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Little is known about how salt impacts primary metabolic pathways of C, plants, particularly related to kernel development and
seed set. Osmotic stress was applied to maize (Zea mays) B73 by irrigation with increasing concentrations of NaCl from the initiation
of floral organs until 3 d after pollination. At silking, photosynthesis was reduced to only 2% of control plants. Salt treatment was
found to reduce spikelet growth, silk growth, and kernel set. Osmotic stress resulted in higher concentrations of sucrose (Suc) and
hexose sugars in leaf, cob, and kernels at silking, pollination, and 3 d after pollination. Citric acid cycle intermediates were lower in
salt-treated tissues, indicating that these sugars were unavailable for use in respiration. The sugar-signaling metabolite trehalose-6-
phosphate was elevated in leaf, cob, and kernels at silking as a consequence of salt treatment but decreased thereafter even as Suc
levels continued to rise. Interestingly, the transcripts of trehalose pathway genes were most affected by salt treatment in leaf tissue.
On the other hand, transcripts of the SUCROSE NONFERMENTING-RELATED KINASE1 (SnRK1) marker genes were most
affected in reproductive tissue. Overall, both source and sink strength are reduced by salt, and the data indicate that trehalose-6-
phosphate and SnRK1 may have different roles in source and sink tissues. Kernel abortion resulting from osmotic stress is not from a

lack of carbohydrate reserves but from the inability to utilize these energy reserves.

Crop plants face a broad range of environmental
stresses. Among them, salt stress is highly problematic,
since most cultivated crops are sensitive to it
(Hasanuzzaman et al., 2013). Each year, soil salinity
increases worldwide, and it is predicted that it will
cause a loss of up to 50% of the cultivatable land by 2050
(Mahajan and Tuteja, 2005). Salt mainly affects two
developmental processes: establishment and repro-
duction in crops (Samineni et al., 2011; Hasanuzzaman
et al., 2013; Hassanzadehdelouei et al., 2013). Salt can
reduce plant height, branching, branch length, leaf
number, root/shoot weight, and early vegetative de-
velopment (for review, see Hasanuzzaman et al., 2013).
The effect of salt on plant establishment was assessed in
maize (Zea mays; Cha-Um and Kirdmanee, 2009), sor-
ghum (Sorghum bicolor; E1 Naim et al., 2012), rice (Oryza
sativa; Hakim et al., 2010), wheat (Triticum aestivum;
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Khayatnezhad et al., 2010), and soybean (Glycine max;
Rastegar et al., 2011). Despite the severe effects of salt
on plants, minimal data are available on this topic for
plants at reproductive stage, especially for maize.
Abiotic stresses such as salinity and drought have a
common but not exclusive osmotic component. Salinity
generates an immediate osmotic stress followed by a later
ion toxicity after continued exposure (Jain and Selvaraj,
1997; Carillo et al., 2011). Osmotic stress resulting from
drought or salinized soils can be disastrous for crops such
as maize, primarily because of its impact on early kernel
development (Westgate and Boyer, 1985). When applied
during ear formation, osmotic stress impairs ovule for-
mation and decreases their number (Bruce et al., 2002),
while stress applied around pollination will impair fer-
tilization by delaying silk emergence and/or reducing
silk receptivity or causing kernel abortion (Westgate and
Boyer, 1986; Otegui et al., 1995; Khorasani et al., 2011). In
Arabidopsis (Arabidopsis thaliana), osmotic stress (200 mm
NaCl or 400 mM mannitol) induces extensive ovule
abortion (approximately 90%) within 12 h of treatment.
In this case, most ovules (75%) abort prior to fertilization
and very few embryos develop to mature seed (Sun et al.,
2004). Stress-induced embryo abortion at early stages has
been reported in soybean, chickpea (Cicer arietinum), and
wheat (Setter et al., 2011). In maize, most studies related
to osmotic stress have focused on the effect of water
deficit on early kernel development. Maize plants are
most susceptible during a period of 2 weeks around the
time of silking, and kernel abortion is the limiting factor
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for yield (Westgate and Boyer, 1985; Boyer, 2010). Recent
studies identify events as early as 1 d after pollination
(DAP) to be critical for determining whether the embryo
will abort (Wobus and Weber, 1999; Kakumanu et al.,
2012). Regardless, few data are available on the effect of
salt stress on early kernel development and abortion.

Kernel abortion is primarily due to the deleterious ef-
fect of osmotic stress on carbohydrate metabolism, ulti-
mately leading to starvation of the developing embryo
(Zinselmeier et al., 1999). Osmotic stress has an impact on
both the source of carbohydrate (photosynthesis) and the
mobilization/utilization of carbohydrate reserves (sink
strength). In maize, kernel abortion induced by osmotic
stress correlates with reduced evapotranspiration and
photosynthesis (Westgate and Boyer, 1985; Otegui et al.,
1995; Setter et al., 2001). Along with impaired photo-
synthesis in source leaves comes a reduction of seed sink
strength. Abortion caused by osmotic stress correlates
with depleted Suc and reduced sugar levels, reduced
Suc-degrading enzyme activity and transcript levels, and
depletion of starch in the kernels. These events occur in a
short period of time around pollination and can be par-
tially prevented by stem Suc feeding (Zinselmeier et al.,
1995, 1999; Andersen et al., 2002; McLaughlin and Boyer,
2004; Boyer, 2010). As a result of impaired photosynthesis
and sink strength, sugar allocation to the reproductive
organs is disrupted and the young embryo rapidly
starves and aborts.

Figure 1. Phenotypes of salt-stressed maize
plants. Images represent plants at silking (A),
ears at the pollination stage (B), and ears at
maturity (C). Salt stress was applied atthe V7 to
V8 stage by gradually increasing the salts
(12.5, 25, 50, and 75 mm NaCl:CaCl,, 5.7:1
ratio) added to the nutrient solution every 3 d.
Control plants were supplied with nutrient
solution only. Representative plants were used
for these images.

Sugars not only serve as a source of carbon units and
metabolic energy but also function as signaling molecules
reporting carbon status within the cell (Leén and Sheen,
2003; Ruan et al., 2010). Trehalose is a nonreducing di-
saccharide found in archebacteria, eubacteria, fungi,
plants, and invertebrates. In the majority of flowering
plants, trehalose and its precursor, trehalose-6-phosphate
(T6P), both accumulate to very low levels (less than
10 umol g ! fresh weight and 10 nmol g~ " fresh weight,
respectively). T6P correlates with diurnal changes in Suc
levels and in the response to exogenous Suc supply,
suggesting a role as a Suc signal (Lunn et al., 2006, 2014;
Nunes et al., 2013; Yadav et al., 2014). The trehalose
synthesis pathway is highly conserved throughout the
plant kingdom (including in maize), where trehalose is
formed in two steps (Wingler, 2002; Henry et al., 2014).
First, UDP-Glc and Glc-6-P are condensed by the enzyme
TREHALOSE-6-PHOSPHATE SYNTHASE (TPS) to
produce T6P. T6P is subsequently dephosphorylated by
TREHALOSE-6-PHOSPHATE PHOSPHATASE (TPP) to
form trehalose. Overexpression or mutation of certain
TPS/TPP genes has dramatic effects on plant metabo-
lism and development (Eastmond et al., 2002; Ponnu
etal., 2011).

