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Abstract

Main conclusion Fructan accumulation and remobi-
lization to grains under salinity can decrease depen-
dency of the wheat tolerant cultivar on current
photosynthesis and protect it from severe yield loss
under salt stress.

Tolerance of plants to abiotic stresses can be enhanced by
accumulation of soluble sugars, such as fructan. The cur-
rent research sheds light on the role of stem fructan
remobilization on yield of bread wheat under salt stress
conditions. Fructan accumulation and remobilization as
well as relative expression of the major genes of fructan
metabolism were investigated in the penultimate internodes
of ‘Bam’ as the salt-tolerant and ‘Ghods’ as the salt-sen-
sitive wheat cultivars under salt-stressed and controlled
conditions and their correlations were analyzed. More
fructan production and higher efficiency of fructan remo-
bilization was detected in Bam cultivar under salinity. Up-
regulation of sucrose: sucrose 1-fructosyltransferase (/-
SST) and sucrose: fructan 6-fructosyltransferase (6-SFT)
(fructan biosynthesis genes) at anthesis and up-regulation
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of fructan exohydrolase (/-FEH) and vacuolar invertase
(IVR) genes (contributed to fructan metabolism) during
grain filling stage and higher expression of sucrose trans-
porter gene (SUTI) in Bam was in accordance with its
induced fructan accumulation and remobilization under salt
stress. A significant correlation was observed between
weight density, WSCs and gene expression changes under
salt stress. Based on the these results, increased fructan
production and induced stem reserves remobilization under
salinity can decrease dependency of the wheat tolerant
cultivar on current photosynthesis and protect it from
severe yield loss under salt stress conditions.

Keywords Remobilization - Salt stress - Triticum - Water
soluble carbohydrates

Abbreviations

DPA  Day post anthesis
FEH Fructan exohydrolase
IVR Vacuolar invertase

OA Osmotic adjustment

6-SFT  Sucrose: fructan 6-fructosyltransferase
1-SST  Sucrose: sucrose 1-fructosyltransferase
SUT Sucrose transporter

WSCs Water soluble carbohydrates
Introduction

Salinity is a major limiting factor for plant production
worldwide. Plant growth responds to salinity in two phases:
a rapid, osmotic phase and a slower, ionic phase (Munns
and Tester 2008). Salt-tolerant varieties with higher grain
yield in saline soils use diverse mechanisms to tolerate
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salinity. These genotypes perform osmotic adjustment
(OA) by accumulating inorganic ions (K*, Na™ and Cl7)
from the soil solution and/or organic solutes such as water
soluble carbohydrates (WSCs) and amino acids to maintain
continuous water absorption at low soil water potentials
(Hasegawa et al. 2000). They effectively control the
entrance of sodium into the roots by sodium exclusion or
compartmentation in vacuoles to prevent injury of the
photosystems (Munns and Tester 2008). Tolerant geno-
types usually accumulate more WSCs than sensitive ones.
WSCs have been introduced as markers for selection of
tolerant genotypes under salt stress conditions (Kerepesi
and Galiba 2000).

The increase in WSCs for OA and greater carbohydrates
reserves in wheat stems have been well established in salt-
tolerant varieties. WSCs such as fructan have been found to
protect biological macromolecules against detrimental
effects of salinity by membrane stabilization and as stress
tolerance mediators (Livingston et al. 2009). The signifi-
cant role of WSCs in tolerance to abiotic stresses through
OA and their direct interactions with lipid bilayers have
also been reported (Hincha et al. 2006). In addition, the
solubility of fructans makes them natural accumulators to
change environmental conditions by variation in the degree
of polymerizations during OA (Pilon-Smits et al. 1995).
They contribute in scavenging reactive oxygen species
(ROS) in the vicinity of organellar membranes (Peshev
et al. 2013). These reactions can help tolerant genotypes to
maintain their photosynthesis under stress conditions.

Fructans form the major portion of WSCs and increase
considerably under stress conditions in the vegetative parts
of temperate grasses (Pollock 1986; Pollock And Cairns
1991; Blum 1998). They are biosynthesized by fructosyl
transferases. Sucrose: sucrose 1-fructosyltransferase (1-
SST) and sucrose: fructan 6-fructosyltransferase (6-SFT)
play a key role in fructan biosynthesis in wheat and barley
by formation of B(2-1) and P(2-6) linkages, respectively
(Sprenger et al. 1995; Nagaraj et al. 2004). Up-regulation
of /-SST and 6-SFT by osmotic stress has been reported in
wheat stems (Xue et al. 2008). Long-term storage of
fructan occurs in stem internodes as major storage sites
until approximately the mid-grain filling period (Schnyder
1993). The importance of the remobilization of these stem
reserves is revealed under drought and heat stresses when
the photosystems lose their efficiency during the grain
filling period (Blum 1998).

