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Abstract

Sucrose metabolism is important for most plants, both as the main source of carbon and via signaling mechanisms
that have been proposed for this molecule. A cleaving enzyme, invertase (INV) channels sucrose into sink metab-
olism. Although acid soluble and insoluble invertases have been largely investigated, studies on the role of neutral
invertases (A/N-INV) have lagged behind. Here, we identified a tomato A/N-INV encoding gene (NI6) co-localizing with
a previously reported quantitative trait locus (QTL) largely affecting primary carbon metabolism in tomato. Of the eight
A/N-INV genes identified in the tomato genome, NI6 mRNA is present in all organs, but its expression was higher in
sink tissues (mainly roots and fruits). A NI6-GFP fusion protein localized to the cytosol of mesophyll cells. Tomato NI6-
silenced plants showed impaired growth phenotype, delayed flowering and a dramatic reduction in fruit set. Global
gene expression and metabolite profile analyses of these plants revealed that NI6 is not only essential for sugar
metabolism, but also plays a signaling role in stress adaptation. We also identified major hubs, whose expression
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patterns were greatly affected by NI6 silencing; these hubs were within the signaling cascade that coordinates carbo-
hydrate metabolism with growth and development in tomato.

Keywords: Carbon partitioning, cytosolic invertase, signaling, sucrose metabolism, tomato.

Introduction

The coordinated regulation of source-sink relationships is es-
sential for normal plant growth and development. The pro-
duction and distribution of plant biomass is limited by the
capacity of carbon fixation and by the regulation of assimi-
late partitioning. Sugars are not only respiratory substrates, but
also act as signal molecules in plant development and energy
balance (Rolland et al., 2002). As a major transport form of
sugar, sucrose (Suc) is translocated from source to sink tissues
through the phloem and cleaved for its utilization in sink tis-
sues (Kuhn ef al., 1999). In plants, Suc utilization is initiated by
degradation, either catalysed by sucrose synthase (SUSY; EC
2.4.1.13) or invertases (INV; EC 3.2.1.26). SUSY is located
in the cytoplasm and cleaves sucrose reversibly into fructose
and UDP-glucose. Invertases exist in several isoforms which
exhibit different sub-cellular locations and biochemical prop-
erties (Tymowska-Lalanne and Kreis, 1998; Sturm, 1999), and
cleave Suc irreversibly to yield glucose and fructose. Vacuolar
and cell wall INV (Acid-INV; B-fructofuranosidases of the
glycoside hydrolase family 32, Lammens et al., 2009) share
some properties, such as their optimum pH (between 4.5 and
5.0) and the K, values for sucrose which range from 5 mM
to 12 mM, displaying maximal activity at 45 °C (Goetz et al.,
1999). Plants additionally possess alkaline/neutral INVs (A/N-
INV), grouped in the glycoside family 100 (Lammens et al.,
2009), with optimal pH in the range of 6.5-8.0 (Tymowska-
Lalanne and Kreis, 1998; Sturm, 1999). In contrast to acid
invertases, A/N-INV are not glycosylated and do not belong
to the P-fructofuranosidase family since they hydrolyse su-
crose but no other B-fructose containing sugars (Walker et al.,
1997; Sturm, 1999; Sturm and Tang, 1999;Vargas et al., 2003).
A/N-INV are located mainly in the cytosol, yet some isoforms
are targeted to sub-cellular compartments such as chloroplasts,
mitochondria and the nucleus (Murayama and Handa, 2007;
Szarka ef al., 2008;Vargas et al., 2008).

In Arabidopsis thaliana, six and five INV-encoding loci have
been functionally characterized as A- and A/N-INV, respect-
ively (Supplementary Table S1). Few reports suggest that cyto-
solic A/N INV are involved in carbon distribution, cellular
differentiation and tissue development, as well as responses to
environmental stresses (Q1 et al., 2007; Jia et al., 2008; Barratt
et al.,2009;Welham et al.,2009;Yao et al.,2009). R everse genetic
experiments using Arabidopsis knockout mutants suggest that
the chloroplast-located isoform At-A/N-INVE is involved in
the control of carbon balance between the cytosol and plastids,
affecting starch accumulation (Vargas et al., 2008). Moreover,

another mutant allele of At-A/N-INVE led to impairment of
photosynthesis and nitrogen assimilation (Tamoi ef al., 2010).
Xiang et al. (2011) showed that mitochondrial A+-A/N INTVA
knock-out plants have a more severe growth phenotype than
those of cytosolic At-A/N-INT'G null mutants. The absence of
any of these A/N-INV was associated with a higher expres-
sion of genes encoding antioxidant enzymes, while transient
overexpression of At-A/N-INVA and At-A/N-INVG in leaf
mesophyll protoplasts down-regulated expression of the oxida-
tive stress-responsive ASCORBATE PEROXIDASE 2 (APX2)
promoter. Analysis of the Arabidopsis mutant in the mitochon-
drial A-A/N-INVC showed an impaired growth phenotype
with a severely reduced shoot growth, with root development
not being affected (Martin et al., 2013), similar to that seen in
A/N INVA knock-out plants (Xiang et al., 2011). More re-
cently, a paper published by Meng et al. (2020) demonstrated
that CINV(1/2) mediates root growth via a glucose-dependent
signaling mechanism. Reduced oxygen consumption was ob-
served in both At-A/N-INVA and At-A/N-INVC mutants,
indicating that they have dysfunctional mitochondria, and
suggesting that both isoforms play a fundamental role in the
respiratory process (Martin et al., 2013). In rice, when the
OsCyt-inv1 gene, homologous to At-A/N-INTV'G was mutated,
plants exhibited short roots, delayed flowering, and partial ster-
ility (Jia et al.,2008). Similarly, in Lotus japonicus, mutation in a
gene encoding the cytosolic neutral invertase LjINV1 lead to
severe reduction of root and shoot growth, blockage of pollen
formation and flowering impairment (Welham et al., 2009).
Alkaline invertases are also important in response to environ-
mental stresses. Vargas ef al. (2007) showed that A/N-INT ex-
pression was up-regulated in wheat leaves upon osmotic stress
or low temperature treatments. The above mentioned At-A/
N-INVG is also involved in osmotic stress-induced inhibition
of lateral root growth by controlling the amount of hexose in
cells (Qi et al., 2007).

