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The huge amounts of biomass residues, remaining in the field after tomato fruits harvesting, can be utilized to
produce bioenergy. A multiple level approach aimed to characterize two Solanum pennellii introgression lines
(ILs), with contrasting phenotypes for plant architecture and biomass was carried out. The study of gene ex-
pression dynamics, microscopy cell traits and qualitative and quantitative cell wall chemical compounds var-
iation enabled the discovery of key genes and cell processes involved biomass accumulation and composition.
Enhanced biomass production observed in IL2-6 line is due to a more effective coordination of chloroplasts and

mitochondria energy fluxes. Microscopy analysis revealed a higher number of cells and chloroplasts in leaf
epidermis in the high biomass line whilst chemical measurements on the two lines pointed out striking differ-
ences in the cell wall composition and organization. Taken together, our findings shed light on the mechanisms
underlying the tomato biomass production and processability.

1. Introduction

The biomass derived from waste and agricultural residues re-
presents an important source of renewable energy since large scale
energy crops, used for electricity or heat production, showed to highly
impact the environment and agricultural production (Kocar and Civas,
2013; Gomez et al., 2017). Plant biomass is generated through the
process of photosynthesis in which the readily available carbon dioxide
(CO,) from the air and soil water are combined to produce carbohy-
drates, which represent the biomass “building blocks” (Mckendry,
2002). Photosynthesis takes place inside the chloroplasts and it is di-
vided in two steps, the first phase comprises light uptake and electron
transport around photosystems, the second phase is related to CO, as-
similation in Calvin-Benson Cycle. The solar energy that drives photo-
synthesis is stored in the chemical bonds of the carbohydrates and other
molecules contained in the biomass (Mckendry, 2002; Zhou et al.,
2011; Baskar et al., 2012). Sucrose transport and hydrolysis play key
regulatory roles in carbon (C) allocation and sugar signal generation
(Ruan, 2014), promoting the cell proliferation and cell wall synthesis
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and leading to increased plant growth and biomass accumulation
(Tognetti et al., 2013; Maloney et al., 2015). Although sucrose is the
major photosynthetic product, several effects on growth and metabo-
lism can be attributed to starch degradation (Fernandez et al., 2017).
Plant development and growth promotion are mediated by hor-
mones such as auxin (IAA), gibberellins (GAs), and brassinosteroids
(BRs) through a sophisticated cross regulation (Ross and Quittenden,
2016). Recent studies highlight the role of different transcription fac-
tors (TFs) families like Auxin Response Factors (ARFs), SMALL AUXIN
UP RNA (SAUR), Growth Regulating Factors (GRFs) and MAD-box in
modulating developmental processes such leaf morphogenesis, switch
from vegetative to reproductive phase and coordination of growth ac-
tivities (Kim et al., 2003; Pajoro et al., 2014; Omidbakhshfard et al.,
2015). Plant can undergo reiterative growth and continuous organo-
genesis thanks to the axillary meristems (AMs) that play a central role
in meristem initiation and exhibition of plant architecture diversity in
which members of HD-ZIP-III and MYB TF families are important reg-
ulators (Yang and Jiao, 2016). The growth is also promoted by high cell
division rate and short duration of cell cycle phases (Sablowski and
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Carnier Dornelas, 2014). The cell cycle progression is tightly regulated
by molecular components with a pivotal role of the TF E2F at the G1/S
transition, modulating the expression of genes involved in DNA re-
plication and chromatin dynamics (De Veylder et al., 2007) and the
anaphase-promoting complex (APC) triggering the transition from
metaphase to anaphase and the exit from mitosis (Inzé, 2003; Lima
et al., 2010; Wade Harper et al., 2002; Eloy et al., 2015).

The majority of energy stored in plant biomass, through the reg-
ulation of photosynthesis, C metabolism and organ allocation, is con-
tained within the dense polymers of the cell wall, consisting primarily
of carbohydrate polymers such as cellulose and hemicellulose and the
polyphenol-based lignin (Mckendry, 2002; Slavov et al., 2013) also
called lignocellulosic biomass. Many studies have shown that lig-
nocellulosic biomass holds enormous potential for sustainable produc-
tion of biofuels (Somerville et al., 2010; Sorek et al., 2014; Isikgor and
Becer, 2015). Biomass of agricultural residues can be conserved, man-
aged, and utilized to produce bioenergy (Vanholme et al., 2013; Aro,
2016; Pena-Castro et al., 2017). Among the major vegetable crops
worldwide there are few evidences for using tomato residues for biofuel
production (Ercolano et al., 2015). The phenotypic and chemical as-
sessment of a set of S. pennellii introgression lines (ILs), derived from the
cross with S. Lycopersicum cv. M82 (Eshed and Zamir, 1995), provided
useful information about tomato biomass production and its potential
use in fuel conversion (Caruso et al., 2016).

