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osmotic stress. Transcriptomic analysis of the transgenic 
plants revealed the up-regulation of genes mainly related to 
photosynthesis, fatty acid metabolism and water transport. 
This induced photosynthetic gene expression was paral-
leled by an increase in the photosynthetic rate and stomatal 
conductance of the transgenic plants. Moreover, the tran-
scriptional modulation of genes involved in ABA-mediated 
regulation of stomatal movement was detected. On the 
other hand, genes playing a pivotal role in ethylene biosyn-
thesis were found to be down-regulated in the transgenic 
lines, thus suggesting deregulated ethylene accumulation in 
these plants. Overall, these results point to a role of TCTP 
in photosynthesis and hormone signaling.

Keywords  Translationally controlled tumor protein · 
TCTP · Abiotic stress · RNA-seq · Tomato

Introduction

The translationally controlled tumor protein (TCTP), 
originally described as a translationally regulated protein 
in tumor cells, is a conserved protein found in almost all 
eukaryotes (Bommer and Thiele 2004). In plants, TCTP 
has been reported as a multifunctional protein implicated 
in an amazing number of cellular events, including a 
prominent role in cell growth and proliferation (reviewed 
in Gutiérrez-Galeano et  al. 2014). As their mamma-
lian counterpart, plant TCTPs are frequently reported 
as microtubule- and Ca2+-binding proteins (Kim et  al. 
2012; Hoepflinger et  al. 2013; Li et  al. 2013). Compel-
ling evidences also indicate that plant TCTPs are regu-
lated in response to a wide array of stimuli including low 
temperature (Li et  al. 2013), salt (Li et  al. 2013; Santa 
Brígida et  al. 2014), wounding (Li et  al. 2013), drought 
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(Ghabooli et  al. 2013; Li et  al. 2013), induced pro-
grammed cell death (Chen et  al. 2014), mercury (Wang 
et al. 2015), aluminum (Ermolayev et al. 2003), hydrogen 
peroxide (Li et al. 2013; Wang et al. 2015) and infection 
by different pathogens (Alfenas-Zerbini et  al. 2009; Li 
et  al. 2013). TCTP expression is also influenced by dif-
ferent phytohormones, i.e., methyl jasmonate (Li et  al. 
2013), abscisic acid (ABA) (Kim et al. 2012; Wang et al. 
2015) and ethylene (Tao et al. 2015).

Two TCTP coding genes (AtTCTP1; At3g16640 and 
AtTCTP2; At3g05540) have been identified in the model 
plant Arabidopsis thaliana. Landmark studies have dem-
onstrated the involvement of AtTCTP1 in the regulation 
of mitotic growth through the control of cellcycle duration 
(Berkowitz et al. 2008; Brioudes et al. 2010). Interestingly, 
the attctp1 knockout mutant presented a male gameto-
phytic phenotype with impaired pollen tube growth, while 
AtTCTP1 silenced lines showed impaired root hair develop-
ment and slow vegetative growth due to reduced cell size 
(Berkowitz et al. 2008). Surprisingly, no phenotypic altera-
tions were observed in Arabidopsis lines overexpressing 
AtTCTP1 (Berkowitz et  al. 2008). More recently, a puta-
tive non-cell autonomous role for AtTCTP2 was proposed 
based on the ability of its mRNA and protein to move long 
distances (Toscano-Morales et al. 2014). Moreover, a link 
between AtTCTP2 activity and developmental reprogram-
ming was envisaged (Toscano-Morales et al. 2014, 2015).

Further studies revealed distinctive effects of AtTCTP1 
overexpression in model plants. Transgenic overexpression 
of AtTCTP1 in tobacco, for example, resulted in decreased 
cell death, thus supporting a cytoprotective role for this pro-
tein (Hoepflinger et al. 2013). Moreover, a positive impact 
of AtTCTP1 overexpression in drought stress tolerance was 
reported in Arabidopsis (Kim et al. 2012). This exacerbated 
tolerance was correlated with increased ratios of ABA- and 
Ca2+-triggered stomatal closure and faster stomatal closing 
in response to ABA (Kim et al. 2012). Overall, these and 
other data provide direct evidence for a role of TCTP in 
plant stress tolerance and signaling (reviewed in Gutiérrez-
Galeano et al. 2014).

In this regard, recent findings by Tao and colleagues 
(2015) have implicated a tobacco TCTP (NtTCTP) in eth-
ylene signaling through the interaction with a previously 
identified type II ethylene receptor (NTHK1) involved 
in plant growth and stress responses (Cao et  al. 2006, 
2007). NtTCTP was shown to be required for the sta-
bility and proper functioning of NTHK1. Interestingly, 
NtTCTP-overexpressing plants showed decreased ethylene 
responses, which in turn led to increased seedling growth 
as a consequence of accelerated cell proliferation (Tao 
et al. 2015). Based on these results, an NtTCTP-mediated 
feedback mechanism for control of ethylene signaling was 
demonstrated.

In the present study we focused on a tomato (Solanum 
lycopersicum L.) TCTP coding gene (SlTCTP; Gene ID 
543941) previously reported to be induced by virus infec-
tion (Alfenas-Zerbini et  al. 2009). Interestingly, effective 
knockdown of SlTCTP in tomato resulted in reduced plant 
stature, abnormal fruit morphology and decreased seed 
size (Bruckner et al. 2016). Here, the functional relevance 
of SlTCTP in plants was assessed by its overexpression 
in transgenic tobacco plants and evaluation of the result-
ant phenotypic alterations. Subsequently, the global gene 
expression changes associated with SlTCTP overexpression 
in tobacco were examined using RNA-sequencing. In this 
regard, the induced transcriptomic responses revealed an 
important impact of SlTCTP overexpression in photosyn-
thesis and hormone responses.

Materials and methods

Plant materials and growth conditions

Tomato (S. lycopersicum cv. Santa Clara) was used for 
SlTCTP cDNA amplification, while tobacco (Nicotiana 
tabacum cv. SR1) was employed for transgenic plant gen-
eration. Seeds were surface sterilized and germinated in 
Petri dishes containing solid MS medium (Murashige and 
Skoog 1962) or in pots containing soil and vermiculite 
(2:1). Plants were kept in a growth chamber at 22 °C with 
a 16 h/8 h light/dark photoperiod or in a greenhouse with 
controlled conditions.