In tomato (Solanum lycopersicum), A-INVs contribute to the
determination of important agronomical traits such as fruit
soluble solid content (Fridman et al., 2004; Qin et al., 2016),
pollen viability and seed size (Zanor et al., 2009), flower and
fruit development (Li et al., 2012), and pathogen responses
(Kocal et al., 2008). Studies on the roles of A/N-INV have
lagged behind. However, some studies suggest important
roles for these INVs in tomato: A/N-INV activity has been
previously correlated with sucrose import during early fruit
growth (Balibrea er al., 2003), and soluble sugar content in
ripe fruits (Balibrea et al., 2006). A more recent report de-
scribed the expression pattern of five A/N-INV encoding loci,
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named NI1-NI5, across tomato fruit development, and investi-
gated their control by the master transcription factor Ripening
Inhibitor (RIN; Qin et al., 2016).

Prudent et al. (2011) have reported the presence of QTLs for
sugar supply, metabolic transformation of sugars and dilution of
sugars by water uptake in fruits, overlapping a genomic region
on chromosome 4. On this same region we have previously
identified a putative A/N-INV encoding locus (Kamenetzky
et al., 2010), herein named NI6 following the nomenclature
proposed by Qin et al. (2016). NI6 knock-down transgenic
plants showed impairments in vegetative growth, flowering
and fruit set, greatly impacting on yield penalty. Transcriptome
analyses of these plants showed that NI6 is not only essential
for sugar metabolism, but also plays a role in stress adaptation
signaling. In addition, these results identify the role of the cyto-
solic invertase in the redox homeostasis of leaf metabolism, and
its impact over carbon export towards sink organs.

Materials and methods

Phylogenetic analysis

For phylogenetic analysis, the Phytozome v10.3 database (Goodstein
et al., 2012) was surveyed for Arabidopsis thaliana and Solanum lycopersicum
sequences with homology to Solyc04g081440 and Solyc06g064620 for
A- and A/N-INV, respectively. Protein sequences were aligned with the
Expresso program (Notredame ef al., 2000) using the default parameters.
Tree reconstruction was performed by the Neighbour Joining algorithm
in MEGA 6.0 (Tamura et al., 2013) with pairwise deletion and the best
substitution model found. Branches were supported by bootstrapping fol-
lowing 1000 replications.

Sub-cellular localization

The full-length cDNA of NI6 (1710 bp) was amplified by PCR using Taq
Platinum Pfx DINA polymerase (Invitrogen) and cloned into the binary
vector pK7FWG2 (Karimi et al., 2002) by recombination using LR
clonase (Invitrogen), resulting in a C-terminal green fluorescent protein
(GFP) fusion protein (pK7FWG2-NI6; Supplementary Fig. S1). In-frame
fusion and whole sequence fidelity were checked by sequencing. Primer
sequences are: F 5° CACCATGCCTAGCCCTGTGGATGTGTC 3
and R 5 ACAAGTCCAAGAAGCAGATCTTTTCATGG 3. Transient
expression via Agrobacterium tumefaciens and confocal microscopy exam-
ination were performed as previously described (De Godoy et al., 2013).

Generation of transgenic tomato plants

A specific 435 bp fragment of the NI6 coding region was amplified
by PCR (primers; F 5> TGGAAAGGCCAAGACAAGTT 3’ and R 5’
GCTGGGGACAAAATCTCTGA 3’) and cloned into the binary vector
pK7GWIWG2(I) (Karimi et al., 2002), as described by De Godoy et al.
(2013). The vector was introduced in Agrobacterium tumefaciens strain
GV2260. Seedling cotyledons of S. Ilycopersicum (‘Moneymaker’) were
used as explants to generate transgenic tomato plants with the hairpin
construct pK7GWIWG2(I)-NI6. Agrobacterium-mediated — trans-
formation was carried out as described previously (Nunes-Nesi ef al.,
2005). The presence of the transgene was confirmed by PCR with 35S
promoter-specific primers (F 5> CCCACTATCCTTCGCAAG 3’and R
5" GCAGGTCACTGGATTTTGG 3’). All the experiments were per-
formed with plants of the T1 generation.
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Plant material and growing conditions

Solanum lycopersicum plants were grown in a greenhouse under 16 h/8 h
photoperiod, 24£3 °C, 60% relative humidity and a light intensity range
of 300£100 pumol m™s™". For the NI6 expression profile experiments,
flowers were collected straight after anthesis and fruits at 10, 20, 35, 42,
and 55 DAA (days after anthesis) corresponding to fruits at cell division,
cell expansion, mature green, breaker and ripe stages, respectively. Mature
green fruits were also collected (when the maximum size was reached).
Height, width, weight and soluble solid contents (°Brix) were measured
with a caliber and refractometer (ATC, Spain), respectively. After three
months, aerial biomass was harvested, dried in an oven at 80 °C for 5
d, and weighed. The harvest index was calculated as: total fruit weight
x100/aerial fresh biomass.

Neutral invertase activity assay

Proteins from leaves of four-week old plants harvested in the middle of
the light period (between 10 a.m. and 14 p.m.) were extracted using 10X
extraction buffer (500 mM HEPES, 100 mM MgCl, 10 mM EDTA,
10 mM EGTA, 10 mM benzamidine, 10 mM €-aminocapronic acid,
and 10 M KOH to adjust pH to 7.5), 2 mM leupeptin, 500 mM DTT,
100 mM phenylmethylsulfonyl fluoride (PMSF) in isopropanol, 10%
(v/v) Triton X-100, 10X glycerol and 20 mg polyvinylpyrrolidone (PVP).
Protein concentration was determined using the protein-dye binding
method, employing bovine serum albumin as a standard (Bradford, 1976).

Neutral invertase activity was measured by incubating 8 ug of protein
at 30 °C in reaction buffer (20 mM HEPES/KOH pH 7.5, 100 mM
ultrapure sucrose) and incubating for 1 h without shaking. Tubes con-
taining boiled extracts (95 °C for 7 min) and without sucrose were used
as controls. Reactions were stopped by incubating samples at 95 °C for
5 min. Glucose was quantified as described by Stitt ef al. (1989). Between
two and eight biological replicates were made and two technical repli-
cates were performed.

Real-time analysis (QRT-PCR)

Total RNA was extracted from leaves, mature green (35 DAA), and
ripe fruits (55 DAA). RNA concentration was determined spectro-
photometrically and its integrity checked by running a non-denaturing
1.5% agarose gel. One pg of total RNA was used to synthesize the
first-strand of ¢cDNA using Molony murine leukemia virus (MMLV)
reverse transcriptase and random primers hexamers, according to the
manufacturer’s instructions (Invitrogen). The specific primers as well as
the Minimum Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) are presented in Supplementary Table S2.
Stable expression of the used reference gene (Elongation Factor 1-a,
EF10) under all experimental conditions tested here is also presented as
an inset figure in the same Supplementary Table S2.

