSISPIP [BINISIIEIS SIBIIPUI SUBSUI 3} SUIMOT[0] $191319] JUaIPIJ “Adodsordrur wondae Suruueds pue Adodsordrur uondde uorssrusuer ‘Adodsorsrur aduadsatonyy ‘Adodsororur
14311 Aq pa129[[0d 219Mm Bl "(frep WS pai-1e S pax WS usaid ySif anjq Y31y ym) syusunean Yl jo Suruurdaq Yyl 191e sAep (T SUONDAS [41000dAY 0JLUIO) [BSISASURI) UIOIJ SJUSWDINSEIW [BITWOIRUY

I 3lqeL

40



R. Falcioni, et al.

"' Cell 2

random inward spaces. The responses stimulated by FR and in the dark
(Fig. 6E, F) displayed an apparent disruption of cellulose macro- and
microfibrils.

3.3. Microfibril Angle Distribution Measurements by SAXS

Ultra high resolution small angle X-ray scattering (SAXS) (Fig. 7)
was performed to deeply evaluate MFA in the entire hypocotyl section
(Fig. S3), instead of the wall texture of the inner cell wall surface of
cortical parenchyma cells (Fig. 6). The SAXS analysis revealed distinct
X-ray scattering patterns among different light qualities (Fig. 7A). For
plants grown under WL and BL, GL and RL, FR and in the dark the
pattern were similar between respective treatments. A higher scattering
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Fig. 3. Transmission electron microscopy of a
transversal section of cortical parenchyma cells
showing the primary cell wall of tomato hypocotyls
10 days the beginning of the treatments. (A, G, M)
white light, (B, H, N) blue light, (C, I, O) green light,
(D, J, P) red light, (E, K, Q) far-red light, (F, L, R)
dark. Alterations in cell wall thickness and differ-
ences in cell wall (CW) and middle lamella (ML)
electrondensities are highlighted. Micrographs on
the same column are on the same scale. From left to
right, scale bar = 1 pm, 500 nm and 200 nm. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

intensity concerning the azimuthal angle was verified for seedlings
grown in the dark for angles between 160° and 190° (Fig. 7C). Modeling
X-ray scattering distribution following Riiggeberg et al [57] and Saxe
et al [72] allowed for estimations of the relative contribution of MFA
(Fig. 7B). MFA revealed a high frequency of angles smaller than 30°
(0.001°-30°) for all treatments, of 54.1% under WL, 51.4% under BL,
51.3% under GL, 51.5% under RL, 64.9% under FR and 65.1% in the
dark. 0° indicates parallel to the elongations axis and 90°, orthogonal to
the elongation axis. In the dark and under FR, peaks at 3.5° and 5.0°,
respectively, were observed, while the peak appears between 10.5° and
12.0° under other lights (Fig. 7B). On average, considering the entire
transversal hypocotyl section, a minor frequency of high angles (alea-
tory distribution) concerning cellulose microfibril distribution was
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200.000x

Fig. 4. Transmission electron microscopy of a longitudinal section of cortical parenchyma cells showing the primary cell wall of tomato hypocotyls 10 days after the
beginning of the treatments. Red arrows highlight alterations in cellulose microfibril orientation, distribution and distance from each other. (A, G, M, S) white light,
(B, H, N, T) blue light, (C, I, O, U) green light, (D, J, P, V) red light, (E, K, Q, W) far-red light, (F, L, R, Y) dark. Micrographs on the same column are on the same scale.

From left to right, scale bar =

400 nm (40,000 x ), 200 nm (80,000 %), 100 nm (150,000 %), 50 nm (200,000 x ). Differences in electrondensity distinguish the

primary cell wall (PW) from the middle lamella (ML) or plasma membrane. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

observed in the dark and under FR.
3.4. Cell Wall Composition

Cellulose (Fig. 8A) and lignin contents (Fig. 8B), including mono-
meric lignin composition, (Fig. S5) were statistically different in seed-
lings grown under different light treatments (p < .05). Particularly,
cellulose levels were higher by 163.9% and 76.3% in the dark and
under FR compared to WL, whilst WL, BL, GL or RL plants were similar
(p > .05). In contrast, lignin content was reduced (p < .05) by a
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52.85% in the dark and by 19.47% under FR compared to WL, whilst
slightly higher (p < .05) values were observed under GL. A strong and
negative linear correlation (r —0.9572; p < .001) was observed
between cell wall cellulose and lignin contents (Fig. 8A, inset).
Monomeric lignin composition varied (p < .05) when comparing
WL (or the other imposed lights) to the dark (Fig. S5). Under FR and in
the dark, 22.9% and 35.2% decreases in p-hydroxybenzaldehyde (H
units, Fig. S5A), were observed, respectively. In addition, 28.8% and
49.5% increases in guaiacyl (G units, Fig. S5B) and 67.3% and 90.5% in
siringyl content (S units, Fig. S5C) were observed under FR and in the
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Fig. 5. Linear correlation between cell wall thickness and hypocotyl length.
Different colored dots represent different light treatments (white light, blue
light, green light, red light, far-red light, dark). (n = 6 =+ SE). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

dark, respectively. Given that H units decreased and S units increased
with increasing imposed wavelengths, the S/H ratios changed sig-
nificantly (p < .05), 125.0% and 200.2% higher under FR and in the
dark, respectively, compared to WL (Fig. S5D).

In order to broadly evaluate cell wall composition, attenuated-total-
reflectance Fourier -transform-infrared spectroscopy was carried out on
dried seedlings. A multivariate principal component analysis (PCA)
from wavenumbers 4000 to 400 cm ~? (Fig. 8C) discriminated FR and
the dark to the other treatments with grouped clusters (Fig. 8D), in
which the principal component (PC) 1 score explained 55% of the total
of data variation. The vibrational modes between the bands at
1460-1290 cm ™! are strongly associated to compounds such as cellu-
lose (Fig. 8F), hemicellulose and pectin. PC1 explained 95% of total
variation whose clusters are completely separated by others,
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distinguishing the clusters formed from seedlings grown under FR and
in the dark from those grown under WL, BL, GL and RL (Fig. 8E). In this
range, the 1428 cm ™! vibrational wavenumber was associated to the
symmetrical angular deformation of the —CH, group and the angular
deformation of the C=0O and C—H bonds, forming polysaccharide
molecules. At 1336 cm ™!, the flexural vibration of the C—H and C=0
stretching symmetric in polysaccharides is highlighted.

The ATR-FTIR analysis of seedlings growing under FR and in the
dark also indicated alterations in vibrational wavenumbers from 3100
to 3000 cm %, associated to = C-H stretching symmetric in aromatic
and phenolic compounds (Fig. 8, arrow), mainly lignin, since this re-
gion is characteristic of the reference lignin spectrum (Fig. 8F). How-
ever, other vibrational wavenumbers indicate vibrational modes for
phenol compounds and aromatic groups (1750-1700 cm™ 1), such as
1750-1735 cm~! associated to saturated aliphatic esters (C=0
stretching), 1740-1720 cm ™!, associated to saturated aliphatic alde-
hydes (C—C) and a, p-unsaturated esters or 1715 cm ™ ?, related to sa-
turated aliphatic ketones (Fig. 8).

As a result of the total variation in seedling composition (mainly
lignin), higher accumulated energy was detected in seedlings grown
under BL and lower accumulated energy was detected under FR or in
the dark. Intermediate accumulated energy values were observed for
the other treatments (Fig. S6).

3.5. Hormone and Hormone-Related Molecule Profiling

Hormonal profiling evaluated by UPLC/ESI-MS/MS revealed var-
iations in seedlings grown under distinct light qualities and in the dark
(Fig. 9, Fig. S7). Abscisic acid contents were higher (p < .05) under BL
and RL and lower (p < .05) under FR and in the dark. Melatonin was
also higher under BL, while lower contents were found under GL or in
the dark. Jasmonic acid contents were reduced under BL. Salicylic acid
contents were lower under WL compared to BL, GL and FR. trans-Zeatin
levels were higher under WL, BL and RL while the lowest contents
corresponded to seedlings grown in the dark and intermediate levels

Fig. 6. Scanning electron microscopy by ultra-high resolution field emission gun (FEG-SEM) showing the inner surface of cortical parenchyma cells of tomato
hypocotyls 10 days after the beginning of the treatments. Images highlight cellulose macro- and microfibrils depositions on the primary cell wall. (A) white light, (B)
blue light, (C) green light, (D) red light, (E) far-red light, (F) dark. Scale bar = 500 nm and inset 250 nm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 7. Ultra-high resolution small angle X-ray scattering (SAXS) of fresh to-
mato hypocotyls 10 day after the beginning of the treatments (white light, blue
light, green light, red light, far-red light, dark). (A) 2D scattering image: a 360°
azimuthal integration was used to obtain degree and intensity relationship
(1D). The scattering signal originates from the electron density contrast be-
tween cellulose microfibrils and water. The colour scale indicates the scattering
signal intensity. (B) Relative contribution of each cellulose microfibril angle to
the simulated scattering signal. The microfibril orientation from 0° is long-
itudinal towards the cell axis to 90°, transverse to the longitudinal axis of the
cell. (C) Integrated scattering signal (measured data) can be fitted by microfibril
angle when simulated by the model proposed by Riiggeberg et al [72] and Saxe
et al [57]. The inset table indicates peak intensity angle or location of the MFA
distribution maximum. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

between both were observed under GL and FR. In contrast, trans-zeatin-
riboside presented the lowest values under WL and higher values under
GL and in the dark. GL strongly inhibited isopenthenyladenosine
(—53.4%) and isopentenyladenine (—78.3%) accumulations compared
to seedlings grown in the dark. Indole-3-acetic acid (IAA) levels were
higher under BL by 625.7% and under FR by 545%, while intermediate
values were found under WL, GL and RL and, the lowest values oc-
curred in the dark.

Active gibberellin GA; and GA; contents were reduced under GL
compared to WL and in the dark. In contrast, GA; accumulated under
RL (320.3% compared to dark) and under FR (495.1% compared to
dark), while GA4 levels were around 30-fold higher than other active
gibberellins, with relatively unchanged contents among treatments,
with the exception of a slight decrease observed under RL (p < .05).
GA; contents were reduced under RL and in the dark.

