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SUMMARY

Limitations in our understanding about the mechanisms that underlie source-sink assimilate partitioning
are increasingly becoming a major hurdle for crop yield enhancement via metabolic engineering. By means
of a comprehensive approach, this work reports the functional characterization of a DnaJ chaperone
related-protein (named as SPA; sugar partition-affecting) that is involved in assimilate partitioning in
tomato plants. SPA protein was found to be targeted to the chloroplast thylakoid membranes. SPA-RNAi
tomato plants produced more and heavier fruits compared with controls, thus resulting in a considerable
increment in harvest index. The transgenic plants also displayed increased pigment levels and reduced
sucrose, glucose and fructose contents in leaves. Detailed metabolic and enzymatic activities analyses
showed that sugar phosphate intermediates were increased while the activity of phosphoglucomutase,
sugar kinases and invertases was reduced in the photosynthetic organs of the silenced plants. These
changes would be anticipated to promote carbon export from foliar tissues. The combined results
suggested that the tomato SPA protein plays an important role in plastid metabolism and mediates the
source-sink relationships by affecting the rate of carbon translocation to fruits.

Keywords: tomato, small plastidial protein, fruit metabolism, source-sink partitioning, chloroplast meta-
bolism.

INTRODUCTION

In the past decades, improvement of crop yields has been
achieved principally by the use of fertilizers, expanded irri-
gation and integrated pest management. As a conse-
quence, however, a detrimental impact on sustainability
and environmental quality is currently being evidenced
(Tilman et al., 2011). In addition to these strategies, plant
breeding efforts to increase yield directly per hectare,
which are principally aimed at the enhancement of harvest
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index (HI), have been attempted (Lippman et al., 2007;
Yang and Zhang, 2010). Food and bioenergy production
must increase substantially in the next years in order to
supply the increasing global demand for these commodi-
ties. That said, increasing HI by modulation of assimilate
partitioning alone, whilst working in some cases, will
probably fail due to limitations in sink tissues’ capacity to
capitalize on the increased availability of photosynthate.
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Considerable experimental data have suggested that pho-
tosynthesis is controlled by whole plant source-sink bal-
ance that involves carbon to nitrogen status and nutrient
availability (Paul and Foyer, 2001). To date, with a few
exceptions, the efforts to increase the partitioning of fixed
carbon into harvestable sinks have been restricted largely
to the manipulation of carbon fluxes via the modification
of individual enzymatic steps (reviewed in Nunes-Nesi
et al., 2011); results have been largely unsuccessful (Roi-
tsch, 1999). This situation is mostly due to our limited
knowledge of the signals that communicate source and
sink organs, despite the fact that a comprehensive under-
standing of the underlying mechanisms is being pursued
actively (Paul and Foyer, 2001; Paul and Pellny, 2003;
Nunes-Nesi et al., 2010).

Recently, Schauer et al. (2006) performed quantitative
trait loci (QTL) analysis on a set of well characterized
tomato introgression lines (Eshed and Zamir, 1995). Fur-
ther analyses of the data, from a network perspective,
revealed that a many metabolic changes in mature fruits
were connected strongly to yield-associated traits — most
prominently to HI. A survey of the genomic regions that
spanned those QTL located to tomato chromosome 4 (BIN
41) identified nine candidate genes, four of which only
encoded enzyme-related functions (Bermudez et al., 2008).
A DnaJ chaperone-like encoding gene that mapped within
the genomic region that spanned these QTL (Bermudez
et al., 2008) and its mRNA profile correlated with variations
in a wide range of primary metabolites across tomato fruit
development (Carrari et al., 2006). Thus, this protein, sub-
sequently named sugar partitioning-affecting (SPA),
appeared to be a candidate involved in some of the
observed metabolic changes. Chaperone proteins of this
type have been shown to regulate thylakoid biogenesis in
cotyledons (Shimada et al., 2007), act as redox switches
for the reorganization of regulatory protein complexes
(Dorn et al., 2010), and regulate photosynthetic reactions
(Chen et al., 2010) in Arabidopsis plants. The DnaJ family
of molecular chaperones has been identified in diverse
organisms and cellular compartments. It has been demon-
strated that several members of this protein family are
involved in critical processes that included protein folding,
unfolding and assembly, under both normal and stress
conditions (Chen et al., 2010; Li et al., 2012). In Arabidop-
sis, 26 DnaJ proteins have been predicted to be localized
to the chloroplast and participate mainly in division and
plastid biogenesis processes (Vitha et al., 2003; Chen et al.,
2010, 2011). To gain further insight about the role of this
protein in tomato, here we present the functional charac-
terization of the SPA gene. The integrated analysis of a
comprehensive set of data including gene structure, pro-
tein localization, expression profile and a deep phenotyp-
ing of SPA-silenced tomato plants demonstrated that SPA
participates in determining HI in tomato by affecting
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source-sink carbon distribution through a mechanism that
involves the regulation of phosphoglucomutase, sugar
kinase and invertase enzyme activities. Thus, results
presented here allow us to propose SPA as a target for
plant metabolic engineering by showing an unprecedented
function for this protein family.