The trehalose pathway has a long association with
abiotic stress tolerance (Garg et al., 2002; Iordachescu and
Imai, 2008; Fernandez et al., 2010) and has come to the
fore recently as a mechanism involved in the regulation

Table 1. Phenotypes of control and salt-stressed maize plants

Plants were treated as described previously, and their height was measured at the reproductive stage. For ear length and young kernel fresh weight,
developmental stage is precise. Yield was measured on plants exposed to stress until maturity. Values in boldface are significantly different from the
control (P < 0.001). Silking interval represents days of pollen shed. Values are means * s.

Young Kernel Yield (No. of Mature

Treatment Stage Plant Height Anthesis Silking Interval Silking Interval Ear Length Fresh Weight Seeds per Ear)
m d cm mg

Control Silking 2.33 £0.22 2.1 £1.36 1.4 *0.55 7.91 £ 0.49 6.21 = 1.49 157.89 = 58.37
Pollination 95045 1044 *=1.6
3 DAP 11.1 £ 0.66  20.47 = 4.46
n 54 41 35 6-10 6-10 9

Salt Silking 1.85 = 0.16 4.28 = 2.04 2.03 = 0.81 7.33 £ 0.75 8.6 + 1.33 2 +5.08
Pollination 8.08 = 0.8 17.83 £ 2.97
3 DAP 8.5 £0.66 23.33 = 5.72
n 54 36 30 6-10 6-10 18
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Figure 2. Photosynthetic data from control and salt-stressed plants.
Greenhouse-grown maize plants (B73) were assessed for photosyn-
thetic rate (A), transpiration rate (B), and internal CO, concentration (C).
Measurements were taken at the initiation of salt treatment (12.5 mm
NaCl), with each increase in salt concentration, and after 3, 10, and 22 d
on 75 mm NaCl. Photosynthetic rate was lower than expected when NaCl
was increased to 75 mm. This was a consequence of cloud cover. On such
days, C, plants take a long time to become photosynthetically active,
despite the external light source provided in the chamber. After plants are
in low light for some time, a sudden increase in photon flux (from the Li-
Cor apparatus) will not result in an instantaneous increase in photosyn-
thesis. An induction period of up to 60 min is due to a buildup of ribulose
1,5-bisphosphate, activation of Rubisco, and opening of stomata (Sims and
Pearcy, 1994). White squares are control plants, and black squares are salt-
treated plants. Values are means =+ sp (n = 3).

of sugar metabolism (Lunn et al., 2006; Martinez-Barajas
et al., 2011; Carillo et al., 2013; Yadav et al., 2014). In
Arabidopsis, there are four class I TPS genes, of which
AtTPS1, AtTPS2, and AtTPS4 have been shown to encode
functional enzymes (Delorge et al., 2015). AtTPS1 was
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shown to be essential for early seed development, since
its mutation is embryo lethal in Arabidopsis (Eastmond
etal., 2002). Attps1 mutants stop developing after embryo
morphogenesis occurs (between 7 and 15 d after flow-
ering), mainly due to perturbations of cell wall synthesis,
cell division, and sugar and lipid metabolism (Gémez
et al., 2006). Consistently, during early stages of wheat
grain development, T6P content peaks between 1 and
7 d after anthesis, then drops dramatically and remains
lower until seed maturity. In this instance, T6P level
correlates with Suc content (Martinez-Barajas et al., 2011).
A mutation in the RAMOSA3 TPP gene in maize results
in extensive branching of inflorescences; however, as
of yet, no changes in T6P levels have been observed
(Satoh-Nagasawa et al., 2006; Carillo et al., 2013). It has
been suggested that differences in trehalose or the ratio
between trehalose and T6P may trigger the develop-
mental changes in ramosa3 mutant inflorescences (Carillo
et al., 2013).

The trehalose pathway has also been implicated in
stress tolerance and recovery (for review, see lordachescu
and Imai 2008; Fernandez et al., 2010). T6P and trehalose
levels, as well as TPS/TPP gene expression, are affected
by stress (Pramanik and Imai, 2005; Iordachescu and
Imai, 2008; Fernandez et al., 2010; Nunes et al., 2013).
Either sugar starvation or extended darkness in Arabi-
dopsis leaves resulted in lower T6P levels. Lunn et al.
(2006) reported that T6P content was 6 times lower in
carbon-starved Arabidopsis seedlings. Readdition of Suc
(15 mm) resulted in an increase in T6P within 30 min. TPS
activity is induced by osmotic stress (water deficit) in
roots and shoots of stress-sensitive rice lines but only in
shoots of tolerant ones (Elbashiti et al., 2005). Along with
this, transgenic plants expressing certain TPS/TPP genes
from bacterial, fungal, or plant origin show improved
tolerance to various abiotic stresses, sometimes associ-
ated with an increase in trehalose levels (Garg et al., 2002;
Jang et al., 2003; Cortina and Culianez-Macia, 2005;
Karim et al., 2007; Miranda et al., 2007; Ge et al., 2008). In
maize, exogenous application of trehalose induces water
deficit tolerance (Ali and Ashraf, 2011). Most recently, it
was demonstrated that the targeted overexpression of a
TPP to developing maize ears improves the allocation of
carbon to the ear during water deficit stress (Nuccio et al.,
2015). Altogether, these data strongly suggest a central
role for the trehalose pathway in the integration of stress,
metabolism, and seed development. However, little is
known about its role in controlling early seed develop-
ment under osmotic stress.

In addition to its role in sensing cytosolic Suc levels,
TéP was recently shown to inhibit in vitro SUCROSE
NONFERMENTING-RELATED KINASE1 (SnRK1) ac-
tivity (Zhang et al., 2009). SnRK1 is a central integrator
of stress and energy status (for review, see Halford and
Hey 2009; Baena-Gonzdlez, 2010; Smeekens et al.,
2010; Schluepmann et al., 2012). Inhibition of SnRK1
by T6P potentially provides an explanation for some
of the effects of T6P in plants. T6P and SnRK1 sig-
naling is involved in seed development as well as
stress response and recovery (Martinez-Barajas et al.,

Plant Physiol. Vol. 169, 2015
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2011; Nunes et al., 2013), likely through the regulation
of genes involved in the utilization of Suc in growth
and development and the synthesis of end products.
Clearly, SnRK1-independent mechanisms are possi-
ble and likely at least in mature leaf tissue (Lunn et al.,
2006; Zhang et al., 2009). Lunn et al. (2014) proposed
that T6P regulates Suc homeostasis based on evidence
from transgenic Arabidopsis plants with perturbed
T6P levels. Recently, Nuccio et al. (2015) showed that
decreased levels of T6P in transgenic maize resulted in
higher levels of Suc in young maize ears.