Total RNA extraction and reverse transcription (RT)

Total RNA from tobacco and tomato was extracted using 
Trizol reagent according to the manufacturer’s instructions 
(Invitrogen). For this, 100  mg of macerated organ/tissue 
was used. The integrity of the extracted RNA was checked 
by electrophoresis on denaturing agarose gels and samples 
were stored at −80 °C until use. For cDNA synthesis, total 
RNA (2  μg) was treated with RNase-free DNase I (Pro-
mega) and submitted to RT employing 2.5  mM of oligo 
(dT17-VN) and the High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems) according to the manu-
facturer’s instructions.

Amplification and cloning of the SlTCTP coding region

The SlTCTP coding region (AY642284; from the ATG 
start codon to the stop codon) was amplified by standard 
PCR using cDNA prepared from tomato leaves and primers 
flanking the predicted SlTCTP open reading frame (ORF) 
(TCTP-F 5′-CGGCCA​TGG​TGT​TGG​TTT​ATC​AGG-3′ 
and TCTP-R 5′-GCCGA​GCT​CCT​ACT​TGA​TCT​C-3′). 
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Primers were designed based on the nucleotide sequence of 
the SlTCTP gene (Solyc01g099780) available at the Sola-
naceae Genomic Network database (http://solgenomics.
net/) and supplemented with restriction sites for NcoI and 
SacI (underlined). The amplification product was digested 
by NcoI and SacI, gel purified and inserted into an equally 
digested intermediate cloning vector (pBI2X35S). In this 
plasmid, the SlTCTP coding region was placed under the 
control of an enhanced Cauliflower mosaic virus (CaMV) 
35S promoter (2x35S) and a nopaline synthase transcrip-
tional terminator. Ligation products were subsequently 
transformed into Escherichia coli competent cells. Sub-
sequently, selected recombinant clones were sequenced 
using the BigDye™ Terminator v3.1 Cycle Sequenc-
ing kit (Applied Biosystems) on an ABI 3100 automated 
sequencer (Applied Biosystems).

Generation of transgenic tobacco plants and molecular 
characterization

For overexpression in transgenic tobacco plants, the expres-
sion cassette containing the full length SlTCTP cDNA was 
transferred from the pBI2X35S derivative to the binary 
vector pBI121 (Clontech) using the HindIII and EcoRI 
sites. After sequencing, recombinant vector was intro-
duced into Agrobacterium tumefaciens LBA4404, which 
was then used to transform tobacco leaf discs essentially 
as described (Horsch et  al. 1985). Putative transformants 
were selected in agar plates containing MS medium sup-
plemented with kanamycin (100  μg  ml−1). T-DNA inte-
gration was checked by PCR employing genomic DNA 
extracted from leaves and primers complementary to the 
35S promoter (5′-ACA​ATC​CCA​CTA​TCC​TTC​-3′) and to 
the SlTCTP coding region (5′-CGG​CCA​TGG​CTA​TGT​
TGG​TTT​ATC​-3′), respectively. PCR-positive plants were 
subsequently selected for total RNA and protein extraction 
to assess transgene expression.

The relative expression of SlTCTP in the leaves of 
randomly selected transgenic tobacco plants represent-
ing independent transformation events was determined by 
RT-qPCR as described below. For this, a SlTCTP-specific 
primer pair (called qTCTP) was employed (5′-AGA​AGT​
CGA​GAA​TGG​GGT​GC-3′ and 5′-TGA​ACA​ACC​CAC​TTC​
CCT​TGA-3′). Western blot analysis was performed essen-
tially as described (Brandalise et al. 2003) using total leaf 
protein extracts, a polyclonal antibody generated against 
bacterially expressed recombinant SlTCTP (1:1000; Bruck-
ner et  al. 2016) and a peroxidase-conjugated anti-rabbit 
IgG as secondary antibody (1:2000 dilution). Plants corre-
sponding to three transformation events showing the high-
est levels of transgene expression (namely TCTP2, TCTP7 
and TCTP8) were further selected for use in subsequent 
assays. Only self-pollinated T2 progenies were employed.

Abiotic stress treatments

To test the behavior of the SlTCTP-overexpressing (OE) 
plants under osmotic stress, seeds from WT and the inves-
tigated transgenic lines (TCTP2, TCTP7 and TCTP8) were 
surfaced sterilized and sown in Petri dishes (10 per dish) 
containing MS medium. Five-day-old seedlings were then 
transferred onto fresh MS dishes with or without mannitol 
supplementation (0, 100, 150 and 200 mM). The dishes (3 
per treatment) were kept in vertical position in a growth 
chamber, and after 10 days, primary root length measure-
ments were performed. The same procedure was used to 
evaluate the expression of stress-related genes in transgenic 
and WT seedlings. In this case, however, 10-day-old seed-
lings from each genotype were placed simultaneously in a 
single Petri dish containing half-strength MS medium sup-
plemented with 150 mM NaCl and collected for total RNA 
extraction after 12 and 24 h of stress imposition. Unstressed 
seedlings were maintained in half MS medium and were 
collected at the same time points. To reduce plant-to-plant 
variation, samples from each genotype were pooled before 
RNA extraction.

To further evaluate the performance of the transgenic 
SlTCTP-OE lines under osmotic and salt stress, respec-
tively, 35-day-old plants (WT and transgenic; n = 10) grown 
in pots were daily irrigated with 30 ml of either 150 mM 
mannitol or 175 mM NaCl for 10 days, and then allowed to 
recover with pure water irrigation for 3 days (Begcy et al. 
2011). In the control treatment, plants were irrigated with 
water throughout the experiment. The fresh weight of the 
treated plants was immediately measured after recovery 
and total dry weight was recorded after drying plants in an 
oven at 70 °C to a constant weight. The relative dry weight 
was determined as the ratio of each treated plant to its cor-
responding control and expressed in percentage.