RESULTS
Gene characterization; phylogeny and expression

SPA, a DnaJ-like protein encoding gene, was identified as a
candidate gene associated with several fruit metabolic QTL
(namely amino and organic acids and sugar content varia-
tions) mapped in a Solanum pennellii (accession LA716)
introgression line population in a domesticated genetic
background (S. lycopersicum cv. M82). A detailed evalua-
tion of both alleles of this gene revealed that SPA mRNA
spans 3019 and 3063 nucleotides (nt) for S. pennellii
(Sp-SPA) and S. lycopersicum (SI-SPA) alleles, respectively.
The alleles shared conserved structures with five exons
that, nevertheless, differ in few single nucleotide polymor-
phisms (SNPs) and small insertion/deletions (InDels). How-
ever, within the coding regions, only SNPs were identified
that resulted in two amino acids differences within the
predicted chloroplast transit peptide (TP). One of these
polymorphisms altered the predicted cleavage site and
resulted in a TP with 65 amino acids (aa) in the SI-SPA allele
and 47 aa in the Sp-SPA one. The full peptide comprised a
159 aa chain that exhibited a transmembrane (TM) domain
and a canonical DnaJ-zinc-finger domain (Figure 1a).

Phylogenetic analysis that included other DnaJ-like
genes whose functions have been previously demonstrated
experimentally, revealed that these proteins present a wide
and diverse domain repertoire; five clades can be distin-
guished according to their protein structure. Sp-SPA and
SI-SPA clustered together with the corresponding Arabid-
opsis ortholog (At-LQY1), (Lu et al., 2011; Figure 1b).

The predicted sub-cellular localization was confirmed by
transient expression experiments in which both coding
regions, Sp-SPA and SI-SPA, were fused to the green fluo-
rescent protein (GFP) reporter gene under the control of
the cauliflower mosaic virus (CaMV) 35S promoter. Agro-
bacterium cultures that carried the fusion proteins were
infiltrated into Nicotiana benthamiana leaves and, after
48 h, GFP fluorescence was evaluated by confocal micros-
copy. GFP fluorescence was detected co-incident with chlo-
rophyll auto-fluorescence (Figure 1c), and suggested
plastidial location of SPA protein. Moreover, chloroplast
fractionation and subsequent western blot analyses
allowed us to determine that SPA is localized mainly in
thylakoid membranes (Figure 1d).

To gain further insight into the putative role of SPA in
the above-mentioned metabolic variations, its gene expres-
sion pattern was evaluated by gPCR both in cv. M82
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Figure 1. Structure of the tomato SPA gene and protein localization.

(a) Gene structure and protein domains based on DNA sequence analysis. Black boxes and lines represent exons and intron, respectively. The start and stop codons,
and the amino acid polymorphisms between S. lycopersicum and S. pennellii alleles are indicated. TM, transmembrane domain; TP, chloroplast transit peptide.

(b) Phylogenetic tree of previously functional characterized DnaJ homologs in plants. For each clade was included the characterized gene, Arabidopsis and tomato
homologs (when found), and the respective protein structure. Sequence accession numbers are indicated in Experimental Procedures. At: A. thaliana; Bo: B. olera-
ceae; Sl: S. lycopersicum; Sp: S. pennellii and Nt: N. tabacum.

(c) Confocal imaging of chlorophyll fluorescence and SPA::GFP fluorescence protein in mesophyll cells of N. benthamiana leaves. Merged: overlay of GFP (green)
and chlorophyll (red) images showing the SPA localization in chloroplasts for both S. pennelliiand S. lycopersicum alleles. Scale bar 10 um.

(d) Western blot of SPA protein in fractionated chloroplasts from wild-type (cv. MoneyMaker) plants. Chloroplast proteins were probed with affinity-purified anti-
LQY1 (SPA) and anti-thylakoid compartment marker (psbA/D1) antibodies. Each lane on the gel contains 40 g of total proteins.

(carrying the domesticated S/-SPA allele) and in IL4-4 (car- significantly higher level of expression was detected in
rying the Sp-SPA allele). mRNA quantification revealed that source leaves from the cultivated genotype (Figure 2a). To
SPA is minimally expressed in fruits and stems, but a investigate whether this differential expression pattern
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Figure 2. SI- and Sp-SPA transcriptional activity.

(a) SPA expression profile by gPCR in source leaves, stem, and tomato fruit
at two different ripening stages (MG, mature green and ripe) harvested from
IL 4-4 (black bar) and S. lycopersicum (M82; white bar) genotypes. Data are
expressed relative to S. lycopersicum mature green stage. GUS transient
expression analyses after Agrobacterium infiltration with the promoter-GUS
fusion construct in N. benthamiana leaves are shown in the inset. Upper-left
circle: pHGWFS7-SPA-prom-S.lyc; upper-right circle: pHGWFS7-SPA-prom-
S.pen; lower-left circle: pHGWFS7-35S and lower-right circle: pHGWFS7-
empty vector. *Statistically significant differences at P < 0.05.

(b) Differential motifs in the SPA putative promoter region of S. lycopersi-
cum and S. pennellii alleles. White and gray boxes indicate motifs in sense
and antisense strands, respectively. Black box (*) represents a differential
enhancer found in S. lycopersicum promoter. Motifs are named according
to Table S1.

could be due to cis-regulatory mechanisms, a transient
promoter activity assay was performed. The sequences
upstream from the transcription start sites to the initiation of
the neighboring gene were considered as putative promoter
regions and were fused to the GUS reporter gene uidA. In
agreement with the qPCR experiment, measurements of
GUS activity suggest that the S. lycopersicum allele is tran-
scribed more abundantly in source leaves (Figure 2a inset).
Moreover, when the promoter regions were analyzed in
silico, differential cis-motifs were detected in both alleles.
Interestingly, a TA-rich region type of enhancer was identi-
fied exclusively in the SI-SPA promoter (Figure 2b and Table
S1).