4. Discussion
4.1. Seedling Development

Tomato seedling growth assays carried out under different light
qualities and in the dark revealed many cell wall structure and com-

position alterations. Cryptochrome (CRY) activation by BL
[18,19,86,87] strongly represses hypocotyl length and phytochrome
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(PHY) B by RL [11,16,88,89] also acts in the same manner when
compared to FR (Fig. 1), repressing cell enlargement. Notwithstanding,
the signaling cascade promoting by CRY or PHY are different [90,91].
However, a weak action of PHYA under FR [17] does not completely
repress the etiolated phenotype. Growth under FR results in seedlings
that accumulate certain photosynthetic pigments, but do not stimulate
embryonic leaf growth, and seedlings with elongated hypocotyls, al-
though shorter than completely etiolated dark-grown seedlings (Fig. 1).
In addition, FR represses PHYB and induces peroxidase and expansins
activities [92], probably related to cell wall expansion.

Activation of CRY proteins promotes many developmental altera-
tions, including trichrome development (Fig. 2) and primary cell wall
thickening (Fig. 3) as well as secondary wall thickening [7], not only
under BL but also under WL (which encompass 18% of BL). GL
(555 nm) activate CRY proteins in a very weak manner [16,23]. Tri-
chome development may be associated to R2MYB proteins (cell cycle
regulation) [93,94] with the influence of other hormonal effects
[10,95-97]. The way in which the signaling cascade leads BL to pro-
mote trichome development is uncertain.

4.2. Cell Wall Structure

Smaller hypocotyls (Fig. 1) were associated to highly circumferen-
tially organized cell wall cellulose microfibril arrangements, with
smaller spaces between each other when under BL (Fig. 4). As the cell
elongates, the spaces become larger, as observed for WL. Strikingly,
randomly deposited cellulose microfibrils in the inner cell wall surface
were found under FR and in dark-grown seedlings (Fig. 6). These re-
sponses raise a question of whether the inside layer of cellulose mi-
crofibril in the cell wall is associated to (an)isotropic growth or cell
enlargement. In general, the inner layer (most recent) of cellulose mi-
crofibril organization in the cell wall was unrelated to cell length. In
contrast, the outer layers of microfibrils were parallel to the elongation
axis under FR and in the dark. The longitudinal TEM images and SAXS
data indicate that microfibrils passively realign as the cell axis grows.
Cell wall deposition continues as the cell expands. If the newer layers
are randomly deposited and older layers are parallel to the elongation
axis, this suggests that cellulose microfibrils reorganize during cell
elongation, agreeing with the multinet growth hypothesis (hypothesis
#1).

Hypothesis #2, which states that microfibrils do not passively re-
orientate, indicating failure in microfibril angle changes, and do not
control longitudinal growth, seems improbable. This would make sense
if only the inner layer (wall texture) were analyzed (Fig. 6). Inner
surface show random pattern of microfibrils deposition on lengthy cells,
then new layer seems to be disconnected from older layers. When in-
cluding high magnification longitudinal TEM and accurately evaluating
relative MFA contribution in the whole cell wall, hypothesis #1 (mul-
tinet growth), which states that older layers become reoriented, seems
plausible. Herein, we have demonstrated microfibrils parallel to each
other and parallel to the elongation axis in the outer layers. The ultra-
high resolution small angle X-ray scattering (SAXS) analysis of the en-
tire hypocotyl section revealed that, on average, a high frequency of
signals around 0° and around 180°, modeled following Riiggeberg et al
[72] and Saxe et al [57], indicate a high frequency of small angles
(close to the parallel to elongation axis) between cellulose microfibrils
and the longitudinal cell wall. The low relative contribution of high
angles (randomly orientated) in seedlings growing under FR and in the
dark (Fig. 7) would be associated to newer layers deposited after cell
elongation. Intermediate (between blue and dark) 2D X-ray scattering
signals (Fig. 7) and reorientation degrees of cellulose microfibrils
(Fig. 4) were observed under GL and RL.

Physically, cell growth required a flexible cell wall and turgor
pressure [36,98-100]. Thus, how does light affect cell wall flexibility?
There is not a simple answer [36]. IAA supplementation presumably
stimulates acid growth through the stimulation of H* ATPases and
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Fig. 8. (A) Cellulose content in tomato hypocotyls.
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expansins [101], resulting in a loose cell wall, but IAA stimulated hy-
pocotyl elongation under FR and in the dark only marginally, or in
circumstances where the cell wall was thin. These data indicate that
endogenous IAA levels under BL and FR were similar (Fig. 9), but
parenchyma cells displayed different cell wall thickness (Fig. 3) and
lengths (Fig. 1, Fig. S1). Gibberellic acid supplementation stimulated
growth under BL, not IAA (Fig. S8). Taken together, these results point
to a concerted action of many factors regarding cell wall structure and
composition, which, in turn, influence cell growth, not only a simple
hypothesis of acid growth induced by IAA [101]. A strong and negative
correlation (r = —0.95) was observed between cell wall thickness and
hypocotyl growth. Thus smaller hypocotyl lengths would result in
thicker walls as noted under BL and WL growth. IAA expansin-induced
action [102] was not sufficient to stimulate growth in thick cell wall
conditions. A high cytoskeleton organization associated to cellulose
microfibril orientation induced by GAs [20,31,43,49-52] may possibly
explain growth under BL.

A degree of cellulose fragmentation becomes significant in thin cell
walls, as observed under FR or in the dark. Theoretically, a randomly
deposited layers of cellulose microfibril should repress longitudinal
growth promoting isotropic instead of anisotropic growth [31,34].
Evidence of cellulose loosening was found when IAA induced growth
only under specific treatments, not in general (Fig. S8), particularly at
under FR and in the dark. Similarly orientated cellulose microfibrils
when deposited by cellulose synthases allow for the formation of larger
diameter macrofibrils [103]. It is predicted that significant conforma-
tional changes take place when microfibril aggregation occurs [104].
The formation of aggregates and macrofibrils indicates rigidity and
compactation [52,104,105]. These aggregates hamper glucanase and
expansins activities and the hydrolysis of oriented and randomly
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deposited microfibrils is easier than macrofibril hydrolysis [106]. Thus,
it is plausible that cellulose fragmentation (and loosening) under BL
becomes insignificant and explains why IAA supplementation does not
stimulate cell growth. Taken together, this evidence indicates that
cellulose microfibrils do not fragment during cell expansion in thicker
cell walls.

4.3. Cell Wall Composition

The EDS analysis indicated high Ca cell wall levels under WL and BL
and low levels under FR and in the dark (Fig. S4). Ca and pectin
complex and form Ca-pectate. Divalent ions form cross-links between
non-esterified negative charged carboxyl (COO-) groups. Calcium cross-
links play a structural role in cell walls [107,108]. A pectin gel-like
matrix is important for cell adhesion by the middle lamella and makes
the primary cell wall less extensible, which, in turn, may influence cell
wall ion concentrations and electrondensity. Hydrophilic pectins gels
and hemicellulose can bind to microfibrils. Decreased primary wall
thickness was related to high cellulose (Fig. 8) and lower middle la-
mella pectin contents, and is associated with flexible, looser and fragile
walls, which would, in turn, allow for greater expansion [109]. Around
three-fold higher Ca was found in thicker cell walls (WL and BL)
compared to thinner counterparts (FR and dark), which may be related
to extra crosslinks that significantly reduce cell wall flexibility [109].

A negative correlation between cellulose and lignin contents was
observed (Fig. 8). Likewise, cellulose deficient mutant plants typically
show increased lignification [30,110,111]. Not only was a lignin con-
tent reduction observed under FR and in the dark, but also decreased H
monomer and increased G and S contents, where PHY action is sug-
gested. Indeed, S/H ratio variations along treatments (Fig. S5) point to
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Fig. 9. Hormone profile of tomato seedlings 10 days after
the beginning of the treatments (white light, blue light,
green light, red light, far-red light, dark). (A) ABA: abscisic
acid; (B) MEL: melatonin; (C) JA: jasmonic acid; (D) SA:
salicylic acid; (E) t-Z: trans-zeatin; (F) t-ZR: trans-zeatin-
riboside; (G) IPA: isopenthenyladenosine; (H) 2iP: iso-
pentenyladenine; (I) IAA: indole-3-acetic acid and (J-M)
GAs (GA;, GA3, GA4, GA; and GATotal): gibberellins. Bars
represent the means of n = 4 =+ SE. Different letters
above the bars indicate statistical differences between
treatments by Duncan's test (p < .05). (For interpretation
of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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the important role of PHYB in inducing H and repressing S bio-
syntheses. In contrast, PHYA induces S and represses H monomers.
Some important steps in phenylpropanoids pathways [112], such as in
CCR (Cinnamoyl-CoA reductase), which drives H monomer formation,
in F5H (Ferulate 5-Hydroxylase) and HTC (p-Hydroxycinnamoyl-
CoA:Quinate/Shikimate p-Hydroxycinnamoyltransferase), which drives
S and G monomer formation, respectively should be candidates to be
modulated by light quality, not only by light intensity [6]. Additionally,
alterations in functional groups and cell wall composition (manly cel-
lulose/pectin and lignin) contributed significantly to accumulated en-
ergy alterations [113], which increased under BL and decreased under
FR or in the dark.

4.4. Hormonal Effects

Hormonal contents varied widely among tomato seedlings grown
under different light qualities. Some variations may be unrelated to cell
wall biosynthesis, such as increased active cytokinin forms (and re-
duced conjugated t-Z; t-ZR), which have been reported as playing a role
in chloroplast development and photosynthetic pigment accumulation
[114]. Melatonin levels were closely related to anthocyanin accumu-
lation under BL. Recently, [115] reported an upregulating effect of
melatonin on anthocyanins, improving the stress resistance of cabbage
during growth, especially in the presence of light. Thus, given that
cryptochromes exposed to light tend to synthesize a higher amount of
reactive oxygen species (ROS) [116], seedlings exposed to BL could
stimulate melatonin synthesis and, in turn, anthocyanin synthesis,
contributing to the total antioxidant capacity and, ultimately, to ROS
scavenging. Increased isopentenyladenine (2iP) levels are observed
during de-etiolation to photomorphogenesis [117]. Similarly results
have been reported for tomato seedlings grown under BL whose de-
etiolated phenotype is evident.

Total active gibberellins (GA; + GA; + GA; + GA;) were un-
related to light treatment. It is also important to note the high amounts
of GA, observed under all light regimes. Nonetheless, a negative re-
sponse of a specific GA; was associated to cell wall thickness, where
high levels were observed under FR and reduced content was found
under WL and BL, except for the dark whose levels were low (Fig. 9, Fig.
S7). No relationship was found for other active GA content concerning
MFA and cell wall thickness. PHY activation under RL was related to
reduced GAsz, GAy, and also marginally to GA,, as well as to IAA
compared to FR whose PHY is inactivated.

