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SUMMARY

Members of the plant specific RAV family of transcription factors regulate several developmental
and physiological processes. In the model plant Arabidopsis thaliana, the RAV TEMPRANILLO
1 (TEMI1) and TEM2 control important phase changes such as the juvenile to adult and the
vegetative to reproductive transitions. Besides their known regulatory function in plant
development, a transcriptomics analysis of transgenic plants overexpressing TEM1 also revealed

over-representation of GO categories related to abiotic stress response. Therefore, to investigate
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the biological relevance of these TEM-dependent transcriptomic changes and elucidate whether
TEM contribute to the modulation of plant growth in response to salinity, we analysed the
behavior of TEM gain and loss of function mutants subjected to mild and high salt stresses at
different development stages. With respect to increasing salinity, TEM over-expressing plants
were hypersensitive whereas the tem/ tem2 double mutants were more tolerant. Precisely, teml
tem2 mutants germinated and flowered faster than the wild type plants under salt stress conditions.
Also, teml tem?2 plants showed a delay in salt-induced leaf senescence, possibly as a consequence
of down-regulation of Jasmonic Acid (JA) biosynthetic genes. Besides a shorter life cycle and
delayed senescence, teml tem2 mutants appeared to be better suited to withstand oxidative stress
as they accumulated higher levels of a-tocopherol (an important antioxidant metabolite) and
displayed a slower degradation of photosynthetic pigments. Taken together, our studies suggest
novel and crucial roles for TEM in adaptive growth as they modulate plant development in

response to environmental changes such as increasing soil salinity.

INTRODUCTION

Plants are exposed to different environmental changes over the course of their life and employ
several mechanisms to perceive external fluctuations and modulate their internal developmental
programs. Nowadays, plants are facing ever-changing ecosystems and should adapt their growth
to variable conditions associated with climate change to survive. In addition, the combination of
elevated ambient temperature and intensive farming is leading not only to decreased water
availability but also to increased concentration of Sodium Chloride (NaCl) in the soil. Thus, water
shortage and salinity constitute the main threats to plant productivity, as both inhibit plant growth
and could lead to plant death. Therefore, the elucidation of the molecular mechanisms underlying
abiotic stress response is of great significance for the future of agriculture as novel findings could
be used to develop engineered crops with enhanced resilience to climate change (Tester and
Langridge, 2010).

General strategies for salinity tolerance include the regulation of both osmotic and ionic
components of salt stress (Deinlein et al., 2014). These responses are triggered upon stress sensing
likely mediated by calcium signaling, and specifically via increased levels of free Ca’" in the
cytosol (Tracy et al., 2008). When roots come into contact with high salt concentration in the soil,

plant cells activate the production of osmolytes such as proline to maintain osmotic homeostasis
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(Székely et al., 2008). Afterwards, plant cells manage to exclude toxic Na® ions from the
cytoplasm to regulate ion homeostasis, both in the roots and in the shoot (reviewed in Deinlein et
al., 2014).

In the model species Arabidopsis thaliana, the stress signal is transmitted into the cells via a peak
of Ca?" which activates the SALT OVERLY SENSITIVE (SOS) signaling pathway (Park et al.,
2016). Upon perception of the Ca’" spike, the ion-binding sensor SOS3 forms a complex with
SOS2, a serine/threonine type protein kinase, which activates the plasma membrane Na*/H*
antiporter SOS1, for the exclusion of Na* from the cytosol (Apse et al., 1999; Liu et al., 2000; Shi
et al.,, 2000; Qiu et al., 2002; Shi et al., 2002). Besides imbalance of osmotic and ionic
homeostasis, salt stress also induces the accumulation of Reactive Oxygen Species (ROS) such as
hydrogen peroxide and nitric oxide, which cause severe oxidative damage in plant cells due to
peroxidation and de-esterification of membrane lipids (Baier et al., 2005). For this reason,
additional cellular mechanisms underlying abiotic stress response include the activation of ROS
detoxifying enzymes (e.g. superoxide dismutase, ascorbate peroxidase, catalases) and the
production of ROS scavenging metabolites (e.g. ascorbate, glutathione, tocopherols) which
provide protection to the cell (Neill et al., 2002). Eventually, stressed plants undergo premature
senescence as a consequence of the activation of enzymes which catalyse the breakdown of
chlorophylls, leading to impaired photosynthesis and leaf yellowing (Matile et al., 1996; Lim et
al., 2003; Lim et al., 2007; Woo et al., 2019). Ultimately, most of the plants continuously exposed
to high salinity die before setting seeds as salt shock leads to plasmolysis.

Despite the extensive knowledge in physiological strategies underlying salt stress response, less is
known regarding the molecular mechanisms regulating growth adaptation to salinity. So far, only
few genes have been described as regulators of plant development under unfavorable conditions in
Arabidopsis (reviewed by Golldack et al., 2014). Among these, a group of TFs belonging to the
GRAS family called DELLAs play pivotal roles in the negative regulation of growth in response
to salinity by restraining cell proliferation and expansion (Achard et al., 2006; Achard et al.,
2008). Indeed, salt stressed plants display reduced levels of the phytohormone gibberellic acid
(GA), and consequently increased accumulation of DELLAs, which results in the reduction of leaf
production, leaf expansion and biomass accumulation (Achard et al., 2006). Also, DELLAs
mediate salt-induced delay of the floral transition by repressing the floral meristem identity gene

LEAFY (Achard et al., 2006).
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Additional negative regulators of general growth belong to the RAV sub-family of TFs. Indeed,
transgenic plants over-expressing RAVI, RAV?2 (also known as TEMPRANILLO2; TEM?2) and the
related RAV2-like gene (also known as TEMPRANILLOI1; TEM]I) display growth defects such as
dwarfism and loss of apical dominance (Castillejo and Pelaz, 2008; Fu et al., 2014). TEM over-
expressors (TEM-OE) exhibit specific developmental alterations, such as extremely late flowering
under inductive long days (LD) and glabrous leaves, due to very reduced transcription of different
direct targets including the florigens FLOWERING LOCUS T (FT) and TWIN SISTER OF FT
(TSF1), and genes encoding trichome initiation factors (Castillejo and Pelaz, 2008; Osnato et al.,
2012; Marin-Gonzalez et al., 2015; Matias-Hernandez et al., 2016). Conversely, loss of function
mutants show developmental alterations related to increased content of GA as for instance longer
hypocotyls, early flowering under non inductive short days (SD) and higher number of trichomes
(Osnato et al., 2012; Matias-Hernandez et al., 2016). Unlike the DELLA loss of function mutants
which are more sensitive to high salinity, mutants characterised by T-DNA insertions in RAV1,
RAVI-like and RAV2/TEM?2, are more tolerant to salt stress during the vegetative phase (Fu et al.,
2014).