SPA-silenced tomato plants display alterations in yield-
associated traits

Analyses of RNA interference plants were carried out to
improve our understanding of the role that the SPA protein

© 2013 The Authors
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could play in whole plant physiology. Twenty seven
primary PCR (polymerase chain reaction)-positive indepen-
dent transformants that expressed an RNA.i triggering con-
struct under the control of the CaMV 35S promoter, were
screened for their SPA mRNA levels by gPCR. Four lines
that displayed different silencing levels (named as RNA.i:
SPA-7, RNAi:SPA-12, RNAI:SPA-39, and RNAIi:SPA-43) were
selected for further phenotypic characterization. Silencing
was confirmed in leaves and ripe fruits from six biological
replicates of the selected TO lines (Figure 3a,b) and further
in the T1 segregants. No evident morphological alterations
were observed in the transgenic plants. Although vegeta-
tive biomass was unaltered (Figure 3c), at harvest time both
the weight of mature fruits (Figure 3d) and its number per
plant (Figure 3e) increased in the silenced lines. As no dif-
ferences were observed in the number of trusses per plant
(four at harvest stage), the alteration in total fruit number
was the result of a higher number of fruit per truss (2-4 and
4-8 for controls and transgenic plants, respectively). This
fact was reflected by a significant increase in HI (Figure 3f).

SPA silencing affects sugar metabolism and pigment
content without altering photosynthetic parameters

To better understand the origin of the observed changes in
carbon allocation, we analyzed comparatively the metabo-
lite profiles of source leaves and ripe fruits from the
SPA-silenced plants (Figure 4, Tables S2 and S3). Interest-
ingly, massive alterations in sugars and amino acids were
detected, in source leaves. Sucrose, glucose and fructose
decreased significantly, while xylose, ribose and rhamnose
showed higher contents in the silenced lines. The amino
acids displayed increments that ranged from 1.5- to 3.5-fold
and were accompanied by increments in urea and aromatic
amines (i.e. tyramine and putrescine). These changes were
along with significant increments in the levels of oxo-gluta-
rate, glycerate, ribonate and galactinol. A moderated
decrease in the starch levels was also observed in the SPA-
silenced lines. This change was also observed when regis-
tering the number of starch granules in photomicrographs
of source leaves sections (Figure S1). In contrast, there were
few metabolite changes in mature fruits (Figure 4b and
Table S3). Regarding amino acids, only alanine and serine
showed reduced levels, whilst phenylalanine showed sig-
nificant increments in mature fruits of the transgenic lines.
Levels of sucrose and citrate also decreased and trehalose
increased in the transgenics. Although the observation of
starch granules in fruit cells may indicate an evident incre-
ment in the transgenics (Figure Sic,d), total starch levels
did not show significant differences from wild-type controls
when measured by a quantitative technique (Table S3).
Photosynthetic parameters were measured in dark-
adapted leaves of 4-week-old plants. Neither carbon assim-
ilation nor stomatal conductance were affected in the
silenced lines in comparison with wild-type controls at any
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Figure 3. SPA expression and yield-associated traits in silenced transgenic lines.

(d) s0
45 * *
= 40
%‘TA 35
2= 30
& 25
=
ES 2
o U
85 15
'3 10
5
0
(e) 30 .
25
£_ . * *
2% 2
©
58 45
52
EZ2 10
SE
z 5
0
(f 704
60 4 *
* * *
3 50
T
£ 40
o
3 304
5
£ 204
0 T T T T

RNAi:SPA-7 RNAi:SPA-12 RNAI:SPA-39 RNAi:SPA-43 WT

SPA mRNA levels in source leaves (a) and mature fruits (b). Bars represent averages of three independent qPCR experiments from six (a) and three (b) biological
replicates. Values are normalized to the constitutive EF1a gene expression and are expressed as the relative abundance of mRNA compared to wild-type control

(cv. MoneyMaker).

(c-f) Data values are presented as mean + SE from three to six individual plants per line at harvest stage (4-month-old plants). Harvest index = total fruit

weight x 100/aerial biomass. *Statistically significant differences at P < 0.05.

of the photon flux densities tested (Table S4). This situa-
tion was also true for the chlorophyll fluorescence parame-
ters. Even though leaf pigments (chlorophyll a, b and total
carotenoids) were increased in SPA-silenced lines, no sig-
nificant changes were observed in the contents of the
major fruit pigments lycopene and B-carotene (Table 1).
We also examined chloroplast ultrastructure of source
leaves by transmission microscopy. Except for the size of
the starch granules, which were smaller in the transgenics
(in agreement with spectrophotometrical measurements),
there were neither differences in the numbers nor in the
shape of this organelle in the transgenic lines (Figure S2).

Taken together, these integrated analyses suggest that
the observed increase in HI of the SPA-silenced plants is
more related to an altered distribution of photoassimilates
than to impairments in carbon assimilation.