When the demand for grain filling is high and sucrose is
limited, fructan degrades to release more fructose and
sucrose. The mobilization of stored carbohydrates requires
the hydrolysis of fructan, which is catalyzed by fructan
exohydrolases (FEHs), mainly fructan 1-exohydrolases (1-
FEHs). Wheat FEHs and fructosyl transferases are pre-
sumably controlled at the transcriptional level (Van Laere
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and Van den Ende 2002; Zhang et al. 2009). Zhang et al.
(2009) stated that /-FEH w3 is up-regulated at around
20-25 days post anthesis in wheat stems under terminal
drought. According to Zhang et al. (2015), the /I-FEH w3
gene was shown to be the major contributor in the stem
fructan remobilization process and a cleaved amplified
polymorphic marker of 1-FEH w3 has been introduced as a
useful marker for the selection of high stem fructan
remobilization in wheat breeding under terminal drought.

Vacuolar invertase (IVR) also appears to vary inversely
with fructan content (Xue et al. 2008). Invertases play a
major role in sucrose partitioning and long-distance trans-
port by modulating the sucrose gradient between the
phloem and unloading tissues, and in the control of the
relative sink strength of plant tissues (Godt and Roitsch
1997; Roitsch 1999). This latter function could be essential
for grain filling. Invertase regulation also occurs at both
transcriptional and post-transcriptional levels (Trouverie
et al. 2004).

To mediate carbon partitioning, plasma membrane
sucrose transporters (SUTs) translocate sucrose from the
source to sink tissues through the phloem (Lalonde et al.
2003). They are regulated at transcriptional, translational
and post-translational levels (Shiratake 2007).

Photosynthesis capacity, carbon use efficiency and
maintenance respiration make differences in the accumu-
lation of WSCs in wheat stem among genotypes (Xue et al.
2008). In this way, tolerant wheat varieties can harmonize
the relationship between CO, assimilation (source) and
grain yield (sink) under stress using carbon remobilization
as a second source (Schnyder 1993; Blum 1998; Gebbing
and Schnyder 1999). Different studies have shown that
after anthesis, the hydrolysis of fructan to sucrose and
fructose acts as a buffer to maintain a steady rate of grain
filling, especially when current photosynthesis is seriously
impaired under water stress.

A complex regulation of fructan metabolic genes and the
overall sugar status of the plant have been observed under
drought stress (Yang et al. 2004). An increase in WSCs
remobilization during the grain filling period has been
confirmed under drought stress (Ehdaie et al. 2006b), but
no evidence of fructan remobilization has been proposed
under salt stress. A better understanding of the physiolog-
ical and molecular responses of tolerant versus sensitive
varieties to salt stress would be helpful in designing
strategies for development of salt-tolerant wheat genotypes
in breeding programs. In the current research, the expres-
sion pattern of the key genes in fructan metabolism was
evaluated at five time points post-anthesis in a salt-tolerant
and a salt-sensitive cultivar. WSCs and fructan content, dry
matter remobilization and its efficiency were measured in
total stem as well as peduncle, penultimate and lower
internodes. The impact of fructan accumulation and
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remobilization on yield maintenance under salt stress were
investigated.

Materials and methods
Plant materials and experimental treatments

Seeds of wheat (Triticum aestivum L.) cultivars (Bam and
Ghods) were obtained from the Seed and Plant Improve-
ment Institute (SPII, Karaj, Iran) and landraces (No. 14 and
No. 49) kindly received from Dr. B. Ehdaie (Department of
Botany and Plant Sciences, University of California,
Riverside, USA). Bam maintain higher yield compared to
other varieties in low rainfall and salt-affected regions of
Iran (~4.00 t ha™"). Ghods is considered to be salt-sen-
sitive, but highly productive under well-watered conditions
(~6.00t ha_l) (Poustini and Siosemardeh 2004). The two
landraces, No. 14 and No. 49, originating from south-
western and central eastern regions of Iran, respectively,
differ significantly in remobilization capacity under ter-
minal drought conditions (Bazargani et al. 2011). No. 14
and No. 49 are considered as semi-salt-tolerant and salt—
tolerant, respectively, and have lower yields (2.00 t ha™ ")
in Iran (Ehdaie et al. 2006a; Sharbatkhari et al. 2013).

Stem reserve carbohydrates were examined under two
experiments. Experiment 1 was carried out in 2011 and
tested the Bam and Ghods cultivars and No. 14 and No. 49
landraces for stem weight changes post-anthesis and WSCs
remobilization under different water conditions. In exper-
iment 2 in 2012, Bam and Ghods were compared for
fructan content and remobilization capacity at the molec-
ular level under different salinity treatments. In both
experiments, the plants were grown in the greenhouse
facilities at the Agricultural Biotechnology Research
Institute of Iran (ABRII, Karaj, Iran).