Little is known of the trehalose pathway, its gene
regulation, and its role in central metabolism for an
agriculturally important crop such as maize. Since the
development of modern hybrids, yield in maize has
been improved primarily through sustaining photo-
synthetic output throughout the grain-filling stage and
increased dry matter accumulation and partitioning of
photosynthate to the ear during the critical kernel

Plant Physiol. Vol. 169, 2015
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Cob Figure 3. Sugar and starch contents of

leaf (A-D), kernel (E-H), and cob (I-L)

OCONTROL tissue from control (white bars) and salt-
mSALT

stressed (black bars) plants at silking,
pollination, and 3 DAP. Plants were grown
under control or salt stress conditions as
described in “Materials and Methods.”
Kernel refers to the ovule (at silking and
pollination) and the embryo (at 3 DAP).
Suc (A, E, and 1), Glc (B, F, and)), Fru (C, G,
and K), and starch (D, H, and L) contents
were analyzed using capillary HPIC.
Student’s t test was used to determine
significant changes. Asterisks indicate sig-
nificant differences from the controls (P <
0.05; n = 6-10). Values are means = sp.
FW, Fresh weight.

Silking Pollination 3 DAP

determination period (silking; Tollenaar and Lee, 2006).
Surprisingly, yield potential on an individual plant
basis has not actually been improved significantly
through plant breeding (Echarte et al., 2013). Breeders
have rather focused their attention not on increasing
primary productivity but on improving stress toler-
ance, thus permitting greater plant populations and
dependable productivity in a variety of environments
(Duvick, 2005). Here, to our knowledge for the first
time, we report evidence indicating a role for the
trehalose pathway in regulating reproductive de-
velopment, particularly during osmotic stress. We
investigated the effect of 75 mm NaCl applied incre-
mentally from the initiation of floral organs. Our data
show differential regulation of both the trehalose
pathway and SnRK1 in leaves compared with re-
productive tissue, revealing future strategies for the
improvement of maize performance under saline
conditions.
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Figure 4. Effects of salt treatment on metabolite
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levels (on a fresh weight basis) in leaf, kernel, and
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RESULTS
Salt Impairs Plant Growth and Reproduction

We first assessed the effect of long-term salt treatment
on maize growth and development. Greenhouse-grown
B73 maize plants were subjected to a gradual increase of
salt concentration from 12.5 to 75 mwm starting at stage V7
(early formation of floral organs) until 3 DAP. Control
plants received nutrient solution only. We chose a max-
imal NaCl concentration of 75 mm from previous pub-
lished studies on salt stress in maize (Fortmeier and
Schubert, 1995; Yang and Lu, 2005; Niu et al., 2012) and
through our empirical data. At 75 mm NaCl, there was a
small but significant reduction in vegetative growth and
a more significant impact on kernel set. For yield studies,
plants were manually pollinated at full silking stage with
fresh pollen from control plants. Phenotypic data re-
garding maize plant growth and development are pre-
sented in Figure 1 and Table I. The growth of plants
under salt treatment was significantly delayed. This had
two main consequences: plants were shorter (Fig. 1A;
Table I) and floral development was delayed and im-
paired (Fig. 1, B and C; Table I). Salt delayed floral de-
velopment through an increase of the interval from
anthesis to silking and from first to full silking (Table I).
Ear length was also reduced by salt, mainly because of
the malformation of kernels at the tip of the ear (Fig. 1B).
In contrast, developed kernels were bigger in salt-treated
plants than in control plants at pollination and at 3 DAP
(Table I). Salt induced partial and complete kernel abor-
tion when applied until 3 DAP and full maturity, re-
spectively (Fig. 1C; Table I).
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Salt Represses Photosynthesis Yet Results in an Increase in
Sugar Levels

To estimate the impact of salt on maize sugar metab-
olism, we first measured photosynthetic rate, transpira-
tion rate, and internal CO, concentration of the ear leaf
during the period of treatment (Fig. 2). Photosynthesis
was reduced in salt-treated plants compared with control
plants (Fig. 2A). This change began after plants were
switched to 75 mm salt for 3 d and became highly sig-
nificant after they reached the reproductive stage (22 d at
75 mm). At this stage, photosynthesis was somewhat
lower in control plants and reduced to nearly zero in salt-
treated ones. Dense cloud cover on the day that salt-
treated plants were switched from 50 to 75 mwm salt
resulted in an unexpected decrease in photosynthetic rate
(Fig. 2A). Evapotranspiration rates and internal CO,
concentration were highly correlated and very similar to
photosynthetic rates (Fig. 2, B and C).

Soluble sugars and starch were measured in control
and salt-treated leaf, kernel, and sustaining cob tissue at
silking (first silk), pollination (full silking), and 3 DAP
using capillary high-pressure ion chromatography
(HPIC; Fig. 3). In all three tissues, starch, Suc, Glc, and
Fru were the main forms of carbohydrate detected. Both
sugar and starch levels were lower in leaf than in kernel
and sustaining cob tissue. In the leaf, starch and Suc
were the primary carbohydrates, with a higher level in
salt-treated plants than in controls (Fig. 3, A-D). Dif-
ferences were significant for Suc at pollination and for
Suc and starch at 3 DAP. No significant changes were
observed between the different developmental stages.

Plant Physiol. Vol. 169, 2015
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Kernels displayed about the same amount of Suc and
hexose sugars. Kernel sugar and starch content were
significantly higher in salt-treated plants than in control
ones at all stages, except for Fru at silking and polli-
nation (Fig. 3, E-H). A very similar trend was observed
in the sustaining cob tissues (Fig. 3, I-L). In these two
tissues, starch and Suc contents decreased slightly with
developmental stage, while hexose content increased
slightly (Fig. 3, E-L).

Primary metabolites from glycolysis, the citric acid
cycle, and the Calvin-Benson cycle were quantified on
samples from control and salt-stressed tissue using HPIC
coupled to tandem mass spectrometry (Supplemental
Fig. S1). Metabolite levels fluctuated in salt-treated plants
compared with controls. These changes are shown in the
heat map displayed in Figure 4. While intermediates of
Suc synthesis, soluble sugars, and starch increased under
salt, most of the other metabolites tended to decrease,
especially in leaf. Exceptions to these general trends were
isocitrate in leaf and Glc-3-P, 3-phosphoglyceraldehyde,
and phosphoenolpyruvate in kernel and cob, where these
metabolites increased.

We measured T6P levels in leaf, kernel, and cob tissue
and assessed the effect of salt treatment (Fig. 5). T6P
levels were lower in leaf (1-1.6 nmol g ' fresh weight)
than in kernel (8-35 nmol gf1 fresh weight) and cob (15—
55 nmol g ' fresh weight) tissue. In all tissues, T6P
levels were significantly higher in salt-treated plants
compared with control plants, but only at the silking
stage. The observed increase in T6P was 50% in leaf,
200% in kernel, and 250% in cob. We looked for corre-
lations between T6P levels and other key metabolites:
Suc, hexoses, starch, and shikimate (Fig. 6). A signifi-
cant negative correlation (”* > 0.9) between T6P and
Suc was observed in control kernel tissue, while a sig-
nificant positive correlation was found between T6P
and shikimate (an indicator of anabolic growth). Also, a
significant positive correlation was observed for T6P
and hexose sugars in leaf tissue from salt-treated plants.