RNA‑Seq analysis

RNA-Seq analysis was performed using two independent 
SlTCTP-OE lines (namely TCTP7 and TCTP8) and the 
WT untransformed control essentially as described previ-
ously (Laitz et al. 2015). For that, intermediary leaves were 
collected from five individual plants (35-day-old) per inves-
tigated genotype and then pooled to obtain representative 
samples. Total RNA from these independent pools was 
extracted using Trizol reagent (Invitrogen) as previously 
described (Laitz et al. 2015). RNA samples were quantified 
spectrophotometrically using NanoDrop (Thermo Scien-
tific) and RNA integrity was evaluated using the RNA 6000 
Nano LabChip Kit and a Bioanalyzer 2100 (Agilent Tech-
nologies). Only RNA samples with integrity number ≥7 
were used for library construction. The sequencing libraries 
were prepared using the TruSeq RNA Sample Preparation 
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Kit v2 (Illumina) following manufacturer’s instructions. 
Sequencing was performed on the Illumina MiSeq platform 
using a paired-end 300 base pair (bp) run. The complete 
dataset of RNA-Seq reads was deposited in the Sequence 
Read Archive (SRA) database under accession numbers 
SRR3099652, SRR3099654, SRR3099655, SRR3100097, 
SRR3100098 and SRR3100099.

De novo transcriptome assembly, and mapping 
and differential gene expression analysis

The transcriptome assembly was performed de novo using 
Trinity (Grabherr et al. 2011) allowing only contigs greater 
than 200 bp. The raw reads were mapped into the Trinity 
assembly using RSEM (Li and Dewey 2011). Differential 
expression analysis was performed using edgeR software 
(Robinson et al. 2010) with the count data from RSEM and 
a standard dispersion value of 0.15.

Functional annotation

The functional annotation was performed in three steps: (1) 
determination of the protein-coding potential of the tran-
scripts, (2) generation of the deduced amino acid sequences 
of the protein-coding transcripts and (3) assignment of 
Gene Ontology (GO) terms to these protein sequences. The 
protein-coding potential of all transcripts was determined 
using the support vector machine-based classifier Coding 
Potential Calculator (CPC; Kong et  al. 2007). CPC also 
generated the translated sequences of the protein-coding 
transcripts. For the assignment of GO terms to these pro-
tein sequences, the large scale function prediction tool 
Argot2 (Fontana et  al. 2009; Falda et  al. 2012) was used 
with default parameters (TS score ≥200.0). Argot2 was 
selected since it was considered the top method among 
other existing function prediction tools as reported in a 
large-scale evaluation of computational protein function 
prediction (Radivojac et al. 2013).

GO‑based functional enrichment analysis

The enrichment analysis was carried out for the proteins 
encoded by the differentially expressed protein-coding tran-
scripts. For each type of GO categories, we compared the 
frequencies of GO terms mapped to the proteins encoded 
by the differentially expressed protein-coding transcripts 
(test set) with those of the entire set of proteins encoded 
by the protein-coding expressed transcripts (reference set). 
The Biological Networks Gene Ontology tool (BiNGO) 
(Maere et al. 2005) was used to determine which GO terms 
were significantly over represented in a set of proteins. The 
reference set, the ontology and organism/annotation files 
were all prepared in a customized way. We considered as 

enriched, the GO terms with frequencies 10-fold higher in 
the test set compared to the reference set.

qPCR assays

Quantitative PCR (qPCR) was carried out to evalu-
ate the transcript accumulation of SlTCTP (using the 
qTCTP primer pair) and selected stress-responsive genes 
(NtLEA14, NtRD29A and NtERD1; primers according to 
Babitha et  al. 2015) in the generated transgenic tobacco 
lines, and also to check the accuracy of the generated RNA-
Seq data employing a set of 17 selected genes (for details 
see Table S1). In the last case, the same RNA samples used 
for RNA-Seq library construction were employed. A gene 
encoding a tobacco elongation factor (NtEF; 5′-TCA​TTA​
GGT​CCA​GCG​TTC​TTAGC-3′ and 5′-CCC​ACC​CTA​AGG​
AAT​CTG​CAT-3′) was used as endogenous control in all 
reactions.

The qPCR assays were performed using a Step One 
Plus Real-Time PCR System (Applied Biosystems) under 
the following parameters: 95°C for 10  min, 40 cycles 
at 94°C for 15  s and 60°C for 60  s. Amplicon specific-
ity was checked using the dissociation curve at the end of 
each run. Each qPCR (12 µl) consisted of 6 µl of Maxima 
SYBR Green/ROX qPCR Master Mix (Thermo Scientific), 
1 µl of cDNA (1/10 dilution) and 0.4 µM of forward and 
reserve primers, respectively. All reactions were carried 
out in triplicate. Relative expression data were analyzed 
using the DataAssist software v.3.01 (Applied Biosystems). 
Additionally, the correlation between the RNA-Seq and 
RT-qPCR expression values obtained for the selected genes 
was evaluated by calculating the non-parametric Spear-
man’s correlation coefficient.

Plant gas exchange parameters

Gas exchange parameters were measured on the second 
youngest leaf from plants (n = 6) of the TCTP7 and TCTP8 
OE lines and WT control, respectively. For this, an infrared 
gas analyzer in an open system (LCI-portable, ADC sys-
tem, England) was used. Measurements were performed 
between 9 and 10 o’clock. Net photosynthetic rate (A), 
intercellular CO2 concentration (Ci) and stomatal conduct-
ance (gs) were all determined at an ambient CO2 concentra-
tion of 398 ± 6 μmol mol−1, temperature of 28 ± 2 °C, and 
28% relative humidity.

Results

As a first step towards functional investigation of 
SlTCTP, we employed Agrobacterium-mediated trans-
formation to generate tobacco plants that overexpress 
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this protein. Several independent kanamycin-resistant 
transformants were obtained, and the insertion of the 
expression cassette in eight of them was confirmed by 
PCR using genomic DNA extracted from leaves (not 
shown). Subsequent RT-qPCR analysis of the SlTCTP 
transcripts in three randomly selected transformed lines 
(called TCTP2, TCTP7 and TCTP8) revealed variable 
levels of transgene expression (Fig.  1a). In this regard, 
the highest levels of transgene expression were observed 
in the TCTP7 and TCTP8 lines while the lowest level was 
observed in the TCTP2 line. A cross-amplification of the 
endogenous NtTCTP transcripts was observed in the WT 
untransformed control (relative expression set to one; 
Fig. 1a). The SlTCTP protein content in these independ-
ent OE lines, as determined by Western blot analysis of 
total protein leaf extracts, was almost proportional to the 
level of the SlTCTP transcripts (Fig. 1b). Intriguingly, the 
endogenous NtTCTP protein was not detected in protein 
extracts from WT control leaves (Fig.  1b), which might 
be linked to its low concentration.