5. Conclusions

Many alterations were observed in primary tomato hypocotyl cell
walls grown under different light qualities and in the dark. The most
striking was random microfibril angle distribution in newer cell wall
layers (inner surface) of seedlings grown in the dark or under FR light,
whose cell walls are thin and presented low Ca content. However,
parallel microfibril alignment was observed in older (outer) layers,
indicating that cellulose microfibril realignment occurs during cell
elongation, agreeing with the multinet growth hypothesis. In addition,
a negative correlation was found between cell wall thickness, hypocotyl
length and Ca content, indicating a certain degree of thickness and
middle lamella interference concerning cell wall extensibility and cel-
lulose microfibril reorganization.
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Supplementary Figure S1 — Light microscopy of a longitudinal section of tomato
seedling hypocotyls grown under distinct light qualities (and dark) 10 days after the
beginning of the treatments. Arrow indicate the limits of the single cortical parenchyma
cell. (A) white light, (B) blue light, (C) green light, (D) red light, (E) far-red light, (F)
dark. Scale bar =200 um.
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Supplementary Figure S2 — Photosynthetic pigments of tomato seedlings grown under
distinct light qualities and in the dark 10 days after the beginning of the treatments. (A)
fresh weight basis. Inset, Anthocyanin contents. (B) seedling basis. The inset indicates
the Chl a/b ratio. Chlorophyll a (Chla), Chlorophyll 5 (Chlb), Chlorophyll total (Chlg+s),
Carotenoids (carotenoids+xanthophylls). Different letters over the bars indicate

statistical differences between treatments by Duncan’s test (P <0.05). (n=6+SE).
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Supplementary Figure S3 — Cross section of the medial portion of tomato hypocotyls
grown under distinct light qualities and in the dark 10 days after the beginning of the
treatments. Left: light microscopy. Right: fluorescence microscopy highlighting
protoderm, cortical parenchyma cells and xylem cells. (A) white light, (B) blue light,
(C) green light, (D) red light, (E) far-red light, (F) dark. PD — protoderm, PC —
parenchyma cells, PX — protoxylem, VC — vascular cylinder. The dashed blue line
delimits the protoderm. The dashed green light indicates the cortical parenchyma
thickness. The dashed red line delimits the vascular cylinder. Scale bar = 200 pm and
inset 50 um. Fluorescence slides were double stained by Calcofluor Bright White 28
(0.01%) for cellulose (blue) and Auramine O (0.01%) for lignin (yellow).
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EDS element detect White Blue Green Red Far-Red Dark
P 37.4% 35.7% 61.1% 47.8% 71.7% 41.2%
S 8.6% 21.2% 8.8% 12.0% 11.2% 32.9%
Ca 45.5% 36.1% 24.1% 28.3% 10.3% 16.1%
Mg 5.4% 5.6% 4.4% 5.2% 4.3% 6.6%
K 0.6% 0.8% 0.4% 0.6% 0.9% 1.7%
Cu 0.0% 0.0% 0.6% 1.7% 0.4% 0.8%
Mn 0.0% 0.6% 0.0% 0.0% 0.0% 0.6%
Fe 0.3% 0.0% 0.7% 0.0% 1.1% 0.1%
N 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Mo 2.3% 0.0% 0.0% 4.5% 0.0% 0.0%
Total 100.1% 100.0% 100.1% 100.1% 99.9% 100.0%

Supplementary Figure S4 —Energy-dispersive X-ray spectroscopy (EDS) of the
elemental composition of tomato seedlings grown under distinct light qualities (and

dark) 10 days after the beginning of the treatments. (A) white light, (B) blue light, (C)

green light, (D) red light, (E) far-red light, (F) dark. (n=10).
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Supplementary Figure S5 — Lignin monomeric composition of tomato seedlings grown

under distinct light qualities and in the dark 10 days after the beginning of the

treatments. (A) p-hydroxyfenil (H units), (B) guayacyl (G units), (C) syringyl (S units)

and (D) S/H ratio. Different letters over the bars indicate statistical differences between

treatments by Duncan’s test (P <0.05). (n=6+SE).

55



o
[e]
]

%)}
N
—

CD

g
oo
1

Accumulated energy
(kcal g'1 DW seedling)
N
N

4.0 .
White Blue Green Red Far-red Dark

Supplementary Figure S6 — Calorimetric analysis of dried tomato seedlings grown
under distinct light qualities and in the dark 10 days after the beginning of the
treatments. Different letters over the bars indicate statistical differences between

treatments by Duncan’s test (P <0.05). (n=6+SE).
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Supplementary Figure S7 — Heat map representing relative changes of hormonal

contents in tomato seedlings grown under white, blue, green, red, far-red lights and in

the dark. Data were normalized with reference to the mean response of dark treatment.

Blue-to-red scale represent an upregulation to downregulation, respectively. The full

data sets from these plant hormone profiling are available in the main text (Fig. 9).

ABA: abscisic acid; MEL: melatonine; JA: jasmonic acid; SA: salicilic acid; Z: trans-

zeatin; ZR: trans-zeatin riboside; IPA: isopenthenyladenosine; 2iP: isopentenyladenine;

IAA: indole-3-acetic acid and GAs (GA1, GA3, GA4, GA7 and GArotal): gibberellins.
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Supplementary Figure S8 — Representative image from tomato seedlings growing at
distinct light qualities and (and dark) and treated with indol-3-acetic acid (IAA) or
gibberellic acid (GA3) 10 days after starting treatments. Up to down, seedlings growing
under white light, blue light, green light, red light, far-red light, dark. Left-to-right:
Hoagland solution, IAA 10-*M, 10-M, 10-°M, 10”"M, GA3 10-M, 10*M in Hoagland’s
solution. Scale bar = 10 cm. Graphs show hypocotyl length. Different letters over bars
indicate statistical differences between treatments by Duncan’s test (P <0.05).

(n=20+SE).
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CHAPTER 3

High Resolution Leaf Spectral Signature As A Tool For Foliar Pigment

Estimation Displaying Potential For Species Differentiation
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ARTICLE INFO ABSTRACT

Optical leaf profiles depend on foliar pigment type and content, as well as anatomical aspects and cellular
ultrastructure, whose effects are shown in several species. Monocotyledon and Dicotyledon plants presenting
natural pigment content variations and anatomical alterations were analyzed. Each plant species displays its own
spectral signatures, which are, in turn, influenced by foliar pigment class (composition) and concentration, as
well as anatomical and ultrastructural plant cell characteristics. Plants with no anthocyanin displayed increased
reflectance and transmittance in the green spectral region (501-565 nm), while values decreased in the presence
of anthocyanin. At wavelengths below 500 nm (350—500 nm), strong overlapping signatures of phenolics,
carotenoids, chlorophylls, flavonoids and anthocyanins were observed. Using a partial least squares regression
applied to 350—700 nm spectral data allowed for accurate estimations of different foliar pigment levels. In
addition, a PCA and discriminant analysis were able to efficiently discriminate different species displaying
spectra overlapping. The use of absorbance spectra only was able to discriminate species with 100 % confidence.
Finally, a discussion on how different wavelengths are absorbed and on anatomical interference of light inter-
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action in leaf profiles is presented.

1. Introduction

Leaf optical profiles (reflectance, absorbance and transmittance)
depend on foliar pigment type and content (Gitelson and Solovchenko,
2018; Kume, 2018; Maas and Dunlap, 1989) as well as the structures in
which the pigments are inserted (Hatier and Gould, 2007; Jacquemoud
and Baret, 1990; Terashima et al., 2009; Vogelmann and Han, 2000;
Xiao et al., 2016). Different models have been proposed to further the
understanding of light and leaf interactions, both on the surface and in
the mesophyll (Falcioni et al., 2017; Gitelson and Solovchenko, 2018;
Kume, 2018; Maas and Dunlap, 1989; Moriwaki et al., 2019; Nishio,
2000; Terashima et al., 2009; Xiao et al., 2016). The main models ex-
plore the relationship between different pigment content variations and
concentrations, as well as their organization at the structural level and
specific leaf area (area/mass ratio) (Evans, 1986) and, consensually,
emphasize the positive relationship between pigment content and leaf
thickness in maximizing light absorption and decreasing reflectance
and transmittance (Asner et al., 2008; Falcioni et al., 2017; Féret et al.,

2017, 2008; Jacquemoud and Baret, 1990; Kume, 2018). Some models
indicate epidermal cells in the form of lenses, which allow for light
focalization and maximum absorption by parenchyma cells (Bone et al.,
1985). However, some studies discard this concept as being relevant for
light absorption and argue that internal leaf characteristics are more
expressive in their distribution along the vertical profile (Brodersen
et al., 2008; Brodersen and Vogelmann, 2010, 2007; Xiao et al., 2016).

Maximizing light capture efficiency and use of available ambient
light becomes possible when changes occur at the whole plant level
(Niinemets, 2007), at the leaf levels (Falcioni et al., 2017) or at the
chloroplast level (Moriwaki et al., 2019). Some of the most striking
responses regarding leaf-level changes on optical property profiles are
related to changes in foliar pigment content and their arrangement and
organization, as well as mesophyll cell size and chloroplast and light
absorption complex variations (Croce and Amerongen, 2014; Falcioni
et al., 2017; Kume, 2018; Moriwaki et al., 2019; Nishio et al., 1993;
Terashima et al., 2009; Xiao et al., 2016). In addition, the presence of
extra-plastidial pigments on adaxial and abaxial epidermis, the
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proportion of intercellular spaces, total leaf thickness and thylakoid
stacking degree are variables that should also be included as key points
in models to understand leaf light distribution and attenuation (Falcioni
et al., 2017; Jacquemoud and Baret, 1990; Kume, 2018; Moriwaki et al.,
2019; Sims and Gamon, 2002; Vogelmann et al., 1996; Xiao et al.,
2016) and photosynthesis promotion in deeper leaf areas (Ichiro et al.,
2016).