Previous research indicated a close correlation be-
tween T6P and Suc levels within a given tissue over the
short term, for example, during the diurnal cycle in leaves
or after exogenous addition of sugars to seedlings. In fact,
the T6P-Suc ratio is a critical parameter indicative of Suc
homeostasis in plant cells and varies between tissues,
species, and in response to environmental changes
(Carillo et al., 2013; Yadav et al., 2014). In Table II, the
ratios of T6P to Suc, Glc, and Fru were determined before
and after pollination for leaf, kernel, and cob tissue in
control and salt-treated plants. Student’s ¢ test was per-
formed to look for significant interactions between T6P
and these other metabolites. The asterisks in Table II in-
dicate a high level of significance (P > 0.05). Notably, in
control plants, the T6P-Suc ratio increased significantly in
leaf, kernel, and cob tissue after pollination. Similarly the
T6P-Glc and T6P-Fru ratios increased in leaf and kernel.
Salt treatment had no effect on the T6P-Suc ratio in pre-
pollination plants; however, in postpollination kernels,
osmotic stress resulted in a significant decrease in the
T6P-Suc ratio. Little change is seen in the T6P-sugar ratio

Plant Physiol. Vol. 169, 2015
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Figure 5. T6P contents in control and salt-stressed plants. T6P content
was determined in leaf (A), kernel (B), and cob (C) tissue from control
(white bars) and salt-stressed (black bars) maize plants using anion-
exchange chromatography in tandem with mass spectrometry. Asterisks
indicate significant differences from the control (P < 0.05; n=6-10) as
determined by Student’s ttest. Values are means = sp. FW, Fresh weight.

between prepollination and postpollination in salt-
stressed plants.

In vitro SnRK1 activity was determined in control
and salt-treated leaf and kernel tissue. SnRK1 activity
was significantly higher (approximately 5- to 10-fold) in
kernel than in leaf tissue. It was also found that the
SnRK1 activity in kernel extracts was more sensitive to
inhibition by the addition of 1 mm T6P than in leaf tis-
sues (Fig. 7). Kernels from control plants show a large
drop in SnRK1 activity after pollination; however, in
salt-treated plants, SnRK1 activity was significantly
lower at pollination and increased after pollination. In
control leaves, SnRK1 activity increased from silking to
3 DAP. Salt stress resulted in a significant reduction in
leaf SNRK1 activity at 3 DAP.
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Table Il. Sugar ratios in maize kernels

The metabolite ratio for each sample was derived by simple division. Student’s t test was performed
between the series of derived ratios based on treatment: prepollination versus postpollination and typical

watering versus salt treated. n =5 to 7.

Control Salt Treatment
Sugar Developmental Stage . . . .
Prepollination Postpollination Prepollination Postpollination
T6P:Suc  Silking 0.03 0.04° 0.03 0.04°
Pollination 0.10 0.42° 0.14 0.19
3 DAP 0.30 0.54° 0.32 0.47
T6P:Glc  Silking 0.41 0.69° 0.34 0.19°
Pollination 0.06 0.19° 0.10 0.11
3 DAP 0.19 0.27 0.25 0.30
T6P:Fru Silking 0.48 0.69° 0.75 0.42°
Pollination 0.10 0.29° 0.17 0.20
3 DAP 0.27 0.36 0.35 0.27

“Significant difference (P > 0.05) between prepollination and postpollination.
ence (P> 0.05) between control and salt treated.

bSignificant differ-

Salt Effect on TPS/TPP, Sugar Metabolism, and SRK1
Target Gene Expression

To assess the effect of osmotic stress on carbohydrate
metabolism and the trehalose pathway, as well as the role
of trehalose metabolism in kernel abortion, we measured
transcript levels for several key genes involved in car-
bohydrate metabolism in control and salt-treated plants
using quantitative reverse transcription (QRT)-PCR (Figs.
8-10). In leaf, transcripts for all TPS/TPP genes tested
were affected by salt (Fig. 8A). ZmTPSI.1.1, ZmTPSIL2.1,
and ZmTPPA.3 transcripts were repressed under osmotic
stress. In contrast, the other TPS and TPP genes were
induced by salt. Overall, ANOVA tests indicate that salt
significantly affects most TPS genes tested in leaf, with
the exception of ZmTPSII.2.1 and ZmTPSIL4.1 (Fig. 11).
Developmental stage also significantly affected a number
of these genes (mostly class II TPS).

Among those sugar transporters tested in leaf, only
the ZmSWEET1 transcript was induced by salt (Fig. 8B).
Transcripts of Suc-degrading enzymes were strongly
affected by osmotic stress in leaf tissue. Both ZmIVR2
(vacuolar) and ZmSUSY1 (cytoplasmic) Suc-degrading
enzyme transcript levels were strongly induced by salt. On
the other hand, transcript levels of ZmINCW2 (cell wall)
were strongly repressed by osmotic stress. Overall, salt has a
strong effect on most of the transcripts tested in leaf (Fig. 11).

gRT-PCR primers were designed for the maize ho-
mologs of several Arabidopsis SnRK1 target genes.
BGALACTOSIDASE, AMP-ACTIVATED PROTEIN KINASE B
(AKINB), and ARGININE10 (ARGI0) are target genes induced
by SnRK1, while MALATE DEHYDROGENASE (MDH),
IRON REGULATED TRANSPORTER (B-ZIP11), and
DEHYDRODOLICHYL DIPHOSPHATE SYNTHASE1
(DPS) are repressed by SnRK1 (Baena-Gonzélez et al.,
2007). In leaf, only AKINB was significantly affected by salt
for each time point, with a slight repression followed by a
small induction (Fig. 8C). Overall, for leaf, salt slightly
affected AKIN, bZIP1, and DPS, and developmental
stage had a small effect on AKINB, ARG10, MDH, and
DPS (Fig. 11).
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In kernels, transcript levels of ZmTPSI.1.1 were unaf-
fected by salt, while its expression changed throughout
development, with a peak at pollination (Fig. 9A). Among
the other TPS/TPP genes expressed in the kernel, both
ZmTPSIL2.1 and ZmTPSI.3.2 were stably expressed.
ZmTPSI1.4.1, ZmTPSI1.4.3, and ZmTPSIL5.3 showed sim-
ilar patterns, with a difference in magnitude. They were
all slightly repressed under salt treatment at silking
and then induced 3 DAP by salt compared with the con-
trol. The main TPP isoforms, ZmTPPA.1 and ZmTPPA.3,
were both slightly repressed by salt at silking. ANOVA
revealed that, overall, salt significantly affected only
ZmTPSI1.4.1 and ZmTPPA.3, while stage affected only
ZmTPSI.1.1 (Fig. 11).