SPA silencing affects the activities of carbohydrate
metabolism enzymes and triose- and hexose-P contents in
source leaves

In order to shed light on the metabolic shift described
above, the activity of enzymes of carbohydrate metabolism

was measured in source leaves and ripe fruits harvested
in the middle of the light period. In photosynthetic
tissues, the activities of phosphoglucomutase (PGM), in-
vertases (acid -Al- and neutral -NI-) and hexokinases (both
fructokinase and glucokinase) showed significant
decreased levels, whereas a higher activity of ADP-
glucose pyrophosphorylase (AGPase) was observed
(Table 2). By contrast, in mature fruits only a few altera-
tions were observed; PGM showed a noteworthy incre-
ment whilst a mild increase trend was detected for
invertase activities. The dramatic alteration in enzymatic
activities revealed in source leaves lead us to investigate
the status of trioses (trioses-P) and hexoses (hexoses-P)
phosphate intermediates (Table 3). Strikingly, glucose-6-
phosphate (Glu6P), fructose-6-phosphate (Fru6P), glucose-
1-phosphate (Glu1P), glyceraldehyde-3-phosphate (3PGA)
and dihydroxyacetone phosphate (DHAP) contents in
SPA-silenced plants were remarkably higher than in wild-
type controls. These results offer compelling evidence
that SPA participates in source-sink carbon partitioning by
upregulating the conversion of fixed carbon to exportable
sugars.

© 2013 The Authors
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ment, respectively, with respect to wild-type controls (cv. MoneyMaker) in at least two transgenic lines. Metabolites in black and gray indicate no differences or

not measured, respectively.

Table 1 Pigment contents in SPA-silenced transgenic lines

RNAi:SPA-7 RNAi:SPA-12 RNAi:SPA-39 RNAi:SPA-43 WT
Pigment contents in leaves (ug cm~2 tissue)
Chlorophyll a 139.87 + 4.50° 134.04 + 4.75° 126.89 + 5.28 128.25 + 4.45 111.59 + 4.86
Chlorophyll b 41.21 4+ 1.94° 39.01 + 0.807 37.57 + 1.58 38.33 £ 0.96° 31.30 + 1.97
Carotenoids 41.37 + 1.94° 38.49 + 1.56° 37.32 + 1.42 38.39 + 0.28° 31.69 + 1.32
Pigment contents in ripe fruits (mg per 100 g fresh weight)
B-carotene 0.40 + 0.04 0.34 + 0.02 0.38 + 0.05 0.43 +£ 0.11 0.37 + 0.02
Lycopene 5.22 + 0.84 3.71 £ 0.48 4.35 + 0.74 4.96 + 1.09 4.44 + 0.29

Pigment contents were determined by spectrophotometry. Values indicate means from three and six biological replicates in ripe fruits and

source leaves, respectively.
Significant differences against wild-type controls (P < 0.05).

DISCUSSION

Sugar partitioning-affecting (SPA), which encodes a DnaJ
domain containing protein, was initially identified as a can-
didate gene associated with a pathway QTL described in
an S. pennellii IL population, mapping to tomato chromo-
some 4 (Bermudez et al., 2008). In this work, we performed
a functional characterization of this gene to evaluate its
role both at physiological and biochemical levels. The
primary protein structures displayed two non-synonymous
substitutions, which resulted in different lengths of the
predicted chloroplast TP, being shorter in the S. pennellii

© 2013 The Authors

allele. Confocal microscopy imaging, however, did not
show any difference between the localization of the differ-
ent allele’s products. Western blot analysis of chloroplast
fractions demonstrated that the cultivated SPA protein is
localized to the thylakoid membrane in agreement with the
presence of a TM domain. Hence, the chloroplast localiza-
tion suggested its involvement in plastidial metabolism
that, as the major site of amino acid biosynthesis, is in
accordance with the associated QTL for amino acids con-
tents described by Schauer et al. (2006) and Schauer and
Fernie (2006). Moreover, the tissue expression profile

The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2014), 77, 676-687
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Table 2 Carbohydrate metabolism enzymes activities in SPA-silenced transgenic lines

RNAi:SPA-7 RNAi:SPA-12

RNAi:SPA-39 RNAi:SPA-43 WT

Enzyme activity in leaves (nmol min~" g~' FW)

PGM 5817.3 £ 400.3% 5596.8 + 594.2%
NI 89.7 + 10.2° 81.5 + 12.7°
AGPase 5996 + 234.9° 4426.2 + 384.5%
G6PDH 62.6 + 5.7 59.7 + 7.4
FK 154.3 + 12.3% 140.4 + 19.317
GK 64.2 + 6.9° 61.8 + 8.7°
SuSy 301.1 +23.8 286.2 + 17.2
Al 124.9 £+ 10.4° 107.7 £ 15.1°
Enzyme activity in ripe fruits (nmol min~" g~" FW)

PGM 635.1 + 34.8° 607.4 + 38.7°
NI 374.1 £ 10.3° 350.4 + 29.4°
AGPase 765.2 + 17.5 756.6 + 17.7
G6PDH 40.2 + 3.6 38.8 +2.3
FK 16.9 + 2.2 283 + 4.9
GK 5.4 + 0.4 5.6 + 0.7
SuSy 391.4 +£19.8 409.2 + 11.8
Al 63.1 + 3.5 54.7 + 2.8

5723.9 + 609.9° 6017.2 + 431.8° 6674.2 + 525.1

102.1 + 14.12 95.6 + 16.3° 138.2 + 15.5
5880.8 + 267.2° 6215.1 + 155.4° 5439.1 + 268.8
67.81 + 8.18 66.3 + 9.5 64.7 + 5.5
137.7 £ 19.72 135.9 + 12.3° 176.8 £ 19.2
67.01 + 8.9° 69.3 + 8.9° 92.8 + 85
306.1 + 28.4 290.9 + 225 302.4 £ 223
105.3 £+ 12.7° 105.3 £ 14.4° 167.6 £ 16.2
604.9 + 30.6° 425.3 + 31.0 486.5 + 27.1
322.6 + 20.1 305.2 £ 19.4 273.2 £ 16,5
732.1 £ 20.8 637.4 + 14.8 7433 £ 17.7
35.6 £ 2.8 30.6 £2.9 384 +£24
19.4 + 4.6 327 + 6.7 16.3 £ 0.7
49 £ 0.4 4.4 +£0.4 71+12
398.4+7.0 342.1 + 6.0° 398.2 £ 10.6
72.9 + 3.0° 60.5 + 2.0 57.4 £ 25