Seeds were surface sterilized by 0.5 % sodium
hypochlorite (10 % commercial bleach) for 10 min and
washed thoroughly three times. Seeds were soaked for 12 h
and pre-germinated by incubation at room temperature
(25 °C) for 3 days. Seven pre-germinated seeds were
planted in each 3.5 L pots with drainage filled with potting
mix. The potting mix was 2 parts silt—clay soil (experiment
1) and silt-loam soil (experiment 2), one part organic fer-
tilizer, and one part river sand. The pots were irrigated with
tap water until the third leaf emerged. The genotypes were
then compared at two salinity levels (control EC water:
0.5 dS mfl, stress EC water: 12 dS mfl). The salt treat-
ment was applied by irrigation with saline water; around
350 g NaCl was solved in 50 L tap water and EC was
checked for 12 dS m™' by EC meter. The control pots were
kept well watered following the same regime as before
until maturity. The treatments were replicated three times

(eight pots for each replicate) in a completely randomized
factorial design. The pots were translocated every other day
to ensure that all plants received equal radiation. Green-
house temperature was set at 20 and 25 °C for night and
day, respectively. Relative humidity was also set at
65 £ 5 %.

At anthesis, when 50 % of the spikes had extruded
anthers, the main stem of the plant was marked. Stem
samples were collected from well-watered and stressed
plants 5 times at intervals of 7 days (experiment 1) and
10 days (experiment 2) from anthesis and oven-dried at
72 °C for 48 h. Leaf samples were taken from the flag leaf
at 8 weeks after salt treatment. In experiment 2, only
penultimate internodes were collected placed in liquid N,
and stored at —80 °C for RNA extraction. In all these
sampling cases, three biological replicates were collected
(each replicate pooled from at least 5 plants).

Physiological and agronomic traits measured
in experiment 1 (2011)

To analyze the sodium and potassium content of the flag
leaf, leaf samples were collected 8 weeks after salt treat-
ment and dried at 70 °C for 48 h. Dried samples were
ground and 100 mg of the ground leaves were digested in
5 mL 0.1 N nitric acid for 2 h at 95 °C, the tubes were
incubated overnight at room temperature, and then filtered
manually. Samples were diluted with 20 mL double-dis-
tilled water and filtered through Whatman paper No. 4,
assayed for Na™, K* content by flame photometry (Jenway
PFP-7, Essex, UK) and reported as mg g~ ' dry weight.

Stem WSCs content was assayed spectrophotometrically
at 485 nm by phenol-sulfuric acid method. WSCs were
extracted from 100 mg of oven-dried powdered stem (the
leaf sheath was attached) with 10 mL of 80 % (v/v) ethanol
at 80 °C followed by two extractions of the same volume
of water at 60 °C. The water and ethanol extracts were
evaporated at 50 °C to a solid which was re-dissolved in
1 mL distilled water. From each sample, 50 pL were used
for evaluating the WSCs level in the combined extracts
using phenol-sulfuric acid (Yemm and Willis 1954).
WSCs remobilization was calculated by subtraction of
maximum and minimum of WSCs content. In this method,
WSCs used for respiration are also included (Zhang et al.
2014).

The main stem was divided into 3 segments: peduncle
(first internode below the spike), penultimate (the internode
below the peduncle), and the lower internodes. The length
and weight of the oven-dried segments were measured. The
weight density (linear density) was calculated as the ratio
of the weight to the length of each internode. The remo-
bilization was estimated as the difference between post-
anthesis maximum and minimum weight densities.
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Mobilization efficiency of dry matter at each internode
segment was estimated as the proportion (%) of mobilized
dry matter to the maximum post-anthesis weight. The grain
was harvested at physiological maturity and the yield was
reported as g per plant. The contribution of remobilization
to yield production was calculated as the proportion (%) of
stem weight remobilization to grain weight per plant.

Physiological and agronomic traits measured
in experiment 2 (2012)

Osmotic adjustment and sodium and potassium content
were measured on the flag leaf. Canopy temperature (CT)
measurements were taken under a clear sky at noon during
the seed filling period using an infrared thermometer (IVN
770-P). The OA was determined 8 weeks after salt treat-
ment as: OA = YFT (ww) — WFT (ss) where WFT (ww) is
the osmotic potential at full turgor of the unstressed plants
and WFT (ss) is the osmotic potential at full turgor of the
salt-stressed plants (Blum 1989). Osmotic potential was
measured by osmometer (Wescor C5022).

The fructan content was analyzed at 10 days intervals in
the penultimate of the cultivars. After WSCs extraction and
the water and ethanol evaporation at 50 °C, the pellet was
re-dissolved in 1 mL distilled water, filtered and used for
HPLC analysis. Fructose, glucose and sucrose content were
determined by HPLC using a EURO Kat H column and RI
detector, as described by Rahman (2008) with some mod-
ifications. Sucrose and fructan were hydrolyzed to glucose
and fructose using 0.4 N perchloric acid at 60 °C for 1 h.
The glucose and fructose were determined by the HPLC
method. The fructan content was measured as: Fructose
after hydrolysis — (fructose before hydrolysis + sucrose
before hydrolysis) (Goggin and Setter 2004).

Aqueous solutions (1 to 16 mM) of commercially
available carbohydrates (sucrose, glucose and fructose,
Sigma) were used as references. All aforementioned
agronomic traits were analyzed again in experiment 2.