Tobacco SlTCTP‑overexpressing lines show increased 
growth

Given that most TCTPs studied so far have been implicated 
in the regulation of plant growth, we decided to check the 
growth phenotype of the aforementioned SlTCTP-OE lines. 
In fact, as evidenced by the primary root lengths of seed-
lings (Fig.  2a, b) and the fresh and dry weights of adult 
plants (Fig. 3a, b) grown under normal conditions, the three 
OE lines under analysis exhibited increased growth and 
biomass production compared to the WT control. In line 
with these quantifications, an improved growth of the aerial 
parts of the transgenic plants relative to the WT was clearly 
visible (Fig. 3c, panel 1). Likewise, lateral root formation 
was enhanced in the SlTCTP-OE seedlings compared to the 
WT (supplementary Fig. S1), suggesting an improved root 
growth.

Overall, a positive correlation between SlTCTP over-
expression and plant growth could be observed. In this 
regard, pair-wise comparisons between the transgenic 
lines revealed that, under control conditions, the lines 

Fig. 1   Molecular characterization of the SlTCTP-OE tobacco lines. 
a RT-qPCR analysis of transgene expression in three selected trans-
genic lines (TCTP2, TCTP7 and TCTP8). Values are presented as 
transcript abundance relative to the untransformed control (WT; set to 
one) and asterisks denote significant differences between WT and OE 
lines (p < 0.001). b SlTCTP accumulation in the corresponding trans-
genic lines as determined by western blot. WT untransformed control 
plant, C+ bacterially expressed recombinant SlTCTP

Fig. 2   Root phenotypes of the SlTCTP-OE lines. a Primary root 
length of WT and OE seedlings grown under control condition or 
upon exposure to osmotic stress (100, 150 and 200  mM mannitol). 
Data are the means from three independent experiments using ten 
seedlings ± SE. Asterisks indicate significant differences between 
WT and OE lines as defined by Kruskal–Wallis test (*p < 0.05 and 
***p < 0.001). Photographs of representative seedlings (15-day-old) 
from each genotype grown under control (b) and mannitol-stressed 
(100 mM) (c) conditions
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with high transgene expression levels (namely TCTP7 
and TCTP8) presented significantly higher fresh and 
dry weights (p < 0.05) when compared to line TCTP2, 
which has the lowest transgene expression level (Fig. 3a, 
b). On the other hand, the detected differences in both 
fresh and dry weights between lines TCTP7 and TCTP8 
were not statistically significant (Fig.  3a, b). Interest-
ingly, an opposite behavior was detected in transgenic 
tomato lines with strong knockdown of SlTCTP expres-
sion (about 94–97% of the WT level), which exhibited 
stunted growth and delayed development compared to 
WT plants (Bruckner et al. 2016).

SlTCTP‑OE lines show better performance 
under abiotic stress

To determine the impact of SlTCTP overexpression in plant 
performance under abiotic stress, WT and transgenic seed-
lings were first subjected to osmotic stress using mannitol, 
and root elongation was used as an indicator of stress sen-
sitivity. As a result, the observed differences in primary 
root length between the tested OE lines and the WT control 
grown under non-stressed conditions were even more pro-
nounced when seedlings were submitted to osmotic stress 
(Fig.  2a, c). According to the quantifications shown in 

Fig. 3   Biomass accumulation of WT and SlTCTP-OE plants under 
stress. Fresh (a) and dry (b) weights of the WT and OE plants 
(35-day-old) submitted to control, salt and osmotic stress conditions, 
respectively. Data are the means from three independent experi-
ments using ten plants ± SE. Asterisks indicate significant differ-

ences between WT and OE lines as defined by Kruskal–Wallis test 
(**p < 0.01 and ***p < 0.001). c Photographs of representative plants 
from the tested genotypes taken at the end of each treatment, i.e. (1) 
control condition, (2) salt stress (175  mM NaCl) and (3) osmotic 
stress (150 mM mannitol)
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Fig. 2a, the roots of the transgenic lines were less sensitive 
to the osmotic stress than those of the WT control. Moreo-
ver, in the presence of 200 mM mannitol, a severe inhibi-
tion of root growth was observed in the WT control relative 
to the OE lines subjected to the same treatment.

Transgenic plant performance under stress was further 
evaluated using adult plants submitted to osmotic and salt 
stresses, respectively. As indicated by their higher fresh 
and dry weights under saline conditions (Fig.  3a, b), the 
OE plants were clearly less sensitive to salt stress than the 
WT plants. Relative dry weights under salt stress decreased 
from 14 (TCTP8) to 20% (TCTP2 and TCTP7) in the trans-
genic OE lines, while a 25% reduction was detected in WT, 
indicating that the transgenic lines sustained a relatively 
better growth than WT. Moreover, as documented in Fig. 3c 
(panel 2), the visual symptoms of salt stress damage were 
less intense in the transgenic plants, indicating that these 
plants were not significantly compromised by the applied 
stress. Overall, these results indicate that plant performance 
under salinity was improved by the ectopic overexpression 
of SlTCTP. Moreover, this is the first demonstration of a 
beneficial effect of a plant TCTP on salt tolerance at the 
whole plant level.

On the other hand, compared with WT plants, only the 
OE line with highest transgene expression level (TCTP7) 
displayed better growth performance under mannitol-
induced osmotic stress (Fig.  3a, b). By contrast, as indi-
cated by their biomass accumulation, the moderate over-
expressing TCTP8 line displayed an intermediate behavior 
between WT and TCTP7, while the lower overexpressing 
TCTP2 line was as sensitive to osmotic stress as the WT 
control (Fig.  3a, b). The observed reductions in relative 
dry weights ranged from 37 (WT) to 64% (TCTP8). As 
aforementioned, only TCTP7 retained high biomass under 
osmotic stress with a 20% reduction in relative dry weight. 
Therefore, a negative correlation between SlTCTP expres-
sion levels and sensitivity to osmotic stress was observed.