PGM, phosphoglucomutase; NI, neutral invertase; AGPase, ADP-glucose pyrophosphorylase; GBPDH, glucose-6-phosphate dehydrogenase;
FK, fructokinase; GK, glucokinase; SuSy, sucrose synthase; Al, acid invertase.

Values indicate means from six biological replicates.
aSignificant differences against wild-type controls (P < 0.05).

Table 3 Sugars phosphate contents in leaves from SPA-silenced transgenic lines

RNAIi:SPA-7 RNAI:SPA-12 RNAI:SPA-39 RNAI:SPA-43 WT

Hexoses-P (umol g~ ' DW)

Glucose-6P 3.45 £ 0.177 3.98 + 0.20° 2.42 + 0.15% 3.16 £ 0.19° 0.53 + 0.04

Fructose-6P 0.79 + 0.09% 0.89 + 0.037 0.84 £ 0.117 0.96 £ 0.10° 0.24 + 0.06

Glucose-1P 0.78 + 0.08% 0.76 + 0.08% 0.67 + 0.09° 0.79 + 0.09° 0.12 + 0.05
Trioses-P (nmol g~ DW)

DHAP 17.3 £ 1.12° 19.5 + 0.89° 21.8 + 0.87% 26.4 + 1.23% 12.6 +£ 0.73

GAP 15.3 + 0.85° 17.3 + 0.24° 16.3 + 0.79° 18.1 + 1.09? 9.8 + 0.54

DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde 3-P.

Values indicate means from six biological replicates in source leaves.

Significant differences against wild-type controls (P < 0.05).

revealed that SPA mRNA is expressed preferentially in
source leaves compared with any of the other organs
tested and that the S. lycopersicum allele accumulates to
significantly higher levels compared with the S. pennellii
allele. Results obtained in promoter-GUS fusion expres-
sion experiments, together with the presence of an enhan-
cer motif in the promoter region of S. lycopersicum allele,
suggested that the observed differences in SPA mRNA
accumulation were due to differential transcriptional activ-
ity. However, it cannot be ruled out that other transcrip-
tional or post-transcriptional mechanism(s) contribute to
SPA regulation.

Beyond an understanding of the molecular mechanism
that underlie the traits observed in IL4-4, we were also
interested in the biological function of SPA per se. DnaJ
chaperones include a broad spectrum of protein structures
and associated functions. Arabidopsis AtJ proteins are

characterized by the presence of a J-domain and have
been shown to be involved in H*-ATPase regulation (Yang
et al., 2010), photosystem Il (PSIl) stabilization and stress-
related transcription factor interaction (Chen et al., 2010).
However, tomato SPA protein lacks the J-domain but
contains a zinc-finger domain and a TP. Chaperones with
this same structure have been reported to act in plastid
metabolism. Lu et al. (2006) demonstrated that a mutation
on a cauliflower locus that encoded a member of this fam-
ily (Or locus) determined proplastid differentiation into
chromoplasts, and accumulated carotenoids in cauliflower
inflorescences. In tobacco, Ham et al. (2006) identified
TSIP1 (Tobacco Stress-Induced-Interacting Protein), an
envelope protein that is recruited by TSI1 transcription fac-
tor, thereby activating expression of stress-related genes.
An Arabidopsis SPA ortholog, LQY1, has been described
recently as a stroma-exposed thylakoid membrane protein.
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Lgy1 mutants have been identified as mutants that failed
to acclimate to photoinhibitory light conditions. Under
high light stress, PSIl repair and reassembly involve the
breakage and formation of disulfide bonds among PSlII
proteins and, interestingly, it was demonstrated that the
recombinant LQY1 protein had disulfide isomerase activity.
However, under normal growth conditions, Iqy7 plants
showed a wild-type phenotype. This evidence led the
authors to conclude that, in Arabidopsis, LQY1 function is
associated to PSIl complex maintenance in light stressful
conditions (Lu et al., 2011).

Strikingly, our data with tomato silenced lines revealed
that, under normal light growing conditions, SPA had a sig-
nificant role in primary metabolism. SPA-silenced plants
showed four to five times higher harvest indices, a trait of
high economic importance. Transgenic plants produced
more and heavier fruits but neither developmental nor mor-
phological alterations were evidenced. These phenomena
point to an increased sink strength of the fruits. The fact that
no alteration in photosynthetic parameters was observed in
source leaves from SPA-silenced plants (also not when
expressed as total carbon assimilation per plant) together
with the lower contents of leaf soluble sugars and starch,
supported the hypothesis of an enhanced carbon export in
the transgenics. In this sense, our data indicated that, in the
leaves, the traffic of trioses-P from chloroplast to cytosol is
elevated and results eventually in an increase in the cyto-
solic hexoses-P pool, which subsequently drives the meta-
bolic flux towards sucrose synthesis and which is able to
immediately leave the source cells (Smith and Stitt, 2007;
Chiou and Bush, 1998). This scenario is in agreement with
the reduced activity of invertases and PGM detected in the
source leaves of the transgenic lines. The reduction in hex-
ose kinases and the increase in AGPase activities are less
intuitive. However, considerable evidence exists that both
enzyme types are subject to transcriptional control (Muller-
Rober et al., 1990; Jang et al., 1997).