RNA extraction and cDNA synthesis

Total RNA was extracted from the salt-stressed and control
penultimate tissues of the wheat cultivars (Bam and Ghods)
using TRIzol reagent (Life Technology, Invitrogen). Three
biological replicates were examined. DNase treatments were
done using RNase-free DNase I (Promega) to assure the
removal of DNA. The cDNA strand was synthesized using
iScript cDNA Synthesis Kit (Bio-Rad Laboratories Inc.).

Real-time PCR

The wheat sequence of 5 genes involved in fructan remo-
bilization (/-SST, 6-SFT, I-FEH w3, IVR and SUTI) and a
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housekeeping gene i.e. PHG as the internal control (Pao-
lacci et al. 2009) were derived from NCBI (http://www.
ncbi.nlm.nih.gov/). The specific primer pairs were designed
using Oligo ver. 5.1 software (Table 1). It is noteworthy
that due to the high sequence similarity of SUTI A, SUTI B
and SUTI D genes (96 % homology) with the same func-
tions, it was not possible to design specific primers for each
one, so that the designed primer pair could amplify all the
transcripts (Table S1; Fig. S1). Primer amplification effi-
ciency for all the genes investigated in the present study
was around 100 % (100 £ 5). The quantitative PCR was
performed in an iCycler iQ thermocycler (Bio-Rad) using
the iQ Syber Green Supermix kit (Bio-Rad). Transcript
levels of the genes were calculated by 2~AACT (pfaffl 2001)
and reported relative to the expression of normal treatment
of Bam.

Statistical analysis

Analysis of variance was performed for each character and
calculated for each year. The data was analyzed using the
SAS (version 9.0) statistical package. Mean comparisons
were done using the least significant difference (LSD) test
(P < 0.05). Associations between characters were exam-
ined by Pearson’s correlation test.

Results

Genotypic variation in fructan content,
remobilization and efficiency of remobilization

Stem reserve carbohydrates were studied in two experi-
ments. Experiment 1 was a preliminary experiment using
cultivars Bam and Ghods and landraces No. 14 and No. 49
with significant differences in remobilization capacity
under terminal drought (Bazargani et al. 2011). Bam and
No. 49 are salt-tolerant genotypes and had lower Na*/K*
ratio compared to Ghods and No. 14 under salinity
(Table S2). The WSCs content was significantly increased
under salinity in all genotypes except for Ghods (Table S2).

The highest grain yield, remobilization (based on weight
density) and contribution of remobilization to yield under
salinity stress were recorded for Bam, while Ghods showed
the greatest yield loss (88 %). Additional data are given in
Suppl. Table S2. The highest remobilization efficiency
among the internodes was detected in the penultimate
(32 %).

After anthesis, the genotypes responded differently
according to their stem reserve carbohydrates and WSC
remobilization (Table S2). The contribution of stem
reserves to grain yield was higher under salt stress
(Table S2).
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Table 1 Specific primer pairs used in this study

Gene Accession No Forward Reverse Tm (°C) PCR product length
1-SST AB029888.1 GCGACTCTGCCTATCACTTC CATAGCCCTGTCATCAACAC 62 88
6-SFT AB029887.1 CGATCACTCGTATGTTCAATG  CACGGATAGATGTTTCTGTTC 61 118
1-FEH w3 AJ508387.1 AATGTGGAGAAGGGTTGGAG GGCTATTTTCTTTCCTGCTG 61 125
IVR AF069309.1 ACGATGCCTCAGCCGCCTTG GAGGGAGGAAGTCGCCGATC 62 122
SUTIA AF408842.1 TATTCCTGCTGCCCAAGATC CTGCTCTACGGAGTCCTTAG 60 199
SUTIB AF408843.1 TATTCCTGCTGCCCAAGATC CTGCTCTACGGAGTCCTTAG 60 185
SUTID AF408844.1 TATTCCTGCTGCCCAAGATC CTGCTCTACGGAGTCCTTAG 60 160
PHG Ta30797.1 ACTGGTGGTTCAGGCTAAAG TGGGTTGGACGAACTACAAG 62 92

A comparison of WSCs content, WSCs remobilization
and the efficiency of remobilization showed that Bam had
the highest values for these traits. WSCs remobilization
strongly increased under salinity in Bam, but no significant
difference was observed for the other genotypes. Addi-
tional data are given in Suppl. Table S2. These results
indicated that Bam and Ghods are contrasting genotypes
for these traits. Hence, they were selected for more detailed
and precise analyses.

Physiological features of the tolerant genotype
under salinity

Based on the results in experiment 2, there was little
change in canopy temperature (CT) in Bam under salt
stress (~0.5 °C), while it significantly increased in Ghods
(~3 °C) in comparison with the well-watered plants. Bam
had better water uptake under salt stress and its CT was
about 2 °C lower than that of Ghods under salinity
(Table 2).

Salt stress had significant effects on sodium and potas-
sium uptake and their ratios. Ghods showed higher con-
centrations of sodium and higher Na*/K™ in its flag leaf
than Bam under salt stress. This indicates that Bam, as a
salt-tolerant cultivar, could control intake of sodium as a
destructive ion into the main photosynthetic part of the
shoot. In salt stressed plants, Na™/K™ increases mainly due
to higher absorption rate of Na™, affecting several aspects
of plant metabolism (Zhu 2002).