Here, transcriptomics analysis of TEM1-OFE transgenic plants revealed enrichment in GO terms
related to abiotic stress response. To further investigate the role of TEMs in the modulation of
plant growth in response to salinity, we exposed gain and loss of function mutants to increasing
salt concentration in order to simulate natural incidences of salinity in agricultural and/or natural
ecosystems. Indeed, salt accumulation occurs gradually in the soil as water content decreases
because of seasonal drying, evaporation and transpiration. Our studies indicated that TEM1-OE
plants were hypersensitive to salinity whereas tem/ tem2 double mutants were more tolerant than
wild-types to mild and high salt stresses, likely due to alterations of hormonal pathways. Under
salt stress, feml tem2 mutants performed better than wild-type plants in fundamental
developmental processes (such as germination, vegetative growth and flowering time), and
salinity-induced senescence since they tolerated better the oxidative damage. Because fem mutants
grow similarly in presence or absence of salt, TEMs seem to be required for the reduced
vegetative growth and delayed floral transition under salt stress. Our findings suggest a role for

TEMs as negative regulators of plant development in response to salinity.

RESULTS
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Analysis of TEM-OE transcriptome reveals mis-regulation of abiotic stress-related genes

To identify additional genetic determinants and pathways acting downstream of TEMI, we
investigated the transcriptomics changes between TEMI-OFE and wild-type plants using RNA-
sequencing. Among almost 3000 differentially expressed genes (DEGs, Dataset ), the number of
up-regulated genes was slightly higher compared with the number of down-regulated genes (1625
up-regulated genes representing 54%; 1372 down-regulated genes representing 46%).

A preliminary singular enrichment analysis (SEA) for biological processes revealed an over-
representation of GO categories related to vegetative development in the group of genes down-
regulated in TEMI-OFE (Figure Sla), in agreement with the known role of TEM1 as negative
regulator of plant growth. Additional analyses showed enrichment of GO terms correlated with the
response to endogenous stimuli, in particular to the stress hormone JA among the down-regulated
genes (Figure 1a) and confirmed the enrichment of terms associated with abiotic stress (Figure
S1b, Figure 1b), specifically “water deprivation” in the group of up-regulated genes in TEM[-OF
plants. Therefore, the comparison of wild-type and TEMI-OE transcriptomes indicated mis-
regulation of multiple genes and pathways related to stress response in transgenic plants,
suggesting that TEM could have additional roles in the adaptation to adverse environmental
conditions, likely modulating the biosynthesis of phytohormones. Previous studies demonstrated
that GA4 content was lower in TEMI-OFE plants as a result of the direct repression of GA
biosynthetic genes, and conversely higher in tem! tem2 mutants due to the de-repression of direct
targets (Osnato et al., 2012; Matias-Hernandez et al., 2016). Moreover, feml tem2 mutants
displayed lower levels of JA (Figure S2a). Interestingly, mapping of DEGs in TEMI-OE to the
Kyoto encyclopedia of genes and genomes (KEGG) database revealed enrichment of hormone
signal transduction pathways converging on the plant growth regulator GA, and also on the
senescence-related hormone JA (Figure S2b). Eventually, KEGG pathway enrichment analysis
uncovered components correlated with defense response and adaptation to abiotic stresses (Figure
S2c). Therefore, these results opened the possibility that TEM genes could be involved in salt
stress responses, for that reason we decided to thoroughly study the different developmental

aspects affected by salinity in 7EM gain and loss of function mutants.
Plants mis-expressing 7TEM genes display different sensitivity to salt stress

Previous work indicated that members of the RAV family of TFs in Arabidopsis could play a dual

role in the control of plant development and in the response to abiotic stresses, and specifically in
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tolerance to salt stress in an ABA-independent manner during the vegetative phase (Fu et al.,
2014). To investigate the possible function of TEMs in the modulation of plant growth in response
to salinity, we treated wild-type and transgenic plants mis-expressing TEM genes with water
containing 50 mM and 100 mM of NaCl to simulate mild and high salt stress conditions,
respectively (Shavrukov, 2013). Given the functional redundancy between TEM1 and TEM?2, we
tested the teml tem2 double mutants (hereafter, tem) along with TEM1-OF plants. In response to
increasing soil salinity, we found higher mortality of 7EMI gain of function mutants and
conversely higher survival of tem loss of function mutants as compared to wild type plants (Figure
2a). Visual examination of four weeks-old plants confirmed that the diameter of the wild-type
rosettes decreased in response to increasing salt concentration (Achard et al., 2006; Fig. 2c).
However, tem plants, which had flowered early and their rosette leaves had ceased growth, seemed
to be less sensitive to salt stress (Figure 2b), as their reduced leaf surface might have enabled them
to overcome the negative effects of salinity on general growth. Nevertheless, TEMI-OFE plants
seemed to be hypersensitive to salt despite their small size, and displayed alterations of rosette
leaves color, which suggested senescence-associated death of mesophyll cells (Figure 2c).
Therefore, TEM genes may have a genuine role in salt sensitivity. Wild-type plants showed clear
retardation of vegetative growth and flowering five weeks after salt treatment (Figure 2d), whereas
most of the mutant plants achieved the reproductive phase when the stress intensified (Figure 2e).
Therefore, these phenotypic analyses suggested that tem plants are less sensitive to increasing

NaCl concentrations and show higher reproductive success than wild type plants.

TEMSs mediate the floral transition in response to salt stress

To investigate the putative connection between salt stress and TEM floral repressors, we analysed
flowering time of wild-type versus tem plants in response to increasing salinity. Under SD, wild-
type plants watered with low and intermediate levels of NaCl failed to reach the reproductive
phase, whereas the early flowering tem mutants underwent the floral transition under mild salt
stress at the same time as in control conditions (Figure S3a). Under LD, wild-type plants subjected
to mild salt stress flowered later than control plants, while half of the wild-type plants subjected to
high salt stress died before flowering (Figure 3a-b, Figure S3b). By contrast, fem mutants showed
only slightly inhibited growth and flowered within 3 weeks from germination with 6 leaves on
average regardless of the treatment (Figure 3a-b, Figure S3b). Surprisingly, most of the mutants

also produced flowers under salt shock under inductive day lengths (Figure S3c). Thus, the
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decreased sensitivity of loss of function mutants to salt stress at floral transition suggested that
TEM genes might mediate the delayed vegetative to reproductive phase change in response to
salinity. Supporting this, wild-type plants treated with salt accumulated higher mRNA levels of
TEM1 and TEM?2 during the vegetative phase (Figure S4a). However, we did not detect alteration
of transcription of the floral activator CONSTANS (CO, Putterill et al., 1995) in our experimental
conditions (Figure S4b).