To determine whether the better performance of the 
SlTCTP-OE lines under abiotic stress was associated 
with an altered expression of stress-responsive genes, we 
decide to evaluate the expression of three known stress-
marker genes (NtLEA14, NtRD29A and NtERD1) in WT 
and OE seedlings grown under control (unstressed) and 
salt-stressed conditions (Fig.  4). To give further confi-
dence to our data, results were considered of significance 
only if a similar expression trend over WT was observed in 
all tested OE lines. In this context, NtRD29A was signifi-
cantly down-regulated (about threefold) in all SlTCTP-OE 
lines under control conditions (12 h) (Fig. 4a). On the other 
hand, compared to WT, NtLEA14 transcript levels were 
increased by six or more folds in the three OE lines after 
24 h of salt treatment (Fig. 4b). Concerning NtERD1, this 
gene was down-regulated in control unstressed conditions 

(12 h) in all transgenic lines and remained unchanged over 
WT under salt treatment (Fig. 4c). Overall, these findings 
indicate that the positive effects of SlTCTP overexpression 
on plant performance under salt stress is not paralleled with 
a consistent up-regulation of the investigated stress-related 
genes. These results also suggest that other mechanisms, 
which probably require the concerted stimulation of cel-
lular and physiological processes by SlTCTP, are involved.

RNA‑Seq analysis suggests altered photosynthesis 
in the OE lines

To gain a better understanding of the molecular mecha-
nisms associated with the observed effects of SlTCTP in 
plant growth and stress responses, a transcriptome analysis 

Fig. 4   Fold change in expression of selected stress-related genes in 
the SlTCTP-OE lines (TCTP2, TCTP7 and TCTP8) over WT plants. 
a NtRD29A (log2 transformed); b NtLEA14 (log2 transformed) and 
c NtERD1. Transgenic and WT seedlings (n = 5) were treated with 
150 mM NaCl and sampled at 12 and 24 h of stress imposition. Con-
trol (unstressed) seedlings were sampled at the same time points. Val-
ues of WT expression were set to 1. Asterisks indicate a significant 
difference from the WT at the corresponding condition (Student’s t 
test; *p < 0.05 and **p < 0.01)
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of the independent OE lines with major transgene expres-
sion (TCTP7 and TCTP8) was conducted using RNA-Seq. 
For that, pools of leaves collected from five independent 
WT and transgenic plants, respectively, were used. Approx-
imately 14  million raw paired-end sequencing reads, 
151 bp on average, were generated and assembled de novo. 
After quality check and data cleaning, 7,612,562 high qual-
ity reads were obtained with 99.6% Q20 bases (base qual-
ity more than 20). A total of 122,389 contigs were assem-
bled with an average length of 656,64 bp (Table 1). Among 
the total assembled contigs, 71,668 (58.6%) and 45,666 
(37.3%) presented a positive match in searches against the 
NCBI and Swiss-Prot databases (E value: 1E−5), respec-
tively. On the other hand, 55,349 (45%) were identified as 
protein-coding transcripts using CPC (Kong et  al. 2007), 
and among them, 53,590 presented a positive BLASTP 
match in searches against the UniProtKB database. Addi-
tionally, using Argot2, 36,670, 33,278 and 38,710 were 
assigned with at least one GO term in either biological pro-
cess, cellular component or molecular function categories, 
respectively.

The differentially expressed genes (DEGs) were identi-
fied by comparing the RNA-Seq data obtained for the non-
transformed WT plants and the data of each transgenic OE 
line. The criteria used to select these DEGs were FDR val-
ues ≤0.01 and RPKM values ≥1, respectively. As a result, 
215 transcripts were identified as differentially regulated 
between WT and TCTP7, while 180 transcripts were iden-
tified between WT and TCTP8. Among them, 87 were 
found to be common to both OE lines. To instill further 
confidence in our RNA-Seq data, and considering the high 
correlation observed between the generated dataset of the 
two OE lines (Supplementary Fig. S2), only these common 
DEGs were used in the subsequent analysis. Out of these, 
59 were considered up-regulated (≥0.3 log fold change) 
while 28 were down-regulated (≤0.3 log fold change) (Sup-
plementary Tables S2 and S3).

A categorization of the common up- and down-regulated 
DEGs was then carried out employing established GO cat-
egories. It should be mentioned here that in many cases, 
different GO terms were assigned to the same transcript. 
Among the up-regulated DEGs allocated in the biological 

process category, the majority is involved in biosynthetic 
processes (21 transcripts) and photosynthesis (16 tran-
scripts) (Supplementary Fig. S3). Also within this category, 
genes associated with transport (14 transcripts), response 
to stress (13 transcripts) and response to abiotic stimulus 
(14 transcripts) were observed (Supplementary Fig. S3). 
The most representative terms in the molecular function 
category were oxidoreductase activity (10 transcripts), 
organic cyclic compound binding (10 transcripts) and het-
erocyclic compound binding (10 transcripts). Another term 
that stands out in this category is hydrolase activity (9 tran-
scripts) (Supplementary Fig. S3). The up-regulated DEGs 
allocated in the cellular component category were found in 
the chloroplast thylakoid membrane (15 transcripts), chlo-
roplast stroma (12 transcripts) and chloroplast envelope (10 
transcripts) (Supplementary Fig. S3).

In the set of down-regulated DEGs, the most repre-
sented GO terms in the biological process category were 
oxidation–reduction process (10 transcripts) and response 
to stress (8 transcripts) (Supplementary Fig. S4), while 
oxidoreductase activity (11 transcripts) was the most rep-
resented term in the molecular function category. This cat-
egory was also overrepresented by several binding terms 
including metal ion binding (11 transcripts), anion bind-
ing (6 transcripts) and nucleotide binding (5 transcripts) 
(Supplementary Fig. S4). The down-regulated genes were 
almost equally found in the cytoplasm, membrane and 
intracellular membrane-bounded organelle (Supplementary 
Fig. S4).

Functional enrichment confirms overrepresentation 
of photosynthesis‑associated terms

An enrichment analysis was performed to identify the sig-
nificantly overrepresented GO terms associated with the 
up-regulated and down-regulated gene datasets. Within the 
up-regulated gene dataset, the most significantly enriched 
terms for biological processes were photosynthesis and 
lipid metabolic process (Table  2). Consonant with the 
detected enrichment of photosynthesis-related terms, the 
majority of the GO terms significantly enriched in the cel-
lular component category was associated with the chloro-
plast (chloroplast envelope; chloroplast thylakoid; chloro-
plast thylakoid membrane; chloroplast thylakoid lumen) or 
linked to the photosystems (PS) I and II or to the PSI reac-
tion center (Table 2). Additional functional sites were cell 
wall and extracellular region. Under the molecular function 
category, transporter activity followed by oxidoreductase 
activity acting in paired donors, protochlorophyllide reduc-
tase activity and hydrolase activity were markedly enriched 
(Table 2).