Transcript levels of the sugar transporters ZmSUT2
and SWEET1 were induced by salt stress, while
ZmSWEET?2 was slightly repressed by salt (Fig. 9B).
Transcript levels of the Suc-degrading enzymes ZmIVR2,
ZmINCW?2 (both involved in early kernel abortion), and
ZmSUSY1 (SHRUNKENT; involved in starch biosyn-
thesis), as well as a marker of early kernel development
(ZmExpLPL; ExpLPL is for lipoprotein lipase), were also
measured (Fig. 9B). ANOVA showed that most of them
were affected by stage but not salt. ZmIVR2, ZmINCW2,
and ZmExpLPL were generally induced over time, while
ZmSUSY1 was repressed slightly (Fig. 11). However,
ZmINCW2 was significantly repressed by salt 3 DAP,
while ZmSUSY1 was induced at the silking stage (Fig.
9B). Among SnRK1 target genes, only ARG10, MDH,
bZIP11, and DPS transcripts were affected by salt stress,
with ARG10 being repressed and the others being in-
duced by osmotic stress. ZmMDH and ZmbZIP11 tran-
scripts were stage sensitive with a general induction over
time (Fig. 8C).

In cob tissue, some of the TPS/TPP genes were sig-
nificantly affected by salt (Fig. 10A). Some were induced
(ZmTPSI1.2.1 and ZmTPSIL4.3), while others were re-
pressed (ZmTPSL1.1, ZmTPSIL4.1, and ZmTPSIL.5.4.).
ZmTPPA.1 was induced by salt at silking and then re-
pressed at pollination (Fig. 10A). ANOVA revealed that,
overall, salt only affected ZmTPSIL.2.1 and ZmTPPA.1
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(Fig. 11). Stage only had an effect on ZmTPSIL2.1 and
ZmTPSII.3.2. Among sugar transporters, ZmSUT1 and
ZmSUT2 were slightly induced at various stages, while
ZmSWEET?2 was strongly repressed by salt (Fig. 10B).
Transcript levels of the Suc-degrading enzymes ZmINCW2
and ZmSUSY1 were induced by salt at silking and 3 DAP,
respectively. Developmental stage strongly affected all
genes as well. Almost all SnRK1-induced and -repressed
targets were strongly and collectively induced by salt, with
the exception of DPS, which was only increased across
developmental stages (Fig. 10C). Stage also had a strong
effect on all genes but ZmARGI0.

DISCUSSION

Abiotic stress such as that caused by drought or sali-
nized soils has a severe impact on plant growth, repro-
duction, and crop yield. Most important is the sensitivity
of cereal crops such as maize to abiotic stress around the
time of flowering, often leading to a dramatic drop in
grain production. Here, we showed that salinity stress
imposed on flowering maize plants resulted in reduced
yield as a consequence of kernel abortion. The observed

kernel abortion is correlated to a reduction in source
strength in the leaf and a reduction in sink strength in
the kernel. We showed that salt-induced osmotic stress
impacts photosynthesis, cellular respiration, and growth
despite the presence of sufficient sugars in the source
and sink tissues. We demonstrated strong effects on
the expression of the trehalose pathway genes and TéP,
with large differences between source and sink tissues.
Differential effects on SnRK1 marker genes were also
observed between source and sink tissues, possibly in-
dicating unrelated functions.

Salt Stress Inhibits Photosynthesis, Respiration,
and Growth

Source strength in leaf is ultimately impacted by the
reduction in photosynthesis as a consequence of salt
treatment. As long as the vacuole is capable of storing the
excess NaCl, the salt treatment only provides an osmotic
stress by reducing soil water potential (phase 1), and
leaves quickly senesce after the capacity of the vacuole is
exceeded (phase 2; Munns, 1993). By 3 DAP, we observed
some senescence in the oldest leaves; however, most
leaves were green and maintaining turgor (Fig. 1). At

Figure 7. In vitro SnRK1 activity for control A oss
and salt-treated leaf and kernel tissue. SnRK1 Leaf
activity was determined in tissue extracts from 03
control and salt-stressed plants at silking, pol-
lination, and 3 DAP as described by Zhang 025
et al. (2009). Exogenous T6P was added to
some samples to determine the fraction of 02 r f
SnRKT1 activity sensitive to T6P inhibition (1
mm). Lowercase letters indicate significant 025: b
difference from controls (P < 0.05; n = 3) as - _ b
follows: SnRK1 activity higher in kernel than __‘:1 )
leaf (a); exogenous T6P inhibits SnRK1 activity £ o0s b
to a greater extent in kernel tissue (b); SnRK1 ..,_E___ '
activity drops significantly in control kernels E o
after pollination (c); kernel SnRKT activity in- = Controlfcontro| Saft | Salt |Controfcontrol Salt | saft [Controljcontrol| saft | salt
creases after pollination in salt-treated plants a TeP T6P T6P TeP T6P TeP
(d); SnRK1 activity increases significantly in =
R A — Silking Pollination 3 DAP
control leaves after pollination (e); and salt treat- S
ment results in a significant decrease in SnRK1 E
activity at 3 DAP (f). Values are means = sp. et B
o 2
;.; 15 | a Kernel _} d
m
R 16 | -}
X
o 14 r
&
12 |
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08 |
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o
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Figure 8. Relative mRNA levels in leaf tissue for trehalose biosynthetic genes (A), carbohydrate metabolism genes (B), and sugar
transport genes (C). Transcript levels were determined by qRT-PCR in control and salt-stressed plants at silking, pollination, and 3 DAP.
Plants were grown as described in “Materials and Methods.” Results are expressed relative to the average levels of three stably expressed
genes (PROTEIN PHOSPHATASE 2A COMPLEX A-2 SUBUNIT [PP2AA-2], GLYCERALDEHYDE PHOSPHATE DEHYDROGENASE1
[GAPDHT1], and Fbox3). Asterisks indicate that salt treatment had a significant effect over controls (P < 0.05; n = 3).

silking, source tissue (leaf) from salt-treated plants had
overall metabolite levels indistinguishable from control
plants, with the exception of Suc and hexoses, although
photosynthesis was inhibited by as much as 98% (Fig. 2).
This is consistent with results from other species, in-
cluding maize, sorghum (Niu et al., 2012), wheat (Yousfi
et al., 2010; Mguis et al., 2013), rice (Sultana et al., 1999),
and Arabidopsis (Stepien and Johnson, 2009). Regardless
of this extreme decrease in photosynthesis, sugar and
starch concentrations increased in source (leaf), transfer
(cob), as well as sink (kernel) tissues (Fig. 3). The higher

Plant Physiol. Vol. 169, 2015

sugar levels in leaf cells possibly resulted in the observed
inhibition of photosynthesis. This was previously ob-
served in maize shoots (De Costa et al., 2007), rice
shoots (Amirjani, 2011), and tomato fruits (Yin et al.,
2010). However, 3 d later at pollination, we observed a
significant decrease in metabolites involved in Suc
synthesis, glycolysis, the citric acid cycle, and amino
acid synthesis, resulting in a suppression of cellular
respiration and growth. This observation reflects the
cumulative effects of osmotic and ionic stress on the
leaf.
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Figure 9. Relative mRNA levels in kernel tissue for trehalose biosynthetic genes (A), carbohydrate metabolism genes (B), and
sugar transport genes (C). Transcript levels were determined by qRT-PCR in control and salt-stressed plants at silking, pollination,
and 3 DAP. Plants were grown as described in “Materials and Methods.” Results are expressed relative to the average levels of
three stably expressed genes (PP2AA-2, GAPDH1, and Fbox3). Asterisks indicate that salt treatment had a significant effect over

controls (P < 0.05; n = 3).