PCR conditions were as follows: 95 °C for 5 min, 40 cycles at 95 °C
for 15 s, 60 °C for 60 s and a final extension at 72 °C for 30 s in an
Applied Biosystems Step One Plus Real Time. Data analysis and primer
efficiencies were obtained using LinRegPCR (Ramakers et al., 2003).
Statistical analysis were performed using fgStatistics (Di Rienzo et al.,
2016). Six to eight biological replicates were used with two technical
replicates.

Photosynthetic parameters

Gas exchange measurements were performed with LI-6400XT (LiCor
Inc.; Lincoln, Nebraska). Except for light intensity, the measurement
chamber conditions were chosen to be similar to those surrounding the
plant inside the greenhouse (400 pmol mol™ CO, concentration, leaf
temperature of 2310.5 °C and relative humidity set between 55-75 %),
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with the air flow set at 500 umol s™'. Photosynthetically active illumin-
ation (90% red light/10 % blue light) was provided by the LI6400-40
instrument. Before measurements begun, leaves were equilibrated in the
measurement chamber for 10 min at a light intensity 100 pmol photons
m™ s\ Once a steady state was reached, light intensity was increased to
1200 pmol photons m™ 57!, and was decreased stepwise to 1000, 800,
400, 200, 100, 50 pmol photons m?>s !, with a final recording in the dark
to compute respiration rates. Gas exchange parameters were recorded at
each light intensity only when a steady maximum was obtained (approxi-
mately 5 min).

Determination of soluble sugars and starch

Soluble carbohydrates were extracted from leaf samples of four-week old
plants taken during a time course of 24 h every 3 h or 4 h. Twenty mg
of tissue from each time point were extracted twice in 80% ethanol and
once in 50% ethanol. Thirty ul of the extract was used to determine hex-
oses and sucrose, as describe by Stitt et al. (1989). In fruits, soluble carbo-
hydrates were extracted from 100 mg of tissue, as previously described
(Carrari et al., 2006). Five independent extractions from five biological
replicates were made and two technical replicates of each biological
sample were performed.

Starch was extracted from remaining pellets after soluble carbohydrate
extraction from 100 mg and 250 mg of leaves and fruits, respectively.
The pellet was washed with 0.5 ml of 40 % ethanol and resuspended in
0.4 ml of 0.2 M KOH. After 1 h at 95 °C, 0.07 ml of 1 M acetic acid was
added. Following this, 12.5 pl of the extract was incubated at 56 °C for
45 min with 25 pl of starch assay solution 1 (Sigma-Aldrich), and 25 ul
of this sample was measured with 175 pl of glucose (HK) assay solution
2 (Sigma-Aldrich). Glucose content was measured as described by Stitt
et al. (1989). Five independent extractions from five biological replicates
were made.

Sucrose, glucose, and fructose content in flowers collected at the first
day of anthesis were analysed according to the method described by
Wilson et al. (1981) with minor modifications. Briefly, 200 mg of ma-
terial were ground in 5 ml of 80% (v/v) ethanol, followed by incubation
for 30 min at 80 °C and centrifugation at 15 000 X g for 30 min, then
repeated with 80% (v/v) ethanol. The supernatant was evaporated and
re-suspended with 3 ml double-distilled water. After filtering through
a 0.45 um microfiltration membrane, the sucrose, glucose and fructose
content in supernatants were analysed on Waters Alliance equipment
(Waters) coupled with a NH2 column (using the HPLC method).

Gas chromatography-mass spectrometry

Samples from two different experiments were analysed. Leaves, ma-
ture green fruits and ripe fruits were harvested from the same experi-
ment described above. Frozen tissues (80 mg) were extracted with
990 pl of 100 % methanol, with 20 pl of ribitol as an internal standard
(0.2 mg ml™") for data normalization. The samples were extracted for
15 min at 70 °C, mixed vigorously with 450 pl of water, centrifuged
at 2200 X ¢ and subsequently reduced to dryness under vacuum. The
residue was re-dissolved and derivatized for 120 min at 37 °C (in
60 ml of 30 mg ml"' methoxyamine hydrochloride in pyridine) fol-
lowed by a 30 min treatment at 37 °C with 120 ml of N-methyl-
N-[trimethylsilyl] trifluoroacetamide. Sample volumes of 1 ul were
then injected in split-less and split modes, using a hot needle tech-
nique. The gas chromatography—time-of-flight—mass spectrometry
(GC-tof-MS) system was composed of an AS 2000 autosampler, a
GC 6890N gas chromatographer (Agilent Technologies, USA), and
a Pegasus III time-of-flight mass spectrometer (LECO Instruments,
USA). Mass spectra were recorded at 20 scans s with a scanning range
of 70 to 600 m z”'. Both chromatograms and mass spectra were evalu-
ated using ChromaTOEF, chromatography processing and mass spectral

deconvolution software, version 3.00 (LECO Instruments, USA).
Identification and quantification of the compounds were performed
with TagFinder 4.0 (Luedemann et al., 2008) and the mass spectra
were cross referenced with those in the Golm Metabolome Database.
Four biological replicates were used for this analysis.

RNA-seq data analyses

Total RNA from leaves of four independent biological repli-
cates of each line (pools of two plants each) were extracted using
Trizol (Invitrogen). RNA quality was assessed with a Bio Analyzer
2100 (Agilent Technologies), and RINA concentration was deter-
mined with a spectrophotometer (Nanodrop ND-1000; NanoDrop
Technologies, Wilmington, DE, U.S.A.). RNA libraries were con-
structed by LC Science Company following the recommendations
in the Illumina kit (Directional mRNA-Seq Sample Preparation,
Mlumina). For sequencing, eight libraries were pooled in one lane of
a flow cell. The library products were sequenced using a HiSeq2500
sequencing system (Illumina). Cluster preparation and single-ends
read sequencing were performed according to the manufacturer’s in-
structions. Processing, mapping of RNA-sequencing reads and stat-
istical procedures for analysing the raw sequencing reads generated
for differentially expressed genes were initially processed and quality
trimmed with FastX-ToolkitV0.0.14 (http://hannonlab.cshl.edu/
fastx_toolkit/). Briefly, for primer trimming a minimum adapter align-
ment of 25 bp was used, for quality trimming we required a quality
score to keep 20 bp considering a minimum percentage of bases of
95 %, discarding sequences shorter than 30 bp. After this process, we
obtained 150 million clean reads (80% raw data) with an average of 30
million clean reads by sample with an average read length of 50-75 bp.
The remaining cleaned and high quality reads were then aligned to
the tomato genome (ftp://ftp.solgenomics.net/tomato_genome/an-
notation/ITAG2.4_release//) using Bowtie2/v.2.2.2 (Langmead and
Salzberg, 2012) allowing one segment mismatch (Trapnell et al., 2009).
Only those reads uniquely mapping to the reference data set were sub-
sequently used for analyses. All RNA-seq data were analysed and visu-
alized in R version 3.1.3 (R Core Team, 2015) with cummerRbund
package version 2.8.2 (Goff et al., 2012) using the normalized FPKM
(fragments per kilobase of transcript per million reads). Empirical
analysis of differential gene expression was done by Cufflinks v2.2.1
(Trapnell et al.,2012) using a False Discovery Rate (FDR) <5% cut-off’
and a log, fold change >1. Category enrichment analysis was per-
formed by the Mercator web application (Lohse et al., 2014).