The results in experiment 2 revealed that remobilization
and its efficiency based on the weight density, and grain
yield were significantly affected by salt stress. A great
yield loss was observed for Ghods (83 %) while it was
almost half for Bam (47 %) (Table 2).

Stem reserve remobilization on the basis of weight
density was induced in Bam under salinity and the effi-
ciency of remobilization for Bam was significantly higher
compared to Ghods. The maximum efficiency of remobi-
lization was observed in the penultimate internode in both

cultivars (Fig. 1), which is in concomitant to the previous
studies showing the penultimate internode had the highest
fructan content and remobilization efficiency in wheat and
barley (Wardlaw and Willenbrink 1994; Blum 1998).

Salt stress-induced OA in the tolerant genotype

OA, as a leaf water status parameter, was measured at early
anthesis by calculating the difference between the osmotic
potential of the normal and salt-stressed tissues under sat-
urated status. No significant differences in WFT were
observed between cultivars under control treatment. While
it was decreased under salt stress conditions for both cul-
tivars and the decrease was greater in Bam compared to
Ghods (Fig. 2). It appears that the osmolyte concentration
was increased for Bam under salinity. The greater differ-
ence between WFTww and WFTss in Bam resulted in
greater OA, which may play a significant role in its
adaptation to stress conditions (Fig. 3).

Fructan content and remobilization under salinity
in the tolerant vs sensitive genotype

Under salinity, the fructan content was increased in Bam
while it was decreased in Ghods (Fig. 4). This increase
probably occurred during vegetative growth under salt
stress. In the well-watered treatment of Ghods, the drop in
fructan concentration had been already started at least 10
days sooner than Bam. This indicates that Ghods depended
on its fructan reserve during the reproductive stage
(Fig. 4).

The post-anthesis changes in fructan content in the
penultimate were compared between the genotypes to
examine their capacity for fructan remobilization. Under
salt stress, the maximum fructan content at anthesis was
significantly higher in Bam (106 mg) compared to Ghods
(44 mg). In addition, at the end of the grain filling period,
the lowest fructan content was recorded for Bam (Fig. 4).
Genotypic differences in the rate of the fructan degradation
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Table 2 Mean comparison of
measured agro-physiological
traits in Bam and Ghods
cultivars under control (C) and
salt stress (S) conditions in
experiment 2 [canopy
temperature, Na, K, Na/K ratio,
osmotic potential at full turgor,
maximum WSCs content in
penultimate (Pn), penultimate
and stem remobilization on the
basis of weight density (wd),
remobilization efficiency and
fructan remobilization in
penultimate, grain yield]

Fig. 1 Comparison of
remobilization efficiency
between internodes of Bam and
Ghods cultivars under control
and salt stress conditions.
Vertical bars represent £+ SE of
the mean of three replicates
between genotypes

Bam Ghods

C S C S
Canopy temperature (°C) 25.6 + 0.3b* 26.3 £ 0.1b 25.4 £ 0.2b 28.3 £ 0.3a
Na (mg g*]) 20 + 4.9d 48 £+ 2.0b 32 + 1.0c 152 £ 6.6a
K (mg g™") 192 £ 15d 233 £ 9c 317 £ 5b 359 + 12a
Na/K 0.10 &+ 0.04c 0.21 £0.01b  0.10 £ 0.01c 0.42 +£ 0.04a
Y il wrgor (MPa) —15+£0.052a —-234+0.17c —1.5=+0.14a —1.8 £ 0.08b
Maximum WSCs (mg g~ ") 279 £ 16b 329 + 24.1a 295 £ 13.7ab 241 + 10.9¢
Pn remobilization,,y (mg cm_l) 49 + 0.17b 7.5 £ 0.25a 3.8 + 0.12¢ 3.7 & 0.45¢
Stem remobilization,q (mg cm™") 4.1+ 0.17b 5.8 £0.25a 2.6 £ 0.12¢ 2.9 £+ 0.45c
Pn Remobilization efficiency (%) 35 +£2b 49 + 2a 26 £ 1c 29 £+ 3¢
Fructan remobilization (mg g™ ") 57 £5.5b 106 + 9.8a 111 £+ 12.5a 24 £+ 4.8c
Yield (g per plant) 1.78 £ 0.11a 0.90 £ 0.04b 1.88 + 0.13a 0.33 &£ 0.05¢

# Mean =+ SD, in each row values with the same letter are not statistical significant at P = 0.05

Bam

60 (a)

Remobilization efficiency (%)

& Normal
Stress

Osmotic potential

MPa

-3 T T

B Bam
= Ghods

Remobilization efficiency (%)
-
<>

Ghods

EZE8 Normal
Stress

Fig. 2 Osmotic potential comparison in Bam and Ghods cultivars
under control and salt stress conditions. Vertical bars represent = SE
of the mean of three replicates

has been reported during grain filling period (Zhang et al.
2015).