Salt Reduces Source and Sink Strength

Our results indicate that salt treatment represses
metabolism in both source and sink tissues in maize.
Source and sink strength are primarily dictated by the
concentration gradient established between carbohydrate-
containing cells and actively growing tissues. It is coun-
terintuitive that higher Suc concentrations found in leaf
tissue from salt-stressed plants would result in weaker
source strength. However, in leaf tissues, the higher
concentration of soluble sugars observed in osmotically

1082

stressed plants is a result of osmotic adjustments in
response to salt stress, hence inhibiting photosynthesis,
as observed previously in chickpea (Flowers et al,
2010). Lower demand in sink tissues results in higher
Suc levels in photosynthetic tissues, followed by feed-
back inhibition of the Calvin-Benson cycle, increased
hydrolysis of Suc, and osmotic adjustment using hex-
oses. We observed that the transcripts for the vacuolar
invertase (ZmIVR2) and the cytoplasmic Suc synthase
(ZmSUSY1) were induced by salt treatment in the leaf
tissue (Fig. 8B). Increased Suc hydrolysis resulted in a
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Figure 10. Relative mRNA levels in cob tissue for trehalose biosynthetic genes (A), carbohydrate metabolism genes (B), and sugar
transport genes (C). Transcript levels were determined by qRT-PCR in control and salt-stressed plants at silking, pollination, and 3
DAP. Plants were grown as described in “Materials and Methods.” Results are expressed relative to the average levels of three
stably expressed genes (PP2AA-2, GAPDH1, and Fbox3). Asterisks indicate that salt treatment had a significant effect over

controls (P < 0.05; n = 3).

reduction of the ratio of Suc to hexose from 9:1 to 4:1 as
calculated from the data in Figure 3. In light of reduced
growth and respiration, hexose sugars are likely con-
tributing to osmotic adjustment. This is supported by
the observation that an exogenous application of Suc
enhances the tolerance of Arabidopsis seedlings to salt
(Qiu et al., 2014).

Sink strength is driven by low levels of Suc as a result
of high levels of consumption via respiration or ana-
bolic synthesis. Here, we show that salt-stressed plants

Plant Physiol. Vol. 169, 2015

accumulate higher intracellular levels of Suc in sink and
transfer tissues. Pollination initiates rapid growth in the
ear; however, the significantly reduced levels of gly-
colysis and citric acid cycle intermediates in the ears
from salt-stressed plants indicate that the energy status
is insufficient to sustain rapid growth. Consistently
lower levels of shikimate in sink tissues from salt-
treated plants indicate that these cells are not invest-
ing their energy reserves (starch and sugars) in growth
(amino acid synthesis). These metabolic results are

1083



Henry et al.

Figure 11. Heat map indicating the overall

Kernel Leaf

effect of salt treatment and developmental

stage on transcript levels in kernel and leaf Gene
tissues. ANOVA was performed on three in-
dependent biological replicates using Micro-
soft Excel. Significant differences are indicated
by color: P < 0.05, light blue; P < 0.01, me-
dium blue; and P < 0.001, dark blue. Non- FmiEelde

significant differences are indicated with white CHRIEAES
bars. ZmTPSIl.4.3
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similar to those observed in salt-treated Arabidopsis,
Lotus japonicus, and rice (Sanchez et al., 2008). Inter-
estingly, in kernels, we did not observe a shift from Suc
to hexose sugars in response to salt-induced osmotic
stress. The ratio of Suc to hexose in kernels at 3 DAP
goes up from 1:3.6 in controls to 1:2.7 in salt-treated
plants. Andersen et al. (2002) observed a 2-fold in-
crease in ear Suc levels in response to drought stress,
while hexose sugars decreased by as much as 50%. At 3
DAP, they observed that the Suc-to-hexose ratio went
from 1:6.6 in controls to 1:1 in drought-stressed plants.
Hiitsch et al. (2014) concluded that the inhibition of
soluble acid invertase by salt stress was a key factor in
reduced kernel setting in maize yet was not a factor in
explaining genotypic differences in salt tolerance. Salt
stress also induced the putative Suc facilitator ZmSWEET1
in kernel tissue (Fig. 9B; Chen et al., 2012). Presumably, this
Suc efflux protein is being made as a consequence of the
elevated Suc levels in the kernel. In transfer tissues (cob),
salt treatment strongly repressed the expression of the
putative Suc facilitator ZmSWEET2, the only Suc trans-
porter highly specific to cob tissue (based on microarray
gene expression patterns) and presumed to function in
phloem unloading. This suggests that phloem unloading
is being strongly repressed under the conditions of the salt
stress, thus decreasing the available photosynthate for the
developing kernel.

The T6P-Suc Ratio in Maize Varies between Tissues and
Stages of Development

There is overwhelming evidence that the trehalose
metabolic pathway is essential for plant growth and
reproduction (O'Hara et al., 2013; Lunn et al., 2014). In
vascular plants, trehalose metabolism has assumed a
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role in Suc signaling and as a regulator of carbohydrate
metabolism. The foundation of the T6P-Suc nexus lies
in the strongly positive correlation between Suc and
T6P levels observed during the diurnal cycle in leaves
and in response to exogenous sugars (Lunn et al., 2006;
Yadav et al., 2014). In Arabidopsis and wheat, high Suc
and T6P levels usually correlate with active growth
(Martinez-Barajas et al., 2011; Schluepmann et al., 2012;
Lunn et al,, 2014). At a given tissue and developmental
stage, T6P levels usually mirror Suc levels and, there-
fore, are a good indicator of sugar availability in these
species (Martinez-Barajas et al., 2011; Lunn et al., 2014).
In control plants, kernel tissue had 300% more Suc and
1,000% more T6P than in mature leaf tissue (Figs. 2
and 3). This supports the strong linkage between Suc
and T6P reported previously in Arabidopsis (Carillo
et al., 2013; Yadav et al., 2014). We did not observe a
strong positive correlation for the T6P-Suc ratio in de-
veloping maize kernels from silking to 3 DAP (Table II;
Fig. 6). We interpret this as reflecting the changes in
metabolism occurring in the developing ovule as it
readies for fertilization and begins development of the
embryo. We see this as a change in the set point for the
T6P-Suc relationship, allowing the regulation of intra-
cellular Suc levels by T6P within different ranges that are
appropriate for the developmental stage of the kernel.
This is not unlike the differences observed in the T6P-Suc
ratio between Arabidopsis seedlings, rosettes, and shoot
apices (Lunn et al., 2014).