On the other hand, a closer look to the down-regulated 
gene dataset revealed enrichment in GO terms associated 

Table 1   Summary of the generated RNA-Seq data

Transcripts 122,389
Mean transcript length (bp) 656,64
Bigger transcript (bp) 10,663
Smaller transcript (bp) 201
Transcripts (≥500 bp) 50,222
Annotated components (Uniref90) 71,669
Annotated components (Swiss-Prot) 45,666
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with oxidoreductase activity, oxidation–reduction and pore 
complex in the molecular function, biological process 
and cellular component categories, respectively (Table 3). 
Overall, these results indicate an important effect of 
SlTCTP overexpression on chloroplast metabolism and 
suggest a close relationship between TCTP activity and 
plant photosynthetic capacity. Another interesting fea-
ture was the down-regulation of genes encoding different 
isoforms of 1-aminocyclopropane-1-carboxylate (ACC) 
oxidase, a rate-limiting enzyme in the ethylene biosyn-
thetic pathway. ACO4, for example, showed a significant 

down-regulation in both investigated OE lines (Supplemen-
tary Fig. S6). These results suggest that ethylene synthesis 
might be deregulated in the SlTCTP OE plants, which is 
consistent with the reported role of TCTP as a negative reg-
ulator of ethylene responses in tobacco (Tao et al. 2015).

Gene expression validation by RT‑qPCR

On the basis of the GO enrichment analysis described 
above, nine up-regulated and eight down-regulated genes 
(Supplementary Table S1) were selected for further gene 

Table 2   Significantly enriched GO terms for the up-regulated DEGs

x/n number of genes in each category relative to the total used in the analysis, X/N number of genes in each category relative to the total used in 
functional annotation
a Cellular component
b Biological process
c Molecular function

GO-ID Term p value Corrected p value x/n (%) X/N (%)

9579a Thylakoid 5.8433E−7 1.8699E−5 (6/43) 13.9% (236/33,278) 0.7%
9534a Chloroplast thylakoid 4.7658E−6 6.1733E−5 (5/43) 11.6% (191/33,278) 0.5%
9535a Chloroplast thylakoid membrane 5.7874E−6 6.1733E−5 (6/43) 13.9% (351/33,278) 1.0%
9538a Photosystem I Reaction Center 1.6942E−4 1.3554E−3 (2/43) 4.6% (15/33,278) 0.0%
9523a Photosystem II 5.2036E−4 3.3303E−3 (3/43) 6.9% (121/33,278) 0.3%
9941a Chloroplast envelope 1.1596E−3 6.1847E−3 (5/43) 11.6% (617/33,278) 1.8%
9543a Chloroplast thylakoid lumen 1.6281E−3 7.4427E−3 (2/43) 4.6% (46/33,278) 0.1%
9522a Photosystem I 2.4027E−3 9.6110E−3 (2/43) 4.6% (56/33,278) 0.1%
5618a Cell wall 3.0423E−3 1.0817E−2 (4/43) 9.3% (466/33,278) 1.4%
9507a Chloroplast 4.1642E−3 1.3326E−2 (11/43) 25.5% (3511/33,278) 10.5%
9536a Plastid 1.6355E−2 4.5471E−2 (7/43) 16.2% (2079/33,278) 6.2%
16020a Membrane 1.7931E−2 4.5471E−2 (14/43) 32.5% (6097/33,278) 18.3%
5576a Extracellular region 1.8473E−2 4.5471E−2 (4/43) 9.3% (787/33,278) 2.3%
15979b Photosynthesis 2.3940E−6 1.2688E−4 (5/48) 10,4% (163/36,670) 0.4%
6629b Lipid metabolic process 1.7271E−4 4.5769E−3 (6/48) 12,5% (634/36,670) 1.7%
5215c Transporter activity 5.2593E−7 2.4719E−5 (8/46) 17.3% (605/38,710) 1.5%
16717c Oxidoreductase activity 9.1572E−6 2.1519E−4 (3/46) 6.5% (34/38,710) 0.1%
16630c Protochlorophyllide reductase A 3.2366E−4 3.4414E−3 (2/46) 4.3% (6/38,710) 0.0%
16788c Hydrolase activity 3.4414E−3 3.3472E−2 (3/46) 6.5% (254/38,710) 0.6%
46422c Violaxanthin de-epoxidase A 3.5608E−3 3.3472E−2 (1/46) 2.1% (3/38,710) 0.0%

Table 3   Significantly enriched 
GO terms for the down-
regulated DEGs

x/n number of genes in each category relative to the total used in the analysis, X/N number of genes in each 
category relative to the total used in functional annotation
a Cellular component
b Biological process
c Molecular function

GO-ID Description p value Corrected p value x/n (%) X/N (%)

46930a Pore complex 5.41E+00 1.08E+02 (1/18) 5.5% (1/33,278) 0.0%
55114b Oxidation reduction process 2.80E−02 8.12E−01 (10/25) 40.0% (2511/36,670) 6.8%
16491c Oxidoreductase activity 2.25E−02 9.66E−01 (10/26) 38.4% (2468/38,710) 6.3%
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expression validation using RT-qPCR. For that, the 
same RNA samples used for library construction were 
employed. In general, a positive correlation between the 
expression data derived from the RT-qPCR and RNA-
Seq analyses was observed for each investigated OE line 
(Supplementary Fig. S5), thus confirming the reliability 
of the generated data.

Of the nine over-expressed genes chosen for valida-
tion, five (55.5%) were significantly up-regulated in both 
transgenic OE lines compared to the WT (Supplemen-
tary Fig. S6). Amongst them, three are associated with 
photosynthetic pathways, i.e. VDE (encoding a violax-
anthin de-epoxidase), PSAH (encoding a PSI reaction 
center subunit) and POR (encoding a protochlorophyl-
lide reductase involved in chlorophyll biosynthesis), one 
encodes a tonoplast intrinsic aquaporin (TIP1) and the 
last one a fatty acid desaturase (FAD3C). Among the 
validated down-regulated genes, four of them (50%), 
namely ACO4, C71A1, INO1 and PERX, showed sig-
nificant down-regulation in both investigated OE lines, 
while two (25%) (CIPK6 and NCPR) were down-regu-
lated in at least one transgenic line (Supplementary Fig. 
S6). Thus, similar expression patterns of the validated 
genes in both or in at least one of the tested OE lines 
were observed.