In this study, we further investigated two S. pennellii ILs (IL2-6 and
IL3-2) that greatly differed in the morphology (plant growth/archi-
tecture), physiology and also in the saccharification rate, with IL2-6 not
only having the higher production of residual biomass but also the more
efficient hydrolysis of biomass to fermentable sugars. They can be
considered nearly isogenic lines except for the contribute of S. pennellii
introgressed genomic region (IGR). A multilevel characterization, in-
cluding transcriptomic, chemical and morphological analysis allowed
us to highlight the gene regulatory network underlying pathways in-
volved in traits related to biomass production. We focused our analyses
on the photosynthesis and energy fluxes activated to sustain plant
growth. The complex cycles triggered from chloroplast supply were
investigated to understand how the leaf cell morphology, the plastid
organization and the chemical assembly of cell wall components can
affect tomato biomass production and hydrolysis.

2. Materials and methods
2.1. Plant material

The M82 variety, the tomato line IL2-6, that has the same genetic
background of M82 except for a region of 3.7 Mb of S.pennelli chro-
mosome 2 (from genome coordinates SL2.50ch02:51151577 to
SL2.50ch02:54885529), and the line IL3-2, that differs from M82 for a
region of 58.9Mb of Spennelli chromosome 3 (from
SL2.50ch03:1440138 to SL2.50ch03:60439411), were used for our
experiments. The lines were kindly provided by Dr. Dani Zamir
(Hebrew University of Jerusalem) Plants of three genotypes were grown
in open field (40.50° N, 14.15° E, 17 m a.s.l.) in 2011 and 2012 on a
sandy-loam soil field under Mediterranean climate (Peel et al., 2007). A
randomized complete block design with three replicates of 7-9 plants
each was used. Plants were transplanted on 20 and 18 April in 2011 and
2012 respectively and arranged in single rows spaced by 0.90 m from
each other with 30 cm spacing between plants along the rows, with an
areal density of 3.2m? Each year the plants were supplied with
106 kgha™' N, 32kgha~! P,05 and 160kgha ! K,0. Drip irrigation
was activated when the soil available water capacity (AWC) decreased
to 70%. Fruits were harvested at full ripening. Agronomic collected
data (fruit yield, mean fruit weight and number of fruits per plant,
residual biomass, including discarded fruits per plant) are reported in
Caruso et al. (2016). Samples of residual biomass belonging to the same
genotype were collected and pooled per replicate to conduct further
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analysis. A part was used to conduct phenotypic evaluation, the re-
maining was divided into replica aliquots and dried in an oven at 70 °C
under vacuum milled and stored in air-tight bags at —20 °C for che-
mical analysis or frozen under liquid nitrogen and then stored at
—80 °C for RNA sequencing.

2.2. Total RNA extraction and sequencing

Total RNA was extracted from leaf tissue of IL2-6, IL3-2 and M82
varieties (three biological replicates per genotype) using the Spectrum
plant total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA) and treated
with DNase [ (Sigma-Aldrich) to remove contaminant DNA. cDNA
synthesis was performed with oligo (dT) and SuperScript III Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA). All RNA samples were
quantified with NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) and RNA quality (integrity) was
assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). For the samples IL3-2 and M82 the RNA sequencing
included unstranded library preparation with TruSeq Standard mRNA
kit (Illumina, San Diego, CA, USA) followed by 50 base pair (bp) single-
end reads sequencing at Sequentia Biotech SL, Barcelona, Spain. A
single end tag sequencing strategy was chosen, in which short tags were
extracted from the ends of long DNA fragments for ultra-high-
throughput sequencing. For the sample IL2-6 the RNA was used for
indexed libraries preparation with TruSeq Stranded mRNA Kit
(Illumina), and each library was subjected to a paired-end sequencing
(2 x 100 bp) at Genomix4life, Baronissi (SA) - Italy (www.genomix4life.
com). All libraries were sequenced on the Illumina HiSeq1500 platform.

2.3. Mapping and differential expression analysis

Raw sequencing reads were subjected to a quality check in order to
obtain high quality reads. Sequence adapters were trimmed and reads
with a quality score below 25 and a length below 35 bp and with
ambiguous bases ‘N’ were removed using the preprocessing tool
Trimmomatic (Bolger et al., 2014a). Two M82 replicas failed the
quality control and were removed from the data analysis. The high
quality reads (clean reads) were aligned to S. lycopersicum cv Heinz
(version SL2.50) and S. pennellii LA0716 (Bolger et al., 2014b) reference
genome assemblies using the splice read mapper TopHat2 (Kim et al.,
2013) software (v2.0.12).

The resulting alignment files were used as input for HT-seq with
default setting (Anders et al., 2015) together with annotation (ITAG2.4
and SPENN_v2.0) files to calculate gene expression values (raw read
counts). The strand-specific assay of different RNA-Seq libraries was
specified (option —s).

