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Abstract

Main conclusion Transcription factors normally ex-
pressed in sunflower seeds delayed vegetative senes-
cence induced by severe stress in transgenic tobacco.
This revealed a novel connection between seed heat
shock factors, desiccation tolerance and vegetative
longevity.

HaHSFA9 and HaHSFA4a coactivate a genetic program
that, in sunflower (Helianthus annuus L.), contributes to
seed longevity and desiccation tolerance. We have shown
that overexpression of HaHSFA9 in transgenic tobacco
seedlings resulted in tolerance to drastic dehydration and
oxidative stress. Overexpression of HaHSFA9 alone was
linked to a remarkable protection of the photosynthetic ap-
paratus. In addition, the combined overexpression of
HaHSFA9 and HaHSFA4a enhanced all these stress-resis-
tance phenotypes. Here, we find that HaHSFA9 confers
protection against damage induced by different stress con-
ditions that accelerate vegetative senescence during different
stages of development. Seedlings and plants that overex-
press HaHSFA9 survived lethal treatments of dark-induced
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senescence. HaHSFA9 overexpression induced resistance to
effects of culture under darkness for several weeks. Only
some homoiochlorophyllous resurrection plants are able to
withstand this experimental severe stress condition. The
combined overexpression of HaHSFA9 and HaHSFA4a did
not result in further slowing of dark-induced seedling se-
nescence. However, combined expression of the two tran-
scription factors caused improved recovery of the
photosynthetic organs of seedlings after lethal dark treat-
ments. At later stages of vegetative development, HaHSFA9
delayed the appearance of senescence symptoms in leaves of
plants grown under normal illumination. This delay was
observed under either control or stress treatments. Thus,
HaHSFA9 delayed both natural and stress-induced leaf se-
nesce. These novel observations connect transcription fac-
tors involved in desiccation tolerance with leaf longevity.

Keywords Drastic stress tolerance - Heat shock factors -
Leaf senescence - Seed longevity - Transgenic tobacco

Abbreviations

HSF Heat shock factor

HSP Heat shock proteins

sHSP Small heat shock proteins

sHSP-P  Small heat shock protein (plastidial)
sHSP-CI  Small heat shock protein (cytosolic, Class I)
NT Non-transgenic

Introduction

Drought stress is the single environmental factor that,
worldwide, probably has the strongest negative influence
on crop plant productivity (Chaves et al. 2002). Severe
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drought and heat wave events are increasing in frequency
and intensity as a result of global climate change, and in-
tensifying stress conditions are predicted to impair crop
productivity in sustainable agriculture (Ahuja et al. 2010;
Lobell and Gourdji 2012). Engineering transgenic plants
with enhanced tolerance to stress factors such as elevated
temperature, solar irradiation and drought, will be thus
crucial in the immediate future. To achieve such goals, the
analysis and manipulation of relevant genetic programs
involved in stress tolerance is required. Knowledge ob-
tained from seeds and resurrection plants could be par-
ticularly useful in understanding how the intensifying stress
(that limits crop productivity) affects one of its major tar-
gets: the photosynthetic apparatus and, within it, photo-
system II (PSII) (see Chaves et al. 2002; Munné-Bosch and
Alegre 2002; Flexas et al. 2006; Takahashi and Badger
2011).

In plants the heat-shock response and some develop-
mental processes are mainly controlled by a gene family of
transcription factors known as the heat-shock transcription
factors (HSFs). Plants contain the highest number of HSFs
in eukaryotes. The potentially higher specialization of plant
HSFs, compared with animal systems, is largely unex-
plored (reviewed by Scharf et al. 2012). There has been
little functional analysis of HSFs from plants other than
Arabidopsis. Our group has characterized HSFs that, in
embryos of sunflower (Helianthus annuus L.), activate a
genetic program that contributes to longevity, thermotol-
erance, and desiccation tolerance of seeds. HSFA9 (A9;
Helianthus annuus Heat Shock Factor A9) is a unique HSF
that, in sunflower (Almoguera et al. 2002) and Arabidopsis
(Kotak et al. 2007), has been found to be expressed only in
seeds. Monocot plants do not encode HSFA9 factors
(Scharf et al. 2012). Gain of function as a consequence of
overexpression of HaHSFA9 in seeds only, demonstrated
the involvement of this transcription factor in seed
longevity. Thus, the DS10:A9 seeds resisted accelerated
aging (Prieto-Dapena et al. 2006). We have also shown that
ectopic overexpression of A9 (in transgenic 35S:A9 to-
bacco plants) conferred resistance of vegetative tissues in
young seedlings to severe dehydration (water potentials of
~ —40 MPa; Prieto-Dapena et al. 2008). The tolerated
stress conditions exceeded what “normal” or even “engi-
neered” plants are able to withstand and resembled (though
without fully reaching) the stress levels tolerated by res-
urrection plants (Prieto-Dapena et al. 2008). In DS10:A9
seeds and 35S:A9 plants, A9 activated a genetic program
that includes subsets of genes encoding Heat Shock Pro-
teins (HSP) normally expressed during zygotic embryo-
genesis in seeds. The HSP in this program—the “A9-
program”—include HSP101 and multiple small HSP
(sHSP), mostly a subset of cytosolic proteins of classes CI
and CII (sHSP-CI, sHSP-CII). Plastidial sHSP (sHSP-P),
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but not late embryogenesis abundant (LEA) seed proteins,
are also included in the same program (Almoguera et al.
2012). In other plants different from sunflower, develop-
mental accumulation of seed HSP also occurs (for example
in Arabidopsis, see Wehmeyer et al. 1996). We note that
demonstration by gain-of-function in transgenic plants of
enhanced desiccation tolerance and seed longevity is not
available for HSFA9 different from HaHSFA9 (sunflower
HSFA9). However, in Arabidopsis HSFA9 is activated by
ABI3 (a key regulator of desiccation tolerance, see Kotak
et al. 2007). Furthermore, in Medicago truncatula a
regulatory network that includes ABI3 and HSFA9 has
been linked to seed desiccation tolerance and longevity
(Verdier et al. 2013). HSFA9 connects the desiccation
tolerance and longevity modules in this network (Verdier
et al. 2013).

Loss-of-function of the “A9-program” has also been
reported from studies that used different modified forms of
A9 specifically overexpressed in tobacco seeds. Tran-
scription-inactive forms were found to be inefficient when
compared to an active repressor form (A9-SRDX); using
A9-SRDX only, specific, negative effects on HSP accu-
mulation and a significant reduction of seed longevity were
observed (Tejedor-Cano et al. 2010). The A9-SRDX seeds
tolerated desiccation; this indicated redundancy of the A9-
program with other embryonic programs of desiccation
tolerance, for example with the programs that, in seeds and
resurrection plants, include genes that encode LEA proteins
(Illing et al. 2005; Boudet et al. 2006; Farrant and Moore
2011). The diminished longevity of A9-SRDX seeds indi-
cated that HSFA9 is not the sole Class A HSF involved in
transcriptional activation of the “A9-program” in devel-
oping seeds (Tejedor-Cano et al. 2010). Subsequently,
HaHSFA4a—sunflower Heat Shock Factor (Ada)—was
identified as one such accessory HSF (Tejedor-Cano et al.
2014). A9 and A4da show an unusual repression by the
auxin/Indole-3-acetic acid (Aux/IAA) protein HalAA27
(Carranco et al. 2010; Tejedor-Cano et al. 2014). A9 and
Ada activate the same genetic program involving specific
sHSP target genes. This has been confirmed by observing
enhanced seed longevity and associated gene expression
changes in DS10:A4a and DS10:A9/A4a transgenic to-
bacco lines, as compared to their respective sibling control
lines (syngenic, single-transgenic). Similar analysis with
35S:Ada and 35S:A9/A4a lines revealed enhanced toler-
ance to vegetative severe dehydration and oxidative stress
in young transgenic seedlings. Furthermore this also
showed that A4a strictly requires A9 to cause the enhanced
stress resistance (Personat et al. 2014).