SlTCTP OE lines show increased photosynthetic 
capacity

Given the detected up-regulation of photosynthesis-
related genes in our transcriptomic profiling, we checked 
whether the SlTCTP-OE lines have altered photosyn-
thetic capacity. For this, gas exchange parameters were 
measured in attached leaves of the transgenic (TCTP7 
and TCTP8) and WT plants grown under normal condi-
tions. As shown in Fig. 5a, b, net photosynthesis (A) and 
stomatal conductance (gs) were significantly higher in 
the SlTCTP-OE plants than in WT control plants. Unex-
pectedly, a difference in gs values between the transgenic 
lines was detected. In addition, compared to the WT, 
CO2 concentration in the sub-stomatal chamber (Ci) was 
significantly reduced in both OE lines (Fig. 5c). The OE 
lines also displayed a higher A/Ci ratio at ambient CO2 
concentration (Fig. 5d) and enhanced electron transport 
rates compared to the WT (Fig.  5e). Taken together, 
these results clearly indicate that SlTCTP overexpres-
sion enhanced the photosynthetic rates of the transgenic 
plants, which is consistent with the observed positive 
effect of SlTCTP overexpression in plant biomass pro-
duction. Surprisingly, the observed differences were not 
directly correlated with the level of SlTCTP expression.

Discussion

TCTP has been reported as a multifunctional protein 
involved in a myriad of cellular processes (reviewed in 
Nagano-Ito and Ichikawa 2012). Despite being extensively 
investigated in different models, the molecular mecha-
nisms underlying this supposed multifunctionality remain 
poorly understood. In plants, available data document the 
importance of TCTP in cell proliferation and cell repro-
gramming (Berkowitz et  al. 2008; Brioudes et  al. 2010; 
Toscano-Morales et al. 2014, 2015). Intriguingly, although 
presenting significant levels of sequence and structural 
conservation, the existence of functional specialization in 
plants has been suggested (Gutiérrez-Galeano et al. 2014). 
However, this issue remains largely unresolved. To gain 
further insights into TCTP function in planta, in this study 
we report on the consequences of the overexpression in 
tobacco of a TCTP from tomato (SlTCTP).

The overexpression of SlTCTP produced important phe-
notypic alterations in transgenic tobacco plants, including 
increased root growth and aerial biomass production. These 
effects were observed in both normal and stressed growth 
conditions. Intriguingly, the growth-promoting effects of 
overexpressed plant TCTPs are still a matter of debate. 
In line with our results, Tao and colleagues (2015) also 
observed an increase in seedling growth as well as, in the 
size of leaves of transgenic tobacco lines overexpressing 
NtTCTP. The authors concluded that this effect was directly 
associated with the function of NtTCTP as a negative reg-
ulator of the ethylene response, which results in accelera-
tion of the cell cycle and cell proliferation. Overexpression 
of AtTCTP2 in tobacco also increased plant size, but this 
phenotype was only visible until 45  days post germina-
tion (Toscano-Morales et al. 2015), suggesting an acceler-
ate growth rate phenotype rather than a direct effect on net 
growth. In contrast, no obvious changes in plant growth 
could be observed in AtTCTP1-overexpressing Arabidop-
sis lines (Berkowitz et  al. 2008; Kim et  al. 2012). These 
discrepancies might be attributed to the level of transgene 
expression in these different plant models. Of note, since 
TCTP is highly regulated at the translational level, its accu-
mulation in these transgenic lines may vary significantly as 
already evidenced for AtTCTP1 in Arabidopsis (only 50% 
increase at the protein level despite a 13-fold increase in 
gene expression; Berkowitz et  al. 2008). Consistent with 
this, the severity of the phenotypic alterations associated 
with the silencing of SlTCTP in tomato was directly cor-
related with the efficiency of gene knockdown (Bruckner 
et al. 2016). Alternatively, the additive effect of the endog-
enous NtTCTP on the growth of the SlTCTP-OE plants 
could be envisaged.

Supporting the idea that plant TCTPs present over-
lapping functions in plant growth and stress response, in 
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addition to improved biomass production, the SlTCTP-OE 
lines also displayed better performance under abiotic stress 
conditions. Despite being first observed in bacterial cells 
(Santa Brígida et al. 2014), here we show for the first time 
that the overexpression of a plant TCTP is able to reduce 
salt-stress sensitivity at the whole plant level. Similarly, 
SlTCTP overexpression improved plant performance under 
osmotic stress. Even though such response was linked to 
the level of transgene expression, this observation is con-
sistent with previous data showing enhanced drought tol-
erance and cytoprotective effects associated with the over-
expression of AtTCTP1 in Arabidopsis (Kim et  al. 2012; 
Hoepflinger et al. 2013). Our findings are also corroborated 

by the reported roles of TCTP in ABA and ethylene sign-
aling pathways (Kim et  al. 2012; Tao et  al. 2015), which 
play important roles in abiotic stress adaptation (Cao et al. 
2007; Anderson et  al. 2004). Therefore, regardless of the 
exact molecular mechanism involved, it is entirely plausi-
ble that all these TCTP-associated features accounted for 
the manifested better performance of the SlTCTP-OE lines 
under stress. In this context, TCTP-mediated acceleration 
of plant growth would be one such mechanism that allevi-
ates drought and salt stress effects.

To give clues to our understanding of how SlTCTP 
affects plant growth and plant performance under stress, we 
analyzed the transcriptome of the transgenic SlTCTP-OE 

Fig. 5   Gas exchange analyses of the SlTCTP-OE lines (TCTP7 and 
TCTP8) and WT control. a Net photosynthetic rate (A); b stomatal 
conductance (gs); c CO2 concentration in the sub-stomatal cham-

ber (Ci); d A/Ci ratio and e electron transport rate (ETR). Data are 
mean ± SE (n = 15). Asterisks denote significant differences between 
WT and OE lines (*p value between 0.01 and 0.05; ***p < 0.0001)
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lines and evaluated the altered gene expression profiles 
compared to WT plants. It should be highlighted that, 
to ensure confidence, only DEGs that were in common 
between both OE lines were considered. We already used 
such strategy in a previously published paper with similar 
objectives (Laitz et  al. 2015). The first interesting picture 
that emerged from this global transcriptome profiling was 
the up-regulation of photosynthetic-related genes, includ-
ing those involved in the photosystem reaction centers, 
electron transport, light reactions, and protection against 
photo-inhibitory damage. This was further substantiated 
by the significant increase in transcript accumulation of 
three selected photosynthetic-related genes (VDE, POR 
and PSAH) in the SlTCTP-OE lines as determined by RT-
qPCR. These findings indicate that TCTP overexpression 
promotes a stimulatory effect on photosynthesis. Corrobo-
rating this hypothesis, we demonstrated that the SlTCTP-
OE lines presented significantly higher rates of photosyn-
thesis and stomatal conductance relative to WT control 
plants. This could be interpreted as a need to improve 
energy supply to sustain the detected increase in transgenic 
plant biomass production. On the other hand, high photo-
synthetic rate and stomatal conductance have been fre-
quently associated with improved abiotic stress tolerance 
in different plant species (Moradi and Ismail 2007; Chaves 
et al. 2009).