Enzymatic activities

Desalted extracts were used to measure selected enzymes using spectro-
photometric assays. Apoplastic invertase activity was measured as described
by Baxter et al. (2005). Pyruvate kinase activity was measured as in Gibon
et al. (2004). Suc synthase (hydrolytic direction) was determined as de-
tailed by Zrenner ef al. (1995). ADP-glucose pyrophosphorylase (AGPase)
activity was measured in the pyrophosphorolysis direction with a spec-
trophotometric assay, as described previously (Tiessen et al., 2002; 2003).
AGPase activity was measured in the ADP-glucose-cleaving direction in
the absence (Vsel) or presence of dithiothreitol (Vred). The ratio between
the activities in these two assays (Vsel/Vred) is termed ‘activation state’.

Integration of metabolite and transcript data

To integrate transcriptomic and metabolic data, a Pearson rank correl-
ation was performed between 472 differentially expressed genes (DEGs)
detected in at least two transgenic lines plus those genes identified as
eingen vectors showing values above the average in a principal compo-
nent analysis (PCA) and all the metabolites detected and quantified in the
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metabolomics analysis shown in Supplementary Table S3. Pearson correl-
ations were computed using Infostat (Di Rienzo ef al., 2016). Variables
with a pair-wise association score greater than 10.84/ and P<0.01 were
selected as first criterion (462 genes and 20 metabolites). A second-level
criterion was the selection of two gene categories: gene 1 (G1); those
showing at least one connection with one metabolite and gene 2 (G2);
those connected to G1. A total of 322 and 140 genes were identified
as G1 and G2, respectively. Moreover, for the case of metabolites, those
showing at least one connection (20 metabolites; either with G1 or with
another metabolite) were included for further analyses (Supplementary
Table S4). Finally, out of this selection and to draw the relevant net-
work generated with Cytoscape Package (Shannon ef al., 2003), we chose
only those genes varying in all three transgenic lines (Supplementary
Table S5) with all their metabolite connections. The size of a node in
the network reflects its degree of connectivity and the color indicates
the functional Mapman category for each locus (represented as circles),
as detailed in Supplementary Table S6; metabolites are indicated as light-
green squares. Edge colors represent the sign of the correlation coeffi-
cients (blue=negative, red=positive).

Results
Invertase gene family in tomato

Although a recent publication gave a different ID to the
Solyc04g081440 locus previously identified by Kamenetzky
et al., (2010) (SICINO1; Pan et al., 2019), herein we desig-
nated it as NI6, following the numerical nomenclature pre-
viously proposed by Qin ef al. (2016). We thus concentrated
on the diversity of genes encoding invertases and explored the
group of INVs containing NI6. A survey in the Arabidopsis
and S. lycopersicum genomes, followed by a phylogenetic re-
construction of the protein sequences, led to the identi-
fication of 15 and 20 invertase encoding loci, respectively
(Supplementary Table S1). The phylogeny obtained from the
alignment of the 35 amino acid sequences revealed two clear
clades; one grouping A-INV and the other grouping A/N-
INV (Fig. 1A). In each clade, groups could be recognized ac-
cording to the sub-cellular localization of the proteins. Thus,
A-INV clade was divided into one group of vacuolar and
another of cell wall-localized proteins, while the A/N-INV
contained three groups, namely mitochondrial, plastidial and
cytosolic invertases.

In tomato, we found 20 genes encoding INV (Supplementary
Table S1), 12 encoding A-INV, and eight encoding A/N-INV.
This finding extended the INV catalog recently reported by
Qin et al. (2016), which published the existence of six A-INV
and five A/N-INV. Moreover, the robust tree topology allowed
us to clearly predict the sub-cellular localization of the proteins
encoded by the 20 tomato loci (Fig. 1A). NI6 was found to
belong to the A/N-INV clade, clustering within the cytosolic
invertases. This cytosolic localization was further confirmed by
confocal microscopy analysis of tobacco leaves transiently ex-
pressing the NI16::GFP fusion protein (Fig. 1B).

Interestingly, according to the data available in
TomExpress  (http://gbf.toulouse.inra.fr/tomexpress/ www/
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welcomeTomExpress.php), the six A-INV identified in tomato
seemed to be expressed in low amounts in leaves and fruits
(Supplementary Table S1). By contrast, except for the case of
the Solyc01g111100 locus, all A/N-INV genes showed de-
tectable expression (Supplementary Table S1), according to the
qPCR analyses shown in Fig. 1C for leaves and fruits. NI6 was
the most expressed A/N-INV gene in fruits at mature green
stage, while Solyc11g007270 was the locus with the highest ex-
pression in leaves and ripe fruits (Fig. 1C). Moreover, a detailed
tissue-specific qPCR profile showed that NI6 was expressed
in all tomato organs tested (leaves, stems, flowers and fruits),
with peak expression in mature green fruits (Supplementary

Table S7).

Generation and selection of NI6 knock-down plants

In order to determine the physiological role of NI6 in tomato,
we followed a RNA interference (RINAi) approach to gen-
erate constitutively silenced transgenic plants. Out of 26 inde-
pendent transgenic lines, six showed significant reductions in
A/N-INV activity in source leaf extracts (Fig. 2A), and lines
20, 26, and 30 were selected for further analysis. To demon-
strate that these reductions in activity were the consequence
of the reduction in NI6 expression, we evaluated expression
of this gene by qPCR (Fig. 2B) in six to eight plants per line,
and in three different organs: source leaves, mature green, and
ripe fruits. In all cases, NI6 expression was less than 10% in
the transgenic lines with respect to the amounts found in the
wild-type controls.