The photosynthetic apparatus in young 35S:A9 seed-
lings showed an unusual resistance to very harsh conditions
of dehydration and oxidative stress. Based in these results,
we proposed that HaHSFA9 might protect seed non-
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photosynthetic plastids and pro-plastids from develop-
mental desiccation (Almoguera et al. 2012). The observed
effects were quite complex, as they involved protection of
diverse components of the two photosystems (PSII and
PSI), the cycling of the labile D1 protein of PSII, and
additional effects on the photosynthetic machinery that are
not yet fully explained (Almoguera et al. 2012). The ob-
served resistance to drastic stress of PSII, PSI, and of
specific components of the two photosystems was compa-
rable only to that described for resurrection plants (Al-
moguera et al. 2012; Dinakar et al. 2012). Resurrection
plants tolerate desiccation in a way that is unlike normal
plants but similar to most seeds (the orthodox seeds) of
normal plants (Cushman and Oliver 2011; Gechev et al.
2012). It has been proposed that tolerance to vegetative
desiccation in vascular resurrection plants has evolved at
different times by changing the regulation of genes that in
normal plants are active only in seeds (Oliver et al. 2000;
Farrant and Moore 2011; Gaff and Oliver 2013).

It has been suggested that senescence might reduce
crop yield when it is induced prematurely under adverse
environmental conditions (Gregersen et al. 2013). Leaf
senescence is a complex degenerative process that in-
volves programed cell death regulation. Senescence is
affected by multiple developmental signals that lead to the
degradation of chlorophyll, protein, lipids, nucleic acids,
and to the dismantling of chloroplasts and other cellular
organelles; chloroplasts are the first organelles to be dis-
organized, while the nucleus and mitochondria remain
active for longer (Lim et al. 2007). Leaf yellowing and
death occur as the final stages of age-dependent senes-
cence (Buchanan-Wollaston et al. 2003). Multiple envi-
ronmental signals, including the signals induced by
drought and darkness stress, also affect leaf senescence
(Lim et al. 2007). The different stress signals appear to
accelerate the same genetic program of developmental
senescence. However, stress-induced senescence has been
found to involve similar (but not exactly the same)
molecular and cellular changes as for age-related senes-
cence (Buchanan-Wollaston et al. 2005; Guo and Gan
2012). Delayed leaf senescence as a consequence of stay-
green genotypes has been reported in many plants, in-
cluding several crop species (Hortensteiner 2009). Stay-
green mutant genotypes can be assigned to two principal
categories: functional and cosmetic. Functional stay-green
plants retain chlorophyll and photosynthetic activity
during leaf senescence, while cosmetic stay-green plants
maintain only their green color due to a decrease in
chlorophyll degradation (Hortensteiner 2009). Functional
stay-green genotypes have been shown to induce complex
effects, for example resulting in protection of the PSII and
causing regeneration of chloroplast ultrastructure (Luo
et al. 2013).

Resurrection plants include species that either maintain
(homoiochlorophyllous) or degrade (poikilochlorophyl-
lous) chlorophyll and the photosynthetic apparatus during
dehydration. Interestingly, only homoiochlorophyllous
resurrection plants are able to avoid leaf senescence. The
majority of their leaves do not senesce when the relative
water content has declined, suggesting that stress-induced
leaf senescence is inhibited in these resurrection plants
(Griffiths et al. 2014). Furthermore, homoiochlorophyllous
resurrection plants from the Gesneriaceae family can
withstand dark treatments for very long periods that, in
normal plants, would induce leaf senescence and death
(Denev et al. 2012). Indeed, genes from homoiochloro-
phyllous resurrection plants were found to delay leaf se-
nescence when overexpressed in normal plants (Islam et al.
2013). Furthermore, even in normal plants, resistance to
drought and other stress conditions is linked to the delay of
vegetative senescence; this is consistent with observations
in engineered plants (Rivero et al. 2007) and stay green
genotypes (Gregersen et al. 2013; Borrell et al. 2014). In
particular, resistance of the photosynthetic apparatus to
oxidative stress seems to be crucial to delay leaf senes-
cence (Abbasi et al. 2009; Wu et al. 2012). These prece-
dents led us to investigate whether 35S:A9 tobacco resists
lethal conditions of dark-induced senescence. In addition,
resistance to more moderate stress conditions that cause
vegetative senescence was also investigated. We found that
the overexpression of A9 caused persistent effects in plants
beyond the young seedling stage. A9 induced resistance to
prolonged dark stress and a delay in natural and stress-
induced vegetative senescence; this newly observed stress-
resistance was well beyond what can be withstood by
normal plants. These effects occurred in parallel with ec-
topic accumulation of seed HSPs, including sHSP-P. Our
results have revealed a novel connection between seed HSF
and leaf longevity, which would further support the sug-
gested roles of the A9-program in connection with the
developing photosynthetic apparatus. We discuss these
results further in the context of seed HSP accumulation and
the evolution of vegetative desiccation tolerance.

Materials and methods
Plant material

We used three different pairs of single-transgenic (35S:A9)
and sibling non-transgenic (NT, syngenic) lines. The pre-
viously described tobacco (Nicotiana tabacum L.) T{/NTq,
T,/NT,, and T3/NT; pairs (Almoguera et al. 2012) are
named here as A9,/NT;, A9,/NT,, and A9;/NT; to dis-
tinguish them from other lines used in the experiments of
Fig. 4. We recently described (Personat et al. 2014) the
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double-transgenic 35S:A9/A4a and, sibling, 35S:A9 lines
used in Fig. 4: 35S:A9,/Ada;, 35S:A9,; 35S:A9,/A4a,,
355:A9,; 35S:A9,/Ada, 35S:A9,, and 35S:A9;/Ada,
35S5:A9;. In these double-transgenic lines A9;, A9, and
A9; denote the same A9-integration events present in the
single-transgenic (35S:A9) homozygous lines (Almoguera
et al. 2012; Personat et al. 2014).

Culture conditions and senescence assays

For the dark-induced senescence assays (Figs. 1, 3), seed-
lings were first grown for 3—4 weeks under photoperiod on
filter paper (50 g/m?) placed on MS medium in Petri
dishes. Culture conditions consisted of a 16-h photoperiod,
25 °C day temperature, 20 °C night temperature and light
intensity of 100 pmol m~2 s~! within SANYO MLR-350H

(Panasonic, Osaka, Japan) growth cabinets (Prieto-Dapena
et al. 2008; Almoguera et al. 2012). Filter paper disks (with
the 3 to 4-week old seedlings) were then transferred to new
Petri dishes, each containing 4 filter paper disks (73 g/m?)
wetted with 4 mL MilliQ (Merck-Millipore, Billerica, MA,
USA) water. Two additional filter paper disks (73 g/m?)
wetted with 2 mL MilliQ water were placed on top of the
seedlings. The Petri dishes were sealed with Parafilm“M”®
(Bemis Inc., Sheboygan Falls, WI, USA), wrapped in
aluminum foil, and placed in the dark at 24 °C within
SANYO MLR-350H growth cabinets for 1-5 weeks. Pig-
ment content and the value of variable to maximal
fluorescence (F,/F,,, see below) was determined immedi-
ately before dark treatment and at the indicated dark
treatment times using the seedlings of one Petri dish per
experimental case and time: F\/F,, values were obtained
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Fig. 1 Resistance to lethal conditions of dark-induced senescence in
the 35S:A9 seedlings. The transgenic (A9) and sibling non-transgenic
(NT) tobacco seedlings (3—4 weeks old) were cultured under darkness
for the indicated time in Petri dishes. Total chlorophyll content
(a) and the maximum yield of PSII (F,/F,, b) was quantified as the %
of the initial values determined for each seedling type just before the
beginning of the dark treatments. These values were: NT chlorophyll,
630.9 + 20.9 pg/g FW; A9 chlorophyll, 773.9 £ 23.8 pg/g FW; NT
F,/Fy, 0.681 £ 0.005; A9 F,/F,, 0.777 £ 0.003. The 35S:A9
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seedlings (c), but not the sibling NT seedlings (d) survived 3 weeks
under darkness. The insetr in ¢ shows new leaves (marked with
asterisks) that developed after seedling re-illumination. The pho-
tographs were taken 10 days after recovery under illumination. Other
asterisks denote statistically significant difference (see Suppl. Table
S1). Numbers in brackets denote sample size. Scale bars 1 cm.
Represented data are for four independent experiments performed
with seedlings from two to three different syngenic NT-A9 line pairs
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Fig. 2 The enhanced resistance to dark-induced senescence persistsp-
in 35S:A9 plants. Transgenic 35S:A9 (A9) and sibling non-transgenic
(NT) plants grown on soil under illumination were transferred to
complete darkness for 22 days (a) or 27 days (b). The F,/F,, was
determined in different leaves numbered according their position
from the top to the bottom of the plant (the leaves closer to the top are
younger). Data shown is for two independent experiments performed
with plants representing three different syngenic NT-A9 lines pairs,
using at least four plants per class and condition. Representative
photographs illustrating whole plant survival after 27 days under
darkness are presented for the A9;—NT; line pair (c)

from 9 seedlings and the pigments (chlorophyll and car-
otenoid) extracted from 5 seedlings in 1 mL 80 % (v/v)
acetone. The remaining seedlings (approximately 50 per
dish) were used for the survival assays performed after the
dark treatments. The filter paper disk with these seedlings
was placed on MS medium in Petri dishes under pho-
toperiod and photographed ten days after. To assess se-
nescence under illumination in the experiments of Fig. 4,
no filter paper disks were placed on top after transferring
the seedlings to new dishes, and a photoperiod light in-
tensity of 170 pmol m~2 s~! was used for 6 extra days. In
the experiments of Figs. 1, 3 and 4, percent survival re-
flects seedlings that regreened and/or resumed growth after
the senescence-inducing treatments.