Salinity had a significant effect on fructan remobiliza-
tion and its efficiency. The mean comparison showed that
Bam experienced greater fructan remobilization under
stress compared to Ghods. Interestingly, Bam produced
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Fig. 3 Osmotic adjustment comparison between Bam and Ghods
cultivars under salt stress. Vertical bars represent £+ SE of the mean
of three replicates

more fructan and remobilized it more efficiently during
grain filling under salinity. Although Ghods produced
abundant fructan under the well-watered condition, salinity
restricted fructan production in this cultivar. Grain yield
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Fig. 4 Penultimate fructan Bam Ghods
content during post-anthesis 140 () 1404 (b)
period in wheat cultivars a Bam
and b Ghods under normal 120 4 120
(open symbols) and salt stress
(closed symbols) conditions in
experiment 2. Vertical bars 100 100+
represent £ SE of the mean of ~ = N o~ “ N
three replicates between ‘on go m S a0 g0 > S
treatments 2 g
N— N—
S 60 S 60-
5 °
= 2
B 40 B 40+
20 4 204
01 o
T T T T T T T T T T
0 10 20 30 40 0 10 20 30 40

Day post anthesis

was correlated with remobilization on the basis of penul-
timate weight density (correlation coefficient: 0.96,
P < 0.05) and fructan remobilization (correlation coeffi-
cient: 0.95, P < 0.05) under salt stress.

Expression pattern of fructan related genes
under salt stress

The expression of five key genes involved in fructan
biosynthesis and remobilization were analyzed at 10 days
intervals in the penultimate. These genes were expressed
differently at the transcriptional level both within intervals
and between varieties in different treatments.

Major genes in fructan biosynthesis, /-SST and 6-SFT,
were differentially expressed under salt stress. The
expression peak of these genes was observed at anthesis;
then the expression decreased to nearly undetectable level
at the middle of the grain filling period, around 20 day
post-anthesis (DPA). A remarkable result was the up-reg-
ulation of /-SST and 6-SFT in Bam and simultaneous
down-regulation of them in Ghods under salt stress
(Fig. 5).

The SUTI transcript was detectable at anthesis in the
penultimate internode and reached its maximum level
around 10 DPA. Then it was declined to undetectable level
at 40 DPA in the well-watered treatments but was still
present at very low levels in the salt-stressed plants
(Fig. 5). Although the trend of SUTI expression in all
treatments was similar and no significant change was
observed between conditions in each cultivar, the expres-
sion levels of SUTI was greater in Bam for both treatments
compared to Ghods.

The expression of /-FEH was up-regulated by salt stress
in Bam, while it remained constant in Ghods. It was

Day post anthesis

increased sharply in Bam at both the salt-stressed and well-
watered conditions since 10 DPA, reached to the maximum
around 20 DPA and then decreased (Fig. 5).

Under salt stress, the transcript level of IVR was raised
sharply at 30 DPA in Bam, while it was slightly increased
between 10 to 20 DPA and remained constant at 30 DPA in
Ghods. It remained nearly unaffected during post-anthesis
under the well-watered conditions in Bam and Ghods
(Fig. 5).

Correlation of the studied traits under salinity

A significant correlation was observed between fructan
content, weight density and the genes expressions in the
penultimate under salt stress. The maximum fructan con-
tent and the highest expression of 6-SFT were observed at
anthesis with a decreasing trend thereafter. A strong posi-
tive correlation was also observed between SUTI expres-
sion, sugar content, weight and weight density under
salinity (Table 3).

The fructan content in penultimate of Bam and Ghods
was decreased at 10 to 20 DPA, as the expression of /-FEH
was increased. There was also a negative correlation
between IVR expression and sucrose under salinity
(Table 3).

Discussion
Genotypic variation in response to salt stress
Bam and Ghods cultivars provided useful comparisons

because they appeared to respond differently to salt stress.
Canopy temperature was controlled in Bam which might be
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Fig. 5 Gene expression pattern of /-SST (a), 2-SFT (b), SUTI (c), I-FEH (d) and IVR (e), in penultimate during post-anthesis period in wheat
cultivars Bam and Ghods under normal and salt stress conditions. Vertical bars represent = SE of the mean of three replicates

Table 3 Pearson correlation coefficients between fructan, sucrose
and WSCs content, weight and weight density (wd) changes and
relative expression of the genes in penultimate of Bam and Ghods
cultivars during seed filling period in five time points under salinity