Chlorophylls as responsible for the initial steps of photosynthetic
light reactions ordinary for all plants display two maximum absorption
peaks, one in the blue range (430 and 453 nm, respectively for chlor-
ophylls a and b), and another in the red range (642 and 662 nm, re-
spectively for chlorophylls b and a) (Croce and Amerongen, 2014). In
parallel, carotenoids present inflection in the blue absorption range
(400 -500 nm) with an overlap among chlorophylls regarding light
absorption in this spectral range. New insights also consider that
chlorophylls may contribute to absorbance in the green region
(500 —565 nm) and may modify optical leaf properties (Falcioni et al.,
2017; Folta and Maruhnich, 2007; Moriwaki et al., 2019; Wang and
Folta, 2013). Moriwaki et al. (2019) observed an increase in green
absorption with increasing chlorophyll contents, but without significant
increases in blue or red absorptions. On the other hand, pigments
termed extra-plastidial (mainly vacuolar), such as anthocyanins (AnC)
and flavonoids (Flv), as well as other phenolic compounds, display
strong absorption in the green, blue, and ultraviolet/violet regions,
respectively (Gitelson, 2011; Gitelson et al., 2017; Gould et al., 2018;
Landi et al., 2015; Merzlyak et al., 2008) and, therefore, present an-
other absorption spectra overlap point with chloroplast pigments
(Gitelson, 2011; Hatier and Gould, 2007). Violet, red or purple leaf
colors are characteristic of extra-plastidial pigments, which visually
mask the green coloration of chlorophylls, as they are concentrated
mainly, on the leaf epidermis and are reported as leaf profile light at-
tenuators (Gitelson et al., 2017; Gould et al., 2018; Hatier et al., 2013).
However, the interaction of these components with light penetration
along the vertical leaf profile is still not well understood. In addition,
extra-plastidial pigments strongly affect foliar reflectance patterns
(Gitelson et al., 2009, 2001). Thus, we have developed new absorbance-
based techniques applicable to cases where reflectance-based ap-
proaches fail (Gitelson and Solovchenko, 2018).

In recent years, the insertion of different Vegetation Indices (VI) and
Normalized Difference Vegetation Indices (NDVIs) (Buchhorn et al.,
2016; da Silva Junior et al., 2017) based on key wavelengths in the
visible and near infrared range have been applied to the study and
prediction of the amount of plant biomass on the terrestrial surface
(Brocks and Bareth, 2018; Tilly et al., 2014), characterization and
monitoring of agricultural crops (Fourty et al., 1996; Jacquemoud and
Baret, 1990; Nanni et al., 2018), as well as of native species for en-
vironmental monitoring purposes (Asner et al., 2008; Gitelson et al.,
2009). However, many of these indices are limited or comprise biased
equations to estimate foliar pigment concentration, particularly in the
presence of AnC and Flv when using VI technology. Moreover, some of
these indices take into account only reflectance data (which are
strongly influenced by the vacuolar pigments of the epidermis) and do
not consider cellular structure organization and phenolic compound
concentrations, which ultimately interfere with the absorption spectra,
leading to failure in optical leaf pattern estimates, as well as estimates
concerning chloroplast pigment contents.

A key point to understand optical leaf properties is the deconvolu-
tion of the total spectrum into fractions that contribute to light ab-
sorption. The inclusion of specific spectral bands or modeling using
curves obtained by high-resolution hyperspectral sensors would provide
important information on phenolic compounds, anthocyanins and fla-
vonoids, as well as on components associated with foliar structural
organization, in which mathematical models would become more so-
phisticated and closer to the in vivo reality, to the detriment of those
obtained by multispectral images or virtually simulated in computa-
tional models (da Silva Junior et al., 2017; Féret et al., 2008; Gitelson,
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2011; Gitelson et al., 2017; Gitelson and Solovchenko, 2018; Merzlyak
et al., 2008; Xiao et al., 2016).

Hyperspectral sensors operate in hundreds of contiguous, narrow
bands, providing more accurate and comprehensive information than
their multispectral predecessors. When the obtained data are processed
with multivariate discriminant analyses, such as proc DISCRIM and
STEPDISC SAS (da Silva Junior et al., 2017), Successive Projection
Algorithm (SPA) (Pan et al., 2015), Principal Component Analysis
(PCA) (Gierlinger et al., 2012), Partial Redundancy Analysis (pRDA) (Ji
et al., 2017), Linear Discriminant Analysis (LDA) or Partial Least
Squares Regression (PLSR) (Nanni et al., 2018), it is possible to predict
pigment concentration, nutritional status, discriminate species or esti-
mate yields in the field (Blackburn, 2007; Calvino-Cancela and Martin-
Herrero, 2016; Gitelson and Solovchenko, 2018; Gitelson and Merzlyak,
2004; Gitelson and Merzylak, 1997; Nanni et al., 2018).

Based on the influence of morphological diversity and the diversity
of the several foliar pigment compositions and concentrations, the de-
convolution of reflectance, transmittance and leaf light absorption
spectra in different Monocotyledon and Dicotyledon species were as-
sessed. As these explain property alterations in the 350 —2500 nm re-
gion, (with primary focus between 350 —700 nm, based on the visible
and photosynthetic region), the levels of in vivo pigments (chlorophylls,
carotenoids, anthocyanins, flavonoids and total soluble phenolic com-
pounds) were estimated based on the obtained spectra. Structural and
ultrastructural changes were associated to spectral variations. The aim
was to evaluate if data obtained by high resolution spectral sensors are
able to discriminate pigment and cellular structure effects. This study
demonstrates and advances the ability of this technique to solve com-
plex problems concerning optical leaf properties and the use of routines
in spectral curve discriminant models and multivariate analyses.

2. Material and methods
2.1. Plant material

Six species with natural leaf color variations were selected, varying
in pigment class and content. Healthy Megathyrsus maximus Jacq.
(known as Guinea grass and green panic grass), Pennisetum purpureum
Schumach. (purple elephant grass), Philodendron sp. (L.), Tradescantia
pallida cv. purpurea (Rose) D.R.Hunt. (purple-heart), Cordyline fruticosa
(L.) A. Chev. (black-mystique) and Cordyline fruticosa (L.) A. Chev.
(florida-red) leaves were selected in a way to include wide pigment and
anatomy variations of Monocotyledon and Dicotyledon species (Fig. 1).
Young and healthy expanded leaves from each species were collected
from the Botanical Garden of the State University of Maring4, in Brazil,
during autumn.

2.2. Leaf pigments

The following procedure allowing for the simultaneous quantifica-
tion of total chlorophyll (Chl), carotenoids (Car), anthocyanins (AnC)
and flavonoids (Flv) in leaf extracts, as described by Gitelson et al.
(2017) and Gitelson and Solovchenko (2018). Leaf segments (2 cm?)
were ground in chloroform-methanol (2:1, v/v) in the presence of
CaCOs. After complete extraction, distilled water (20 % of the total
extract volume) was added. Extracts were the centrifuged at 3200 rpm
for 15 min until phase separation.

Total Chl and Car concentration were spectrophotometrically
quantified in the lower (chloroform) phase, following (Wellburn,
1994). The upper (water-methanol) phase was used for total Flv
quantification, determined spectrophotometrically at A358 nm using a
molar absorption coefficient of €358 = 25.4 mM~* cm™?, following
(Gitelson et al., 2017). After Flv determinations, the water-methanol
phase was acidified with HCI (final HCl concentration of 0.1 %) and
used for AnC quantification at A530 nm applying an absorption coef-
ficient of €530 = 30 mM ! cm ™! (Gitelson et al., 2017; Gitelson and
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Cordyline fruticosa

Fig. 1. Representative images of the plants assessed in this study, displaying significant morphological and pigment variations. Inset, close up of the leaves. (a)
Megathyrsus maximus Jacq., green leaf, Monocotyledoneae, (b) Pennisetum purpureum Schumach., purple leaf, Monocotyledoneae, (c) Philodendron sp. (L.), green leaf,
Dicotyledoneae, (d) Tradescantia pallida (Rose) D.R.Hunt., purple leaf, Dicotyledoneae, (e) Cordyline fruticosa (L.) A. Chev. (black-mystique), purple leaf,
Monocotyledoneae and (f) Cordyline fruticosa (L.) A. Chev. (florida-red), pink with purple spots, Monocotyledoneae. (For interpretation of the references to colour in

the Figure, the reader is referred to the web version of this article).

Solovchenko, 2018). Spectral scans were performed on a Lambda 1050
UV/VIS/NIR Spectrophotometer (PerkinElmer, Inc., Massachusetts,
USA). Chl, Car, AnC and Flv concentrations were expressed both as area
and dry weight units. To do this, a similar leaf sample were collected
and dried at 70 °C for 48 h to express concentrations on a dry weight
basis.

2.3. Total soluble phenolic compound quantification

Total soluble phenol (PhC) quantification was carried out according
to Ragaee (2006), with modifications. Briefly, 100 mg of fresh leaves
were crushed in 80 % (v/v) methanol. The methanolic extracts were
centrifuged at 15,000 rpm for 60 s. Phenolic quantification was in-
itiated by the addition of 85 pL of methanolic extract, 85 uL of the
Folin-Ciocalteu reagent (1 M), 170 pL of Na;CO3 (3.56 M) and 830 pL of
deionized water. The samples remained in the dark for 40 min and were
then centrifuged for 30 s at 15,000 rpm followed by analysis on a
spectrophotometer at A725 nm. The equivalent PhC concentration was
determined using gallic acid as reference, Y = 87.651x+1.6515; r*
0.993.

2.4. Optical microscopy analysis

Cross sections of fresh leaves (hand cut) were used for histological
studies, particularly where chloroplast (green) and extra-plastidial
(pink-purple) pigments are distributed. Leaf segments (2 cm?) of the
medial region were fixed with Karnovsky’s solution (Karnovsky, 1965)
and stored at 4 °C until processing. Subsequently, the fixed samples
were dehydrated in an increasing ethanol series [50, 70, 80, 90 and 100
% (three times)] and infiltrated with methyl-methacrylate (Leica His-
toresin®) (Souza et al., 2016). Block sectioning was performed on a
rotation microtome (Eikonal, Sao Paulo, BRA) and the sections (8um)
were then dyed with Toluidine Blue in acetate buffer pH 4.7. The
images were obtained on a Leica ICC50 light microscope (Leica Com-
pany, Wetzlar, DEU). Histochemical and anatomical characteristics for
leaves, mesophyll and parenchyma cells, epidermis of the adaxial and
abaxial faces and free intercellular spaces were analyzed using the
ImageJ software (https://imagej.nih.gov/ij).
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2.5. Transmission electron microscopy

Transversal sections leaf samples were fixed in modified
Karnovsky’s solution (Karnovsky, 1965) for transmission electron mi-
croscopy (TEM) analysis. Karnovsky’s solution was composed by TEM-
grade 2.5 % glutaraldehyde and 2 % paraformaldehyde in 0.05 M ca-
codylate buffer (pH 7.2) and post-fixed for 1 h with 1 % osmium tetr-
oxide. The samples were then contrasted in bloc with 0.5 % uranyl
acetate overnight, dehydrated in an acetone concentration series [30,
50, 70, 80, 90 and 100 % (three time)], infiltrated and then poly-
merized into Spurr low viscosity epoxy resin. Sections (70 nm thick,
Diamond Knife) were obtained using an ultramicrotome MTX Power-
tome X (Boeckeler Instruments RMC Products, Egham, UK) and con-
trasted with 3 % uranyl acetate and lead citrate. Analyses were per-
formed using a transmission electron microscopy JEOL JEM 1400
(Leica Microsystems Inc., Illinois, USA) in 80 kV. More details in
(Falcioni et al., 2018; Moriwaki et al., 2019).