To further investigate the molecular basis of decreased salt sensitivity of fem mutants at floral
transition, we examined changes in the transcription of genes acting downstream of TEM in plants
grown under LD for one week. The expression of FT and TSF decreased as salt concentration
increased in the two genotypes, but higher transcripts levels of the florigens (Fold Change=4) were
found in fem mutant in all conditions (Figure 3¢, Figure S4c). We also observed up-regulation of
the GA biosynthetic gene GA3-OXIDASE 1 (GA30XI) and the floral integrator SUPRESSOR OF
CONSTANS OVEREXPRESSION 1 (SOCI, Samach et al., 2000) in the mutant background (Fold
Change=2) in controlled and salt stress conditions (Figure 3d, Figure S4d). Therefore, phenotypic
and expression analyses indicated a correlation between the early flowering phenotype and the de-
repression of floral integrators and GA biosynthetic gene in fem plants irrespective of the
treatment. In conclusion, a shorter life cycle appeared to be advantageous for mutant plants, which

completed the reproductive phase even under severe salt stress (Figure S3c¢).

Early stages of vegetative growth under salt stress are less affected in fern mutants

Since germination is a physiological process affected by salinity, we followed the emergence of
the radicle from imbibed seeds sown on medium containing low and intermediate levels of NaCl.
As expected, the germination rate decreased as salt concentration increased for wild-type and tem
seeds (Figure S5a). Both genotypes behaved similarly except three days after imbibition at 100
mM NaCl, when fem showed a significant higher percentage of germinated seeds (Figure S5a).
This finding is in agreement with previous studies showing that seed germination in response to
high salt stress is promoted in rav mutants and inhibited in plants over-expressing RAVI, RAVI-
like and to a lesser extend RAV2 (Fu et al., 2014). We reasoned that increased GA levels in the
mutant (Osnato et al., 2012) could explain the promotion of tem seedling establishment. As
supporting evidence, germination rates of seeds sown on the same media supplemented with 1 uM
GA; were recovered to control MS rates (Figure S5b). At the molecular level, we observed

increased expression of ABA INSENSITIVE 5 (ABI5) and decreased expression of GA30XI,
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negative and positive regulators of seed germination respectively (Skubacz et al. 2016, Kim et al.,
2008), in response to increasing salt concentration (Figure S5c-d). Nevertheless, tem seeds
germinating on salt-containing medium showed higher transcript levels of GA30X1 than wild-type
counterpart (Figure S5d). Therefore, higher GA content - endogenous in the mutant or exogenous
in the medium - could compensate salt-induced inhibition of seed germination.

Next, we monitored the inhibitory effect of salinity on the growth of wild-type and mutant
seedlings and observed visible reduction in root development and cotyledon expansion in both
genotypes in response to salt treatment (Figure S6). Despite the variability among biological
replicates, we also found statistically significant increase in primary root length in 1-week-old
mutant seedlings (Figure S6b) but not in cotyledon diameter (Figure S6c). Similarly, we observed
a reduction in rosette area of 2-week-old seedlings in response to increasing salinity but no
statistical difference between genotypes (Figure S7a-b). Furthermore, we measured the fresh
weight of seedlings subjected to salt treatment, when both genotypes are at the same
developmental stage (i.e., before bolting). We confirmed the negative correlation between biomass
accumulation and salt concentration but observed higher fresh weight of mutant plants exposed to
mild salt stress compared to wild types in the same condition (Figure S7c). This might be due to
increased size of mesophyll cells or increased number of trichomes in fem mutant leaves, as
previously described (Matias-Hernandez et al., 2016).

Taking into consideration the developmental differences between the two genotypes associated
with alterations of flowering time, tem seedlings seemed slightly less sensitive than wild types to

increasing salinity during the juvenile phase.

tem mutants delayed the progression of salinity-induced senescence

Metabolic analyses indicated that fem mutants have higher content of bioactive GA,4 (Osnato et al.,
2012; Matias-Hernandez et al., 2016), which could compensate growth delay induced by salinity,
and lower levels of JA (Figure S2a), a lipidic phytohormone involved in stress response and
multiple developmental processes including leaf senescence (He et al., 2002). Therefore, we
wondered if altered hormonal content could allow fem loss of function mutants to better cope with
abiotic stress.

To analyze the relationship between JA signaling pathway and salinity-induced senescence in
wild-type versus mutant plants, we first examined the expression of genes encoding key enzymes

of JA biosynthesis, especially members of the Lipoxigenase (LOX) and Allene Oxide Cyclase
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(AOC) families which are strongly induced in senescent leaves (He et al., 2002; Li et al., 2014)
and up-regulated in TEMI-OFE (Dataset 1). Although their expression increased in response to
salinity in seedlings, we observed drastic downregulation in fem mutants in all treatments (Figure
4a-b, Figure S8a-b). Likewise, we found similar expression patterns of LOX genes after floral
transition (Figure 4c, Figure S8c). Strikingly, we could not detect expression of LOX4 in the
mutant background in any condition tested. Given that TEMs function as repressors of
transcription, we speculated that TEM could indirectly regulate JA biosynthetic genes by
controlling the expression of factors involved in the JA signal transduction pathway (Figure S2b).
To expand the molecular analysis of plants undergoing salinity-induced senescence, we selected
few candidate genes based on their mis-regulation in TEM-OFE (Dataset I), and their known
function in signal transduction pathways activated in response to abiotic stresses (Noh and
Amasino, 1999; Otegui et al., 2005; Xu et al., 2008; Zhou et al., 2009; Bhaskara et al., 2012;
James et al., 2018; Nguyen and Cheong, 2018). We first monitored the transcription of Mitogen-
activated protein kinase kinase 9 (MKK9), a positive regulator of leaf senescence (Zhou et al.,
2009); tem plants displayed reduced MKK9 expression under mild salt stress (Figure 4d, Figure
S9a), suggesting that the progression of stress-induced senescence could be attenuated in the
mutant.

An increased content of JA also induces the activation of several senescence associated genes
(SAG; Gepstein et al., 2003; Liu et al.,, 2011). Among SAGs, we analyzed changes in the
expression of genes encoding SAG113 (also known as Highly ABA-Induced1/HAI1), a member
of clade A Protein Phosphatases 2C modulated by salinity (Bhaskara et al., 2012; Nguyen and
Cheong, 2018), and SAG12, a Cystein type peptidase with proteolytic activity involved in aging
and leaf senescence (Noh and Amasino, 1999; Otegui et al., 2005; James et al., 2018). We found
downregulation of SAG113/HAII in tem mutants in all conditions (Figure 4e, Figure S9b), and
strong activation of SAG/2 only in wild-type plants after 3 weeks of high salt stress (Figure 4f,
Figure S9c).