Another well-represented group within the up-regulated 
dataset was composed of genes coding for different mem-
bers of the aquaporin family (in special PIPs and TIPs). 
Aquaporins are known to contribute to the adjustment of 
water flux and ion homeostasis, particularly under stress 
(Maurel et  al. 2015). Several evidences support the idea 
that aquaporins are also able to control water flux into 
guard cells, thereby regulating stomatal movement. In fact, 
a plasma membrane intrinsic aquaporin (PIP2.1) has been 
recently shown to be required for ABA-dependent stoma-
tal regulation (Grondin et al. 2015), a function that is com-
patible with the reported role of TCTP in ABA-induced 
stomatal closure (Kim et  al. 2012). Likewise, the global 
down-regulation of PIP expression in poplar increased the 
abundance of a TCTP and resulted in deregulation of sto-
matal control with excessive stomatal opening (Bi et  al. 
2015).

Giving further support to the involvement of TCTP in 
ABA-mediated stomatal movement, we also detected a 
significant up-regulation of a gene encoding an aspar-
tic protease in guard cells (ASPG), which is implicated in 
drought tolerance through ABA signaling in guard cells 
(Yao et  al. 2012), and a remarkable down-regulation of a 
gene encoding β-amylase 1 (BAM1), an enzyme that cata-
lyzes stomatal starch degradation during guard cell opening 
(Valerio et al. 2011). Intriguingly, a bam1 knockout mutant 
showed decreased stomata aperture, due to impaired starch 

breakdown, and consequently improved drought toler-
ance (Prasch et  al. 2015). As an additional evidence link-
ing SlTCTP to ABA-mediated responses, we observed the 
down-regulation of CIPK6, a calcineurin B-like (CBL)-
interacting protein kinase implicated in ABA signaling. 
CIPK6, when overexpressed in Arabidopsis, rendered the 
transgenic plants salt-tolerant and hypersensitive to ABA 
(Chen et  al. 2012). Overall, these findings point to TCTP 
as a key mediator of ABA-dependent regulation of stoma-
tal movement, a function that seems to require alterations 
in the abundance of a subset of aquaporins and the down-
regulation of BAM1 (Prasch et al. 2015).

SlTCTP overexpression was also accompanied by the 
up-regulation of genes coding for enzymes involved in 
fatty acid (FA) metabolism, in especial desaturases (such 
as Omega-3 fatty acid desaturase and Delta(8)-fatty acid 
desaturase) implicated in FA unsaturation. This finding 
is particularly striking since unsaturated FAs have been 
implicated in drought and defense responses (reviewed in 
Upchurch 2008). The increase in FA desaturation through 
the overexpression of two ω-3 desaturases (namely FAD3 
and FAD8), for example, was found to enhance osmotic 
stress tolerance in tobacco (Zhang et al. 2005). These data 
suggest that TCTP overexpression is likely associated with 
a higher accumulation of unsaturated FA, a hypothesis that 
should be further investigated. Noteworthy, polyunsaturated 
FAs may also serve as precursors for the synthesis of jas-
monate (JA), which acts as a signaling molecule in defense 
responses. In this context, a gene encoding a plastid allene 
oxide synthase, which catalyzes the first committed step of 
JA biosynthesis, was found as specifically up-regulated in 
the SlTCTP transgenic lines.

On the other hand, our transcriptome analysis revealed 
the down-regulation of genes encoding different isoforms 
of ACO as well as, a peroxisomal catalase (CAT2) involved 
in reactive oxygen species scavenging. Interestingly, an 
Arabidopsis cat2 knockout mutant exhibited ethylene 
insensitivity and reduced ethylene production compared to 
WT plants (Bueso et  al. 2007). These results suggest that 
ethylene synthesis might be deregulated in the SlTCTP-
OE lines, what is in accordance with the reported involve-
ment of the tobacco TCTP in ethylene signaling (Tao et al. 
2015). In NtTCTP-silenced tobacco lines, an enhanced 
expression of genes involved in ethylene signal transduc-
tion and biosynthesis was observed (Tao et  al. 2015). It 
should be emphasized that SlTCTP shows 80% amino 
acid identity with NtTCTP. Also noteworthy, some of the 
described phenotypic alterations caused by the silencing of 
SlTCTP in tomato, such as stunting, modified inflorescence 
habit and abnormal fruit morphology (Bruckner et  al. 
2016), resemble ethylene-associated pleiotropic effects 
reported in tomato (Lin et  al. 2008). In addition, the fact 
that the SlTCTP-OE lines exhibited enhanced lateral root 
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formation could be also a result of altered hormone content 
and signaling.

Strikingly, according to our RNA-Seq data, genes asso-
ciated with cell cycle regulation were not significantly 
affected by SlTCTP overexpression. This was unexpected 
considering the evidenced roles of NtTCTP and AtTCTP1 
in the control of cell cycle progression (Brioudes et  al. 
2010; Tao et al. 2015), and of AtTCTP1 in the regulation 
of the TOR signaling through the interaction with Rab 
GTPases (Berkowitz et al. 2008; Brioudes et al. 2010). One 
possible explanation is that SlTCTP may exert such regula-
tory roles at the post-transcriptional or translational levels.

In conclusion, we provide evidence that SlTCTP overex-
pression promotes important alterations in plant growth and 
performance under stress, which correlates with positive 
changes in the transcriptional profiles of genes involved in 
photosynthesis, fatty acid metabolism and water transport. 
The transcriptional modulation of genes associated with the 
control of stomatal movement through ABA signaling was 
also observed. In contrast, TCTP overexpression negatively 
affected the expression of genes involved mainly in ethyl-
ene biosynthesis.
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