2.6. Optical leaf properties

Reflectance (R) and transmittance (T) were measured directly using
two coupled spectroradiometers (ASD Inc; FieldSpec 3 Jr., Colorado,
USA), collimated and calibrated with a standard Spectralon® dish as the
100 % reflectance reference immediately before use, following manu-
facture instructions to ensure identical calibration. An ASD spectro-
radiometer light beam plant probe was coupled to another probe at the
opposite leaf surface with the light off, in order to simultaneously
measure leaf reflectance and transmittance (350-2500 nm), respec-
tively. The probes were positioned attached to leaf lamina by a slight
pressure through the rubber end, to avoid light leaking. The equipment
was programmed to perform 50 readings for each sample, thereby
generating an average spectral curve. All light emitted by one probe
should be reflected and detected by the same probe (R), absorbed or
transmitted through the leaf lamina and, finally, detected by the op-
posite probe (T), where light absorption (A) was estimated as [A =
1-(R + T)] (Falcioni et al., 2017). This experimental procedure en-
sures the simultaneous measurements of both R and T. Also, this ap-
proach is considered a unidimensional system. Light source is
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Fig. 2. Representative schematic of the analysis method applying high resolution (350-2500 nm) hyperspectral sensors using two calibrated and collimated spec-
troradiometers to obtain simultaneous reflectance and transmittance data. The absorbance data were calculated by equation [A = 1-(R + T)]. Spectral curve of
reflectance or transmittance data can be obtained with ~10 s for each leaf sample. In addition, multivariate analyses were performed to select the most significant
wavelengths based on the proc STEPDISC routines, by STEPWISE regressor variables selection (wavelength - nm) and obtaining the discriminant models by the proc
DRISCRIM procedure, with simulation of the validation models of the wavelengths selected through the proc FREQ (red row show these process). Multivariate
statistical can be directly applied for analysis, calibration and development models by Partial Redundancy Analysis (pRDA), Linear Discriminant Analysis (LDA),
Principal Component Analysis (PCA), Partial Least Squares Regression (PLSR) or others multivariate analyses. The outputs were used for species discrimination and
pigment content estimation based on hyperspectral data. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this

article).

orthogonal to the leaf lamina. In addition, this procedure was carried
out in order to measure R from adaxial leaf surface and inverted to
measure R from the abaxial leaf surface. A simple measurement and
statistical analysis scheme are displayed in Fig. 2.

2.7. Univariate statistical analysis

The data (pigments and anatomy) were submitted to a One-Way
ANOVA for mean comparisons. Statistical significances were considered
at P < 0.05 (Zar, 2010). Duncan’s test was applied to compare data
means, also at P < 0.05. Pearson’s correlation test was also applied
when applicable. All univariate statistical analyses were performed
using the Statistica 10® software (Statsoft Inc., Oklahoma, USA). All
graphs were prepared using the Sigma Plot 10.0® (Systat, California,
USA) software package.

2.8. Multivariate statistical analysis

2.8.1. Reflectance, transmittance and absorbance spectral deconvolution
Initially, a statistical analysis of the spectral curves by a principal
component analysis (PCA) was performed using the The Unscrambler X
10.4® software (Camo Software, Oslo, NOK). The degree of explanation
is attributed using the first two components (PC1 and PC2) prior to
obtaining Fisher's discriminant linear models. The discriminant
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functions were obtained using the proc STEPDISC algorithm, applying
the STEPWISE method available in the Statistical Analysis System®
software (SAS Institute, Inc. North Carolina, USA). Wavelengths were
selected according to Lambda Wilk’s value and following likelihood
criteria and partial F-value input. A 5% criterion for input and 10 % for
output were applied as error probabilities.

The wavelengths that best explained the differences were subjected
to a discriminant analysis using the proc DISCRIM routine available in
the SAS® software, in order to create predictive models through linear
combinations of predictor variables (wavelengths). The obtained
models were then simulated through the proc FREQ using 70 % of the
spectral curves and tested with the 30 % remaining curves. This pro-
cedure was tested 50 times in a randomized mode, independently, in
order to predict the chance of success based (and error) on the selected
spectral bands. Thus, only wavelengths able to discriminate all plants
were selected (da Silva Junior et al., 2017).

2.8.2. Partial Least Squares Regression (PLSR) analysis of reflectance and
absorbance curves

For the model construction, the data were divided into two groups,
the first set consisting of 30 samples used for calibration and cross-
validation and a second group composed of 25 independent samples
used for external prediction of the PLSR model. Thus, the biochemical
data of foliar pigments quantified as total chlorophylls (Chl a+b),
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carotenoids (Car), anthocyanins (AnC), flavonoids (Flv) and phenolic
compounds (PhC) were compared to the spectral curves. Each variable
(pigment) was treated as an independent variable. The multivariate
calibration models were developed by a Partial Least Square Regression
(PLSR) using the The Unscrambler X version 10.4 software (Camo
Software, Oslo, NOK). The algorithm for model inputs was NIPALS and
output outlier limits were defined by Leverage’s type and analyzed by
the Leverage and Hotelling’s T? (limit in 5%). The predictive ability of
the calibrations models was evaluated by calculating the coefficients of
determination (R?) and the root mean square error (RMSEC for cali-
bration, RMSECV for cross-validation and RMSEP for prediction). The
leaves-one-out cross validation method was used as a preliminary form
of attribute prediction. In parallel, an independent predictor based on
an unknown dataset was also used. Following Minasny and McBratney
(2013), R > 0.75 values are considered as displaying excellent pre-
diction capacity, R? values between 0.75 and 0.5 are considered good,
and R? < 0.5, low. Additionally, the ratio of performance to deviation
(RPD) was calculated by equation [RPD = ﬁ] with R? calculated
(R?C), cross-validation (RCV) or predicted (R“P) for the calculation,
and applied as a useful indicator of the expected accuracy of PLS pre-
dictions. Additionally, for a quality analytical performance, RPD must
be at least 3 for agricultural applications, while RPDs between 2 and 3
are considered both good, 1.5-2 as medium and lower than 1.5, as poor
(Nanni et al., 2018). B-coefficients, Y = B, + B,A1 + ...+ B An + €, for
leaf pigments obtained with hyperspectral data for reflectance and
absorbance curves (350 at 700 nm) are displayed.

3. Results
3.1. Chloroplast and extra-plastidial pigment contents

When exploring genetic diversity, "green" and "purple" leaves
(Fig. 1) displayed variations in chloroplast (Chl and Car) (Fig. 3a) and
extra-plastidial pigment contents (AnC, Flv and PhC) (P < 0.05)
(Fig. 3b-c and 4c inset) expressed both as area (Fig. 4) and mass (Fig.
S1). Chl and Car contents were higher in Philodendron sp., T. pallida
and C. fruticosa black-mystique (1170 to 1380 mg m ™) and lower in P.
purpureum and C. fruticosa florida-red (532 and 517 mg m™2, re-
spectively) (P < 0.05) (Fig. 4a).

AnC levels were always higher for purple plants (P < 0.05, above 50
up to 162 nmol cm™2), in relation to green plants (Fig. 4b), however
similar between P. purpureum and C. fruticosa florida-red (P > 0.05)
when expressed as mass unit (Fig. S1). It was possible to detect AnC in
green plants, however at extremely low values (2.3-4.8 nmol cm™?)
(Fig. 4b). Correlated with AnC (r 0.76; P < 0.05), flavonoid levels
were higher (P < 0.05) in purple species (233-728 nmol cm™?) and
lower in green plants (30-100 nmol cm™?) (Fig. 4c). PhC contents in
leaves were not related to Flv or AnC accumulation (Fig. 4c inset).
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3.2. Leaf anatomy

Philodendron sp. evidenced homogeneous and compact palisade
parenchyma, albeit with large spaces in the lacunar parenchyma to-
wards the abaxial face (Fig. 5c). T. pallida exhibited anthocyanins
(AnC) arranged on both the adaxial and abaxial surfaces, with a thick
hypodermis, formed by 1-3 cell layers and the presence of both palisade
and spongy parenchyma (Fig. 5d). The anthocyanins in C. fruticosa
black-mystique are arranged in the adaxial and abaxial epidermis. This
species also presents a homogeneous chlorophyllic parenchyma com-
prising isodiametric cells in the half facing the adaxial face and flat-
tened in the lower half facing the abaxial face (Fig. 5e). C. fruticosa
florida-red presented a homogeneous parenchyma, with scarce inter-
cellular spaces, constituted by isodiametric cells and exposed antho-
cyanins in both epidermal faces. No typical chlorophyll parenchyma
was found, although scattered spots containing chlorophyll were pre-
sent (Fig. 5f).

T. pallida demonstrated increased leaf thickness, associated with
increases in the adaxial and abaxial epidermis (Figs. 5 and S2; inset).
On the other hand, Philodendron sp. and C. fruticosa black-mystique
showed similar leaf thickness (P > 0.05). Typical plants with C4 pho-
tosynthetic metabolism, M. maximus and P. purpureum presented
lower leaf and parenchyma cells (mesophyll cells and bundle sheath
cells) thickness (P < 0.05), but similar adaxial and abaxial epidermis
thickness (P > 0.05) (Fig. 5a-b and Fig. S2a-d).