To summarize, the molecular analyses of salt-stressed plants revealed down-regulation of selected
JA biosynthetic genes and S4Gs in the mutant, suggesting that senescence could be delayed in tem
plants. Therefore, we hypothesized that TEMs could also act in the positive regulation of leaf

senescence in addition to the negative regulation of plant growth.

tem mutants are better prepared to tolerate salt-induced oxidative stress
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Abiotic stresses cause a plethora of alterations and promote the generation of free radicals -
especially those derived from oxygen - which lead to serious damages of cellular membranes,
impairment of ion fluxes and defective photosynthesis. Indeed, the excessive production of ROS
contributes to the progression of leaf senescence, which can be activated by MKK9 (Liu et al.,
2008). As this gene was up-regulated in TEM[-OE plants, we wondered if leaf yellowing and the
hypersensitivity observed in the gain of function mutant treated with salt could be associated to
increased ROS accumulation. Therefore, we performed 3,3’-DiAminoBenzidine (DAB) staining to
examine the presence of ROS in both gain and loss of function mutants (Figure 5a). Despite the
strong detection of hydrogen peroxide (H,0O,) in older leaves of all genotypes, salt-treated plants
were stained more intensely by DAB than the control, supporting increased production of H,O, in
response to salinity. Moreover, the results from DAB staining were consistent with the hypothesis
that TEMI-OE plants accumulated more ROS than the wild type (Figure 5a). On the contrary,
teml tem2 mutants showed less staining than wild types (Figure 5a), suggesting lower
accumulation of ROS in response to salt stress, which correlated with the observed lower
expression of genes involved in stress-induced senescence.

In order to withstand oxidative stress, plants have developed different molecular strategies to
maintain the balance between ROS production and ROS scavenging, including the activation of
enzymes involved in the detoxification and the biosynthesis of anti-oxidants (Neill et al., 2002).
Interestingly, in our Dataset we found downregulation of GAMMA-TOCOPHEROL
METHYLTRANSFERASE 1 (G-TMT1), also named VITAMIN E DEFICIENT 4 (VTE4), a gene
induced in response to abiotic stresses and encoding an enzyme involved in the metabolism of
vitamin E (Bergmiiller et al., 2003; Semchuk et al., 2009). Thus, the reduction in G-TMT1/VTE4
expression in TEMI-OE plants could correlate with decreased content of antioxidants, increased
content of ROS, and consequently accelerated leaf senescence in response to salt stress (Figure
S9d). By contrast, tem mutants displayed higher expression levels of G-TMT1/VTE4 (Figure 5b;
Figure S9e), and accordingly higher accumulation of a-tocopherol in all conditions (Figure 5c). In
addition, tem mutant exhibited increased expression of EARLY LIGHT-INDUCIBLE PROTEIN 2
(ELIP2) (Figure 5d, Figure S9f), which encodes a protein able to bind free chlorophylls released
during the assembly and turnover of light harvesting complexes (Hutin et al., 2003; Tzvetkova-
Chevolleau et al., 2007). Taken together, these results suggested that tem mutants could be less
sensitive to the salt-induced oxidative damage because of enhanced ROS detoxification and

accumulation of molecules with photo-protective functions.
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tem mutants display altered pigment degradation and NPQ Kkinetic in response to salinity

In addition to molecular markers associated to senescence and oxidative stress, the activation of
well-established physiological indicators of chloroplast degeneration and consequent degradation
of photosynthetic pigments marks the onset of senescence (Kuai et al., 2018). Therefore, we
measured the content of chlorophylls and carotenoids in the two genotypes in different conditions
to quantify the symptoms of impaired photosynthesis at maturity. Mutant plants displayed a lower
content of chlorophylls and carotenoids under control conditions. However, the total content of
these pigments declined rapidly in wild type but more slowly in fem mutants in response to salt
stress (Figure 6a, Figure S9g, Table S1), suggesting that the progression of salinity-dependent leaf
senescence was delayed in the mutant.

Since stressed plants undergo premature senescence to get rid of those leaves which are not photo-
synthetically efficient, we decided to evaluate the photosynthetic performance of wild-type and
mutant plants in response to salt stress by using a non-invasive phenotyping technology (PAM
IMAGING, Table S2). Specifically, we calculated Non Photochemical Quenching (NPQ), a
photo-protective mechanism developed to dissipate excess light energy from light harvesting
complexes as heat (Ruban, 2016). Under controlled conditions, the two genotypes displayed
similar behaviors: NPQ continued to increase during the exposure to actinic light and achieved
their maximum after 9 minutes (Figure 6b). In response to increasing soil salinity, the two
genotypes showed different NPQ kinetic profiles: wild-type plants reached higher values of
maximum NPQ compared to tem mutants (Figure 6¢c, 6d). Furthermore, NPQ was unaltered in
mutant plants subjected to mild and high salt concentrations, suggesting that tem plants could have

a less efficient NPQ or alternatively experience reduced stress.

DISCUSSION

TEMs regulate adaptive growth in response to salt stress

Previous studies indicated that members of the RAV family control plant development and the
response to water shortage and salinity in different plant species (Sohn et al., 2006; Li et al., 2015;
Duan et al., 2016; Zhao et al., 2017), making them good candidates for the regulation of adaptive
growth. Among RAV genes in Arabidopsis, TEM1 and TEM?2 are widely expressed in different
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tissues during the plant life cycle and play diverse roles in plant growth by negatively regulating
the content of GA (Osnato et al., 2012; Matias-Hernandez et al., 2016).

Salt stress negatively regulates different developmental phase changes. In particular, seed
germination (embryonic to the vegetative) and floral transition (vegetative to reproductive) are
also promoted by GA. Precisely, the interplay between GA and the antagonistic phytohormone
ABA tightly controls seed germination to ensure successful seedling establishment. The
biosynthesis of ABA increases during embryo development to induce seed dormancy and prevent
premature germination in the siliques. Likewise, ABA accumulates in response to drought and
salinity to avoid seedling development under adverse conditions (Shu et al., 2018). Contrarily, in
favorable conditions ABA content decreases rapidly after seed imbibition and the biosynthesis of
GA increases to promote testa rupture followed by radicle protrusion from the seed coat (Shu et
al., 2018). Similar to ravl and ravi-like mutants (Fu et al., 2014), also tem mutants showed
promoted germination in salt stress conditions, suggesting that increased endogenous GA levels
could compensate salt-induced inhibition of germination. Also, exogenous GA application exerts a
stress-alleviating effect on radicle protrusion.

In addition, soil salinity severely affects vegetative growth of seedlings, resulting in a reduction of
plant biomass. Increasing salt concentration inhibits the development of green organs and
promotes leaf curling of wild type and mutant plants. However, fem mutants showed a significant
although moderate higher fresh weight than wild types at mild salt stress conditions.

Besides negative effects of salinity on seedling establishment and general growth, salt stress also
delays the floral transition in a dose dependent manner (Zhang et al., 2011), either by activating
the floral repressor FLC or repressing the floral activator LFY (Li et al., 2007). Strikingly, tem
mutants showed anticipated floral transition regardless of the treatment, indicating that TEMs
might integrate floral transition and salt sensitivity at the molecular level. Actually, the salt-
induced downregulation of /7" and 7SF in fem mutants resulted in levels above the threshold
required to induce flowering.