NI6 knock-down causes impairment in plant growth,
flowering, and fruit set

In order to assess the effect of the NI6 knock-down on growth
and development of tomato plants, detailed phenotypic ana-
lyses were performed. We analysed six-week old plants from
selected transgenic lines (Fig. 3A). At this stage, differences in
size between the NI6 knock-down and wild-type lines were
remarkable, and this was due to shorter internodes and a lower
growth rate. At the flowering stage, it was noteworthy that
the transgenic plants produced fewer flowers, most of which
aborted, resulting in a dramatic reduction in fruit set. Even
though there was not a large difference compared with wild
type, average weight of the mature fruits in transgenic lines de-
creased significantly (t-test; p<0.05) (Fig. 3B).

Notwithstanding the differences in plant growth observed at
the beginning of development described above, biomass accu-
mulation in the aerial vegetative tissues (leaves and stems) after
16 weeks of growth was invariant between genotypes (Fig.
3C). However, both flower abortion and the reduction in fruit
set observed in the silenced lines had a tremendous impact on
the harvest index. Finally, we observed that ripe fruits displayed
higher values of soluble solids (°Brix) relative to the wild type
(Fig. 3C).
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Fig. 1. Continued.

Metabolic alterations as a consequence of NI6
silencing

The amount of soluble carbohydrates was evaluated through

a diurnal period in source leaves from four-week old plants.

Only the leaves from line 30 showed significant increases
(t-test; p<0.05) in the contents of both glucose (Glu) and
fructose (Fru) at 12 h, 16 h and 20 h, while line 26 showed a
significant decrease in Fru content at 12 h, in contrast with
wild-type controls (Fig. 4A, B). NI6 knock-down lines ac-
cumulated more sucrose at certain points of the time course
(Fig. 4C). Starch content, measured at the middle of the light
period, decreased in lines 20 and 26 (Fig. 4D). Moreover, at
the end of the day, it was significantly reduced in lines 26
and 30. This lower starch content can be explained by the
reduced amounts of AGPase activity (in its activation state)
found in the transgenic lines (Table 1). No alterations were

detected in the activities of soluble acid invertase and su-
crose synthase (Table 1). Overall, the soluble sugar and starch
profiles reflect an altered pattern of carbon distribution in
the transgenic plants.

In order to gain a deeper understanding of the metabolic
basis related to changes in major sugars and in the above de-
scribed differences in growth and development of the NI6 si-
lenced plants, we next determined metabolite concentrations
in source leaves harvested at the middle of the light period.
We applied an established gas chromatography-mass spectrom-
etry (GC-MS)-based metabolite profiling method (Roessner-
Tunali ef al.,2004). Source leaves from four-week old transgenic
lines were characterized by increases in the amounts of
saccharate, quinate, asparagine, phosphorate, glucose, fructose,
yY-aminobutyric acid (GABA), and glycine, and reductions in
dehydroascorbate, pyroglutamate, phenylalanine, valine, serine,
and tyramine (Supplementary Table S3). Principal component
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Fig. 2. Analyses of NI6 silenced lines. (A) Screening of transgenic lines by A/N-INV activity measurements in source leaves from eight plants per
genotype. (B) NI6 expression in source leaves, mature green, and ripe fruits from the selected lines in (A) quantified by gRT-PCR. Bars indicate means
+SE from six to eight plants per genotype. * denote statistically significant differences compared with the wild type controls (t-test; P<0.05). Due to the
fruit impairment of the transgenic lines, NI6 expression was not assayed in mature green fruits from line 30.

analysis of these data explained about 40% of the variance and
even when the replicates from the transgenic lines scattered
over the two first components, they were separated from the
wild-type ones (Fig. 4E). In summary, these analyses showed
that NI6 silencing not only affected the amounts of major
sugars and the pool of most of amino acids, but also modified
the cellular redox status.

Considering the high flower abortion rate, we next meas-
ured soluble sugar content in this organ (at first day of an-
thesis). This analysis showed that Suc content was significantly
(t-test; p<0.05) reduced in the flowers of the transgenic lines
(as well as Fru amounts in one of the transgenic lines; Table 2).

NIB silenced plants display penalty in photosynthesis

The effect of NI6 silencing on foliar gas exchange param-
eters was evaluated at different photon flux densities (PFD) in
four-week old plants (Supplementary Table S8). Lower rates of
CO, assimilation and stomatal conductance were observed for
lines 20 and 30 at 800 and 1200 pmol photons m™ s, while
no significant differences were seen in the transpiration rate
compared with the wild types. This mild reduction of photo-
synthesis can be explained by a repression effect exerted by

the increased amounts of glucose in the leaf of the transgenic
plants (Jang et al., 1997).

Global gene expression analysis in leaves from NI6
silenced plants

In order to better understand the molecular mechanisms
underneath the growth, developmental and metabolic al-
terations identified in NI6 knock-down plants, we profiled
the expression of source leaves from four-week old plants
in an RNA-seq experiment. A total of 19 937 loci were
detected in both replicates for at least one of the geno-
types (Supplementary Table S9). Principal component ana-
lysis of this set of data was able to clearly separate the wild
type control plants from the transgenic ones in the two
first dimensions, which encompassed 46% of the total vari-
ance at the transcript level (Fig. 5A). The number of dif-
ferentially expressed genes (DEGs) compared with the
wild type controls were common to the three transgenic
lines analysed (Fig. 5B). Twenty seven and 67 genes were
down- and up-regulated respectively, as a consequence of
NI6 silencing (Supplementary Table S5). Although these 94
common DEGs belong to a number of MapMan categories
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Fig. 3. Phenotypic characterization of the NI6 knock-down plants. (A) Images of six-week old plants (in vegetative stage) and their corresponding
flowers. (B) Flower appearance and fruit set along plant development and average weight of the fruits at harvest time. (C) Dried matter accumulation in
leaves and stems of 16 week-old plants. Harvest index calculated as total fruit weight x 100/aerial biomass in plants of eight to 10 weeks. Soluble solid
content (°Brix) was measured in ripe fruits. Rate of fruit abortion was calculated as a percentage. Bars indicate means +SE from five individuals of each
line. * denotes statistically significant differences compared with the wild type (t-test; P<0.05).
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(Urbanczyk-Wochniak et al., 2006; Fig. 5C), only the fol-
lowing categories were found to be over-represented when
a contingency test (P<0.01) was applied: signaling (30), pro-
tein (29) and RNA (27). Intriguingly, protein degradation-
associated genes (10 out of 23 up-regulated genes) and
genes encoding receptor-like kinases were highly abundant,

Fruit abortion incidence (%)

Fig. 3. Continued.
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totaling 17 out of the 94 DEGs. Of note is the up-regulation
of the gene encoding extracellular invertase LIN6 . This
locus showed two to four-fold fold change (FDR<0.01) in
the leaves of the transgenic lines.