The R package CQN (conditional quantile normalization) [ 36] was
used to normalize HT-seq read counts. The edgeR package (http://
www.r-project.org/) (Robinson et al., 2009) was used to identify the
differentially expressed genes (DEGs) between the two lines. Genes with
a false discovery rate (FDR) < 0.05, using Benjamini and Hochberg
(1995) method, were considered significant DEGs. Only the reliable
mapped reads, resulting from the alignment with TopHat2 (as described
above), were considered for Single Nucleotide Polymorphisms (SNPs).
The SNP and Indel positions within the aligned reads compared to the
reference genome were identified using the pileup function in SAMtools
v1.9 (Li et al., 2009). The SNPs were further filtered using a minimum
SNP quality score (QUAL), mapping quality (MQ) and genotype quality
(GQ) of 30, an allele frequency (AF) higher than 0.75 and a minimum
and maximum read depths (coverage) setted to 5 and 100, respectively
(Supplementary Fig. S1).

2.4. Pairwise orthology analysis

Orthology analysis was conducted on proteomes of tomato (S. ly-
copersicum cv Heinz ITAG2.5) and S.pennelli (SPENN_v2.0) using
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Inparanoid software with default parameters (Remm et al., 2001;
Alexeyenko et al., 2006). We used a confidence score threshold equal to
one to directly estimate orthology relationships between the identified
ortholog genomic regions.

2.5. Functional annotation of DEGs

Gene Ontology (GO) enrichment analysis of DEGs was performed
using the R package TopGO (Alexa and Rahnenfuhrer, 2018). GO
background for Solanum lycopersicum genes (SL2.50) was downloaded
from Ensemble Plant Genes release 41 (http://plants.ensembl.org, En-
sembl Genomes release 41 - September 2018), accounting for the
functional annotation of genes located on chromosomes 1-12. The
missing GO annotation for genes of “chromosome 0” was integrated
with interproscan results (November 2018) from PLAZA 4.0 dicots (Van
Bel et al., 2018), available at https://bioinformatics.psb.ugent.be/
plaza. DEGs mapping to metabolic pathway was performed by com-
bining informations from MapMan 3.0.0 tool (Thimm et al., 2004) and
Plant MetGenMAP pathways (http://bioinfo.bti.cornell.edu/cgi-bin/
MetGenMAP/home.cgi) (Joung et al., 2009).

2.6. Miscroscopy analysis

Fully expanded leaves from three replicas of the two ILs (IL2-6 and
IL3-2) were used for cell morphological measurements. From each plant
three fully-grown leaves were taken from the middle part of the stem
samples of mature leaves were fixed in 70% ethanol (for 24 h at room
temperature). Small pieces, approximately 1 cm? of each tomato line
leave were cut from the central region of the lamina close to the middle
of middle rib. Leaf samples were incorporated into elder marrow.
Sections 10 um thick were cut using a hand microtome (Eleitz Wetzlar,
Germany), mounted on glass slides before observing with a light mi-
croscope (Nikon Eclipse E800). For each IL, 10 sections of leaf tissue
were examined using 10x, 40x and 100 X objectives. Photomicrographs
of the sections were taken using a Nikon DXM 1200 digital camera
(Tokyo, Japan) with micrometric scales that were photographed and
magnified under the same optical conditions used for the sections. The
photographic documentation was used for computer image analysis,
with the basic plugins of Fiji software (http://www.fiji.sc) [46), to
evaluate the size of palisade and spongy mesophyll cells. Other mea-
surements were made on the individual chloroplasts and on the total
content inside the cells. The difference between the two lines regarding
chloroplasts and epidermal cells (palisade and spongy) characteristics
was tested by the Student's test (P-value < 0.05).

2.7. Chemical analysis of lignocellulosic biomass

Cell wall composition of IL line is reported in (Caruso et al., 2016)
and according to the same protocol cellulose and hemicellulose para-
meters have been quantified also in IL 3-2 line. Briefly, a mixture of
water, glacial acetic acid and sodium chlorite were added to dried
samples and kept at 75 °C for 3 h. The residue was oven-dried at 105 °C
for 24 h and treated with 100 mL of sodium hydroxide (4.4 mol L™ Y to
calculate holocellulose. It was washed up with warm water (200 mL),
5mL of acetic acid (2 molL™!) and 500 mL of water. Next, the residue
was oven-dried at 105 °C for 24 h and weighed, providing the cellulose
and pectin fraction. The hemi-cellulose content was calculated by
subtracting the cellulose and pectin amount from that of holocellulose.
Biomass dry powder (4 mg) was partially hydrolyzed by adding 0.5 mL
of trifluoroacetic acid (2molL™1). Vials were flushed with dry argon,
mixed and heated at 100 °C for 4h, cooled to room temperature and
dried in evaporator. The pellets were washed with 500 pL of 2-pro-
panol, vacuum dried and resuspended in 200 pL of deionised water,
filtered with 0.45um PTFE filters, and analyzed by HPAEC. Mono-
saccharides were separated and quantified by HPAEC using a Dionex
ICS-3000 with integrated amperometry detection. Chromatographic
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separation was performed on a CarboPac PA20 (3 x 150 mm) column
(Thermo) using a gradient elution. The mobile phase consisted of: so-
lution A, 100% water; solution B, 200 mM NaOH; solution C, 0.1 M
sodium hydroxide, 0.5 M sodium acetate. A flow rate of 0.5 mlmin~*
was used and the gradient was as follows: 0 min: 100% A; 5 min: 99%
A, 1% B; 15min: 99% A, 1% B; 22min: 47.5% A, 22.5% B, 30% C;
30 min: 47.5% A, 22.5% B, 30% C. The column was then washed as
follows: 30.1 min: 100% B; 37 min: 100% B; 37.1 min: 99% A, 1% B;
50 min: 100% A; 55 min: 100% A. The separated monosaccharides were
quantified by using external calibration with a mixture of nine mono-
saccharide standards at 100puM (arabinose, fucose, galactose, ga-
lacturonic acid, glucose, glucuronic acid, mannose, rhamnose, and xy-
lose) that were subjected to acid hydrolysis in parallel with the samples.
Data were processed to test the significance of component mean dif-
ference between IL2-6 and IL3-2 through a Student's t-test (P-value <
0.05).