The plants used for the experiments of Figs. 2, 5, 6 and
7 were first grown for 3—4 weeks on Florabella® (Klas-
mann-Deilmann, Geeste, Germany) potting soil mixed with
perlite (4:1). Thereafter, individual plants were trans-
planted to 200 mL pots filled with the same potting soil
(Figs. 2, 7) or with vermiculite (Figs. 5, 6). Depending on
the treatment, and as indicated in the text elsewhere, the
pots were kept soaked at full capacity with either MilliQ
water, or with the nutrient solution described by Arteca and
Arteca (2000), used at 1/4 dilution. Senescence was in-
duced under complete darkness using plants cultured for up
to 8 weeks within a growth chamber at 24 °C. Alterna-
tively, senescence was induced under illumination by
prolonged culture with and without nutrient deprivation.
The illumination and temperature conditions consisted of
light intensity of 170 pmol m~2 s~ (with 16-h photope-
riod), and 25 °C day/20 °C night temperatures.

Photosynthetic pigment quantification
and chlorophyll fluorescence determination

Total chlorophyll and carotenoid content was determined
by UV-Vis spectroscopy; 80 % acetone-extracts of plant
material were used for pigment quantification. Measure-
ments at 470, 647 and 663 nm were performed and quan-
tified as in Lichtenthaler and Buschmann (2001).
Chlorophyll fluorescence was measured using a mini-PAM
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(Photosynthesis Yield Analyzer; Heinz Walz, Effeltrich,
Germany). The procedures for F,/F,, determination were
described in detail by Almoguera et al. (2012).
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Fig. 3 Co-overexpression of
HaHSFA9 and HaHSFA4a in
the 35S:A9/A4a seedlings
improves recovery from damage
inflicted by prolonged darkness.
Double transgenic (A9/A4a) and

—_
Y
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()]
o

sibling single-transgenic (A9) g\i 40
seedlings were transferred to =
darkness for the indicated times. .g_
After the treatments, the % of )
total chlorophyll maintained by )
the seedlings (a) and the F,/Fy, 5 20

(b) was quantified. Whole
seedling survival was
determined following the
5-week dark treatment and a
subsequent transfer to
photoperiod illumination for 10 0 1 2 3
additional days (c). Data shown
is for three independent

experiments performed with (c)
seedlings from four different 100
A9-A9/A4a line pairs. -:9“*43
Representative photographs of HAs
seedling damage recovery and 80
survival are presented for the
A9,-A9,/A4a, sibling seedlings
d). Scale bar 1 cm 9
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©
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2
S 40
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Protein assays

The equivalent fresh weight (FW) protein extracts used in
Fig. 6 were analyzed using Coomassie-blue stained
12.5 % (w/v) polyacrylamide SDS gels essentially as
described by Zavaleta-Mancera et al. (1999). Extracts
were prepared from 100 mg FW plant material using
I mL 2x Laemmli buffer per sample. Gels were loaded
with 20 pL (Fig. 6a) or 5 pL (Fig. 6b) extract per lane. In
Fig. 6b, D1 accumulation was detected using the PsbA
anti-C-terminal ASO5 084 antibody (Agrisera AB, Vin-
nds, Sweden) at 1/6000 dilution (Almoguera et al. 2012).
The western assays in Fig. 7 were performed using the
same gel system as in Fig. 6, and 15 g of total protein
per lane (also in 2x Laemmli buffer). Detection with
specific antibodies against SHSP-CI was as described by
Prieto-Dapena et al. (2006). The accumulation of sHSP-P
was detected with anti-AtHSP21 (AS08 285) from
Agrisera, used at 1/3000 dilution. HSP101 was detected
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with the anti-ClpB (HSP101) N-terminal antibody (ASO07
253) from Agrisera, used at 1/20,000 dilution.

Statistical analyses

ANOVA was used in experiments where data showed
normal distribution or could be normalized by logarith-
mic transformation (Fig. 4, Suppl. Fig. S2). Alternative-
ly, t Student tests were used when data could not be
normalized (Figs. 1, 2, 3, 5 and Suppl. Figs. S1, S3 and
S4); see the summarized data in Suppl. Table S1. We
averaged the data for the different pairs of analogous
sibling, NT and A9 lines. The statistical analysis of dif-
ferences between the averaged data was consistent with
results obtained when the differences were separately
analyzed for each sibling line pair. Detailed procedures
for these statistical analyses have been described in our
former publications (Prieto-Dapena et al. 2006; Personat
et al. 2014).
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Fig. 4 The 35S:A9 seedlings (a)1 00
also show delayed senescence CINT
symptoms under illumination. Eae

Young seedlings (3—4 weeks
old) cultured under illumination 80
on MS medium on filter paper
were transferred to moist filter
paper without MS medium.

After six additional days under 60 I
illumination, whole seedling
survival (a) and total
chlorophyll (Chl) and
carotenoid (Car) was quantified
(b). The % pigment content
with respect to their initial
values was determined (b). Data
for two independent
experiments performed with (13)
seedlings representing two
different syngenic NT-A9 lines

Survival (%)

pairs are included.

¢ Photographs with
representative seedling survival
for the NT1—A9, sibling line
pair are shown. Scale bar 1 cm

Results

The 35S:A9 seedlings and plants show resistance
to lethal conditions of dark-induced senescence

We first analyzed the extent to which 35S:A9 seedlings
could withstand prolonged dark treatments that induce se-
nescence of the photosynthetic organs. Senescence induced
under such conditions does not represent a physiologically
relevant situation for normal plants. However, these dark
treatments quickly induce senescence symptoms that are
similar to those observed in natural leaf senescence or for
senescence induced after other stress treatments (Lim et al.
2007; see additional results below). Figure 1 summarizes
results of experiments performed with 4-week-old seed-
lings. Three different pairs of sibling transgenic (35S:A9)
and non-transgenic (NT) lines were analyzed in separate
experiments. It was observed that after 1 week of dark
treatment the total chlorophyll content of the seedlings
decreased, although to a lower level in the NT than in the

467
b 80 T
(b) OnT *
- Eao ]
60 -
E *
O 40 b
£
. K=y
m - -
20 F b
F (13) (13) -
0 1

Chl Car

35S:A9 seedlings: to 53.2 & 1.8 and 61.9 & 2.3 % of the
initial content, respectively (Fig. 1a). Chlorophyll degra-
dation is the first visible symptom of leaf senescence
(Buchanan-Wollaston et al. 2003). Thus, the lower de-
crease of chlorophyll content in the 35S:A9 seedlings
indicates that A9 alleviates vegetative senescence. After
3 weeks of dark treatment the A9 effect on senescence was
still evident as the chlorophyll content of the 35S:A9
seedlings was reduced to 40.2 + 5.9 % compared with a
reduction to 30.9 & 2.1 % in the NT seedlings. However,
the A9 effect on senescence was not observed after
5 weeks of dark treatment. At this time a similar drastic
reduction of the chlorophyll content (to less than 30 % of
the initial content) was observed for both the NT and the
35S:A9 seedlings (Fig. 1a). Supplementary Fig. S1 in-
cludes additional information on how the dark treatment
differentially affected the chlorophyll a, chlorophyll b and
total carotenoid content in the A9 and sibling NT seedlings.
As for all figures in the manuscript, statistically significant
differences are indicated by asterisks. Supplementary Table
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Fig. 5 Delayed natural and

Control

(a)

stress-induced leaf senescence
in the 35S:A9 plants. Sibling
35S:A9 (A9) and non-transgenic
(NT) plants were grown on
vermiculite (see “Materials and
methods”). Leaf senescence
symptoms were evaluated
20 days after the nutrient
solution soaking the vermiculite
substrate was either maintained
(Control), or replaced by water
(Nutrient deprivation). The F,/
F\, (a) and total chlorophyll 0
content (b) was determined in 1
different leaves numbered

(b) -
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the top to the bottom of the 2000f
plant. Data shown is for three
independent experiments
performed with plants
representing two different
syngenic line pairs (NT, NT,
A9, and A9,), and using at
least three plants per each A9 or
NT line. Chlorophyll content
was determined from pooled
leaf disks (diameter = 0.5 cm)
taken from the same positioned 0

1500

1000

5001

Chlorophyll (pg/g FW)

(4)

leaves (four disks per leaf and
plant). Immediately following
F/F,, determination, whole
leaves were detached and
photographed; representative
leaf pictures are shown for the
two line pairs used (c)

—_
(2)
~

S1 summarizes the statistical data that support these
differences.