A Role for the T6P/SnRK1 Signaling Pathway in
Salt-Stressed Kernels

The T6P/SnRK1 sugar-sensing mechanism is known
for its central role in the stress response (Zhang et al.,

Plant Physiol. Vol. 169, 2015



2009). Stresses that result in starvation, such as leaf
shading, lead to low sugar and low T6P, thus promot-
ing SnRK1 activation. SnRK1 in turn initiates metabolic
reprograming to switch between anabolism and ca-
tabolism (Baena-Gonzélez et al., 2007; Henry et al.,
2014). This enables the plant to regulate metabolism
and growth responses in relation to carbon status.
Other stresses, such as cold and nutrient depletion, re-
sult in sugar and T6P accumulation (Nunes et al., 2013).
Upon prolonged salt treatment, we observed a 136%
increase in Suc and a 333% increase in T6P in sink tis-
sues, although only at the silking stage (Fig. 5). SnRK1
activities were 283% lower at silking when compared
with controls. T6P was shown previously to inhibit
SnRK1 activity (Zhang et al., 2009), specifically in sink
tissues (Nunes et al., 2013). Our data agree with previous
findings showing that SnRK1 activity is higher and more
sensitive to T6P inhibition in sink than in source tissues
(Fig. 7). Accordingly, we observed that SnRK1-repressible
genes, MDH, bZIP11, and DPS, were derepressed upon
salt stress (Fig. 9C), suggesting that T6P is inactivating
SnRK1 in immature kernels. No significant correlations
were observed between Suc, T6P, and SnRK1 in kernels
from osmotically stressed plants. These data are consis-
tent with the results obtained when Arabidopsis seed-
lings were treated with short-term cold or nitrogen
deprivation (Nunes et al., 2013). Altogether, these results
indicate that the T6P and SnRK1 signaling pathway
might be used differently depending on the stress con-
sidered and its effect on various metabolite levels.

A Role for the Trehalose Pathway Independent from
SnRK1 in Source Tissues Subjected to Salt Stress

Among the trehalose pathway transcripts affected by
salt in source tissues are several class I TPS genes. Al-
though the function of this group of TPS genes is un-
known, in maize, these genes were shown previously to
be closely regulated at the transcript level. Indeed, they
were strongly induced in young leaf by prolonged
darkness and then strongly repressed upon the return to
light (Henry et al., 2014). These proteins have a similar
structure to class I TPS but lack certain amino acids es-
sential for substrate recognition and generally do not
possess catalytic activity (Yang et al., 2012; Henry et al.,
2014). In rice, some of them were shown to form com-
plexes with class I TPS and are suspected to have a reg-
ulatory function (Zang et al., 2011). Therefore, they could
have a similar regulatory function in mature maize leaf
tissue. Salt treatment of flowering plants increases class II
TPS mRNAs in leaf, similar to the way extended dark-
ness increased class II mRNAs in immature leaf (Henry
et al., 2014). The only difference is that SnRK1 target
genes are not activated in the mature leaf, as SnRK1 is far
less active in mature leaves. Class I TPS gene induction is
independent of SnRK1 activity, indicating that tran-
scriptional activation of the class II genes bypasses the
T6P and SnRK1 signal transduction routes. Salt treatment
also lowers ZmTPS1.1 and ZmTPPA.3 mRNA levels in
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mature leaf, similar to what was observed during the
recovery from extended shading (Henry et al., 2014).
Here, we show that, in maize, source tissue T6P and the
trehalose pathway can function independently of SnRK1
signaling. First, we observed a significant increase of T6P
at silking, when SnRK1 activity is very low and mostly
insensitive to T6P (Fig. 4). Second, we observed large
changes in the expression of the trehalose pathway genes
specific to source tissues. Taken together, these results
indicate that, in source tissues, the trehalose pathway is
affected by salt stress and has the potential to act inde-
pendently from the SnRK1 pathway. In maize leaf,
SnRK1 activity is very low and insensitive to T6P inhi-
bition (Fig. 7). In vitro SnRK1 activity was 15 times lower
in leaf as compared with kernel and cob. Accordingly,
SnRK1 target genes showed no change during develop-
ment or as a consequence of salt treatment, in spite of the
increase in T6P levels in this tissue (Fig. 7A). No signifi-
cant correlations were observed between Suc, T6P, and
SnRK1 in kernels from osmotically stressed plants, which
indicates that the SnRK1 signaling pathway is mainly
inactive in source tissues. Therefore, if T6P has any sig-
naling function in source tissues, it must be through yet
uncharacterized pathways. In fungus, where the treha-
lose pathway is highly similar to the one in plants
(Avonce et al., 2006), T6P can be sensed through the TPS1
enzyme itself (Wilson et al., 2007). Indeed, in Magnaporthe
oryzae, TPS1 has a dual enzymatic/sensing function, and
both these functions seem to be independent (Wilson
et al., 2007; Fernandez and Wilson, 2011). Such a dual
function could be conserved in plant TPS. By analogy,
Hexokinase was initially characterized for its enzymatic
properties but later found to function as the primary
hexose sugar sensor in plants (Cho et al., 2006, 2010;
Granot et al., 2013). A dual role for TPS would enable
the plant to sense changes in Glc-6-P, UDP-Glc, and/or
T6P levels independently from the SnRK1 pathway
and trigger an independent physiological response in
source tissues. Separating the enzymatic from the sensing
functions of a plant protein can be challenging, especially
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Figure 12. Model depicting the metabolic effects of salt treatment on
flowering maize plants at silking, pollination, and 3 DAP. Tissues rep-
resented are kernel, cob, and leaf. Watering with 150 mm NaCl results
in either no effect (black), decreased levels (red), or increased levels
(blue). Photoy, Photosynthesis.
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as in the case of TPS, when there are multiple isoforms.
Therefore, we suggest that this hypothesis should be in-
vestigated in the near future.

CONCLUSION

A profound shift in metabolism was observed in well-
watered maize kernels after pollination. This switch is
diagrammed in a model depicting the metabolic effects of
salt treatment on flowering maize plants (Fig. 12). During
the 6-d period from silking to 3 DAP, there was an in-
crease in T6P and a decrease in Suc, citric acid cycle in-
termediates, and SnRK1 activity. This period also saw
an increase in invertase gene expression (ZmIVR2 and
ZmINCW?2) and shikimate, an indicator of amino acid
synthesis. All of this indicates a transition from catabo-
lism to anabolism occurring at the time of pollination. It
remains unclear if T6P initiates this switch or is induced
in response to the switchover. Salt treatment of plants
results in much higher kernel T6P levels at silking and,
thus, a high rate of kernel abortion. T6P levels are re-
sponsive to reduced Suc uptake in sink tissue as a con-
sequence of reduced photosynthesis and activity of sugar
transporters. This suggests that T6P levels are a critical
component of stress-induced kernel abortion. Under-
standing the role of T6P and the trehalose pathway in the
events leading up to kernel abortion will enable us to
improve stress tolerance in grain crops.