2.8. Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from leaves of plant samples as described
previously. cDNA synthesis was performed with oligo (dT) and
SuperScript III Reverse Transcriptase (Invitrogen). Specific primers
pairs for the candidate genes (Supplementary Table S1) were designed
using Primer3 software (http://primer3.ut.ee/). Quantitative real-time
PCR (qRT-PCR) amplifications were performed on the 7900HT Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)
using the SensiFAST SYBR Hi-ROX Kit (Bioline, Taunton, MA) with a
12.5 uL total volume mixture containing 4.5 uL of cDNA as the tem-
plate. Three biological replicates and three technical replicates were
carried out for each of the selected genes. The expression levels of the
tested genes were normalized with an housekeeping gene coding for the
elongation factor 1-a (Solyc06g005060), as an internal control, and
relative gene expression was calculated with the 224 method (Livak
and Schmittgen, 2001).

3. Results
3.1. Investigation of S. pennellii introgression lines transcriptome

The RNA sequencing of two nearly isogenic tomato S. pennellii, IL2-6
and IL3-2, generated a total of ~92 million of short reads sequences
(Supplementary Table S2). In order to evaluate the effect of S. pennellii
IGRs into the S. lycopersicum background, a gene expression profiling of
the two contrasting lines for biomass traits, using SL2.5 as reference
genome, was performed. IL2-6 and IL3-2 expressed 18832 and 17547
genes respectively, 1389 were exclusively expressed in IL2-6 and 604 in
IL3-2 (Fig. 1A). More than 12926 differentially expressed genes (DEGs)
with a FDR-adjusted P-value < 0.05, were identified between the two
lines, including 7403 up-regulated genes and 5523 down-regulated
genes (Fig. 1B). IL2-6 display 68 unique DEGS while IL3-2129 ex-
clusively expressed DEGs (Supplementary Table S3).

The contribution of S. pennellii private genes to the two tomato
nearly isogenic lines was evaluated by an IGR reads mapping on S.
pennelliii (v2.0) genome coupled with a pairwise orthology analysis.
Eight genes did not show orthologues to S. lycopersicum genome in IGR
2-6 and were considered unique of S. pennellii genome. Among these,
Sopen02g034460, a proline-rich receptor-like protein kinase (PERK),
involved in plant branching was expressed at high level compared with
the others. As for as, an epimerase (Sopen02g034590) involved in
metabolic processes and a cytochrome P450 (Sopen02g034950) in-
volved in plant growth and development processes were also identified.
A higher number of S. pennelliii private genes (70/877) were found in
IGR 3-2. Among them, 68% (48/70) did not show known functions,
suggesting that further studies are needed to understand their biological
role, whereas the remaining genes do not seem to be involved in pro-
cesses related to biomass production, except for a highly expressed
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Fig. 1. Comparison of gene expression profile between IL2-6 and IL3-2. (A) Number of common and specific expressed genes in IL2-6 and IL3-2. (B) Number of
differentially expressed genes (DEGs) identified in the comparison IL2-6 vs IL3-2 (FDR < 0.05).

ribulose bisphosphate carboxylase (RUBISCO) (Sopen03g007000).

3.2. Exploration of biological processes involved in biomass production

In order to gain more insights into DEGs function, a GO terms en-
richment analysis was performed (Supplementary Tables S4 and S5 for
a complete list of enriched GO terms). GO enriched categories for up-
regulated genes, related to biomass production, included development
and photosynthesis processes as well as cell wall and carbohydrate
metabolism (Fig. 2). Upregulated genes in IL2-6 were specifically en-
riched for processes associated to cell division as well as development
and sucrose metabolism. The largest number of genes was included in
the enriched GO terms: developmental process (375 genes), mi-
tochondrion and chloroplast organization (66 and 68 genes), cell divi-
sion (100 genes) and photosynthesis (99 genes, Supplementary Table
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S4). Five GO terms related to photosynthesis were enriched in IL2-6 and
only one in IL3-2 (Fig. 2). IL3-2 also displayed overrepresented GO
terms related to cell wall metabolism and biogenesis (cellulose meta-
bolism, xylan metabolism etc) highlighting an extensive remodeling of
its cell wall components (Fig. 2 and Supplementary Table S5).