Protection of the maximum quantum yield of PSII (F,/
F,) in the dark-treated 35S:A9 seedlings, compared to NT
seedlings (Fig. 1b) was also observed. There was a notable
decrease of F,/F,, observed in the NT seedlings after only
1 week of dark treatment (to 47.9 £ 3.2 % of the initial
value, compared to only 77.3 & 2.1 % for the 35S:A9
seedlings). This suggests an A9-mediated protection of the
PSII from dark-induced damage which, judging from the
F,/F,, values, appears to be similar to that caused by ox-
idative damage after drastic treatments of seedlings with
200 mM H,O, for 24 h in the dark (Almoguera et al.
2012). PSII F,/F, protection was still evident after
3 weeks under dark conditions (24.6 + 1.8 % for NT
versus 30.2 £+ 1.5 % for T), but disappeared after 5 weeks
of dark treatment as observed for chlorophyll reduction
(compare Fig. 1b, a).
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The dark-induced senescence was not lethal after the
1-week treatment, as recovery of both the NT and 35S:A9
seedlings was similar following transfer to normal growth
conditions with photoperiod illumination. In contrast, after
3 weeks of treatment, dark-induced senescence was lethal
for the NT seedlings (0-5 % survival observed); however,
the 35S:A9 seedlings recovered (80-100 %), as illustrated
by the representative results shown in Fig. lc, d. We
conclude that A9 enhances vegetative longevity by pro-
tecting photosynthetic organs from dark-induced senes-
cence. The protection was observed under very harsh stress
conditions that are lethal for non-transgenic seedlings.

We next analyzed whether 35S:A9 plants resist pro-
longed dark treatments. We reasoned that the A9 effects on
vegetative senescence determined in young seedlings
(Fig. 1) might persist to further developmental stages after
seedling establishment. Constitutive expression from the
35S sequences used in our experiments would allow
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Fig. 6 Additional indications of delayed senescence in the 35S:A9
plants after nutrient deprivation. Total soluble leaf protein (a) and
PSII D1 protein accumulation (b) was analyzed in the 35S:A9 (A9)
and sibling non-transgenic (NT) plants used for the nutrient depri-
vation experiments of Fig. 5. Samples from different leaves numbered
according their position from the top to the bottom of the plant were
analyzed after SDS-PAGE. Coomassie blue-stained gels (a) showing
the accumulation of abundant proteins in leaves 10 days (fop) and
20 days (bottom) after the nutrient deprivation treatment started. The
asterisk marks the Rubisco large subunit (RbcL) band mentioned in
the text. Western-blot detection of the D1 protein was compared to
Ponceau S-stained (P) RbcL band (b); the asterisk marks the major
D1 band. Representative results for the two sibling line pairs used in
Fig. 5 are depicted: NT|—A9, (top) and NT,—A9, (bottom). Gel lanes
were loaded with protein extracts prepared on an equivalent FW basis
(see “Materials and methods™). Left side, size markers (molecular
mass, kDa)

persistence of the A9 effects, unless additional limiting
conditions were absolutely required (i.e., additional factors
such as A4a, limiting post-translational modification of A9
later in development, etc.). Therefore, we investigated
whether the A9-induced resistance to dark induced senes-
cence observed with small seedlings (x~0.8 cm broad, with
2 pairs of true leaves, see Fig. 1) persisted in much larger

(a) A9, NT, A9, NT,
MS 2w 3w 4w 3w 8w 8w

25+ _—-an < SHSP P
20- .
0-EE T el

’ — ’ ~ sHSPCI
” 'HSP101

Fig. 7 The ectopic accumulation at normal growth temperatures of
HSP (including plastidial SHSP-P) persists in 35S:A9 plants. Western-
blot detection of the accumulation of the HSP indicated at the right
side was compared using protein extracts from 35S:A9 (A9) young
seedlings that were grown on MS medium in Petri-dishes (MS), and
other extracts prepared from transgenic plants grown on potting
substrate for 2, 3, 4, or 8 weeks (2-8 weeks). Representative results
obtained with samples of the A9; line are shown; as a negative control
samples from the sibling NT; line after 3 and 8 weeks’ culture are
included (a). Left side, size markers (molecular mass, kDa). In b,
representative pictures of the size and development attained by the
plants (NT; and A9, plants) after 8 weeks’ culture are presented.
Scale bar 1 cm

and more developed plants. After 4 weeks of growth di-
rectly into potting soil under photoperiod illumination, the
plants used for these experiments (& 10 cm broad) had 8
true leaves. F\/F, measurements were performed after
22 days (Fig. 2a) or 27 days (Fig. 2b) of subsequent ex-
posure to dark culture conditions. The absolute F\/F,
values in 35S:A9 leaves were higher than those of sibling
NT plants after dark-induced senescence. The tobacco
plants were quite resistant to 22 days under dark culture
conditions (Fig. 2a); only in the older 5th and 6th leaves
was senescence damage of PSII (i.e., significantly lower
F,/F, values) evident in the NT lines, as compared to the
sibling 35S:A9 lines. After dark culture for 27 days a much
higher damage was evident for the NT plants. In this case,
protection of PSII in the 35S:A9 leaves was more evident
in the younger 3rd and 4th leaves than in the older leaves
(Fig. 2b). After dark culture for 27 days the plants were
transferred to normal photoperiod illumination conditions
for 2 days. Leaf recovery from symptoms of induced se-
nescence and leaf survival was clearly better in the 355:A9
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plants compared to the sibling NT plants. The 35S:A9
plants elongated under the prolonged dark culture condi-
tions and developed more additional leaves than the NT
plants when re-illuminated; the majority of the NT plants
did not survive the 27-day dark treatment (Fig. 2c). These
results indicate that protection from dark-induced senes-
cence persists in 35S:A9 plants grown on soil, through to
vegetative stages well beyond germination. Furthermore,
other conditions beyond A9 overexpression (including the
possible contribution of factors such as A4a) do not appear
to drastically limit the A9 effect on vegetative senescence.