The reduction in SPA mRNA also led to a dramatic
increase in the amino acid contents of the source leaves.
Total amino acid content was always correlated negatively
to the sucrose content. Whilst at first sight it is difficult to
understand the benefit of enhancing amino acid biosynthe-
sis in carbohydrate-limiting conditions, this relationship
has been well documented (Roessner-Tunali et al., 2003). It
has been postulated that increasing amino acid contents is
a mechanism to compensate cellular osmolarity caused by
the reduction in sucrose concentration (Fernie et al., 2002).
Alternatively, amino acid accumulation could be a means
of nitrogen storage to be used when carbon becomes
available (Smith and Stitt, 2007) or even the result of
enhanced protein degradation to support mitochondrial
respiration (Araujo et al., 2011). It is important to note that
the increment in glutamate content observed in the SPA-
silenced plants could potentially explain the higher
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photosynthetic pigments accumulation, as this amino acid
is the first precursor for tetrapyrrole ring biosynthesis.
Thus, an increase in its production may lead to an elevated
flux towards chlorophyll accumulation (von Wettstein
et al., 1995).

Conversely to the situation observed in source leaves,
the comprehensive analysis of the metabolic and enzy-
matic profile of SPA-silenced fruit showed no major alter-
ation. Nevertheless, it is worth to note the increased level
of trehalose and the reduced sucrose content observed. In
this regard, trehalose has emerged as an important regula-
tory metabolite in plants, involved in sucrose sensing (Paul
et al., 2008) and associated with a hyper-accumulation of
starch (Rolland et al., 2006). This statement is in agreement
with the sucrose reduction and the starch-increasing trend
observed in the transgenic fruits.

In summary, a role for the SPA protein can be proposed
in coordinating sink-source balance through a trioses-P-
dependent mechanism most probably via regulation of
their transport. Despite a lack of direct evidence to date, it
is tempting to speculate that SnRKs participate in the
underlying regulatory network. It is well documented that
these proteins co-ordinate carbon and nitrogen metabo-
lism, inhibiting nitrate reductase (NR) and sucrose phos-
phate synthase (SPS; Paul and Foyer, 2001) and are
inhibited by 3PGA (Piattoni et al., 2011). The observed
altered levels of this triose-P in the SPA-silenced lines
might well, therefore, lead to the higher levels of amino
acids displayed by these plants.

A comparative analysis of the fruit metabolite profile of
SPA-silenced plants to that of the IL4-4 (carrying the
Sp-SPA wild allele; Schauer et al., 2006) showed that out
of the 18 commonly quantified metabolites, only citrate,
alanine, sucrose and trehalose were altered in both pro-
files. Bearing in mind that the introgressed region spans
11 ¢M, our results suggested that, even if the SPA locus
may be contributing to the pathway QTL associated to this
region, it is not the major determinant. However, the alter-
ation in HI recorded in the SPA-silenced plants is in agree-
ment with the fact that this trait is linked to this genomic
region.

Whilst the above observations require further investiga-
tion, the results presented here reveal clearly an intrigu-
ingly function for the chaperone-like protein. Two
hypotheses could be postulated in order to synthesize our
understanding of the function of SPA and LQY1 in S. lyco-
persicum and A. thaliana, respectively. Firstly, although
SPA and LQY1 are ortholog genes, the encoding proteins
may have undergone functional speciation. This situation
is, by no means unlikely, given that, as determined from
fossil evidence, tomato and Arabidopsis diverged early in
dicotyledonous radiation (120 MYA; Bell et al., 2005;
Magallon and Sanderson, 2005). Due to the highly con-
trasting environments where these two species originated,
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especially with regard to irradiance conditions (Peralta and
Spooner, 2007), it is probable that tomato developed extra
mechanisms for avoiding light stress. In this sense, SPA/
LQY1 homologs are present in land plants but are absent
from sequenced genomes of green algae and cyanobacte-
ria, a situation that may reflect plant adaptation to excess
light stress during the transition to land (Lu, 2011).
Moreover, the deep morphological differences between
Arabidopsis and tomato result in distinct source-sink rela-
tionships between the species (Carrari and Fernie, 2006).
Secondly, SPA/LQY1 potentially operates as a bi-functional
protein involved in sugar partitioning and PSII stabilization
in both species. An example of a bi-functional protein has
been already described in tomato. HSP21, a chloroplast
small heat shock protein, participates both in fruit develop-
ment under normal growth conditions and acts as a pro-
tectant under conditions of stress (Neta-Sharir et al., 2005).
In either case, the role of the tomato SPA protein under
high light stressing conditions would require further exper-
iments under altered light regimes, experiments that are
less trivial to achieve in tomato due simply to the size of
the plant.