Altogether, we propose a role for TEMs in the integration of plant development and salt stress
response by regulating the accumulation of GAs and the activation of floral integrators. We
hypothesise that a faster life cycle (as a consequence of shortened vegetative phase and early
flowering) allows tem mutants to overcome growth inhibition triggered by salt. Vegetative growth
restraint associated to early flowering could also be an advantage under adverse environmental

conditions. Indeed, fem adult plants could be less vulnerable to abiotic stress because of the
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reduced surface of their rosettes. At maturity, zem mutants are considerably smaller than wild-type
plants just because vegetative development ceased at the floral transition, a process that is
anticipated in the mutant background and leads to the formation of fewer leaves at bolting.

Intriguingly, TEMI-OE plants are dwarf but exhibited precocious senescence and hypersensitivity
in response to salinity. This might suggest that TEMs play additional roles in transcriptional
reprogramming underlying salt stress responses independently of other genetic pathways

regulating plant size.

TEMs regulate salinity-induced senescence mediated by JA

Senescence, a physiological process leading to leaf yellowing, is developmentally regulated by
aging but it can also be prematurely induced in response to abiotic and biotic stresses through
increased levels of endogenous phytohormones such as JA, ABA and ethylene (He et al., 2002).

In our studies, we observed that the progression of salt-induced senescence seemed to be delayed
in tem plants, probably as a result of the down-regulation of JA biosynthetic genes and
consequently reduced content of this senescence accelerating hormone. As supporting evidence,
senescence-associated molecular markers such as MKK9 and selected SAGs were activated upon
salt treatment in wild-types but down-regulated in the mutant background. In accordance with
previous reports, MKK9 was induced by JA and transcribed in early senescent leaves, whereas
SAG12 in late senescent leaves (Zhou et al., 2009). Indeed, plants over-expressing MKK9 are
hyper-sensitive to salt and display precocious senescence, whereas loss of function mkk9 mutants
are more tolerant to salt and display delayed senescence (Xu et al., 2008; Zhou et al., 2009).

Also, SAGI13/HAII is induced in response to salinity and drought (Singh et al 2016) and
downregulated in fem mutant. Interestingly, SAG113/HAI1 negatively regulates the expression of
genes encoding dehydrins and Late Embryogenesis Abundant proteins, and the production of
osmolytes including proline at low water potential (Bhaskara et al., 2012). Therefore, we propose
that TEMs play regulatory roles in leaf senescence by modulating the expression of JA
biosynthetic genes and regulators of the osmotic component of abiotic stress response, likely in an
ABA-independent manner (Xu et al., 2008; Zhou et al., 2009; Bhaskara et al., 2012; Nguyen and
Cheong, 2018).

TEMs have a function in the response to salt-induced oxidative stress
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According to molecular data, also metabolic studies corroborated the delayed senescence in
mutant plants subjected to salt stress. Indeed, the analysis of senescence-associated physiological
markers revealed that the total content of chlorophylls and carotenoids decreased more drastically
in the wild-type than in the mutant. In addition to the degradation of these pigments, also oxidative
stress directly correlates with decreased photosynthetic capacity. Indeed, dramatic production of
ROS impairs PhotoSystems (PS) by damaging membrane integrity via peroxidation of membrane
lipids (Apel and Hirt, 2004). Together with the regulation of osmotic and ionic homeostasis,
additional strategies to preserve plants from abiotic stresses include the increased production of
secondary metabolites involved in the protection of PSs against toxic ROS levels. Specifically,
accumulation of molecules with antioxidant properties - such as vitamin E - prevents the
propagation of lipid peroxidation caused by increased ROS levels in stress conditions. In
agreement, previous studies demonstrated that plants depleted in vitamin E are more sensitive to
salt-induced oxidative stress (Ellouzi et al., 2013).

To mitigate photo-oxidative damage and avoid over-excitation of PSs under stress conditions,
plants reduce light harvesting mainly by regulating the expression of genes encoding Chlorophyll
a/b Binding factors and components of Light-Harvesting Complexes. For instance, ELIP2 hampers
photo-oxidative stress induced by adverse external conditions by blocking accumulation of free
chlorophyll. In this way, ELIP2 negatively regulates Chlorophyll synthesis as it sequesters
available units for the assembly of pigment-binding proteins for photosynthesis (Tzvetkova-
Chevolleau et al., 2007).

In our studies, we observed accumulation of a-tocopherol and increased levels of ELIP2 in tem
plants in response to salinity, suggesting a mitigation of photo-oxidative stress in the mutant. In
summary, tem plants cope better with salt stress than wild-type plants due to reduced ROS
accumulation, slower breakdown of pigments, and increased production of molecules with
antioxidant properties (a-tocopherol and ELIP2). As photosynthesis is the major energy source for
plant growth and is extremely sensitive to abiotic stresses, a fast adaptation of the plant to the
environment is essential to deal with fluctuating conditions.

Although the direct binding of TEMs to putative targets goes beyond the scope of this article, a
preliminary analysis of the regulatory regions of candidate genes revealed the presence of RAV
consensus sequence in the promoters of TMT1/VTE4 and At5g49760 (Figure S10). The latter
encodes a Leucine Rich Repeat receptor Kinase recently described as Hydrogen Peroxide sensor

mediating the activation of Ca?" channels in response to environmental stresses (Wu et al., 2020).

This article is protected by copyright. All rights reserved



Future work could focus on deciphering the molecular mechanisms acting downstream of RAV
factors. Actually, the understanding of different genetic factors controlling adaptive growth and
photo-protection is crucial to develop plant varieties with increased climate resilience. This is
particularly true for crops, where high biomass accumulation and yield are the major agronomic

traits to be improved despite limitation of natural resources and agro-ecosystems.

Conclusions

Our studies have elucidated how TEM transcription factors regulate adaptation to environmental
adversity such as increasing soil salinity. We specifically analyzed the effect of salt stress on
different developmental stages and found that tem ! tem?2 plants perform better than the wild types
when exposed to mild and high salt stress. We propose that TEMs act as hub in general
mechanisms to integrate developmental programs and salt stress response by regulating the
content of hormones with signaling function in adaptive growth (Figure 7). Actually, TEMs
negatively regulate plant development and promote salinity-induced senescence by modifying
gene expression of components of different signaling cascades (Figure 7). As previously suggested
(Fu et al., 2014a), tolerance to salt might be obtained by reducing the expression of R4V genes or
exploiting genetic variability at RAV loci. Therefore, these results provide new strategies to
modulate plant development in response to adverse environmental conditions, which are major

limiting factors for crop production.

EXPERIMENTAL PROCEDURES

Plant material and stress treatments

The wild-type plant used in this study was Arabidopsis thaliana ecotype Columbia 0 (Col-0).
TEM1 over-expressing (TEMI-OFE) lines and teml tem2 loss of function mutants in Col-0
background were described previously. Plants were grown in controlled conditions in LD (16
hours light/ 8 hours dark) or SD (8 hours light/ 16 hours dark) chambers at 22°C.