3.3. Photosynthesis and related pathway

IL2-6 showed an activation of photosynthesis thanks to the higher
number of upregulated genes in enriched GO terms related to this
process. In particular, IL2-6 displayed an enrichment of upregulated
genes involved in the light reaction and electron transport (Fig. 3A).
Eight NADH dehydrogenase genes and many genes involved in the
functioning of photosystem (PS) subunits PSI and PSII resulted upre-
gulated, while 18 genes, components of the light harvesting complex II
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Fig. 2. Gene ontology (GO) enrichment analysis. Gene Ontology (GO) enrichment analysis at Biological Process (BP) level for differentially expressed genes (DEGs)
between IL2-6 and IL3-2. IL2-6 = up regulated genes in IL2-6, IL3-2 = up regulated genes in IL3-2. The color gradient represents P-values and the differences in dot
size correlate with the number of genes belonging to a particular GO term. Only GO terms showing a P-value < 0.05 are depicted. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Molecular characterization of photosynthesis and sucrose metabolism and morphology of leaf epidermal layer. (A) Differentially expressed genes (DEGs) in
the Photosynthesis light reactions between IL2-6 and IL3-2. The colors purple and green indicate up and down regulated genes, respectively. (B) Microscopy analysis
of the pattern of palisade cells in IL2-6 (left) and IL3-2 (right). (C) Schematic view of DEGs involved in carbon partitioning and allocation in IL-2-6 vs IL3-2. The colors
purple and green indicate up and down regulated genes, respectively. (D) Gene expression on genes belonging to sucrose metabolism by qRT-PCR. The expression of
invertasel (INV1), Fructokinase 1 (FRK1), Fructokinase 3 (FRK3) and Acid invertase (AI) was measured by RNAseq (green bars) and qRT-PCR (yellow bars). The
statistically significant differential gene expression was tested by the Student's t-test and likelihood ratio test (LRT) for qRT-PRC and RNA-Seq, respectively. The
asterisks show the statistical significances (*: P-value < 0.05). Log, Fold Change: log, fold-change in gene expression between IL2-6 and IL3-2. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

(LHCII), were downregulated. It is worth to note that IL2-6 exclusively
expressed three genes of the photosystem II (Solyc01g007510, So-
lyc02g071030, Solyc01g102770) and a gene of photosystem I (So-
lyc05g056070) whilst IL3-2 exclusively expressed the ATP synthase
(Solyc07g021380, Solyc12g006210, Supplemental Table S3). The per
cell number of chloroplasts in the two tomato lines was almost similar,
but they varied their size, with a chloroplast average area of
15.70 = 3.42um? and 11.55 = 2.27 um? in IL2-6 and IL-32, respec-
tively (Supplementary Table S6). Moreover, in IL2-6 the number of
palisade chloroplasts for surface was almost double than in IL3-2 thanks
to an higher number of cells for linear surface (12.57) compared to IL3-
2 (7.29), at P-value < 0.01 (Fig. 3B, see also Supplementary Table S6).

In IL2-6 there was also an enrichment of genes associated to sucrose
metabolic process (GO:0005985) including, among the others, three
sucrose phosphate synthases (SPS, Solyc07g007790, Solyc08g042000,
Solyc11g045110) and one sucrose phosphate phosphatase (SPP,
Solyc10g081660, Fig. 3C). IL2-6 was also enriched in genes involved in
ADP (G0:0015866) and ATP transport (GO:0015867) mainly inclusive
of mitochondrial ADP/ATP carrier proteins as well as genes involved in
starch metabolism (Fig. 2 and Supplementary Table S4). In the pathway
of starch degradation four beta amylases were exclusively upregulated
in IL2-6 and a higher number of alpha amylase (six) resulted activated
in IL2-6 compared to IL3-2 (one). The gene expression of some key
genes belonging to sucrose metabolism was also evaluated by qRT-PCR
(Fig. 3D).
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3.4. Cell cycle and developmental processes

IL2-6 showed the activation of auxin (indole-3-acetic acid, IAA)
metabolism as suggested by the high number of upregulated genes in-
volved in its synthesis (Supplementary Fig. S2) and signaling such as
auxin regulated genes (12), including Auxin Response Factors family
(ARFs) and Auxin Regulated gene involved in organ size (ARGOS, So-
lyc12g096570). Among the genes exclusively expressed in IL2-6 there
were also six hormonal signal effectors belonging to SAUR and SAUR-
like family proteins (Supplementary Table S3). On the other hand, IL3-2
showed a higher total number of upregulated genes associated to Aux/
IAA family, suggesting that the auxin synthesis in the two lines starts
from different substrates and follows separate routes modulated by
specific regulators. Interesting DEGs related to gibberellin (i.e. So-
lyc03g006880), brassinosteroid metabolism (i.e. Solyc02g089160) and
to meristem activity (i.e. Solyc12g020120, Solyc11g069470 and So-
lyc09g008250) were also found as well in the processes of the floral
transition and flower formation (Supplementary Table S7).