In the global context of a growing population, which is
expected to reach 9.2 billion by 2050, food production has
become a main concern worldwide. Moreover, climate
change and the need for biofuel platform enhancement
add another challenge for plant genetic engineering. An
understanding of source-sink control mechanisms is an
important bottleneck for improvement biomass generation.
Here, we demonstrate that the SPA protein participates in
the control of source-sink carbon distribution in tomato. As
this function was not reported previously for this protein
family, it thus follows that this protein is a noteworthy
target for plant biomass engineering.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Tomato, Solanum lycopersicum L. (cv. MoneyMaker), and Nicotiana
benthamiana seeds were obtained from Meyer Beck (Berlin, Ger-
many). S. lycopersicum (inbred variety M82, Acc LA3475) and IL 4-4
were kindly provided by C.M. Rick, Tomato Genetics Resource Center
(TGRC). Plants were grown under greenhouse conditions: 16 h/8 h
photoperiod, 24 + 3°C, 60% humidity and 140 + 40 pmol m~2 sec”
incident photo-irradiance in 20-L and 1-L pots for tomato and N. benth-
amiana, respectively. Tomato source leaves were sampled from sec-
ond or third leaflets of the third totally expanded leaf of 4-week-old
plants. Mature green and ripe fruits were collected at 37 or 52 days
after anthesis, respectively. Stem samples were obtained from the
fourth internode. All experiments were performed with 4-8 plants per
genotype as biological replicates.

DNA sequence analysis

The Solanum pennellii allele sequence of SPA was obtained from
chromosome 4 C04SpBP093E005.P4C04 (FJ809740) BAC clone
(83 193 bp); while the ortholog Solanum lycopersicum sequence

was identified from LE_HBa-331L22 (CU222538) clone (100 572 bp;
Kamenetzky et al., 2010).

For phylogenetic analysis, a survey at NCBI and literature of
previously functional characterized DnaJ homologs in plants was
performed. A. thaliana LQY1 (NM_106220) was taken from Lu
et al. (2011); N. tabacum TSIP1 (AAD18030) and A. thaliana TSIP1
(AC006585) from Ham et al. (2008); B. oleracea OR (ABH07405), S.
lycopersicum OR (TA6503_4081) and A. thaliana OR (NM_203246)
from Lu et al. (2006); A. thaliana Atj3 (AY113878) and A. thaliana
Atj8 (AF332461) from Chen et al. (2010, 2011). Atj3 and At;j8 ortho-
logs from S. lycopersicum, Slj3 (SGN-U578090) and SIj8
(SGN-U580038) were identified as the best hits for the respective
A. thaliana sequences. The predicted amino acid sequences were
aligned using cLustalw multiple alignment (version 1.5; Thompson
et al, 1994). The phylogenetic tree was constructed with the
neighbor-joining method with the MOLECULAR EVOLUTIONARY GENETICS
ANALYsis (MEGA) program (Tamura et al., 2007). The evolutionary
distances were computed using the JTT matrix-based method
(Jones et al., 1992) and are in the units of the number of amino
acid substitutions per site. The bootstrap values were determined
from 1000 trials. Prediction of sub-cellular localization of proteins
was performed with the TargetP server (http://www.cbs.dtu.dk/ser-
vices/TargetP/; Emanuelsson et al., 2000). Prediction of transmem-
brane domains was performed using the TMHMM server (http:/
www.cbs.dtu.dk/services/TMHMM/; Krogh et al., 2001).

The intergenic region upstream SPA was considered as putative
regulatory region and analyzed to identify differential motifs for
both alleles using pLace (Higo et al, 1999) and pLanTcARE (Lescot
et al., 2002) databases.

Chloroplast fractionation

Percoll-purified chloroplast fractions were obtained from 30 g of
fresh tomato leaves (cv. MoneyMaker) as described by Stockel
and Oelmdiiller (2004).

Protein analysis

Western blot analysis was performed in accordance with Sam-
brook et al. (1989) using polyclonal antibodies against SPA protein
(LQY1/SPA, 10 kDa) at 1:1000 dilution, kindly provided by Dr Rob-
ert Last. The antibodies against chloroplastic photosystem 1I/D1
(psbA/D1, 32 kDa) control protein were purchased from Agrisera
(Agrisera Antibodies, Vannas, Sweden, http://www.agrisera.com)
and used at 1:10 000 dilution.

Light and transmission electron microscopy

Source leaves and fruits were fixed with 2.5% glutaraldehyde in
0.1 m sodium phosphate buffer pH 7.2, post-fixed in 2% osmium
tetroxide in 0.1 m sodium phosphate buffer pH 7.2, post-treated
with 1% tannic acid in 0.05 m sodium phosphate buffer pH 7.2,
dehydrated in a graded acetone series and embedded in Spurr
resin. Semi-thin sections were treated with Lugol’s solution
(Johansen, 1940) and analyzed with an Olympus BX41 light
microscope to identify starch granules. To observe plastid
ultrastructure, ultrathin sections were counterstained with uranyl
acetate (Watson, 1958) and lead citrate (Reynolds, 1963), followed
by analysis with a Zeiss EM 900 transmission electron microscope.

Cloning procedures

The constructs for sub-cellular localization, promoter activity and
transgenic plant generation were obtained in pK7FWG2,
pHGWFS7 and p7GWIWG2(I) binary vectors (Karimi et al., 2002),
respectively. Procedures were followed as described by de Godoy
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et al. (2013). For specific fragment amplification the primers used
are detailed in Table S5.

Agroinfiltration for promoter analyses and sub-cellular
localization

For promoter analyses and sub-cellular localization experiments
pKGWFS7_SPA_PromLyc, pKGWFS7_SPA_PromPen, pKGWFS7_35S,
pKGWFS7_empty, pK7FWG2-SPA::GFP_lyc and pK7FWG2-SPA:
GFP_pen were introduced into Agrobacterium tumefaciens strain
GV3101. Infiltration in N. benthamiana leaves and confocal visuali-
zation were performed as described by de Godoy et al. (2013). For
promoter analyses, histochemical detection of GUS activity was
performed as described by Jefferson et al. (1987).