For molecular and phenotypic analyses during the juvenile phase, seeds were surface sterilized,
cold treated at 4°C for three days in darkness and sown on plate containing half-strength
Murashige and Skoog (MS) medium and 0.8% plant agar. Two days after imbibition, germinating
seeds were divided into groups and transferred to different plates. Salt treatment was carried out

by supplementing the medium with 50 and 100 mM NacCl, and GA treatment with 1 uM GA;.
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For molecular and phenotypic analyses at floral transition and during the adult phase, wild-type
and teml tem2 mutant seeds were sown on soil pots. Three Days After Germination (DAG),
seedlings were divided into three groups and watered twice a week until maturity. Control group
was irrigated with water, whereas mild and high salt stresses groups were irrigated with water
containing 50 mM NaCl (low concentration) and 100 mM NaCl (medium concentration)

respectively, to simulate natural salinity increase.

RNA-sequencing and analysis of Differentially Expressed Genes

High-throughput Sequencing of wild-type and TEM-OE plants was done independently 2 times,
and each sample was pooled from twenty 10-days old plants grown at LD 22°C and collected at
ZT18. Total RNA was extracted with PureLink™ RNA Mini Kit (Invitrogen), treated with
TURBO DNA-free™ Kit (Invitrogen), and used for the construction of RNA-Seq cDNA libraries,
following standard Illumina protocols. Sequencing was performed on Illumina HiSeq2500
instrument. Base calls were performed with RTA 1.13.48.0 followed by conversion to FASTQ
with bcl2fastq 1.8.4. QC check was performed on the raw sequencing data, removing low-quality
portions. The minimum length established was 35 and the quality score 25. FastQC was performed
before and after the trimming. High-quality reads were mapped to the Arabidopsis thaliana
reference genome (TAIR10) using Spliced Transcripts Alignment to Reference (STAR) software
(v2.4.0). STAR alignment files were used as input for Cuffdiff (v2.2.1) together with the TAIR 10
annotation file to calculate gene expression values. Differentially Expressed Genes (DEGs) in gain
of function mutant compared to wt were identified based on the criteria of fold change >2. Gene
Ontology (GO) Analysis of DEGs was performed using AgriGO v2.0 and g:Profiler
(http://systemsbiology.cau.edu.cn/agriGOv2/, https://biit.cs.ut.ee/gprofiler/gost). Top 10 GO-terms
were used for generating GO chart. Locus identifiers of Araport were converted into UniProt KB
using  https://www.uniprot.org/uploadlists/, and UniProt identifiers to KO using
https://www.genome.jp/kegg/tool/conv_id.html. Finally, KEGG pathway mapping was perfomed
using https://www.genome.jp/kegg/tool/map pathway1.html

Hormone analysis
For each genotype, plants were collected 5 days after bolting and the content of JA was measured

as previously described (Matias-Hernandez et al., 2016).

Expression analysis
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For each genotype and condition, pools of 100 developing seeds were collected two days after
imbibition and pools of 20 plants were collected at different developmental stages (7, 14 and 21
Days After Germination). All samples were harvested at ZT12, based on diurnal oscillation of
TEM genes and interesting candidates. Total RNA was extracted with Maxwell RSC Plant RNA
kit (Promega) including an on-column DNase I digestion. After quality control, 1 ug of total RNA
was used for first-strand cDNA synthesis by Superscript III Reverse Transcriptase (Invitrogen),
and used for quantitative real-time RT-PCR on Light Cycler 480 II with SYBR Green I master
mix (Roche). Three biological replicates with three technical replicates each were used for all
analyses. ACt-values were calculated by subtracting Ct-values of the target gene from the Ct-value
of the constitutively expressed elF'4 gene. Relative expression levels were calculated as 2-AACt
method, and the statistical significance was evaluated by unpaired t-test analysis. Primers used for

expression analysis are reported in Table S3.

Phenotypic analyses

For germination assay, sterilized seeds were sown on MS medium and seedling grown in plates
placed vertically in LD chambers. After imbibition, emergence of radicle through the seed coat
was scored daily (up to 120 hours after imbibition) using stereomicroscope. The germination rate
was calculated as percentage of seeds (out of 100 seeds) with protruded radicles for each time-
point and reported as mean value of three biological replicates with Standard Deviation for each
genotype and condition.

For seedling growth, pictures of 40 one-week-old seedling and 10 two-week-old plants were taken
and processed using Image-J software to measure primary root length, cotyledon diameter and
rosette area for each genotype and condition. For biomass accumulation, fresh weight of 20 two-
week-old seedlings was measured and reported as mean value of three biological replicates with
Standard Deviation for each genotype and condition.

For flowering time, 20-25 seeds per genotype and treatment were used and experiments were
performed on soil-grown plants three times with similar results. Data are reported as number of
rosette leaves formed and days to bolting of individual plants, with mean value of the pool.

For mortality, the percentage of dead plants out of 20 plants each genotype and condition was
measured four weeks after germination. Experiments were performed on soil-grown plants two

times with same results.
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Physiological analyses

The accumulation of hydrogen peroxide was detected by staining whole 4-weeks-old Arabidopsis
plants with 3,3'-diaminobenzidine (DAB) using an improved DAB staining method (Daudi and
O’Brien, 2012).

The analysis of photosynthetic pigments and anti-oxidants was performed using rosette leaves
dissected from 4-weeks-old plants, ground in liquid nitrogen and lyophilized. Secondary
metabolites were extracted and analysed by High Performance Liquid Chromatography (HPLC,
Agilent technology) as previously described (Rodriguez-Concepcion, 2004) using the non-plant
carotenoid canthaxanthin as internal standard.

Chlorophyll fluorescence was measured in 5 weeks-old Arabidopsis plants with the MAXI version
of the IMAGING-PAM M-Series fluorometer according to the manufacturer (Walz). After 30
minutes of dark adaptation, the kinetics of chlorophyll fluorescence in whole rosettes were
monitored by measuring F in the dark and Fm with initial Saturation pulse, Fm’ and F’ during a
series of SAT-pulses of Actinic Light every 60 seconds for 10 minutes, followed by 30 minutes of
dark relaxation. Values of Non Photochemical Quenching (NPQ) were calculated for each
genotype and condition. These values indicate PSII performance of plants in response to salt

stress.

In silico analysis of regulatory regions
Additional putative direct targets of TEMs were obtained by overlapping DEGs with a previously
obtained list of genes containing RAV binding sites (Osnato et al., 2012). Regulatory regions of

selected genes were analysed using Athamap (http://www.athamap.de/search gene.php).

Statistical Analyses
Unpaired t-tests and One-way ANOVA analyses were conducted using GraphPad Prism7.00.
Values are represented as means +/- Standard Deviation, with significant differences at P<0.05.