The cell division resulted highly activated and cell cycle duration
was shortened in IL2-6. An enrichment of the GO term “cell division”
(including 100 genes) as well as in GO terms involved in the positive
regulation of the cell cycle arrest and mitosis was observed in IL2-6.
Fig. 4 describes the distribution of genes in enriched terms along the
cell cycle phases. Among the genes exclusively expressed in IL2-6 there
were a peptidyl-prolyl cis-trans isomerase (Solyc01g111170) related to
cell cycle, and a regulator of chromosome condensation
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(Solyc08g066570) related to cell division (Supplemental Table S3). IL2-
6 exclusively upregulated four members of the E2F family and six APC
genes, including the APC 10 (Solyc02g062680, Supplementary Table
S7). By contrast, the GO terms “G1/S transition of mitotic cell cycle”
and “spindle pole body organization” resulted enriched in IL3-2. In
addition, three genes DA1 and one gene BIG BROTHER (BB) were si-
multaneously downregulated in IL3-2 (Supplemental Table S7). Inter-
estingly, the number and the size of epidermal cells differed between
the two lines. IL2-6 showed an higher number of cells for linear surface
compared to IL3.2 (see above paragraph). The palisade cells in IL2-6
showed an average area of 277.50 * 59.16 um?, while in the IL3-2 the
average area corresponded to 493.45 * 59.17 um? (Supplementary
Table S6). In addition, IL2-6 palisade cells had a typical cylindrical
shape while IL3-2 cells had almost equal length and width (Fig. 3B).

3.5. Cell wall metabolism

Both primary and secondary cell wall synthesis and catabolism re-
sulted triggered in IL3-2 with a high number of upregulated genes re-
lated to cellulose metabolism, including 20 genes involved in its bio-
synthesis (Cellulose synthase, COBRA-like protein, Alpha-1 4-glucan
protein synthase) and 12 genes in its catabolism (Endoglucanase, Endo-
beta-1 4-D-glucanase) producing in the end a moderate level of cellu-
lose content (Supplementary Table S5 and Supplementary Fig. S3). By
contrast, only the cellulose synthesis resulted activated in IL2-6
(Supplementary Fig. S3). In addition, the phenylpropanoid metabolism
(lignin metabolism) resulted extremely challenged in IL2-6 (Fig. 5A). In
particular, the phenylpropanoid synthesis showed an upregulation of
genes located upstream to the formation of monolignols units (4-cou-
marate:CoA ligase, 4CL and p-hydroxycinnamoyltransferase, HCT) as
well as in the last step (cinnamyl alcohol dehydrogenase, CAD).
Moreover, many R2R3 TFs, known to be regulators of phenylpropanoid
genes, resulted upregulated and an elevated lignin content was dis-
played in IL2-6 (Fig. 5B). Clear differences between the two lines were
also observed in the hemicellulose and xylan metabolism, highlighting
the general downregulation of hemicelluloses modifying enzymes such
as Xyloglucan Endotransglycosylase/Hydrolase (XTH), xylosidase (XL),
a-galactosidase (AGL), B-galactosidase (LAC), fucosidase (AFC), man-
nosidase (MND), xylanase (XLN) and related proteins such as expansins
in IL2-6 (Fig. 5C). In the pathway of UDP-D-glucuronate biosynthesis
(using as substrate the myo-inositol) four genes (Solyc02g093440,
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Solyc10g005400, Solyc12g008650, Solyc04g058070) were down-
regulated in IL2-6 leading to an increased content of D-glucuronate, a
component of the hemicelluloses that was present at higher levels in
IL2-6 (Fig. 5B and D). Indeed, important difference in hemicelluloses
compounds abundance, such as fucose, galacturonic acid, glucose,
glucuronic acid and mannose were pointed up (Fig. 5B).

4. Discussion
4.1. Differences in residual biomass production

Our study revealed that IL2-6 line has a more efficient biomass
production thanks to a more effective coordination of chloroplasts and
mitochondria energy fluxes to sustain growth. A higher rate of photo-
synthesis was observed and confirmed by the extensive activation of
genes involved in photosynthesis light reactions and in the Calvin cycle
and by a higher number of chloroplasts in palisade parenchyma cells
detected per unit surface area. The elevated C supply obtained from
chloroplasts provides abundant substrates for the subsequent C fixation
and transformation.