RNA isolation and gPCR analyses

RNA extraction and qPCR experiments were carried out in accor-
dance with de Godoy et al. (2013). The primers used are detailed
in Table S5.

Generation of transgenic plants

The pK7GWIWG2(I)_SPA construct was used to transform tomato
(S. lycopersicum cv. MoneyMaker) via Agrobacterium tumefaciens
as described previously by Tauberger et al. (2000). The screening
of 27 TO transgenic lines was performed as described by de
Godoy et al. (2013). Four lines were chosen for further detailed
phenotypic characterizations which were subsequently tested for
their levels of SPA silencing both in TO and T1 generations. Prog-
eny tests were performed on T1 seeds and displayed segregation
ratios of 3:1 (resistance:susceptibility to 100 ug ml~" kanamycin)
suggesting a single copy insertion of the transgene. T1 plants
obtained after selection in kanamycin-containing medium were
transferred to the greenhouse and used for further experiments.

Photosynthetic parameter measurements

Photosynthetic parameters, including gas exchange and chloro-
phyll fluorescence emission were determined as described in de
Godoy et al. (2013) in TO transgenic plants.

Pigment quantification

Pigments were quantified in TO transgenic plants. Carotenoids
and chlorophyll extraction and quantification for green tissues
(leaves and mature green fruits) were performed according to pro-
tocols described by Lichtenthaler (1987). p-Carotene and lycopene
extraction and quantification for ripe fruits were performed in
accordance with Heredia et al. (2009).

Sugars and starch quantification

Sugars and starch content were determined spectrophotometri-
cally in TO and T1 generation transgenic lines in accordance with
Dominguez et al. (2013).

Metabolite analysis

For metabolite analysis in TO lines, the extraction, derivatization,
standard addition, and sample injection for GC-MS were per-
formed in accordance with Lisec et al. (2006) and Osorio et al.
(2012). Identification and quantification of the compounds were
performed with TAGFINDER 4.0 software and the mass spectra were
cross-referenced with those in the Golm Metabolome Database
(Kopka et al., 2005; Schauer et al., 2005). Three to six biological
replicates were used for this analysis.
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Enzyme assays

Sample extraction, handling, and enzyme activity determination
were performed in T1 transgenic plants exactly as described by
Steinhauser et al. (2010).

Sugar phosphate quantification

Sugar phosphate intermediates were measured in source leaves
and mature fruits harvested from T1 transgenic plants. The extrac-
tion procedure was performed as follows: 0.6 ml of MeOH + HCl;
(2:1 v/v) was added to the dried samples (10-30 mg). The mixture
was sonicated at 8°C for 25 min. Later, 0.4 ml of H,O was added
to each vial. The vials were then centrifuged at 4°C and 10 000 g
for 10 min. Hexoses-P and trioses-P were analyzed from the polar
phase. Glc6P, Glc1P and Fru6P contents were determined succes-
sively in each extract by enzyme-based spectrophotometric assay
of NADP* reduction at 340 nm. Aliquots of 10-30 ul of extracts
were used for Glc6P, Fru6P and Glc1P determinations. The reac-
tion was performed in a total volume of 600 pl that contained
100 mwm Tris pH 8.1, 5 mm MgCl,, 0.12 mg NADP*. Then, 0.14 U of
Glc6P dehydrogenase, 0.7 U of phosphoglucose isomerase, and
0.4 U of phosphoglucomutase were added sequentially for GIc6P,
Glc1P, and Fru6P determinations.

DHAP and 3PGA contents were determined successively in each
extract by enzyme-based spectrophotometric assay of NADH
oxidation at 340 nm. Aliquots of 100 pl of extracts were used and
the reaction was performed in a total volume of 600 pL containing
100 mwm Tris, pH 8.1, 5 mm MgCl,, 0.01 mg NADH. Then, 0.3 U of
glyceraldehyde-3-P dehydrogenase, and 0.6 U of triose-P isomer-
ase were added sequentially.

Statistical analyses

Data on transgenic lines characterization were analyzed statistically
in accordance with Sokal and Rohlf (1995). When the pool of data
presented homoscedasticity, an analysis of variance (anova) followed
by a Tukey or Duncan test (P < 0.05) was used. Due to lack of homo-
scedasticity, a non-parametric comparison was also performed by
Kruskal-Wallis test (P < 0.05). Statistical tests were performed with
INFOSTAT software (Di Rienzo et al., 2011). gPCR data were analyzed
with LINREGPCR software (Ruijter et al., 2009) to obtain C; values and
primer efficiency. Relative expression and statistics analysis were
calculated using fgStatistics software (Di Rienzo, 2009).
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Figure S1. Photomicrographs of leaves and ripe fruits stained with
Lugol’s solution.
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Figure S2. Transmission electronic microscopy micrographs of
source leaves.

Table S1. Differential cis-regulatory motifs found in the promoter
regions of S. lycopersicum and S. pennellii SPA alleles.
Table S2. Leaf metabolite profile of SPA-silenced lines.
Table S3. Fruit metabolite profile of SPA-silenced lines.

Table S4. Photosynthetic and chlorophyll fluorescence parameters
measured in 4 week-old plants.

Table S5. Primers used for each experiment.
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