Improved recovery after prolonged dark treatments
of the, double-transgenic, 35S:A9/A4a seedlings

Combined overexpression of A9 and Ad4a in tobacco
seedlings has been shown to potentiate the previously
described beneficial effects of A9 overexpression.
Therefore, we used young seedlings to explore the pos-
sible, non-limiting, contribution of A4a to the A9 effect
on vegetative senescence. We investigated whether A9 in
combination with A4a also enhances the protection from
dark-induced senescence observed upon overexpression
of A9 alone (Fig. 1). Experiments were conducted exactly
as for Fig. 1, except that a 5-week dark treatment was
maintained for assessing seedling survival. This was
necessary as the 35S:A9 seedlings showed quite good
resistance to a 3-week dark treatment (see Fig. 1). We
used seedlings from 4 different sibling pairs of single-
transgenic (35S:A9) and double-transgenic (355:A9/A4a)
lines. At the end of the treatment, F,/F, and total
chlorophyll content were measured; treated seedlings
were then returned to normal growth conditions under
photoperiod illumination for 2 weeks and photographed at
the end of the experiments. Figure 3 summarizes the re-
sults of these experiments. The measurements of total
chlorophyll content (Fig. 3a) and the F,/F,, (Fig. 3b) did
not reveal significant differences between the single and
double-transgenic seedlings for any of the time points
analyzed (1-5 weeks of dark treatment). Therefore, even
after 5 weeks under dark the photosynthetic organs of
both types of seedlings appear to be damaged to the same
extent. However, the double-transgenic seedlings showed
significantly better recovery than the single transgenic
seedlings. This was quantified as percent survival rate
after 5 weeks of dark treatment (Fig. 3c). Figure 3d il-
lustrates a representative result of seedling survival for
one of the pairs of single and double transgenic lines used
in these experiments. The combined effect of A9 and A4a
on senescence damage repair, rather than on senescence
damage protection, may explain the enhanced recovery of
the double-transgenic seedlings.
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The 35S:A9 seedlings show delayed senescence
when grown under photoperiod illumination

We next investigated whether the 35S:A9 seedlings would
show delayed senescence symptoms under experimental
conditions not involving prolonged dark treatments. The
same three pairs of sibling NT and 35S:A9 lines utilized for
the experiments of Fig. 1 were thus further analyzed.
3—4 week old seedlings that been grown on filter paper in
MS medium plates under photoperiod illumination were
transferred on water soaked paper circles to fresh plates
without MS (see “Materials and methods”). Following
6 days of additional culture under the same illumination
conditions, seedling senescence symptoms were evaluated
(Fig. 4). This treatment might impose some nutrient stress
(see additional experiments described below), but was not
lethal for either the NT or the 35S:A9 seedlings, as most of
them subsequently survived. However, survival of the
35S:A9 seedlings was significantly higher than of the sib-
ling NT seedlings (respectively 93.41 +2.06 and
61.54 £ 5.51 %, Fig. 4a). Furthermore, immediately after
treatment the 35S:A9 seedlings retained a significantly
higher fraction of the initial total chlorophyll content than
that observed for the sibling NT seedlings (respectively
40.38 £ 3.74 and 26.83 £ 3.36 %, Fig. 4b). Similarly,
35S5:A9 seedlings also retained a higher fraction of the
initial total carotenoid content (Fig. 4b). Figure 4c illus-
trates representative seedling survival for one of the pairs
of NT and 35S:A9 lines employed in these experiments.
Thus, the 35S:A9 seedlings also showed alleviated symp-
toms of vegetative senescence under conditions not in-
volving prolonged dark culture.

The 35S:A9 plants show delayed senescence
when grown under photoperiod illumination

We performed pilot experiments using NT and sibling
35S:A9 plants grown on soil in small pots (see Suppl. Fig.
S2). These plants were kept well irrigated under normal
photoperiod illumination culture conditions for a total of
7 weeks. The F,/F,,, and total chlorophyll content of in-
dividual leaves located at different positions within the
plants was then determined. The leaves of NT plants
showed more senescence symptoms (yellowish color, dead
tissue; decrease of F,/F,, and chlorophyll) than the leaves
of A9 plants. Moreover these senescence symptoms ap-
peared earlier in “younger” leaves (placed near the top) in
the NT lines than in the A9 lines. These results confirmed
protection from senescence damage in the leaves of A9
plants; thus, the damage would affect PSII more in the NT
plant leaves than in the sibling A9 plant leaves. However,
we could not exclude that the observed senescence
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symptoms were caused by micronutrient and/or macronu-
trient deprivation after prolonged culture in the small pots
that were used (see for example, Thomas and De Villiers
1996; Wingler et al. 2005).

To try to differentiate between natural senescence (se-
nescence symptoms caused by aging independently of ex-
ogenous stress) and nutrient-stress-induced senescence,
additional experiments were performed. 3—4 week seed-
lings germinated on potting soil were individually trans-
planted to 200 mL pots. However, in this case the pots
contained vermiculite (as the solid culture substrate). After
3 weeks culture on vermiculite substrate, well irrigated
with a complete nutrient solution, the solution was sub-
stituted by deionized water in half of the pots (nutrient
deprivation treatment), and in the other half (control
treatment) irrigation with the nutrient solution was main-
tained. Both the control and the nutrient deprivation
treatments induced leaf senescence symptoms, which were
more evident and occurred earlier in the NT than in sibling
35S:A9 plants. Ten days after initiation of the control
treatment, F,/F,,, measurements did not reveal a significant
decrease except for the bottom NT leaves. At the same
timing under the nutrient deprivation treatment, F\./F,
started to decrease in the bottom leaves of the 35S:A9
plants; however such a decrease was significantly higher in
the leaves of the NT sibling plants (Suppl. Fig. S3). By
20 days after starting the treatments, the differences be-
tween the effects of the two treatments on the F,/F,, of NT
and 35S:A9 leaves were more evident (Fig. 5a). For ex-
ample, under the control treatment a significant decrease of
F/F,, was observed in all NT leaves compared to leaves at
the same position in the 35S:A9 sibling plants. After
20 days of nutrient deprivation treatment, there was a
greater decrease in F,/F,, for leaves placed at positions 5,
7, and 9 (bottom leaves); a significantly higher value of F,/
F,, was measured in 35S:A9 leaves as opposed to corre-
sponding NT leaves. In fact, the bottom NT leaves (at
position 9) were dead by this time and the F,/F,, could be
measured at this leaf position only in the 35S:A9 sibling
plants (Fig. 5a). Total chlorophyll determination in indi-
vidual leaves, 20 days after starting the two treatments,
confirmed the senescence symptoms and the differences
observed between treatments for the NT and 35S:A9 leaves
(Fig. 5b). For example, after 20 days of control treatment
the initial chlorophyll content of leaves decreased only in
leaves positioned near the bottom of the plant (positions 5
and 7), but only leaf 7 of the 35S:A9 plants maintained a
significantly higher content of chlorophyll than the same
leaf in the NT sibling plants. By 20 days under the nutrient
deprivation treatment a sharp decrease of total chlorophyll
content was observed in all leaves (from top to bottom
positions: 1-7); the chlorophyll content was significantly
higher in the 35S:A9 leaves than in sibling NT leaves for

all positions (Fig. 5b). At the same timing and for the same
leaves, total carotenoid content was analyzed. The results
included in Suppl. Fig. S4 show that nutrient deprivation
accelerated the decrease of carotenoid content observed in
the older leaves. This decrease was significantly lower in
the A9 leaves compared to NT leaves. The leaves from
plants that have been nutrient-deprived for 20 days showed
macroscopic senescence symptoms (yellowish color,
necrotic lesions, etc.). These senescence symptoms ap-
peared in “younger” leaves (placed near the top) in the NT
lines than in the sibling 35S:A9 lines. This is shown with
photographs of the leaves from 35S:A9 and NT plants that
represent two of the sibling line pairs used in these ex-
periments (Fig. 5¢).

Additional senescence symptoms were analyzed: the de-
crease of total soluble protein in leaves and the reduction of
the abundance of some major polypeptide bands that can be
easily visualized in Coomassie blue-stained gels (Zavaleta-
Mancera et al. 1999). After only 10 days under nutrient
deprivation treatment the protein content clearly decreased,
but only in leaves placed closer to the bottom of the plant
(positions 5, 7 and 9) and more distinctively in the NT plants
than in the sibling 35S:A9 plants. The accumulation level of
the major polypeptide band (of =50 kDa), that corresponds
to ribulose-1,5-bisphosphate carboxylase (Rubisco) large
subunit, and that of other abundant polypeptides decreased
in these leaves, but to a lesser extent in the 35S:A9 plants
compared to the NT sibling plants (Fig. 6a, top). By 20 days
of nutrient deprivation the decrease of protein content also
affected the top leaves (see for example position 3), and the
differences in protein content and in polypeptide abundance
between the NT and 35S:A9 plants occurred in younger
leaves (placed closer to the top), and these differences were
increased (Fig. 6a, compare top and bottom panels). The
accumulation level of the PSII D1 protein was also analyzed
in leaves at two intermediate positions (5 and 7) after
14 days of nutrient deprivation (Fig. 6b). After this time, the
abundance of the Rubisco large subunit polypeptide was still
similar between the NT and 35S:A9 leaves. This was shown
with Ponceau-S staining of the same membranes use to
detect the D1 protein by western-blot. However, the accu-
mulation of D1 protein was distinctly lower in NT leaves
than in 35S:A9 leaves (Fig. 6b). The reduction in the ac-
cumulation level of DI in these leaves would indicate an
early senescence symptom that is delayed in the leaves of
the 35S:A9 plants (see “Discussion”). To recapitulate, the
results of the experiments summarized in Figs. 5 and 6
indicate that nutrient deprivation treatment accelerates leaf
aging. Under our experimental conditions, different leaf
senescence symptoms were delayed in the 35S:A9 plants
compared to the NT siblings after the control and nutrient
deprivation treatments. The observed delay would thus af-
fect natural and stress-induced senescence.
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The ectopic accumulation of HSPs caused by A9
overexpression persists in transgenic plants well
after seedling establishment