Opverall, the comparative analysis of the transcript profiles
supports a pivotal role of NI6 in linking sugar metabolism with

220z |udy g uo Jesn elwouolby ap oed OvY Aq 985/ +09/525¢/./2/2191e/qx[/wod dnoolwepese//:sdiy woly papeojumo(



—-a=-20

—— Wit

ey
N

=
o

Glucose (pmol.gFW1)
o

16 -

14

12. T

Fructose (pmol.gFW-)
=
=)

25

20

15 F

10

Sucrose (pmol.gFW-!)

-|-26 -o 30

NI6 controls development and yield in tomato | 2535

O

Starch (pmol.gFwW1)
O B N WA U O N ®

PC 2 (16.8%)

12 h "

l 12

10

*
*
6
4
L 2
1 L L )
20 26 30

20 h

wt

Genotypes

6,00

3,00

0,00 [ .

-3,00f -

-6,00

I *
*
20 26 30

-6,00 -3,00

0,00

3,00 6,00

PC 1 (22.4%)
[Owr A20 W2 @30 |

8 12 16 20 23
Time (h)

Fig. 4. Metabolic alterations of NI6 silenced plants. Diurnal time course of glucose (A), fructose (B), and sucrose (C) in leaves collected from four-week
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Principal Component Analyses of primary metabolites measured by GC-MS in source leaves collected from the same plants at the middle of the light
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Table 1. Enzymes activities in leaves of the NI6 silenced lines.

Enzymatic activity WT 20 26

AGPase + PGA (nmol min™' g™ FW) 678.65+10.53 431.67+7.34 528.37+11.36
AGPase - PGA (nmol min™ g™ FW) 466.27+8.44 321.36+12.48 398.29+14.12
AGPase activation state (Vsel/Vred) 0.78+0.06 0.58+0.1 0.64+0.04
Soluble acid invertase (nmol min™ g™ FW) 1.76+0.09 1.84+0.06 1.69+0.08
Neutral invertase (umol min™ g™ FW) 5.65+0.06 3.67+0.09 3.76x0.13
Sucrose synthase (nmol min™ g FW) 35.78+2.89 37.63+2.78 32.11+2.54

Data represent means of five replicates +SE.
P<0.05).

Numbers in bold indicate statistically significant differences in comparison to the wild type line (t-test;
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Table 2. Soluble sugar content in flowers (first day of anthesis) of
the NI6 silenced lines.

WT 20 26
Sucrose (Mg g™' FW) 6.4+0.4 4.3x0.6* 5.3x0.5*
Glucose (mg g™ FW) 2.4+0.3 2.0+0.2 2.5+0.3
Fructose (mg g FW) 2.9+0.3 2.0+0.2* 2.4+0.3

Data represent means of five replicates +SE. Numbers in bold and
asterisks indicate statistically significant differences in comparison to the
wild type line (t-test; P<0.05).

cellular processes such as kinase signaling pathways and RNA
and protein metabolism.

Integrated analyses of gene expression and metabolite
profiling in leaves from NI6 silenced plants

For the purpose of a transcript-metabolite integration analysis,
Pearson rank correlations were evaluated. After applying a very
stringent selection (Material and Methods; Supplementary
Table S4), 800 edges (111 gene-metabolite; 676 gene-gene; 13
metabolite-metabolite) involving 112 nodes (92 genes and 20
metabolites) were identified (Fig. 6). The proportion of genes
connecting metabolites (G1) was higher than those connecting
other genes (G2). This was true either for the entire set of
correlations (322 G1 versus 140 G2) or for the selected net-
work shown in Fig. 6 (57 G1 versus 35 G2). In this, NI6 is
connected with eight genes but with no metabolite. Four of
these genes encode signaling proteins such as integrin kin-
ases (G22 and G198) and another two types of kinase proteins
(G445 and G448). Interestingly, the gene encoding extracel-
lular invertase LING6 (neither G1 nor G2) showed 104 con-
nections with genes of the above-mentioned overrepresented
categories: protein degradation-associated and receptor-like
kinases (Supplementary Table S4).

Based on the type of connections it was possible to differ-
entiate two main clusters, S and B, including 40 and 53 genes,
respectively. These two clusters are connected to each other
by negative correlations and were identified depending on
the metabolite(s) they were linked to. Two groups of metabol-
ites/hubs were recognized: (i) those correlating positively and
negatively with cluster S and B, respectively (dehydroascorbate,
tyramine, phenylalanine and pyroglutamate), and (i) those
correlating negatively (glutamate) or positively (asparagine,
maltose, threonine, phosphate and glycine) exclusively with
cluster B. In terms of the kind of genes falling into each
cluster, B showed an enrichment in G1, compared with G2
(77 % versus 23 %).

Discussion

The general importance of invertases has been well docu-
mented in Arabidopsis (Barratt et al., 2009), and few reports
document their significance as possible targets of selection
in tomato (Sauvage et al., 2014) and/or describe metabolic

engineering approaches in crop species (Sonnewald ef al.,
1997; Fridman et al., 2004; Jin et al., 2009; Zanor et al., 2009).
In particular, the importance of A/N-INVs has only been re-
cently recognized since the catalytic mechanism of a cyano-
bacterium enzyme was reported (Xie et al., 2016; Wan et al.,
2017).These invertases appear to have been acquired by plants
via endosymbiotic gene transfer (Vargas et al., 2003). However,
the physiological role of A/N-INV for the whole plant is still
being investigated (Q1 et al., 2007; Vargas et al., 2008; Xiang
et al.,2011; Martin et al., 2013).