Fructan Sucrose WSCs Weight wd
1-SST 0.36™ 0.15™ 0.31™ 0.39™ 0.22™
6-SFT 0.75%* 0.26™ 0.49* 0.59%* 0.67%*
1-FEH  —0.49% —0.38"™ —0.41* —0.52%%  —(0.53%%*
IVR —0.36™ —0.52%%  —0.36™ —0.60%*  —0.42*
SUTI 0.68%* 0.94%* 0.81%* 0.76%** 0.77%*

ns Non-significant

* Significant at P < 0.05, ** Significant at P < 0.01,
freedom = 10

degrees of

partly due to efficient OA under salinity, while it signifi-
cantly increased in Ghods which appeared to have weak
OA mechanism. Considering more efficient OA in the
tolerant genotype, Bam might result in more favorable leaf
water content, which causes a more open stomata and
sustained transpirational cooling under salinity. Better
water uptake helps plants to continue CO, influx towards
the chloroplasts with greater photosynthesis that supplies
the necessary photosynthates before destruction of the
photosynthetic apparatus by the high concentration of
sodium in salt-tolerant cultivars (Silva et al. 2007; Farouk
2011). The accumulation of excess in Na' ions may
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decrease the stability of the photosystem II function
(Watson et al. 2001). The salt-tolerant Bam cultivar avoi-
ded this harmful effect by maintaining lower leaf Na™t
content and higher K* vs Na* by selective ion transport
from soil to leaf. This could play a role in greater storage of
carbohydrates than for salt-sensitive Ghods by longer
photosynthesis. The inability of a salt-sensitive plant to
prevent salt from reaching toxic levels in the transpiring
leaves disrupts photosynthesis earlier and as a result pro-
duces lower stem reserves. The grain yield loss in Ghods,
with its low capacity for remobilization, was more severe
than for Bam with its high stem reserve remobilization at
12 dS m™" salinity. It can imply that higher remobilization
of the stem reserves helps the plant to fill the grains under
stress conditions (Yang et al. 2004). It ultimately causes a
better yield maintenance in salt-tolerant cultivars, although
salt stress significantly decreased the number of spikelets
per spike and total straw yield for both sensitive and tol-
erant cultivars (Maas et al. 1996; Poustini and Siosemardeh
2004).

Production and remobilization of fructan and their
possible role in salt tolerance

Based on the results (in both the experiments 1 and 2),
Bam, with great stem reserve remobilization compared to
Ghods, had significantly higher grain yield under salinity.
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Moreover, the results in experiment 2 revealed that the
fructan content in the penultimate was significantly
increased in Bam under salinity, while it was decreased in
Ghods. Salt-induced fructan synthesis has been previously
shown in wheat seedlings (Kerepesi and Galiba 2000).
Valluru and Van den Ende (2008) also reported that long-
term stress increases soluble sugar concentrations and
decreases starch. This could be a response to osmotic stress
in a salt-tolerant cultivar (Livingston et al. 2009). In
addition to the role of fructan as an osmolyte during OA
(Livingston et al. 2009), it acts as a major carbohydrate
reserve in about 15 % of flowering plant species (Valluru
and Van den Ende 2008). Goggin and Setter (2004) found
that fructan as a storage carbohydrate accounts for 70 % or
more of grain dry matter under drought stress. According to
their results, around anthesis, about 31 % of accumulated
fructan in the stems of the rainfed plants was located in the
penultimate internode.

The induced production of fructan (around anthesis or
during vegetative growth) followed by its efficient
remobilization (during grain filling) under salinity in Bam
are two critical factors to the higher grain yield in this
cultivar. A positive correlation between osmotic pressure,
fructan content and fructan remobilization under salt
stress implied that Bam utilized both mechanisms of OA
via production of osmolytes like fructan and stem reserve
remobilization. This diminished its yield dependency to
current photosynthesis and prevented severe yield loss
under salinity. There is some evidence that osmotic
adjustment facilitates translocation of carbohydrates
reserves during grain filling periods (Subbarao et al.
2000). It shows that fructans can play a dual role under
salt stress for both OA with protective characteristics and
as a main storage of polysaccharides in wheat stem to be
used in grain filling. Suppression of fructan production in
Ghods during salinity could be a result of its inferior
ability for water uptake through OA, the accumulation of
sodium in the flag leaf, and decreased capacity for pho-
tosynthesis and sucrose production. High fructan remo-
bilization in Ghods in the well-watered treatment can
imply the dependency of its grain filling on fructan
reserves during the reproductive stage, whereas salt stress
by restricting fructan production decreased the stem
reserves and their remobilization. The other way round,
the increased stem reserve and remobilization in Bam
under salt stress, could to some extent compensate for the
destructive effects of salinity on photosynthesis, and
prevent severe yield loss in this cultivar (Fig. 6).
According to Ma et al. (2014) dry matter reserved in the
wheat stem contributed about 40 % to the grain yield
under severe water stress and lost yields were partly
compensated by dry matter remobilization.