4.2. Acceleration of photosynthesis process

A growing body of experimental evidences showed that increasing
level of photosynthetic enzymes enhances photosynthesis and plant
biomass production (Miyagawa et al., 2001; Lefebvre, 2005; Raines,
2006, 2011; Rosenthal et al., 2011; Uematsu et al., 2012; Simkin et al.,
2015, 2017a; Driever et al., 2017). The boost of photosynthetic process
in IL2-6 results in a higher supply of ATP and NADPH to reductive
Calvin-Benson-Bassham (CBB) cycle to activate ribulose-1,5-bispho-
sphate carboxylase/oxygenase (RuBP) regeneration. In addition, the
cytochrome b6/f complex in IL2-6, thanks to Rieske FeS protein (So-
lyc07g008310), promotes the CO, assimilation and plant growth
(Yamori et al., 2016; Simkin et al., 2017b; Lima et al., 2017). Fur-
thermore, Solyc04g051610, a Violaxanthin de-epoxidase-related pro-
tein (VDE), and Solyc02g090890, a zeaxanthin epoxidase (ZEP), in IL2-
6 may accelerate the xanthophyll cycle IL2-6 and the non-photo-
chemical quenching (NPQ) relaxation (decline) on the transfer of leaves
from light to shade leading to a faster restoration of the maximum ef-
ficiency of CO, assimilation (Kromdijk et al., 2016). The sucrose on the
other hand will be able to drive the cell proliferation and cell wall
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synthesis promoting the building of different plant structures. The
pathway of sucrose synthesis in IL2-6 is triggered through the upre-
gulation of SPS and SPP that are known to increase plant growth and
biomass accumulation in several plants (Maloney et al., 2015; Lima
et al., 2017; Foyer and Ferrario, 1994; Laporte et al., 1997). The acti-
vation of mitochondrial genes transporting ATP, observed in IL.2-6, not
only supports the sucrose synthesis in the cytosol but also important
functions, such as protein and cell wall synthesis. The high content of
ATP and of energy molecule “sucrose” in turn may trigger the cell di-
vision and activate key genes involved in hormone and cell wall me-
tabolism. The IL2-6 increased expression level of genes involved in
starch degradation in light conditions suggests also a potential
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improvement of C use efficiency of this line. Remobilization of fixed C
from starch reserves in the light would allow more of the available light
energy (i.e. ATP and reducing power) to be used for biosynthesis of
amino acids and other structural precursors required for growth (9).
Indeed, a very robust negative correlation between starch content and
biomass accumulation was revealed in Arabidopsis (Sulpice et al., 2009,
2010; Stitt and Zeeman, 2012).

4.3. Extension of vegetative phase and promotion of cell division activity

Prolonged vegetative meristem activity with concomitant increase
in biomass yield was observed in several plants overexpressing



D. D'Esposito, et al.

flowering-time genes (Demura and Ye, 2010; Salehi et al., 2005). In-
deed, the activation of the flowering promoting factor-likel (So-
lyc01g066980), early flowering 3 (Solyc06g062480, Solyc11g070100,
Solyc12g095900) as well as of the flowering locus T1 (So-
lyc11g008650), C-like MADS-box protein (Solyc12g087810) and em-
bryo flowering 1-like protein (Solyc11g071250) in IL2-6, supported the
very late maturing performance and the excellent leaf coverage ob-
served in field trials (Caruso et al., 2016). The IL2-6 line also showed
the overexpression of ARGOS (Solyc12g096570) and Solyc03g006880,
a gibberellin 20-oxidase-1 (Eriksson et al., 2000; Jeon et al., 2016;
Voorend et al., 2016), suggesting that the growing period is extended
by delaying the flowering time to give rise to larger plant and organ size
(Hu et al., 2003). It is worth to note that in IL2-6 it was also observed
the upregulation of Solyc12g009840, ortholog to AVP1 (Arabidopsis
Vacuolar Pyrophosphatase 1, AT1G15690.1), a pyrophosphate-en-
ergized proton pump enzyme that maintains vacuolar turgor (Rojas
et al., 2010), involved in the cell number increasing and subsequently
in the size of leaves (Li et al., 2005; Lv et al., 2008; Gonzalez et al.,
2010; S Khadilkar et al., 2016). Indeed, the field residual biomass and
leaf expansion of IL 2-6 showed values ten times higher than IL 3-2
(Caruso et al., 2016).

The IL2-6 plant branching enhancement may be mediated by the
overexpression of the DWARF gene Solyc02g089160, encoding a cy-
tochrome P450, promoting a slender and compact plant architecture (Li
et al., 2016). The activation of TFs belonging to GRF 1, 3 and 5 (So-
lyc04g077510, Solyc01g091540, Solyc08g075950, Solyc12g096070,
Solyc08g005430) could result in the promotion of leaves growth (Kim
et al., 2003; Rojas et al., 2010; Horiguchi et al., 2005), while the over-
expression of REVOLUTA (Solyc12g020120 and Solyc11g069470) HD-
zip III TFs and the MYB TF Blind gene (Solyc09g008250) may be in-
volved in lateral meristems branching (Schmitz et al., 2002), supporting
AMs organogenesis. In addition, a previous study pointed out that
knock out (KO) of PERK gene family to which Sopen02g034460 be-
longs, promoted losses of apical dominance, increasing branching
(Haffani et al., 2006).