Ectopic HSP accumulation at normal growth temperature
(under unstressed conditions), which is a consequence of
A9 overexpression (Prieto-Dapena et al. 2008; Almoguera
et al. 2012), was determined in plants directly grown on
soil for different times (as for the senescence experiments
in this report: see Figs. 2 and 5). The observed HSP ac-
cumulation was compared with that of seedlings grown on
Petri dishes (the original conditions used in all our previous
reports). The accumulation of sHSP-P, sHSP-CI and
HSP101 persisted at similarly high levels in plants grown
on potting soil for 4 weeks. When ectopic HSP accumu-
lation was analyzed in 35S:A9 plants later in vegetative
development, a similar persistence of sHSP-P, sHSP-CI
and HSP101 was observed, for at least four additional
weeks (Fig. 7a). Plant culture in these conditions allowed a
substantial vegetative development compared to that of
seedling grown in Petri dishes (conditions used in the ex-
periments of Figs. 1, 3 and 4, and in all our previous re-
ports). Figure 7b illustrates the size and development of the
plants after 8 weeks culture (the same scale bar as in Fig. 1
is used).

Discussion

Previous research by our group has shown that, in sunflower
and closely related dicot plant species, seed longevity and
desiccation tolerance is in part determined by a genetic
program coactivated by A9 and A4a: the A9-program. When
A9 was overexpressed in young tobacco seedlings, we found
stress-tolerance for severe dehydration and oxidative stress;
this included a remarkable protection of the photosynthetic
apparatus. The described functional effects of A9 coincided
with ectopic seed-HSP accumulation at normal growth
temperatures. We note that our previous characterization of
35S:A9 plants did not reveal any evident negative impacts on
the growth of the transgenic plants (see the “Discussion” by
Prieto-Dapena et al. 2008 and Fig. S2 therein). The consti-
tutive activation of the A9-program did not have obvious
metabolic costs or other trade-offs, at least for plants cultured
under controlled laboratory conditions. Here, we describe
new effects of overexpressed A9 and A4a in seedlings and
plants cultivated well beyond the seedling stages. The ec-
topic seed-HSP accumulation persisted in these plants. The
present results support and further extend the suggested roles
of the A9-program in connection with the developing pho-
tosynthetic apparatus (Almoguera et al. 2012) and with the
evolution of vegetative desiccation tolerance (Gaff and
Oliver 2013).

@ Springer

The new ectopic effects of A9 observed in 35S:A9
seedlings and plants include marked resistance to treat-
ments of prolonged darkness. The dark stress conditions
endured by the 35S:A9 plants are not fully comparable
with what homoiochlorophyllous resurrection plants with-
stand (Denev et al. 2012). However, as previously shown
for dehydration tolerance and oxidative stress (Prieto-
Dapena et al. 2008; Almoguera et al. 2012), the new A9-
effects described here conferred resistance to stress levels
well beyond those withstood by normal plants. The results
in Figs. 2 and 7 represent the first evidence showing that
the ectopic effects of A9 persist beyond the seedling stage.
We have previously postulated the involvement of the A9-
program in the evolution of vegetative desiccation toler-
ance in some resurrection plants (Prieto-Dapena et al.
2008). The persistent A9-effect that we report here would
strengthen and extend our initial proposal. Our results
indicate that some plant species could have evolved resis-
tance to drastic stress just by changing the seed-specific
expression of a single transcription factor (HSFA9) to
constitutive expression; that (or similar) regulatory
modification would suffice to extend the drastic stress re-
sistance to stages well after germination. We note that our
proposal fits the constitutive accumulation of HSPs in
Craterostigma plantagineum (Alamillo et al. 1995); our
hypothesis is also consistent with protection of the photo-
synthetic apparatus from drastic stress conditions (includ-
ing darkness) that is exhibited by Craterostigma
plantagineum and similar homoiochlorophyllous resurrec-
tion plants (Denev et al. 2012; Dinakar et al. 2012; Griffiths
et al. 2014). The orthologous HSFA9 in these plants would
have lost the initial seed-specific expression that still pre-
vails in most dicot plants. The required mutations might
involve (multiple) changes in HSFA9 cis-regulatory ele-
ments and (or) in protein interaction interphases; the target
genes of the mutated regulators would be maintained
(Tsong et al. 2006). The proposed change in regulation
would extend protection of PSII by the A9-program from
seeds to adult organs, where it would contribute to drastic
stress tolerance and enhance vegetative longevity (see be-
low). To gain full vegetative desiccation tolerance, addi-
tional evolutionary changes would be necessary. These
changes might, for example, affect transcriptional regula-
tion of different, seed-specific, genetic programs of desic-
cation tolerance. Regarding the A9-program, the regulation
of HSFs such as A4a could have co-evolved with that of
A9. The A9-program would be one of the seed-specific
genetic programs assumed to have evolved to originate
vegetative desiccation tolerance in some dicot land plants
(Oliver et al. 2000; Farrant and Moore 2011; Gaff and
Oliver 2013). Note that in monocot plants a seed-specific
HSFA9 is not conserved (Scharf et al. 2012), implying
different origins of vegetative desiccation tolerance not
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involving the AO9-program. Indeed, different types of
regulatory switches involved in the implementation of
desiccation tolerance may vary from one taxon to another
as the happenstances of discrete evolutionary events
separated in geological time (Gaff and Oliver 2013).

A9 retarded vegetative senescence in the 35S:A9 seed-
lings and plants. This was indicated by the results in Figs. 1
and 2, and it was confirmed by experiments using different
senescence-inducing conditions not involving prolonged
darkness (Figs. 4, 5). The lesser reduction of F,/F,, values
and pigment content observed in 35S:A9 seedlings and
plants compared to NT siblings are consistent with retarded
senescence. We also observed additional visual (leaf color
and integrity changes) and molecular hints of retarded se-
nescence that included a slower decrease of the accumu-
lation level of the PSII D1 protein (Fig. 6b). We note that
D1 protein degradation is an early symptom of nutrient
stress-induced leaf senescence in Arabidopsis (Thomas and
De Villiers 1996). Furthermore, D1 protein accumulation
following dark-induced senescence has been shown to re-
main at higher levels in stay-green genotypes, compared to
wild type (WT) plants (Yamatani et al. 2013). In all, the
35S:A9 seedlings and plants display a phenotype consistent
with “functional stay-green” characteristics (Hortensteiner
2009). The delayed leaf senescence in resurrection plants
has been also compared to that of stay-green genotypes
(Griffiths et al. 2014). Our results for the 35S:A9 plants are
thus similar to both stay-green genotypes and resurrection
plants, offering a new system to analyze leaf longevity by
gain-of-function. We could only find one precedent linking
a plant HSF with leaf senescence: a study where mutation
of Arabidopsis HSFB1 accelerated leaf senescence and
reduced tolerance to drought stress (Breeze et al. 2008). In
Arabidopsis, HSFB1 has been shown to enhance acquired
thermotolerance of vegetative organs (Ikeda et al. 2011);
however, HSFB1 would not have other functions in seeds.