All statistical analyses can be found in Table S4.
Accession Numbers

TEM1 (Atlg25560), TEM2 (AT1G68840), FT (AT1G65480), TSF (AT4G20370), GA30X1
(AT1G15550), SOC1 (AT2G45660); AOC1 (AT3G25760), AOC2 (AT3G25770), LOX2
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(AT3G45140), LOX3 (AT1G17420), LOX4 (AT1G72120), MKK9 (AT1G73500), HAIl
(AT5G59220), SAG12 (AT5G45890), G-TMT1 (AT1G64970), ELIP2 (AT4G14690).
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FIGURE LEGENDS

Figure 1. GO analysis of Differentially Expressed Genes in TEMI-OE.

(a) Enrichment of categories related to hormone signaling based on GO analysis of genes
downregulated in TEMI-OE. (b) Enrichment of categories related to water deprivation based on
GO analysis of genes up-regulated in TEMI-OFE. Gene-set enrichment analysis (GSEA) for
biological processes of ranked gene list (Fold Change>2) of DEGs was performed using gProfiler.

The ten most significant GO-terms are shown.

Figure 2. Salt stress response of plants mis-expressing TEM genes.

(a) Line charts showing the negative effect of increasing soil salinity on the survival rate of wild
type, teml tem2 and TEM-OE plants, grown for 4 weeks under LD. (b) Top views of adult wild-
type and teml tem?2 plants subjected to mild (orange) and high (red) salt stress, compared to
control (white). (c) Left, top views of adult TEMI-OFE plants showing hypersensitivity to salt
treatment. Right, alterations of TEMI-OE rosette color assessed by using Image Color Picker.
Color codes of the different samples are indicated. (d) and (e) Side views of wild-type and tem/
tem2 plants grown for 5 weeks under LD showing negative effect of increasing soil salinity on

reproductive growth.

Figure 3. Molecular and phenotypic analysis of flowering time in response to salt stress

(a) Inhibitory effect of increasing soil salinity on growth of wild-type and fem 1 tem?2 plants grown
for 3 weeks under LD. (b) Scatter plots showing flowering time under LD in response to mild
(orange) and high (red) salt stress, scored as number of days to bolting and number of rosette
leaves formed. Shown are individual data points and mean values for wild-type and tem! tem?.
Kruskal Wallis one-way ANOVA followed by Dunn’s multiple comparisons test was used to

assess significant differences between treatments and genotypes, with *P < 0.0033, **P < 0.0002,
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*#*¥P < 0.0001. (c) and (d) Expression analysis of positive regulators of the floral transition in
wild-type and teml tem2 seedlings grown under LD for one week in controlled versus salt stress
conditions. (c) RT-qPCR of the florigens F7 and TSF. (d) RT-qPCR of GA30XI and the floral
integrator SOCI. One-way ANOVA followed by Tukey’s multiple comparisons test was used to
assess the statistical significance of differences between treatments and genotypes with *P <
0.0033, **P < 0.0002, ***P < (0.0001. For phenotypic and molecular analyses, three independent
replicates gave similar results; one was chosen as representative and the others are reported in

Figures S3 and S4.

Figure 4. Analysis of senescence associated molecular markers in response to salt stress.

(a) and (b) Downregulation of JA biosynthetic genes AOCI-AOC2 and LOX2-LOX3-LOX4 in tem
mutant seedlings grown under LD for 1 week in all conditions. (¢) RT-qPCR of LOX2-LOX3-
LOX4 in plants grown under LD for 2 weeks in controlled versus salt stress conditions. (d) and (¢)
downregulation of MKK9 and HAII in 2-week-old tem mutants grown under LD in response to
salt stress. (f) Activation of S4G12 in 3-week-old wild-type plants grown under LD in response to
high salt stress. One-way ANOVA followed by Tukey’s multiple comparisons test was used to
assess the statistical significance of differences between treatments and genotypes with *P <
0.0033, **P < 0.0002, ***P < 0.0001. Independent replicates gave similar results; one was chosen

as representative and the others are reported in Figures S8 and S9.

Figure 5. Analysis of ROS accumulation and photo-protection in plants undergoing salinity-
induced senescence.

(a) DAB staining of H,O, in wild-type, tem and TEMI-OE grown under LD for 4 weeks and
irrigated with increasing salt concentration. (b) Upregulation of gTMTI/VTE4 in stressed plants
compared to controls after 2 and 3 weeks of salt treatment. (c) Accumulation of a-tocopherols in
4-week-old wild-type and fem plants grown under LD for 2 and 3 weeks. (d) Upregulation of
ELIP?2 in salt-stressed fem plants grown under LD for 2 and 3 weeks. One-way ANOVA followed
by Tukey’s multiple comparisons test was used to assess the statistical significance of differences
between treatments and genotypes with *P < 0.0033, **P < 0.0002, ***P < 0.0001. Independent
replicates gave similar results; one was chosen as representative and the others are reported in

Figures S9.
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Figure 6. Analysis of senescence associated physiological markers and NPQ in response to
salinity.

(a) Superimposed scatter plots showing the degradation of chlorophylls and carotenoids in
response to salt stress, measured as total content of photosynthetic pigments in 4-weeks old wild-
type (white) and teml tem?2 (green) plants grown under LD. (b) to (d) Superimposed scatter plots
with connecting lines representing NPQ kinetic profiles of 5-weeks old wild-type (white) and tem [
tem?2 (green) plants grown under LD in controlled (b), mild (c) and high (d) salt stress conditions.
NPQ was calculated as (Fo-Fm)/Fm at different time-points. White bar, induction and steady
phase with actinic light; grey bar, relaxion phase in darkness. Two-tailed unpaired t-test was used
to assess significant differences between the two genotypes, with *P < 0.0033, **P < (0.0002, ***P
<0.0001.

Figure 7. Effect of salinity on plant development in wild-type and tem plants.

Soil salinity affects different steps of the plant life cycle, especially successive developmental
transitions such as embryonic to vegetative (germination) and vegetative to reproductive (floral
transition) phase changes. In wild types, salt activates signaling pathways which enhance negative
effects on growth partly mediated by the reduction in bioactive GA biosynthesis. In addition, salt
extends the duration of the vegetative phase by maintaining low levels of floral activators and
promotes senescence by damaging cell physiology. As TEMs mediate the negative regulation of
plant development and positive regulation of leaf senescence, loss of function mutants tolerate salt
stress because of a shorter life cycle and accumulation of molecules able to detoxify free radicals.

The model was created in BioRender.com.