In carrying out a detailed survey of the tomato genome,
we found 20 loci, distributed across eight of the 12 chromo-
somes, encoding 12 and eight A- and A/N-INV, respectively
(Supplementary Tables S1 and Fig. 1A). None of the latter had
been previously studied when Qin et al. (2016) showed the
expression pattern of NI1-5 during tomato fruit ripening,
and a detailed evolutionary study was recently reported by
Wan et al. (2018). Both our phylogenetic and NI6:GFP tran-
sient expression analyses confirmed that NI6 belongs to the
B group of A/N-INV which localize in the cytosol (Fig. 1A
and 1B). Moreover, NI6 mRNA was expressed in all organs of
the tomato plants (Supplementary Table S7) and its silencing
severely affected the vegetative growth (Fig. 3) and the tran-
scriptional regulation of signaling, protein and RNA-related
genes (Fig. 5C). In particular, silenced plants showed shorter
internodes and transcriptomic data support an involvement of
gibberellin signaling as various members of the Snakin/GASA
gene family and the gibberellin receptor GID1L2 (Nahirnak
et al.,2012) showed altered expression in the transgenic plants
(Supplementary Fig. S2). These pieces of evidence demon-
strate that NI6 plays a fundamental role in controlling cytosolic
sugar homeostasis and also suggest a role in the signaling net-
work that orchestrate gene expression. This is in line with the
fact that the B group of A/N-INV is more evolutionary con-
served than the o ones, the latter being organelle-associated
A/N-INV (Wan et al.,2018). However, we cannot rule out the
possibility that transcriptional changes observed in the trans-
genic lines are the result of a metabolic perturbation displayed
by these plants.

Moreover, NI6 silencing showed dramatic effects on
flowering time which was very detrimental for fruit setting.
This latter phenotype is a consequence of the high amount
of flower abortion observed in the knock-down lines (Fig. 3A
and 3B). These results are in agreement with the influential
mechanism that the cell wall and soluble invertases have in
controlling normal sugar uptake by the ovaries described for
maize flowers (Boyer and McLaughlin, 2007), and the differ-
ential role of the cell wall A-INV during pollination and fertil-
ization in tomato flowers (Shen et al., 2019). Down-regulation
of these enzymes depleted ovary sugar pools and resulted in
an up-regulation of senescence-associated genes, triggering
cell membrane degradation and thus, irreversible flower abor-
tion (Boyer and McLaughlin, 2007). Although there is suffi-
cient evidence linking A-INV to the normal development of
flowers and fruits in tomato (Zanor et al., 2009; Li et al., 2012;
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Fig. 5. Transcriptome analyses in source leaves from NI6 silenced plants. (A) Principal component analysis (PCA) of the whole RNA-seq data set in
leaves of the NI6 silenced plants. (B) Venn diagram showing differentially expressed genes in the NI6-silenced lines. (C) Expression (as log, fold changes
relative to wild type controls) of the DEGs in the NI6 silenced lines distributed onto Mapman categories. Numbers in brackets represent percentages of
genes within each functional category. * denote statistically significant differences over represented categories (contingency analysis test; P<0.01).

Albacete et al., 2014; Liu et al., 2016; Shen et al., 2019), results
presented here extend these findings to include the role ex-
erted by A/N-INV and their relationship with A-INV. The
increase in leaf Suc content verified in the time course ex-
periment with NI6-silenced plants potentially explains the
transcriptional induction of A-INV LIN6 (Solyc10g083290;
Supplementary Tables S5 and S6). The up-regulation of this
apoplastic invertase is associated with increases in Glc and Fru,
and it has been demonstrated that LING restricts carbon ex-
port from tomato (Kocal et al., 2008) and tobacco (Balibrea

Lara et al., 2004) source leaves, altering the sink-source tran-
sition in the leaf, promoting sink metabolism in this organ
(also reflected in the observed increase in hexoses). Thus, be-
sides the effect of NI6 silencing directly on sugar depletion
in flowers (Table 2), our data exposed a further deleterious
effect mediated by the up-regulation of LIN6 (Supplementary
Table S5), resulting in blockage of sugar export from source
organs. This has also been recently observed in cassava plants
(Yan et al., 2019). In accordance with this hypothesis, expres-
sion of SISWEE'T1, which belongs to clade I of the SWEET
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Fig. 6. Metabolite-gene network derived from canonical correlation analysis in source leaves from NI6 silenced plants. The network comprises 20
metabolites and 92 DEGs profiled from leaves of four-week old plants. Regression values higher than [0.84| were used to infer the relevant network. Blue
and red lines connect edges according to their positive or negative correlation, respectively. Circled edges correspond to loci ID as detailed in Table S6
and metabolites, respectively. Glc: glucose, Fru: fructose, Ino: inositol, SacAc: saccharic acid, Thr: threonine, P: phosphate, Phe: phenylalanine, GABA:
gamma amino butyric acid, Tyra: tyramine, DHA: dehydroascorbate, Asn: asparagine.

transporter family (Ho ef al., 2019) is reduced. In addition,
expression of SISUT1T (the main sucrose importer into the
phloem; Hackel er al., 2005) and SISTP2 and SIPMT4 (two
monosaccharide transporters mainly expressed in sink organs;
Reuscher ef al., 2014) are increased (Supplementary Fig. S3).

Changes in leaf starch content are in line with reductions
in the AGPase activity. However, surveying RNA-seq data re-
vealed that expression of AGPase-encoding genes were essen-
tially unaltered in the transformants. This observation suggests
that the change in AGPase activity in these transgenic lines ap-
pears to be mediated at the post-translational level. This could
be via a redox-dependent mechanism that may be activated
in response to the variation of sugar content observed in the
leaves of these plants, as described earlier for Arabidopsis and
other plant species (Hendriks ef al., 2003).

In this scenario, the fact that the few fruits produced by the
knock-down lines are slightly smaller can be explained by at
least two mechanisms; (i) the carbon export blockage discussed
above, and (i1) the elevated carbon flux control exerted by NI6
activity at the beginning and the end of fruit growth (Beauvoit
et al.,2014).

However, any other fruit-associated phenotype found in NI6
knock-down plants (i.e. increases in Brix and dramatic alter-
ations observed in their metabolite profiles) is a consequence
of the tremendous effect on fruit set and harvest index, rather
than a direct effect of NI6 silencing (Colombié et al., 2017).

In addition to the above-described eftect of NI6 knock-down
on primary metabolism, both the metabolic and transcript pro-
files in vegetative tissues prior to the effect on flowering re-
vealed that these plants exhibited alterations in the signaling
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and stress systems (e.g. glutathione S-transferases G30, G293,
G294, G350, G353, G354, and G355; superoxide dismutase
G124; peroxidases G11, G47, and G169; and ATPases G194,
G240, G256, and G384). One such gene which is connected to
NI6 in the reconstructed network showed consistent reduction
in all three transgenic lines, and is that encoding the a-chain
of the vacuolar V-type ATP synthase (G240). This vacuolar
pump is essential for plant growth due to its role in energizing
secondary transport, maintenance of solute homeostasis and
facilitating vesicle fusion (Dietz et al., 2001). A reduced expres-
sion of this vacuolar pump is in accordance with the growth
reduction exhibited by the NI6 silenced lines.