Ectopic HSP accumulation was analyzed in the seed-
lings and plants used to demonstrate the persistent,
35S:A9, phenotypes. The results in Fig. 7 show that high
accumulation levels of HSP101, sHSP-CI and sHSP-P
persisted in all the analyzed developmental stages, and
even in older 35S:A9 plants (Fig. 7, 8 weeks). We con-
clude that the sHSP-P and sHSP-CI assumed to contribute
to protection and recovery of the photosynthetic apparatus
from drastic dehydration and oxidative stress in the
35S:A9 seedlings (Almoguera et al. 2012) are available
during later vegetative development in the 35S:A9 plants.
However, the photosynthesis-related phenotypes reported
here and elsewhere (Almoguera et al. 2012) are too
complex to be explained only by the ectopic accumulation
of seed HSPs. For example, A9 together with Ada appear
to enhance the recovery (rather than protection) of

photosynthetic organs (Fig. 3). A4a might enhance pre-
viously described A9 effects that are relevant for the re-
covery of PSII, such as perhaps the repair synthesis of the
D1 protein (Almoguera et al. 2012). Interestingly, the
recovery of the photosynthetic machinery appears also to
be enhanced in some stay-green genotypes of normal
plants (Luo et al. 2013). Similarly, a resurrection plant
showed enhanced expression of a protein involved in PSII
assembly/stability (Oliver et al. 2011). The A9 effect on
vegetative senescence also includes results (Fig. 6) con-
sistent with decreased proteolysis of total soluble and
thylakoidal (D1) or stromal Rubisco large subunit pro-
teins. This might also occur in some resurrection plants,
where the expression of a cysteine protease inhibitor gene
is enhanced (Blomstedt et al. 2010). This would reduce
senescence-relevant proteolysis (Roberts et al. 2012), and
thus contribute to delaying senescence. Considering the
A9 effects on vegetative senescence, we note that similar
effects caused in Arabidopsis by JUB1 (a NAC tran-
scription factor) involved activation of a response net-
work that comprised 14 HSP genes (including CI, CII and
CIII sHSPs), and also that of many non-HSP genes (Wu
et al. 2012). Thus, A9 (with A4a) might cause broad ef-
fects on non-HSP genes potentially involved in the pro-
tection and assembly of photosynthetic membranes in
seed embryos. Future work by our group will involve
identifying these non-HSP genes activated by A9 and
Ada.

We conclude that ectopic overexpression of A9 and Ada
caused complex effects in vegetative organs of the trans-
genic plants and induced phenotypes analogous to those of
resurrection plants. A9 affected the photosynthetic organs
by inducing delayed vegetative senescence and resistance
to prolonged darkness, which is lethal for normal plants.
This has revealed a novel connection between seed HSF
and vegetative longevity.

Author contribution statement CA conceived and de-
signed research and conducted most of the experiments.
PPD helped CA and performed the statistical analyses.
JMP performed the experiments with the 35SA9/A4a
seedlings, some experiments with the 35S:A9 seedlings,
and analyzed the persistent accumulation of seed HSPs in
the 35S:A9 plants. JJ supervised the work and wrote the
manuscript. All authors read and approved the manuscript.

Acknowledgments This work was supported by the European Re-
gional Development Fund (FEDER) and the Spanish Secretary of
Research, Development, and Innovation (Grants BIO2011-23440).
Some additional funds came from the Andalusian Regional Govern-
ment (Grant BIO148).

Conflict of interest The authors declare that they have no conflict
of interest.

@ Springer



474

Planta (2015) 242:461-475

References

Abbasi AR, Saur A, Hennig P, Tschiersch H, Hajirezaei M, Hofius D,
Sonnewald U, Voll LM (2009) Tocopherol deficiency in
transgenic tobacco (Nicotiana tabacum L.) plants leads to
accelerated senescence. Plant Cell Environ 32:144-157

Ahuja I, de Vos RC, Bones AM, Hall RD (2010) Plant molecular
stress responses face climate change. Trends Plant Sci
15:664-674

Alamillo J, Almoguera C, Bartels D, Jordano J (1995) Constitutive
expression of small heat shock proteins in vegetative tissues of
the resurrection plant Craterostigma plantagineum. Plant Mol
Biol 29:1093-1099

Almoguera C, Rojas A, Diaz-Martin J, Prieto-Dapena P, Carranco R,
Jordano J (2002) A seed-specific heat-shock transcription factor
involved in developmental regulation during embryogenesis in
sunflower. J Biol Chem 277:43866-43872

Almoguera C, Prieto-Dapena P, Personat JM, Tejedor-Cano J,
Lindahl M, Diaz-Espejo A, Jordano J (2012) Protection of the
photosynthetic apparatus from extreme dehydration and oxida-
tive stress in seedlings of transgenic tobacco. PLoS One. doi:10.
1371/journal.pone.0051443

Arteca RN, Arteca JM (2000) A novel method for growing
Arabidopsis thaliana plants hydroponically. Physiol Plant
108:188-193

Blomstedt CK, Griffiths CA, Fredericks DP, Hamill JD, Gaff DF,
Neale AD (2010) The resurrection plant Sporobolus stapfianus:
an unlikely model for engineering enhanced plant biomass?
Plant Growth Regul 62:217-232

Borrell AK, Mullet JE, George-Jaeggli B, van Oosterom EJ, Hammer
GL, Klein PE, Jordan DR (2014) Drought adaptation of stay-
green sorghum is associated with canopy development, leaf
anatomy, root growth, and water uptake. J Exp Bot
65:6251-6263

Boudet J, Buitink J, Hoekstra FA, Rogniaux H, Larre C, Satour P,
Leprince O (2006) Comparative analysis of the heat stable
proteome of radicles of Medicago truncatula seeds during
germination identifies late embryogenesis abundant proteins
associated  with  desiccation tolerance. Plant Physiol
140:1418-1436

Breeze E, Harrison E, Page T, Warner N, Shen C, Zhang C,
Buchanan-Wollaston V (2008) Transcriptional regulation of
plant senescence: from functional genomics to systems biology.
Plant Biol 10(Suppl. 1):99-109

Buchanan-Wollaston V, Earl S, Harrison E, Mathas E, Navabpour S,
Page T, Pink D (2003) The molecular analysis of leaf
senescence-a genomics approach. Plant Biotechnol J 1:3-22

Buchanan-Wollaston V, Page T, Harrison E, Breeze E, Lim PO, Nam
HG, Lin JF, Wu SH, Swidzinski J, Ishizaki K, Leaver CJ (2005)
Comparative transcriptome analysis reveals significant differ-
ences in gene expression and signalling pathways between
developmental and dark/starvation-induced senescence in Ara-
bidopsis. Plant J 42:567-585

Carranco R, Espinosa JM, Prieto-Dapena P, Almoguera C, Jordano J
(2010) Repression by an auxin/indole acetic acid protein
connects auxin signaling with heat shock factor-mediated seed
longevity. Proc Natl Acad Sci USA 107:21908-21913

Chaves MM, Pereira JS, Maroco J, Rodrigues ML, Ricardo CPP,
Osorio ML, Carvalho I, Faria T, Pinheiro C (2002) How plants
cope with water stress in the field? Photosynthesis and growth.
Ann Bot 89:907-916

Cushman JC, Oliver MJ (2011) Understanding vegetative desiccation
tolerance using integrated functional genomics approaches
within a comparative evolutionary framework. In: Liittge U,

@ Springer

Beck E, Bartels D (eds) Plant desiccation tolerance. Ecological
studies, vol 215. Springer, Berlin, Heidelberg, pp 307-338
Denev I, Stefanov D, Terashima I (2012) Preservation of integrity and
activity of Haberlea rhodopensis photosynthetic apparatus
during prolonged light deprivation. Physiol Plant 146:121-128

Dinakar C, Djilianov D, Bartels D (2012) Photosynthesis in desic-
cation tolerant plants: energy metabolism and antioxidative
stress defense. Plant Sci 182:29-41

Farrant JM, Moore JP (2011) Programming desiccation-tolerance:
from plants to seeds to resurrection plants. Curr Opin Plant Biol
14:340-345

Flexas J, Bota J, Galmés J, Medrano H, Ribas-Carb6 M (2006)
Keeping a positive carbon balance under adverse conditions:
responses of photosynthesis and respiration to water stress.
Physiol Plant 127:343-352

Gaff DF, Oliver M (2013) The evolution of desiccation tolerance in
angiosperm plants: a rare yet common phenomenon. Funct Plant
Biol 40:315-328

Gechev TS, Dinakar C, Benina M, Toneva V, Bartels D (2012)
Molecular mechanisms of desiccation tolerance in resurrection
plants. Cell Mol Life Sci 69:3175-3186

Gregersen PL, Culetic A, Boschian L, Krupinska K (2013) Plant
senescence and crop productivity. Plant Mol Biol 82:603-622

Griffiths CA, Gaff DF, Neale AD (2014) Drying without senescence
in resurrection plants. Front Plant Sci. doi:10.3389/fpls.2014.
00036