Dataset I. Genes differentially expressed in TEMI-OE plants.
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(a)

Term name Term ID Padj -logw(Padj)
Response to Jasmonic Acid GO:0009753 7.113x104
Cellular response to endogenous stimulus ~ GO:0071495 6.345x10°
Cellular response to hormone stimulus GO0:0032870 1.269x10%
Response to oxygen-containing compound  GO:1901700 1.419x10%
Hormone-mediated signalling pathway GO:0009755 2.308x10°
Cellular response to organic substance G0D:0071310 2.547x10%
Defence response to insect G0:0002213 3.332x102
Response to endogenous stimulus GO:0009719 4.112x10*
Response to organic substance GO:0010033 4.243x10%
Response to external biotic stimulus G0O:0043207 4.807x10%
(b)

Term name Term ID Padj -logse{Padj)
Response to water GO:0009415 2.825x1010
Response to water deprivation GO:0009414 1.785x10
Response to inorganic substance GO:0010035 B.600x10°7
Plant-type cell wall organization GO:0009664 9.620x10°
Cellular response to iron ion starvation GO:0010106 1.093x10°
Response to extracellular stimulus G0O:0009991 1.520x10°
Response to acid chemical GO:0001101 1.574x10%
Response to osmolic stress GO:0006970 2.830x10°
Response to abiotic stimulus GO:0009628 3.823x10°
Response to nutrient levels GO:0031667 7.901x10%

Figure 1. GO analysis of Differentially Expressed Genes in TEMT-OE.

(a) Enrichment of categories related to hormone signaling based on GO analysis of genes
downregulated in TEA1-OE. (b) Enrichment of categories related to water deprivation based on GO
analysis of genes up-requlated in TEM{-OE. Gene-set enrichment analysis (GSEA) for biological
processes of ranked gene list (Fold Change=2) of DEGs was performed using gProfiler. The ten most

significant GO-terms are shown.
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Figure 2. Salt stress response of plants mis-expressing TEM genes.

(a) Line charts showing the negative effect of increasing soil salinity on the survival rate of wild type,
tem1 tem2 and TEM1?-OE plants, grown for 4 weeks under LD (b) Top views of adult wild-type and
tem1 fem?2 plants subjected to mild {orange) and high (red) salt stress, compared to control (white).
(c) Left, top views of adult TEM?-OE plants showing hypersensitivity to salt treatment. Right,
alterations of TEM?T-OE rosette color assessed by using Image Color Picker. Color codes of the
different samples are indicated. (d} and (&) Side views of wild-type and tem? tem 2 plants grown for 5
weeks under LD showing negative effect of increasing soil salinity on reproductive growth.
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Figure 3. Molecular and phenotypic analysis of flowering time in response to salt stress

(a) Inhibitory effect of increasing soil salinity on growth of wild-type and tem 1 tem2 plants grown for 3
weeks under LD. (b) Scatter plots showing flowering time under LD in response to mild {orange) and
high (red) salt stress, scored as number of days to bolting and number of rosette leaves formed.
Shown are individual data points and mean values for wild-type and tem? ftem2. Kruskal Wallis one-
way ANOVA followed by Dunn's multiple comparisons test was used to assess significant differences
between treatments and genotypes, with *P < 0.0033, =P < 0.0002, =P < 0.0001. (c) and (d}
Expression analysis of positive regulators of the floral transition in wild-type and tem 1 fem2 seedlings
grown under LD for one week in controlled versus salt stress conditions. (c) RT-gP CR of the florigens
FT and TSF. (d) RT-gPCR of GA30XT and the floral integrator SOC 1. One-way ANOVA followed by
Tukey's multiple comparisons test was used to assess the statistical significance of differences
between treatments and genctypes with *F < 0.0033, ™F < 0.0002, **P = 0.0001. For phenotypic
and molecular analyses, three independent replicates gave similar results; one was chosen as
representative and the others are reported in Figures S3 and S4.
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Figure 4. Analysis of senescence associated molecular markers in response to salt stress.

(@) and (b) Downregulation of JA biosynthetic genes AQC{-A0C2 and LOX2-LOX3-LOX4 in fem
mutant seedlings grown under LD for 1 week in all conditions. (c) RT-gPCR of LOX2-LOX3-LOX4 in
plants grown under LD for 2 weeks in controlled wersus salt stress conditions. (d) and (e)
downregulation of MKKS and HA/T in 2-week-old ferm mutants grown under LD in response to salt
stress. (f) Activation of SAG12 in 3-week-old wild-type plants grown under LD in response to high salt
stress. One-way ANOVA followed by Tukey's multiple comparisons test was used to assess the
statistical significance of differences between treatments and genotypes with *F < 0.0033, =P =<
0.0002, =P = 0.0001. Independent replicates gave similar results; one was chosen as representative
and the others are reported in Figures 58 and 59.
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Figure 5. Analysis of ROS accumulation and photo-protection in plants undergoing salinity-induced
senescence.

(a) From left to right, DAB staining of HzOz in wild-type, fem and TEM1-OE plants grown under LD for
4 weeks and irrigated with increasing salt concentration. (b} Upregulation of g-TMT1/VTE4 in
stressed plants compared to controls after 2 and 3 weeks of salt treatment. (c) Accumulation of a-
tocopherol in 4-week-old wild-type and fem plants grown under LD in controlled versus salt stress
conditions. (d) Upregulation of ELIPZ2 in salt-stressed fem plants grown under LD far 2 and 3 weeks.
One-way ANOVA followed by Tukey's multiple comparisons test was used to assess the statistical
significance of differences between treatments and genotypes with *FP < 0.0033, *F < 0.0002, *™P =
0.0001. Independent replicates gave similar results; one was chosen as representative and the
others are reported in Figure S9.
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Figure 6. Analysis of senescence associated physiological markers and MPQ in response to salinity.
Superimposed scatter plots showing the degradation of chlorophylls and carotenoids in response
salt stress, measured as total content of photosynthetic pigments in 4-weeks old wild-type (white)
and tem 1 tem?2 (green) plants grown under LD. (b) to (d) Superimposed scatter plots with connecting
lines representing NPQ kinetic profiles of 5-weeks old wild-type (white) and tem tem2 (green) plants
grown under LD in controlled (b), mild (c) and high (d) salt stress conditions. NPQ was calculated as
(Fo-Fm)/Fm at different time-points. White bar, induction and steady phase with actinic light; grey bar,
relaxion phase in darkness. Two-tailed unpaired t-test was used to assess significant differences
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between the two genotypes, with *P < 0.0033, =P < 0.0002, **P < 0.0001.
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Figure 7. Effect of salinity on plant development in wild-type and fen plants.

Soil salinity affects different steps of the plant life cycle, especially successive developmental
transitions such as embryonic to vegetative {germination} and wvegetative to reproductive (floral
transition) phase changes. In wild types, salt activates signaling pathways which enhance negative
effects on growth partly mediated by the reduction in bioactive GA biosynthesis. In addition, salt
extends the duration of the wegetative phase by maintaining low levels of floral activators and
promotes senescence by damaging cell physiology. As TEMs mediate the negative regulation of
plant development and positive regulation of leaf senescence, loss of function mutants tolerate salt
stress because of a shorter life cycle and accumulation of molecules able to detoxify free radicals.
The model was created in BioRender.com.
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