3.3. Mesophyll (chlorenchyma) cell ultrastructure

Rounded to flat chloroplasts were observed in all species, in some
cases also containing starch (Fig. 6). In C. fruticosa florida-red, par-
enchyma cells were mostly absent from chloroplasts, but when present,
were associated with underdeveloped thylakoids, and low electro-
density lamella and stroma (Fig. 6f inset). The presence of electro-
density points in the vacuoles were evidenced in AnC-accumulating
plants (Fig. 6f). Higher thylakoid stacking and electrodensity was evi-
denced in Philodendron sp. among all assessed species (Fig. 6¢), which
may be associated to higher pigment, protein and lipid contents (Fig. 6).
Structures called plastoglobules were present in all species (Fig. 6,
arrow). Visually, no evidence of cell wall changes was observed based
on electrodensity and thickness patterns (Fig. 6).

3.4. Optical leaf properties

In most species, the abaxial epidermis presented higher reflectance
indices than the adaxial epidermis (Fig. 7a-b and S3) reaching 89 % and
61 % higher values than the adaxial surface in Philodendron sp. and
Tradescantia pallida, respectively. In contrast, P. purpureum, that dis-
plays dorsiventral symmetry, presented similar reflectance levels on
both surfaces (Fig. 7a-b and S3). Plants with no AnC displayed in-
creased reflectance and transmittance in the green spectral region

Fig. 3. (a) Spectral absorbance curve of total
photosynthetic pigments (350-700 nm), (b)
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(n =5 =+ SE).

(501-565 nm) (Fig. 7a-d), while values decreased in the presence of
AnC (Fig. 7a-d).

The absorption curves are inversely proportional to the reflectance
and transmittance curves (P < 0.05) between 501 and 565 nm, with
maxima between 530 and 550 nm (Fig. 7e-f). Therefore, T. pallida and
C. fruticosa (black-mystique and florida-red) exhibit increases over 90
% in green (501-565 nm) to yellow (566—590 nm) absorption
(P < 0.05) (Fig. 7e—f). On the other hand, leaf absorption curves were
different (P < 0.05) between P. purpureum and C. fruticosa (black-
mystique and florida-red), although both exhibit similar anthocyanin
levels (Fig. 3b and 7e-f). The region formed by UV—A (350 — 400 nm),
violet (401 —439 nm) and blue (440 — 485 nm) bands displayed small
but significant differences (P < 0.05) between species (Fig. 7). It is
emphasized that at wavelengths less than 500 nm an intense competi-
tion occurs between carotenoids, chlorophylls, flavonoids and soluble
phenolic compounds that directly influence leaf profile light interac-
tions (Fig. 7 and 8).

In the near-infrared region (700 — 1300 nm), reflectance of up to 50
% of the incident light and absorbance with a maximum of 18 % at 700
nm and with progressive decreases up to 1058 nm reaching values close
to zero for all species were observed (Fig. 8a-b and e—f). On the other
hand, in the short-wave infrared region (1300 —2500 nm), reflectance
decreases and absorbance increases were noted (Fig. 8a-b and 8e-f), in
particular for T. pallida (Fig. 8).

3.5. Principal Components Analysis as a tool for species discrimination

Principal component analyses (350—700 nm) indicate the
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formation of distinct clusters between species through the analysis of
reflectance, transmittance and absorbance data (Fig. 9). The first two
components explained over 98 % of the total data variance obtained for
reflectance, transmittance or absorbance (Fig. 9a-f). The total ex-
planation percentage of PC1 was above 86 % and 54 % for the adaxial
(Fig. 9a, c and e) and abaxial (Fig. 9b, d and f) surfaces, respectively.
The transmittance data presented clusters overlap between two species,
explained in 11 % by PC2 (Fig. 9c-d). The clusters formed by the re-
flected light and absorbed light were completely separated from each
other, with complete absence of overlap and values over 80 % estab-
lished by the PC1 for the adaxial surfaces (Fig. 9a-b and e-f). Higher
degrees of total variance explanations were achieved by absorbed light.
In addition, absorption data were also associated to the PCA highest
precision and accuracy (Fig. 9f).

3.6. Deconvolution of the most significant spectra and spectral bands

Spectra deconvolution (400—700 nm) by the STEPDISC method
selected 36 wavelengths (10 for reflectance, 8 for transmittance and 18
for absorbance), all significant based on the partial R? F-value and
average squared canonical correlation criteria (Table S1), covering
from the blue (400—480 nm) and red (600—660 nm) regions, but
mainly in the green/yellow region of (500 —600 nm) (Table S1).

Based on the wavelengths selected by the proc STEPDISC (SAS
model) (Table S1), the discriminant models generated with the sample
calibration of the spectral curves and defined by the contingency
coefficients (R> = 0.9129), were validated with independent samples in
the discriminant models generated for reflectance, transmittance and
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Fig. 5. Light microscopy of fresh leaf cross -sections (hand cut, up) and historesin-fixed (below) of representative leaves from (a) Megathyrsus maximus, (b)
Pennisetum purpureum, (c¢) Philodendron sp., (d) Tradescantia pallida, (e) Cordyline fruticosa (black-mystique) and (f) Cordyline fruticosa (florida-red). AB =
abaxial epidermis, AD = adaxial epidermis, BC = bulliform cell, BS = bundle sheath cell, CO = collenchyma, DR = druse, EN = endoderm, HY = hypoderm, LC =
lacune (large air space), MS = mesophyll, MX = metaxylem, PC = parenchyma cell, PH = phloem, PR = pericycle, PT = palisade tissue, PX = protoxylem ST =
spongy tissue, XY = xylem. Scale bar =200 um. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article).

light absorption, with very high significance (P < 0.001). The con-
structed and validated models correctly classified total reflectance
(92.71 %; R* = 0.890), transmittance (90.26 %; R* = 0.893) and ab-
sorbance (88.34 %; R? = 0.888) data (Table 1 and 2). The data indicate
very low classification errors among green-green, purple-green or even
purple-purple species (Table 2). It should be noted that only absorbance
data were able to completely distinguish (100 % accuracy) between
Philodendron sp. and Tradescantia pallida (Table 2, green raw).

3.7. Estimation of foliar pigments contents by the PLSR method

The models estimated by a Partial Least Square Regression (PLSR) in
response to reflectance and light absorption spectral curves (350 —700
nm) for leaf pigments (total chlorophylls, carotenoids, anthocyanins,
flavonoids and phenolic compounds) were considered good to ex-
cellent, assessed by the lower root mean square error (RMSE) values,
the coefficients of determination (R?) and the ratio of performance to
deviation (RPD) (Fig. 10 and S3). In sum, the models presented high
pigment content prediction capacity, despite high spectral interference
of one group of compunds with another group under diverse anatomical
effects over spectral curves. In addition, internal validation by the
leave-in-out method (evaluated by RMSEC) and compared with the root
mean square error of cross-validation (RMSECV) presented extremely
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low values (excellent results) associated with R%x, in particular for
anthocyanins (AnC) (RMSEC = 0.016 and RMSEP = 0.037), flavonoids
(Flv) (RMSEC = 0.059 and RMSEP = 0.096) and phenolic compounds
(PhC) (RMSEC = 0.001 and RMSEP = 0.001) (Fig. 10e—j). In the model
validation estimated by the root mean square error of prediction
(RMSEP) obtained by external analyses, the data confirm the quality by
fitting RMSEC (Fig. 10), i.e., these data presented excellent predictive
abilities as obtained by hyperspectral sensors, using both reflectance
and absorbance curves (Fig. 7 and S4). These results were consistent
with those from the PCA and STEPDISC method analyses (Fig. 9, S4 and
Tables 1,2, S1).

4. Discussion
4.1. Interaction between anatomical structures on spectral signatures

Spectral signatures are influenced by foliar pigment class (compo-
sition) and concentration, as well as anatomical and ultrastructural
plant cell characteristics. A thinner mesophyll or leaf containing many
cell spaces, correlated to greater amounts of air spaces and gaps next to
cellular agglomerates (Fig. 7a-c), such as in M. maximus and Philoden-
dron sp., revealed higher transmittance values (Fig. 8c-d), which may
have contributed to lower light attenuation in the gaps and higher light
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Fig. 6. Chlorenchyma cell ultrastructure viewed by transmission electron microscopy (TEM). (a) Megathyrsus maximus, (b) Pennisetum purpureum (c) Philodendron
sp., (d) Tradescantia pallida, (e) Cordyline fruticosa (black-mystique), (f) Cordyline fruticosa (florida-red). Arrow = plastuglobules inside chloroplast, NC = nucleus,
CH = chloroplast, CW = cell wall, GR = granum, ML = middle lamella, MT = mitochondria, ST = starch. Scale bar =4 um and inset 1 pm. (For interpretation of
the references to colour in the Figure, the reader is referred to the web version of this article).

absorption in cell agglomerates (Gates et al., 1965). Similarly, thinner
tobacco leaves display higher transmittance values compared to thicker
leaves (Falcioni et al., 2017). However, thicker leaves with similar
photosynthetic pigment contents compared to thinner leaves display
greater green absorptivity (Falcioni et al., 2017) indicating that the
green light should be absorbed at greater leaf tissue depths (Vogelmann
and Han, 2000), significant for lacunar parenchyma photosynthesis
(Evans and Vogelmann, 2003). These data reinforce the idea that leaf
anatomy can affect optical patterns regardless of pigment content. The
intrinsic ability of plants to perceive the environment (Wada et al.,
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2005) and alter optical leaf properties have been demonstrated in re-
sponse to light levels, nitrogen fertilization (Moriwaki et al., 2019),
anthocyanin (Hatier et al., 2013) and flavonoid levels (Gitelson and
Solovchenko, 2018), hormone content (Falcioni et al., 2017) and saline
stress (Carter and Knapp, 2001). Also, as demonstrated herein, varia-
tions in soluble phenol content levels (Fig. 4c, inset, Fig. 10i—j and S1)
significantly alter absorption patterns from 350 to 500 nm.

Pigments significantly affect spectral leaf patterns, although the
interferences of the cell wall and extra-plastidial components on ab-
sorption patterns between 400 —700 nm appear to be minimal (Baldini
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shown in grey.

et al., 1997; Gates et al., 1965; Jacquemoud and Baret, 1990; Latimer,
1958; Maas and Dunlap, 1989; Ustin et al., 2001). Cellular structures
such as cell walls, cytoplasmic content and organelles like mitochondria
and chloroplasts, when devoid of any type of pigment, exhibit over 95
% incident light absorption reduction concerning the leaf profile in
relation to the visible region (Fig. 8e—f 9) (Gates et al., 1965; Latimer,
1958). The absorbed light of 500-1300 nm in albino leaves is minimal,
as reported by Baldini et al. (1997) and Maas and Dunlap (1989). De-
spite low absorptivity, transmittance is not extremely high (Fig. 8). As
an example, the 1058 nm wavelength approaches zero absorption, but
T is not close to 100 % following the Beer-Lambert law. Spectral bands
in the near-infrared are capable of interacting inside the mesophyll and
undergo internal scattering (Gates et al., 1965; Latimer, 1958; Ustin
et al., 2001) so that the incident light is detected equitably in the
sensors in either the reflectance or transmittance position, with values
around 50 % for each (Fig. 8a—d). Leaves with a more compact meso-
phyll and a greater number of cell layers generally presented higher
reflectance values, such as Cordyline species (Fig. 7e-f and 8a-b).