Correlation of fructan content and expression
of the related genes under salinity

A significant correlation between fructan content and
expression levels of rate-limiting genes in the biochemical
pathways of fructan metabolism was observed. Based on the
results, the transcript levels of the evaluated five key genes in
fructan metabolism were different under salt stress in the two
genotypes responded differently to salt stress in various
genotypes. Up-regulation of /-SST and 6-SFT along with
fructan accumulation were observed in Bam under salinity,
at anthesis, whereas down-regulation of /-SST and 6-SFT in
conjunction with fructan depletion were observed in Ghods.
Several reports state that these genes are critical for fructan
biosynthesis because they are soluble linear or branched
polymers of fructose that produce graminan-type fructan and
cooperate with /-FFT gene in wheat (Van den Ende et al.
2003; Livingston et al. 2009; Huynh et al. 2012). Up-regu-
lation of /-SST and 6-SFT has been reported under drought
stress and positively correlated with the total stem WSCs and
fructan content (Xue et al. 2008). Also under cold stress, the
levels of 7-SST and 6-SFT transcripts were increased in snow
mold-resistant cultivars which accumulated more fructan
than other cultivars (Kawakami and Yoshida 2002). Fructan
accumulation in plants that normally do not produce fructan
could also protect them from water stress (Cairns 2003). The
fructan-producing transgenic tobacco lines showed high
tolerance to drought, salinity and low temperature stresses
(Pilon-Smits et al. 1995). Different combinations of /-SST,
6-SFT and I-FFT genes for fructan production in transgenic
tobacco plants had a significant influence on tolerance to
abiotic stresses. The combination of /-SST and 6-SFT pro-
duced the highest fructan or soluble sugar content and the
strongest salt tolerance (Bie et al. 2012). It can be assumed
that there is a good potential for manipulation of these major
genes in wheat so that they might raise the power of fructan
production and remobilization during the grain filling period
under salinity.

Salt stress up-regulated the expression of /-FEH and
IVR during the grain filling stage compared to the well-
watered plants in Bam, whereas they remained constant in
Ghods. There are several lines of evidence that remobi-
lization of stored carbohydrates in wheat stems correlates
with up-regulation of /-FEH and depends on the hydrolysis
of fructan by fructan exohydrolases which is an important
contributor to grain filling under drought stress (Goggin
and Setter 2004; Van den Ende et al. 2004; Xue et al. 2008;
Joudi et al. 2012). Therefore, it is reasonable to assume that
higher expression of /-FEH during the fructan break down
phase in Bam would be significant for maintaining the flow
of carbon required for grain filling under salt stress (Fig. 6).
According to Zhang et al. (2015) a cleaved amplified
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Fig. 6 A schematic salt-
tolerant wheat genotype under
salinity. Increased fructan
production and remobilization
under salinity can protect it
from severe yield loss under the
stress conditions. Photoshop
was used to create the artwork.
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polymorphic marker of 1-FEH w3 has been introduced as a
useful marker for the selection for high stem WSCs
remobilization and high thousand grain weight in wheat
breeding under terminal drought. The results showed that
both aspects of fructan biosynthesis and fructan degrada-
tion can be induced under salt stress and contributed in
remobilization efficiency.

Upper expression of SUTI! in Bam and its positive
correlation with fructan content and stem weight during
grain filling implied that a rapid sucrose export from the
internodes to the grains has been happened. It was shown
that SUTI expression closely parallels grain growth.

Conclusion

Unavailability of enough carbohydrates resources for grain
filling is the main limiting factor for yield maintenance
under saline conditions. Preservation of current photosyn-
thesis and/or stem reserves remobilization at the repro-
ductive stage can be considered as the main solutions to
this problem.
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Under salt stress, stomatal hydraulic conductance,
chlorophyll and leaf relative water content is decreased
(Table S3) and subsequently canopy temperature is
increased in salt-sensitive wheat cultivar. The photosyn-
thetic apparatus and membrane structures are probably
damaged due to sodium accumulation and increase in the
sodium to potassium ratio. However, in a salt-tolerant
genotype, a rise in osmolytes such as fructan (owing to up-
regulation of /-SST and 6-SFT) may lead to efficient OA
which in turn result in maintenance of the water content
and stomatal conductance, thus affording preservation of
current photosynthesis and carbohydrates production to
some extent. Such a plant could contain considerable stem
reserves of carbohydrates. During grain filling, after long-
term salinity (when the leaves already changed color to
yellow), plants with high potential of stem reserve remo-
bilization (through up-regulation of /- FEH and IVR) can
take advantage and use this capability to reduce the neg-
ative impact of salinity on grain yield (Fig. 6). Higher
expression of SUT1 in salt-tolerant genotypes can also play
an important role in higher sucrose transport and grain
growth.
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The current study confirmed that fructan remobilization
might play an important role in grain filling under salt
stress. Also, the close relation between fructan accumula-
tion for OA and fructan remobilization, before and during
the grain filling period, is proposed under salinity. Remo-
bilization of fructans possibly over-produced during OA
can save energy in plants under stress, although energy is
needed for synthesis or transport of extra solutes during OA
(Munns 2002). Based on the achieved results, genotypes
with high potential for fructan production and remobiliza-
tion under salt stress provide proper materials for salt tol-
erance breeding in wheat and so screening for these traits is
suggested.

Most studies of salt tolerance have concentrated on the
mechanisms that control the osmotic or ionic effects of salt
stress. The present study examined the mechanism of sugar
remobilization used by salt-tolerant genotypes to fill the
grains and compared them to sensitive genotypes. It is
suggested that the capability of fructan production and the
remobilization would be effective contributors to salt-stress
tolerance protecting the plants from severe yield loss under
salinity.
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