Guo Y, Gan SS (2012) Convergence and divergence in gene
expression profiles induced by leaf senescence and 27 senes-
cence-promoting hormonal, pathological and environmental
stress treatments. Plant Cell Environ 35:644-655

Hortensteiner S (2009) Stay-green regulates chlorophyll and chloro-
phyll-binding protein degradation during senescence. Trends
Plant Sci 14:155-162

Ikeda M, Mitsuda N, Ohme-Takagi M (2011) Arabidopsis HsfB1 and
HstB2b act as repressors of the expression of heat-inducible Hsfs
but positively regulate the acquired thermotolerance. Plant
Physiol 157:1243-1254

Illing N, Denby KJ, Collett H, Shen A, Farrant JM (2005) The
signature of seeds in resurrection plants: a molecular and
physiological comparison of desiccation tolerance in seeds and
vegetative tissues. Integr Comp Biol 45:771-787

Islam S, Griffiths CA, Blomstedt CK, Le TN, Gaff DF, Hamill JD, Neale
AD (2013) Increased biomass, seed yield and stress tolerance is
conferred in Arabidopsis by a novel enzyme from the resurrection
grass Sporobolus stapfianus that glycosylates the strigolactone
analogue GR24. PLoS One. doi:10.1371/journal.pone.0080035

Kotak S, Vierling E, Baumlein H, Koskull-Doring P (2007) A novel
transcriptional cascade regulating expression of heat stress
proteins during seed development of Arabidopsis. Plant Cell
19:182-195

Lichtenthaler HK, Buschmann C (2001) Chlorophyll and carotenoids:
measurement and characterization by UV-VIS spectroscopy.
Curr Protoc Food Anal Chem F4(3):1-8

Lim PO, Kim HJ, Nam HG (2007) Leaf senescence. Annu Rev Plant
Biol 58:115-136

Lobell DB, Gourdji SM (2012) The influence of climate change on
global crop productivity. Plant Physiol 160:1686-1697

Luo PG, Deng KJ, Hu XY, Li LQ, Li X, Chen JB, Zhang HY, Tang
ZX, Zhang Y, Sun QX, Tan FQ, Ren ZL (2013) Chloroplast
ultrastructure regeneration with protection of photosystem II is
responsible for the functional ‘stay-green’ trait in wheat. Plant
Cell Environ 36:683-696

Munné-Bosch S, Alegre L (2002) Plant aging increases oxidative
stress in chloroplasts. Planta 214:608-615


http://dx.doi.org/10.1371/journal.pone.0051443
http://dx.doi.org/10.1371/journal.pone.0051443
http://dx.doi.org/10.3389/fpls.2014.00036
http://dx.doi.org/10.3389/fpls.2014.00036
http://dx.doi.org/10.1371/journal.pone.0080035

Planta (2015) 242:461-475

475

Oliver MJ, Tuba Z, Mishler BD (2000) The evolution of vegetative
desiccation tolerance in land plants. Plant Ecol 151:85-100
Oliver MJ, Jain R, Balbuena TS, Agrawal G, Gasulla F, Thelen JJ
(2011) Proteome analysis of leaves of the desiccation-tolerant
grass, Sporobolus stapfianus, in response to dehydration. Phy-
tochemistry 72:1273-1284

Personat JM, Tejedor-Cano J, Prieto-Dapena P, Almoguera C,
Jordano J (2014) Co-overexpression of two Heat Shock Factors
results in enhanced seed longevity and in synergistic effects on
seedling tolerance to severe dehydration and oxidative stress.
BMC Plant Biol 14:56. doi:10.1186/1471-2229-14-56

Prieto-Dapena P, Castafio R, Almoguera C, Jordano J (2006)
Improved resistance to controlled deterioration in transgenic
seeds. Plant Physiol 142:1102-1112

Prieto-Dapena P, Castafio R, Almoguera C, Jordano J (2008) The
ectopic overexpression of a seed-specific transcription factor,
HaHSFADY, confers tolerance to severe dehydration in vegetative
organs. Plant J 54:1004-1014

Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R,
Gepstein S, Blumwald E (2007) Delayed leaf senescence induces
extreme drought tolerance in a flowering plant. Proc Natl Acad
Sci USA 104:19631-19636

Roberts IN, Caputo C, Criado MV, Funk C (2012) Senescence-
associated proteases in plants. Physiol Plant 145:130-139

Scharf KD, Berberich T, Ebersberger I, Nover L (2012) The plant
heat stress transcription factor (Hsf) family: structure, function
and evolution. Biochim Biophys Acta 1819:104-119

Takahashi S, Badger MR (2011) Photoprotection in plants: a new
light on photosystem II damage. Trends Plant Sci 16:53-60

Tejedor-Cano J, Prieto-Dapena P, Almoguera C, Carranco R, Hiratsu
K, Ohme-Takagi M, Jordano J (2010) Loss of function of the
HSFA9 seed longevity program. Plant Cell Environ
33:1408-1417

Tejedor-Cano J, Carranco R, Personat JM, Prieto-Dapena P, Al-
moguera C, Espinosa JM, Jordano J (2014) A passive repression
mechanism that hinders synergic transcriptional activation by
heat shock factors involved in sunflower seed longevity. Mol
Plant 7:256-259

Thomas H, De Villiers L (1996) Gene expression in leaves of
Arabidopsis thaliana induced to senesce by nutrient deprivation.
J Exp Bot 47:1845-1852

Tsong AE, Tuch BB, Li H, Johnson AD (2006) Evolution of
alternative transcriptional circuits with identical logic. Nature
443:415-420

Verdier J, Lalanne D, Pelletier S, Torres-Jerez I, Righetti K,
Bandyopadhyay K, Leprince O, Chatelain E, Vu BL, Gouzy J,
Gamas P, Udvardi MK, Buitink J (2013) A regulatory network-
based approach dissects late maturation processes related to the
acquisition of desiccation tolerance and longevity of Medicago
truncatula seeds. Plant Physiol 163:757-774

Wehmeyer N, Hernandez LD, Finkelstein RR, Vierling E (1996)
Synthesis of small heat-shock proteins is part of the develop-
mental program of late seed maturation. Plant Physiol
112:747-757

Wingler A, Brownhill E, Pourtau N (2005) Mechanisms of the light-
dependent induction of cell death in tobacco plants with delayed
senescence. J Exp Bot 56:2897-2905

Wu A, Allu AD, Garapati P, Siddiqui H, Dortay H, Zanor MI, Asensi-
Fabado MA, Munne-Bosch S, Antonio C, Tohge T, Fernie AR,
Kaufmann K, Xue GP, Mueller-Roeber B, Balazadeh S (2012)
JUNGBRUNNENI, a reactive oxygen species-responsive NAC
transcription factor, regulates longevity in Arabidopsis. Plant
Cell 24:482-506

Yamatani H, Sato Y, Masuda Y, Kato Y, Morita R, Fukunaga K,
Nagamura Y, Nishimura M, Sakamoto W, Tanaka A, Kusaba M
(2013) NYCH4, the rice ortholog of Arabidopsis THF 1, is involved
in the degradation of chlorophyll - protein complexes during leaf
senescence. Plant J 74:652-662

Zavaleta-Mancera HA, Franklin KA, Ougham HJ, Thomas H, Scott
IM (1999) Regreening of senescent Nicotiana leaves. 1. Reap-
pearance of NADPH-protochlorophyllide oxidoreductase and
light-harvesting chlorophyll a/b-binding protein. J Exp Bot
50:1677-1682

@ Springer


http://dx.doi.org/10.1186/1471-2229-14-56

	Heat shock transcription factors involved in seed desiccation tolerance and longevity retard vegetative senescence in transgenic tobacco
	Abstract
	Main conclusion

	Introduction
	Materials and methods
	Plant material
	Culture conditions and senescence assays
	Photosynthetic pigment quantification and chlorophyll fluorescence determination
	Protein assays
	Statistical analyses

	Results
	The 35S:A9 seedlings and plants show resistance to lethal conditions of dark-induced senescence
	Improved recovery after prolonged dark treatments of the, double-transgenic, 35S:A9/A4a seedlings
	The 35S:A9 seedlings show delayed senescence when grown under photoperiod illumination
	The 35S:A9 plants show delayed senescence when grown under photoperiod illumination
	The ectopic accumulation of HSPs caused by A9 overexpression persists in transgenic plants well after seedling establishment

	Discussion
	Acknowledgments
	References