In the short-wave infrared (1300 —2500 nm) a strong interference
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of leaf thickness were observed (Jacquemoud and Baret, 1990; Kume,
2018). These effects are most evident in tissues containing cells with
large vacuoles and high water content as evidenced by light and TEM
microscopy and clearly noticeable in thicker T. pallida purpurea leaves
compared to thinner C. fruticosa leaves. A high correlation (r = 0.91;
P < 0.001) was noted between leaf thickness and absorbance at 1440
nm (peak at the water absorbance band). There is no evidence that Flv
and AnC can interfere in the absorbance in this spectral range, ac-
cording to spectral pigments and foliar curves (Fig. 4c, 5 d, 6 e-f) (Gates
et al., 1965; Latimer, 1958).

Hypodermis cells (atypical cell) with large vacuoles and high water
content (Fig. 5d) weakly contribute to the absorption of electro-
magnetic radiation (except in the presence of AnC and Flv) in the
visible range, as reported by Solovchenko (2010), and strongly related
to changes in the light refractive index in the transition from the hy-
podermis to the palisade parenchyma, immediately below, with a re-
latively higher proportion of air spaces. This refractive index change
induces higher rates of specular and diffuse reflectance in the air-water
transition (Latimer, 1958; Solovchenko, 2010; Ustin et al., 2001). This
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anatomical characteristic can explain the high scattering and light ab-
sorption rates in the photosynthetically active range in the palisade
parenchyma below when the light is impinged on the adaxial position,
but also higher reflectance indices of the adaxial epidermis in relation
to the abaxial epidermis in T. pallida and Philodendron sp. when the
light is in the abaxial to adaxial direction (inverted).

4.2. Pigments disposition in various structures

Variations in the size, organization and arrangement of the cells
present in the leaf mesophyll influence optical patterns, particularly
with regard to absorbance (Fig. 7 and 8). Plants that contain similar
pigment content, such as anthocyanins or chlorophylls (Fig. 4a-b),
presented distinct spectral profile patterns across the visible region
(Fig. 7). Therefore, spectral variations are related to variations in in-
ternal cellular structure (Fig. 6) (Féret et al., 2017; Ustin et al., 2001;
Xiao et al., 2016). Low pigmented spaces are present between each P.
purpureum vascular bundle, allowing for freely transmitted light, while
such spaces are absent in C. fruticosa (florida-red), increasing absor-
bance particularly in the green band associated to the presence of AnC,
but not Flv (Fig. 3).
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The presence of AnC is directly correlated with increased green light
absorbance in T. pallida (Fig. 5c-d e 6e-f). In Philodendron sp. (which
does not accumulate AnC; Fig. 4) it is observed that the high absorp-
tivity in the green region is due exclusively to chlorophylls, whereas in
T. pallida an overlapping of different pigment classes leads to a total
effect on the spectral curve. The individual interferences of chlorophylls
and anthocyanins could be statistically separated by the discriminant
analysis using 351 points from 350—700 nm (instead of "fixed"
models), in which a greater contribution of bands between 500 and 600
nm is noted for the separation (Tables 1,2 and S1).

By the Beer-Lambert law, a proportionality in absorbance relative to
the absorbance peak of a certain substance is expected if the pigment
were evenly distributed within the cell (Terashima et al., 2009). It is
noted that in vivo pigments are compartmentalized in different orga-
nelles (e.g., chloroplast and vacuole, mainly), whose in vivo con-
centrations are greater in relation to the distribution in an in vitro so-
lution. As evidenced by Moriwaki et al. (2019), nitrogen
supplementation in tomato plants resulted in increases in chlorophyll
content and increased green light absorption, but not blue or red
(Moriwaki et al., 2019). This phenomenon emphasizes absorption sa-
turation in the peaks and linearity in lower absorptivity bands. The
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Table 1
Stepwise discriminant output for wavelengths, indicating error frequency and

acceptance by models comprising reflectance, transmittance and absorbance
data.

Measurements Model test Frequency (number) Percentage (%)
Reflectance Error 27 7.28

Accept 344 92.71

Total 371 100
Transmittance Error 38 9.74

Accept 352 90.26

Total 390 100
Absorbance Error 45 11.66

Accept 341 88.34

Total 386 100
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higher green absorptivity is related to thylakoids richly stacked in
chloroplasts and presenting strong electron-densities when visualized
by TEM (Moriwaki et al., 2019) and as demonstrated herein in Philo-
dendron sp. and T. pallida chloroplasts (Fig. 6¢—d).

TEM images aid in the understanding of spectral curves. TEM re-
veals electron-dense (and possibly light-absorbing) points and char-
acteristic only in the vacuoles of plants containing AnC (Fig. 6).
Therefore, it is evident that different elements (pigments and structure)
must be integrated in order to understand spectral leaf properties
(Falcioni et al., 2017; Féret et al., 2017; Fourty et al., 1996; Hatier and
Gould, 2007; Kume, 2018; Moriwaki et al., 2019; Vogelmann, 1993;
Xiao et al., 2016). Thus, for the understanding of in vivo responses, the
inclusion of different spectral and anatomical analysis methods are
relevant (Xiao et al., 2016).
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Output from the DISCRIM analysis using selected reflectance, transmittance and absorbance data wavelengths, indicating the error percentage and acceptance based
on the model estimated using 70 % of data selected randomly among species. Green is the highest accept value and red, the highest error % from discriminating

between species by model. FQ = frequency and ST = estimate.

Measurements Species Simulations A B C D E F Total
M maximus FQ 50 2 4 0 1 0 57
' ST 87.72| 3.51 0 [ 175 ] 0 | 100
B purpi i FQ 1 59 0 1 2 0 63
ST 159 19365 o | 159 JENEM o | 100
Philodendron FQ 1 0 57 0 0 0 58
sp. ST ) 0 98.28 0 0 0 100
. FQ 0 4 0 64 4 2 74
Reflectance T. pallida ST 0 4 0 |8649 m2—7 100
C. fruticosa FQ 0 0 0 47 0 51
{black: ST 0 o | o |9216| o | 100
mystique)
C. fruticosa FQ 0 0 0 0 1 67 68
(florida-red) ST 0 0 0 0 el 9853 | 100
Total - - - - - - - 371
M masimus FQ 53 0 6 0 0 0 59
' ST 8983 o 0 0 0 | 100
P. purpureum FQ 0 | 6l 0 0 4 1 66
ST 0 |9242] o o I 152 | 100
Philodendron FQ 10 0 65 0 1 0 76
sp. ST 0 |8553] o [132] 0 | 100
. ; FQ 0 0 1 64 0 0 65
Transmittance | T. pallida ST 0 0 98461 o 0 100
C. fruticosa FQ 0 3 0 0 45 7 55
{blcle ST 0 4 0 100
mystique)
C. fruticosa FQ 0 2 0 69
(florida-red) ST 0 0 100
Total - - 390
_ FQ 58 78
M. maximus ST 74.36 100
FQ 2 57
P. purpureum ST 3.51 100
Philodendron FQ 0 78
sp. ST 0 100
. FQ 0 56
Absorbance T. pallida FQ 0 100
C. fruticosa ST 0 55
(black-
mystique) FQ 0 100
C. fruticosa ST 1 62
(florida-red) FQ 1.61 100
Total - - 386

4.3. Spectral signature deconvolution

The plant spectra of the screened pigments are also greatly influ-
enced by scattering (multiple internal reflection/refraction), which
arises from the complex morphology of plant cell tissues and causes
considerable increases in the effective radiation absorption within plant
tissues (Butler and Norris, 1960; Solovchenko, 2010; Vogelmann,
1993). Thus, light absorbed by pigment molecules convert the lowest-
energy (ground) state to an excited state. This event should occur, if and
only if, the light diffuses throughout the leaf profile and undergoes
numerous internal scattering until reaching the target molecule (Sun
et al., 1998; Xiao et al., 2016). On the other hand, this energy can be
readily reflected or transmitted if this transfer is not favorable
(Brodersen and Vogelmann, 2010; Gates et al., 1965). The ability to
identify specific electromagnetic spectrum bands is manifested as a
result of this exchange (Gates et al., 1965; Nanni et al., 2018). Thus,
spectra deconvolution becomes a powerful tool in predicting foliar
pigment concentrations (Fig. 10 and S3), but also in species
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characterization and identification (Fig. 9, Tables 1 and 2) (Féret et al.,
2017, 2008; Sims and Gamon, 2002), in particular, for plants displaying
similar pigment contents (Chl, Car, AnC, Flv and PhC) (Figs. 2 and 3) or
strong overlap of some spectral bands (Fig. 7). The applied multivariate
approach enables the separation/quantification that univariate analyses
are unable to promote, possibly by inter-correlation variable structure.

Species identification and pigment content estimation was more
accurate when using absorbance data (Fig. 10) compared to reflectance
data (Fig. S4). High resolution sensors are able to generate enough
accurate data that allows for distinction between substances that absorb
in the same spectral region through a PLSR analysis. It is noteworthy
that absorbed light data are, in a way, "unbiased" from the effects
promoted by the epidermis and anatomical and ultrastructural aspects,
as well as leaf thickness. Thus, this technique applying multiple coupled
sensors allows for the development os more accurate models. For ex-
ample, the obtained predictability for PhC was above 99 % (R*C =
0.996 and RMSEP = 0.001) (Fig. 10j), and the ability to distinguish
chlorophyll effects within the interferences promoted by AnC and Flv
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was also observed, in addition to allowing for near-zero estimation of the vegetation indices calibrated for green leaves and not for purple
extra-chloroplastidic pigments in non-accumulating species. In the leaves. We highlight that flavonoids and anthocyanins accumulate on
presence of high flavonoid and anthocyanin contents, chlorophyll the leaf epidermis and lead to pink or purple leaf color (Fig. 1).
content estimates were less accurate than in other studies or even using Chlorophylls are present in parenchyma cells located in internal parts
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(middle) of the leaves, as indicated in Fig. 5. The compounds are not
evenly distributed on the leaf lamina in either case.