MATERIALS AND METHODS
Plant Growth, Treatment, and Harvest

Inbred B73 maize (Zea mays) plants were used. Seeds were sterilized for 15 min
with 15% (v/v) bleach, thoroughly rinsed with sterile water, incubated for 1 min
in 70% (v/v) ethanol, rinsed again, and soaked for 5 min. Seeds were then rolled in
germinating paper and germinated for 4 d in the presence of 1 mm CaSO, solution
in a growth chamber (24°C, 220 = 30 umol m™2s™", and 16-/8-h day /night cycle).
Seedlings were planted into germinating trays containing potting mix (34% [w/w]
peat, 31% [w/w] perlite, 31% [w/w] vermiculite, and 4% [w/w] soil) and grown
under the same conditions as described previously (Henry et al., 2014). At 14 DAG,
plants were transferred to pots (8.5 X 8.5 X 7 inches) containing calcinated clay.
They were subsequently grown in twin rows (pots aligned in both directions and
touching each other) with a constant supply of nutrient solution (Peters 20:20:20,
nitrogen:phosphorus:potassium, 200 ppm) from underneath in a greenhouse
(14-/10-h day/night cycle, 24°C *+ 2°C and 20°C * 2°C for day and night,
respectively) until they reached the V7 to V8 stage (ear and tassel initiation
stage). Salt stress was then progressively applied by adding 25, 50, and 75 mm
NaCl:CaCl, (5.7:1 ratio) to the nutrient solution every 3 d. Salt-stressed plants
were then kept under 75 mwm salt solution until harvesting, and the solution
was changed every 3 to 4 d. Control plants were supplied with nutrient so-
lution only during the whole experiment. At the reproductive stage, ears were
bagged with paper bags before silking and hand pollinated with fresh pollen
from control plants at the pollination stage.

Harvesting was performed from 9 am to 12 pm on plants at the following
stages: 1, silking, first silk emergence; 2, pollination, full silking; and 3, 3
DAP. Using a hole punch, tissues from the blade of the leaf neighboring the
upper ear were collected. The ear was then dissected, and silks were removed to
proceed with the harvesting of kernel and sustaining cob tissues (from the
middle one-third longitudinal section of the ear) using a razor blade. For sim-
plicity’s sake, the term kernel is used throughout to refer to the ovule (at silking
and pollination) and the embryo (at 3 DAP). Collected tissues (approximately
100-200 mg) were instantly frozen in liquid nitrogen and stored at —80°C until
use. Some pollinated plants were also grown until the mature stage to deter-
mine yield. In that case, salt treatment was stopped right after pollination.
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Morphological Measurements

Plant vegetative growth was assessed by measuring plantheight (from crown
to flag leaf node) at the pollination stage using a graduated stick. Reproductive
growth was determined by following anthesis (1) and anthesis-silking (2) in-
tervals (time from first to full pollen-shedding stages [1] or first pollen-shading to
first silk-emergence stages [2]). Ear length was also measured at the harvesting
stage. Yield was then reflected by counting and weighing dry seeds.

Photosynthesis Measurements

Leaf photosynthesis and stomatal conductance were determined using
the LI-6400 open gas-exchange system coupled to the 6400-02B light-emitting
diode light source (Li-Cor). For each treatment, three measurements were taken
on the leaf axil to the upper ear of six different plants between 1 and 3 pm. The
following settings were used: leaf temperature of 25°C * 1°C, light intensity of
1,200 wmol m ™2 s}, and air containing 350 wmol mol ™! CO,.

Carbohydrate and Metabolite Analysis

Frozen tissues (20-100 mg) were weighed and ground for 30 to 60 s while
frozen using a Tissue Lyser II (Qiagen). Sugars (Suc, Fru, and Glc) were then
extracted following the method of Lunn et al. (2006) using lactose as an internal
standard. Starch was extracted from the pellet generated during the extraction
of soluble sugars and quantified by the analysis of Glc resulting from hydrolysis.
Samples were analyzed with a high-pressure capillary ion chromatograph
system (ICS-5000, PA-20 column; Thermo Scientific Dionex) using a 1-uL in-
jection volume and 45 mm KOH as eluent. Sugar peaks were identified in
comparison with known sugars and an internal standard (lactose), and data
were analyzed using the formula described previously (Henry et al., 2014) with
lactose/Glc ratio of 1:10 for leaf and 1:100 for kernel and cob. The method of
Lunn et al. (2006) using anion-exchange liquid chromatography linked to tan-
dem mass spectrometry was used to quantify T6P and other phosphorylated
metabolites.

In Vitro SnRK1 Activity

Total soluble protein was extracted from 200 mg of tissue ground under liquid
nitrogen in a mortar and pestle in 600 uL of ice-cold homogenization buffer of
100 mm Tricine-NaOH, pH 8, 25 mm NaF, 5 mm dithiothreitol, 2 mum tetrasodium
pyrophosphate, 0.5 mm EDTA, 0.5 mm EGTA, 1 mm benzamidine, 1 mm phe-
nylmethylsulfonyl fluoride, 1 mm protease inhibitor cocktail (Sigma; P9599),
phosphatase inhibitors (PhosStop; Roche), and insoluble polyvinylpyrrolidone
to 2% (w/v). Homogenate was centrifuged at 13,000 at 4°C. Supernatant (250
uL) was desalted in Illustra NAP-5 columns (GE Healthcare) preequilibrated
with homogenization buffer. Eluent was supplemented with protease inhibitor
cocktail and okadaic acid to 2.5 mm before freezing in liquid nitrogen. The
SnRK1 activity of three replicates for each time point was determined as de-
scribed (Zhang et al., 2009) in a final volume of 25 uL in microtiter plate wells at
30°C. Assay medium was 40 mm HEPES-NaOH, pH 7.5, 5 mm MgCl,, 200 mm
ATP containing 12.5 kBq of [y-*P]ATP (PerkinElmer), 200 um AMARA peptide
(Enzo Life Sciences), 5 mm dithiothreitol, 1 uM okadaic acid, and 1 mm protease
inhibitor cocktail (Sigma; P9599). For inhibition assays, a final concentration of
1 mm T6P was added to the mix. Assays were started with 5 uL of extract and
stopped after 6 min by transferring 15 uL to 4-cm? squares of Whatman P81
phosphocellulose paper immersed immediately in 1% phosphoric acid. These
were then washed with four 800-mL volumes of 1% phosphoric acid, immersed
in acetone for 15 min, air dried, and transferred to vials with 3.5 mL of scin-
tillation cocktail (Ultima Gold).

mRNA Analysis by qRT-PCR

RNA isolation from maize tissue and qRT-PCR were performed as described
by Henry et al. (2014). Reverse transcription quality and absence of genomic
DNA contamination were then checked by semiquantitative PCR on 5 uL of
complementary DNA (1:100 dilution) in a final volume of 25 uL, using ZmEF1-1
alpha primers (forward, 5-AGACTCACATCAACATTGTGGTCAT-3’; re-
verse, 5'-GTTGTCACCTTCAAAACCAGAGATT-3') designed around an in-
tronic region and GoTaq DNA Polymerase (Promega) as recommended by the
supplier. For each time point and biological replicate, qRT-PCR was repeated
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three times. Experiments were performed on three biological replicates. Three
out of eight reference genes (Supplemental Table S1) were selected for the
normalization of gene expression using the Genorm software (Vandesompele
et al., 2002). Relative gene expression was calculated using the method of
Hellemans et al. (2007). Primer efficiency was determined using the method
described by Pfaffl et al. (2001) with the following dilutions of 14-d-old B73
seedling complementary DNA: 1:75, 1:100, 1:250, 1:500, and 1:1,000.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Raw metabolite data.

Supplemental Table S1. Primers used in this study.
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