Similarly, in line with previous work, genes encoding a
Kelch-like protein (G28; Solyc01g080620, Supplementary
Table S6) and an inositol 1,4,5-trisphosphate 5-phosphatase
(G308; Solyc08g007080) were found to be down- and
up-regulated, respectively, in the leaves of NI6 knock-down
plants. Intriguingly, Sulpice e al. (2009) identified a Kelch-
domain protein and a myo-inositol-1-phosphate synthase (an
enzyme closely related to inositol 1,4,5-trisphosphate 5-phos-
phatase in inositol phosphate metabolism), whose transcripts
positively and negatively correlate, respectively, with biomass
accumulation in Arabidopsis plants. In view of this, one can
speculate that these two genes are players in the signaling cas-
cade affecting plant growth regulation mediated by NI6.

Several pieces of evidence indicate that A/N-INVs are
required for maintaining the homeostasis of sugars and re-
active oxygen species (ROS; Xiang et al., 2011; Braun
et al., 2014). Mechanistically, an Arabidopsis A/N-INV en-
zyme (AT1G35580) was shown to be regulated at the post-
translational level through protein phosphorylation by
calcium-dependent kinases 3 and 21 (Gao et al.,2014). In line
with this, transcriptional profiles of NI6 knock-down plants
showed a high number of receptor-like kinase-encoding genes
with altered expression pattern in the transgenic lines and en-
richment in other signaling-associated genes, suggesting that
NI6 deficiency triggers a wide signaling response.

When inspecting the transcript-metabolite correlation
network, it was evident that in NI6 silenced plants there are
many more genes (G1) correlating with metabolites than with
changes in the expression of other genes (G2). This observa-
tion may suggest that the gene expression changes detected
in the leaves of the transgenic plants are a consequence of the
NI6-associated metabolic changes rather than a direct effect
of NI6 as a gene expression regulator. However, considering
that most of the genes in G1 belong to the signaling func-
tion category, one may speculate that the shifts observed in
the growth pattern of the NIl6-silenced plants are a conse-
quence of a signaling cascade modulated by changes in glu-
tamate, glycine and dehydroascorbate (DHA); the three major
network hubs.

In agreement with the results presented here, the absence
of A/N-INV has been previously associated with higher oxi-
dative stress defense gene expression in Arabidopsis, while
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transient overexpression of At-A/N-InvA and At-A/N-InvG
in leaf mesophyll protoplasts down-regulated the oxidative
stress-responsive ASCORBATE PEROXIDASE 2 (APX2)
promoter (Xiang et al.,2011). Tomato plants overexpressing the
extracellular A-INV resulted in a similar effect on peroxidases
(Albacete et al., 2015). The leaves of NI6 silenced plants dis-
played a dramatic reduction in the concentration of DHA.This
observation can be understood as a consequence of the tran-
scriptional inhibition of APX2 promoter by a higher glucose
accumulation, as discussed above (Xiang et al., 2011). Along
with this reduction in DHA, the leaves of NI6 knock-down
plants showed increments in the endogenous content of GABA.
The central role of the GABA shunt in carbon partitioning has
been emphasized (Fait ef al., 2008; 2011), and more recently Li
et al. (2016) reported that the application of exogenous GABA
induced heat stress tolerance in Agrostis stolonifera, regulating
antioxidant enzyme activities and decreasing DHA content. It
is then likely that the accumulation of Glu leads to the dra-
matic increase of GABA observed in the transgenic plants
and consequently the down-regulation of DHA. Intriguingly,
DHA content in ripe fruits were significantly increased either
due to the decreased Glc having an opposing effect on APX2,
or alternatively, indicating the existence of a regulatory mech-
anism of DHA homeostasis in this organ distinct from that
acting in leaves in response to NI6 deficiency. In agreement
with this, the silencing of monodehydroascorbate reductase in
tomato had an unexpected effect on ascorbate concentration,
suggesting a still unknown mechanism regulating the amounts
of this compound (Gest ef al., 2013).

Interestingly, our results show DHA as the major hub of the
gene-metabolite correlation network that split into two gene
clusters, and that it is connected to Glc by only five genes, sug-
gesting that the role of NI6 in connecting sucrose metabolism
with stress response mechanisms could be mediated solely
by a few genes. Among them, there is a BTB/POZ domain
Kelch protein (G28; Solyc01g080620). There is not much
known about the role of these proteins in plants, except for
the above-mentioned observation published by Sulpice et al.
(2009).They are described as transcriptional regulators that act
through the control of chromatin structure, and as such it is
reasonable to assume that it could play a regulatory role within
the sugar-redox circuitry.

It is already known that sucrose is an inducer of alkaloid
formation in other Solanaceae species such as Atropa bella-
donna (Rothe et al.,2001; Rothe and Driger, 2002) and potato
(Richter et al., 2007), and this regulation occurs at the level
of expression of genes encoding biosynthetic enzymes. Our
gene-metabolite network analysis suggests that this regulation
may also be operating in tomato plants.

In conclusion, these results highlight the important role
played by NI6, a type A/N-INV, controlling vegetative growth,
carbohydrate partitioning, flowering and fruit set in tomato.
NI6 silenced lines showed dramatic alterations in these pheno-
types, which were associated with changes in DEGs for stress
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responses and signaling. Although convincing evidence on
the role of INV in the modulation of yield in crop species of
high agronomic importance, such as maize (Li et al.,2013) and
rice (Wang et al., 2008), has been reported (reviewed by Rossi
et al., 2015), they focus on the importance of the apoplastic
pathway for assimilate unloading, involving particularly the cell
wall A-INV. Here, we presented results pointing to the im-
portance of A/N-INV as a target for signaling pathways that
coordinate carbohydrate metabolism with growth and devel-
opment. Specifically, its role in sink activity is supported by (i)
its high expression in sink organs such as flowers and fruits, (i1)
its silencing resulting in dramatic flower abortion and reduced
fruit set, and (iii) its silencing resulting in altered source-sink
relationships. Analyses of transgenic plants with fruit-specific
promoters should dissect the direct/indirect effects of NI6 si-
lencing in tomato.
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