4.4. Multivariate statistics

The results indicate that the use of spectral responses allows for the
distinction between plant species (Fig. 9, Tables 1 and 2), by PCA and
discriminant analyses. Multivariate techniques have been previously
applied to characterize and separate different species (Asner et al.,
2008; Calvino-Cancela and Martin-Herrero, 2016; Moura et al., 2016).
Using PCA analyses for the discrimination of green and red lettuces,
Moura et al. (2016) attributed 75 % of explanation to the first two
components (Moura et al., 2016). At the same time, lettuce plants with
polyphenol content variations were differentiated with explanations of
93.4 % using the first two factors (Llorach et al., 2008). Combining PCA
and LDA (linear discriminant analysis) techniques for reflectance data
aiming to classify vegetation cover in native Antarctic species, Calvifio-
Cancela and Martin-Herrero (2016) explained 99.4 % of the data var-
iation and obtained discriminant indices scores of 92 %, by analyzing of
spectral bands from UV—A to the visible spectrum (Calvifio-Cancela and
Martin-Herrero, 2016). In an unprecedented way, Gitelson et al. (2017)
and Gitelson and Solovchenko (2018), demonstrated that techniques to
estimate anthocyanin (AnC) and flavonoid (Flv) concentrations ob-
tained with transmittance data (T) in an integrating sphere spectro-
photometer (350-800 nm) obtained excellent RMSE results, with data
transformation into absorbance performed by applying (AnC) [A=-In
(D)]. T and R measurements using integrating spheres are not si-
multaneously, and if a sample positioning is not perfect, only a few
millimeters from a reflecting surface, a fraction of the transmitted light
fails to strike the integrating surface, causing a considerable chance of
error (Merzlyak et al., 2002). This problem can be easily solved by
coupling two sensors. Our data show that better results are achieved
with absorbance data (Fig. 9, Tables 1 and 2). In addition, the estimated
models were able to predict pigment concentrations (Chl, Car, AnC, Flv
and PhC) by using absorption curves. PLSR analyses using absorbance
data displayed similar or higher correlations (Fig. 9 and S4) compared
to those described in other studies (Ferri et al., 2004; Guo et al., 2018;
Llorach et al., 2008).

4.5. Absorbance spectra advantages

Acquisition of spectra by high resolution sensors and analyzed by
curve deconvolution associated to PLSR (Nanni et al., 2018) and other
multivariate analyzes (Jolliffe, 2002), derive more robust and reliable
models, as evidenced by the RMSE values and related to the use of
contiguous bands, to the detriment of the use of IR that take advantage
of specific wavelengths. The flexibility of choosing between different
spectral bands by a discriminant analysis associated to the high preci-
sion and accuracy of high-resolution spectral data allows for species
discrimination and pigment concentration estimations (Fig. S4). Al-
though reflectance spectra remain highly popular due to their quick and
remote way of obtaining agricultural monitoring (Llorach et al., 2008;
Nanni et al., 2018), and environmental (Calvino-Cancela and Martin-
Herrero, 2016) data, the real understanding of optical leaf profile ab-
sorption properties in vivo should be observed by absorbance spectra
deconvolution or directly measured at the cell level with the use of
microscopes coupled to spectroradiometers (Hatier et al., 2013; Hatier
and Gould, 2007). On the other hand, new techniques such as the si-
multaneous measurements of the adaxial and abaxial faces with spec-
troradiometers, according to the pioneering works of Falcioni et al.
(2017) and Moriwaki et al. (2019) and also employed herein (Fig. 2),
reaffirm the idea of more robust data in the understanding of the optical
leaf profile. The results presented herein open up the possibility for the
use of absorbance spectral curves, with reaches up to 100 %, obtained
by deconvolution by multivariate statistical routines (Table 2).

The current vegetation indices (da Silva Junior et al., 2017)
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obtained by means of images captured by multispectral sensors (Zhu
et al., 2017), despite providing quick monitoring and displaying ower
acquisition costs (Pan et al., 2015), may result in biased and low re-
liability models (Lebourgeois et al., 2008). One of the main reasons is
the limited resolution and quality of the sensors, associated to technical
restrictions in distinguishing subtle differences of analyzed objects. On
the other hand, hyperspectral sensors (currently 0.7-3 nm) ensure high
capacity and resolution information and data. Thus, the use of si-
multaneous hyperspectral sensors not only to monitor (Nanni et al.,
2018), differentiate (Gitelson, 2011) (Fig. 9) or predict foliar pigment
concentration but also to ensure a better understanding of the inter-
actions promoted by light throughout the leaf profile may be applied
(Figs. 7 and 8).

The reports by Blackburn (2007) and Gitelson and Solovchenko
(2018) placed the development of more accurate techniques and
methods to estimate pigment contents and to improve the under-
standing of light interaction in the leaf profile under "future" perspec-
tives. Thus, the present study advances and demonstrates a fast, accu-
rate and improved way to do this with the use of high resolution
absorbance curves as a methodological alternative to increase the ro-
bustness, comprehensiveness and scope optical leaf property studies
(Blackburn, 2007; Gitelson and Solovchenko, 2018; Huang et al., 2015;
Ling et al., 2019).

5. Conclusions

The results reported herein provide support for absorbance spectra
analysis by robust statistical tools, in order to perform accurate and
accurate inferences on optical leaf properties, understand light inter-
action in relation to different levels of foliar pigments and distinguish
the influence of cell organization and arrangement and their effective
contribution to the leaf profile in different species. In addition, the in-
clusion of anatomical data is useful in understanding the unique char-
acteristics of spectral curves in plants displaying similar foliar pigment
levels. The multivariate statistical analysis allowed not only for the
prediction and estimation of different foliar pigment levels, but also the
discrimination of different species displaying spectra overlaps. Thus,
the simultaneous measurements by the coupling of two sensors allowed
for quick, accurate and non-destructive measures of the interactions
between more significant spectral bands concerning optical leaf prop-
erties.
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Table S1 Stepwise discriminant output for selected leaf reflectance, transmittance and

absorbance wavelengths in six plant species

Wavelength

Average squared

Type analysis Step selected (mm) Partial R? | F Value canonic.al
correlation

1 546 0.984 216.830 0.197

2 603 0.984 209.590 0.391

3 528 0.976 127.890 0.585

4 525 0.944 50.540 0.773

Reflectance 5 484 0.815 12.360 0.890
6 515 0.810 11.080 0.898

7 529 0.555 3.240 0.916

8 521 0.524 2.860 0.915

9 513 0.676 5.410 0.924

10 528 0.583 3.350 0.953

1 543 0.966 108.410 0.193

2 528 0.988 290.080 0.384

3 601 0.928 44.050 0.554

Transmittance 4 521 0.870 21.440 0.708
5 513 0.882 22.330 0.797

6 507 0.812 12.130 0.813

7 533 0.631 4.440 0.888

8 520 0.510 2.500 0.903

1 542 0.975 149.760 0.195

2 530 0.986 262.060 0.391

3 604 0.970 111.590 0.582

4 529 0.950 60.250 0.771

5 541 0.659 5.810 0.797

6 562 0.600 4.200 0.849

7 419 0.617 4.180 0.853

8 487 0.737 6.710 0.857

Absorbance 9 508 0.864 14.000 0.888
10 401 0.702 4.720 0.890

11 545 0.698 4.610 0.883

12 443 0.651 3.360 0.890

13 649 0.837 8.210 0.958

14 656 0.927 20.210 0.970

15 655 0.871 9.460 0.992

16 606 0.881 8.890 0.993

17 602 0.913 10.480 0.994

18 564 0.980 38.920 0.994
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Fig. S1 Chloroplastidic (photosynthetic) and extra-chloroplastidic (mainly vacuolar)
pigment contens expressed per dry leaf weight. (a) chlorophyll a (Chla), chlorophyll b
(Chlb), chlorophylls a+b (Chl total), total carotenoids (Car), (b) anthocyanin (AnC) and
(¢) flavonoids (Flv) from six species with naturally varying pigment contents. Different

letters over dots or bars point to statistical differences among species (Duncan’s test; P

<0.05). (n=5+SE)
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Fig. S2 (a) Leaf thickness, (b) leaf parenchyma thickness, (¢) adaxial leaf epidermis, (d)
abaxial leaf epidermis from different species. Inset, adaxial thickness of hypodermis in 7.
pallida. Different letters over bars points to statistical differences among species

(Duncan’s test; P <0.05). (n=5+SE)
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Fig. S3 Leaf spectral reflectance (in vivo) from 350 to 700 nm from adaxial light source
and abaxial light source from fully expanded leaves belonging to different species. The
average ratio of abaxial to adaxial reflectances is also described. Each repetition was
produced by taking the mean measurements calculated from two different leaves from

same plant. (n=5). The standard error was omitted for clarity
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Fig. S4 Scatter-plot of models based on reflectance curves (350-700 nm) obtained from
spectroradiometer data. Relationship between leaf pigments measurements (blue dots) in
laboratory and predicted contents estimated by hyperspectral curves associated with the
PLSR technique using cross-validation (red dots). A prediction (green dots) using
independent sample coupling to calibrated models. (a-b) chlorophyll a+b (Chl a+b), (c-
d) carotenoids (Car), (e-f) anthocyanins (AnC), (g-h) flavonoids (Flv) and (i-j) phenolic
compounds (PhC). Statistical analysis for leaf pigments in (a, ¢, e, g and i) calibration
(blue points) and cross-validation (red points). (b, d, f, h and j) prediction (green points).
Determination coefficient calibration (R2¢), root mean square error calibration (RMSEC),
linear equation calibration (Y¢), determination coefficient cross-validation (R2cy), root
mean square error for cross-validation (RMSECYV), linear equation cross-calibration
(Ycv), determination coefficient prediction (R?p), root mean square error for prediction

(RMSEP), linear equation prediction (Yp). Residual prediction deviation (RPD) has been

calculated by [RPD = ], where x represents the determination coefficient (RZ).

1
V1-RZx
Regression calibration line (blue line), regression cross-validation line (red line),
regression prediction (green line) and line 1:1 (black solid line). 30 samples were used
for calibration (blue dots) and cross-validation (red dots) set of an independent 25 samples

(green dots) were used for the test set
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