The enlarged size and the higher number of palisade cells observed
in IL2-6 could be related to the upregulation of the gene APC10
(Solyc02g062680) known to be a master regulator of cell division and
increase of leaf size (Eloy et al., 2011; Lima et al., 2013) and of E2F
genes, key cell cycle regulators, involved in plant growth promoting
(Abraham and del Pozo, 2012). By contrast, in IL3-2 the enrichment in
mitotic cell cycle regulation coupled with the upregulation of genes
coding for the ubiquitin receptor DAl (Solyc01g105180, So-
lyc04g079840, Solyc01g105210) and E3 ligase “BIG BROTHER” (BB,
Solyc11g062260) can restrict the cell proliferation limiting the organ
size (Disch et al., 2006; Li et al., 2008). The different epidermal cell
morphology between the two lines can in turn also explain the variation
in photosynthetic genes expression. In tomato ILs, leaf morphological
traits showed to be correlated with expression of developmental and
photosynthetic genes (Chitwood et al., 2013).

4.4. Effect of lignocellulosic biomass composition on saccharification rate

The different composition and organization of cell wall poly-
saccharides of IL lines affects biomass quality and hydrolysis of fer-
mentable sugars. The activation of both cellulose synthesis and cata-
bolism in IL3-2 resulted in limited amount of this polysaccharide, whilst
the exclusive upregulation of genes involved in its synthesis found in
IL2-6 increased the cellulose content and improved the saccharification
rate (Caruso et al., 2016).

The lignin biosynthesis, and in particular the key conversion cata-
lized by 4-coumarate:CoA ligase (4CL) of p-coumaric and caffeic acids
to their thioester form during monolignol biosynthesis (Saballos et al.,
2012), resulted greatly shifted in IL2-6. The upregulation of p-hydro-
xycinnamoyltransferase (HCT) observed in IL2-6 could explain the
production of plants with higher lignin levels and altered lignin
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composition, thanks to the increase in syringyl aromatic (S) and
Guaiacyl (G) units and a decrease in p-hydroxyphenyl (H) units (Shadle
et al., 2007). The G and the S unit ratio determine the type and number
of crosslinks, as well as the reactivity of the lignin (Kacik et al., 2012).
The higher number of S units found in IL2-6 have a positive effect on
the saccharification rate, since S units form C-C bonds and tend to form
more linear chains and more B-f resin structures (Sorek et al., 2014;
Cesarino et al., 2012).

By contrast, the elevated xylan content and the structure of hemi-
celluloses in IL3-2 resulted strongly modulated by the overexpression of
transcripts involved in xylan acetylation and belonging to trichome
birefringence-like  (TBL) family such as Solyc12g014200,
Solyc09g015350, Solyc09g007420 (Marriott et al., 2016) and So-
lyc02g093090, orthologous to Arabidopsis irregular xylem (irx) genes.
The xylan abundance in IL3-2 could strengthen the cell wall making it
less accessible to the enzymatic treatments in comparison to IL2-6. The
content and composition of hemicellulose affects possible cross-links
between hemicelluloses with cellulose and lignin, defining the cell-wall
architecture and resistance to hydrolysis and degradability (Tavares
et al., 2015). The acetyl groups block the access of hydrolytic enzymes
to glycosidic linkages through steric hindrance (Biely et al., 1986). Irx
mutants showed a reduced glucuronoxylan (GX) content in secondary
cell walls and a significant increase in saccharification (Brown et al.,
2007, 2011; Lee et al., 2007, 2009; Pena et al., 2007; Petersen et al.,
2012). Moreover, the biomass quality and saccharification rate of IL3-2
may be negatively affected by side-chain substitution of xylan with
glucuronic acid (GlcA) and the methylation of the GlcA residues in
hemicellulose, mediated by the upregulation of glycogen like proteins
Solyc11g005760 (GUX1), Solyc11g031950 (GXM3) and So-
lyc01g103360 (GXM1) (Lee et al., 2012; Urbanowicz et al., 2012). Fi-
nally, in IL3-2 the upregulation of GHMP kinase family protein (So-
lyc02g093440) and UDP-N-acetylglucosamine-pyrophosphorylase
(Solyc04g058070) facilitated the conversion of glucuronic acid in UDP-
glucuronic acid whilst the upregulation of two polygalacturonases,
Solyc08g060970 and Solyc12g096730, converting respectively Diga-
lacturonate in D-Galacturonate and Poly 1,4-a-D-galacturonate in D-
galacturonate. Indeed, a clear enhanced glucuronate production was
observed in IL2-6. By contrast, the activation of three Mannan endo-1 4-
beta-mannosidases (Solyc04g080620, Solyc11g012190, So-
lyc12g013750) in IL2-6 promoted its high mannose hemicellulose
content.

5. Conclusions

In summary, this study provides a modeling of processes underlying
the biomass production and biomass quality for biofuel conversion in
Solanum lycopersicum. The plant energy balance status of tomato plant
resulted the major driver of biomass production. The transcriptomic
analysis between high and low biomass lines showed that photosynth-
esis and cell division are pivotal processes to biomass accumulation.
The molecular findings are supported by the different epidermal cell
size and morphology observed in the two lines. The cell wall archi-
tecture is affected by fiber composition and specific polimer cross-
linked organization. Our work improves knowledge on tomato biomass
production and on its potential use for bioenergy purpose.
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