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As part of a breeding program for new salt-tolerant sexual genotypes of Cenchrus ciliaris L., here we
evaluated the salt-stress response of two new sexual hybrids, obtained by controlled crosses, at seedling
and germination stages. A seedling hydroponic experiment with 300 mM NaCl was performed and
physiological variables and growth components were evaluated. While salt-treated sexual material did
not show a decrease in productivity with respect to control plants, a differential response in some
physiological characteristics was observed. Sexual hybrid 1-9-1 did not suffer oxidative damage and its
proline content did not differ from that of control treatment. By contrast, sexual hybrid 1-7-11 suffered
oxidative damage and accumulated proline, maintaining its growth under saline stress. At the germi-
nation stage, sexual hybrid 1-9-1 presented the highest Germination Rate Index at the maximum NaCl
concentration assayed, suggesting an ecological advantage in this genotype. These new sexual resources
are promising maternal parental with differential response to salt and could be incorporated in a
breeding program of C. ciliaris in the search of new genotypes tolerant to salinity.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Buffelgrass (Cenchrus ciliaris L., Syn. Pennisetum ciliare Link) is an
important gramineous forage species in arid and semiarid regions
worldwide (Hanselka et al., 2004). In Argentina, it was introduced
as a forage resource in areas affected mainly by water stress,
showing good performance, and is adapted to harsh climatic con-
ditions prevailing in the Argentine northwestern region (NOA)
(Tessi et al., 2014). The saline soils characteristic of this vast region
limit implantation, persistence and forage production (Ashraf et al.,
2006). Buffelgrass has a mainly obligate apomictic reproductive
mechanism (Snyder et al., 1955) and the use of obligate sexual or
apomictic genotypes with high levels of sexuality is the only
alternative for conventional crosses (Bray, 1978; Bashaw, 1980;
ecursos Gen�eticos Vegetales,
acional de Tecnología Agro-
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served.
Sherwood et al., 1980; Quiroga et al., 2013). Our working group
characterized a sexual line that was used as the only maternal
source, showing poor forage aptitude (Griffa et al., 2005) and sig-
nificant susceptibility to salt stress (Griffa, 2010; Lanza Castelli
et al., 2010). However, using this source of sexuality, two sexual
genotypes genetically divergent from the female parental line have
been obtained from hybridizationwith apomictic material (Quiroga
et al., 2013). These new sexual hybrids showed some promising
traits for higher quality forage and biomass yield, and therefore
could be used as new female parents for breeding purposes
(Quiroga et al., 2013).

Despite the potential importance of buffelgrass as forage
resource for cattle production, few reports have characterized its
biochemical and physiological response to salinity for genetic
improvement purposes (Akram et al., 2006; Ashraf et al., 2006;
Griffa, 2010; Lanza Castelli et al., 2010). Salt stress leads to the
overproduction of reactive oxygen species (ROS), such as super-
oxide (O�

2), hydrogen peroxide (H2O2) and hydroxyl radical (HO�)
(Apel and Hirt, 2004). The excess of ROS in plants is highly toxic and
causes damage to proteins, membrane lipids, carbohydrates and
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DNA, producing oxidative stress (Gill and Tuteja, 2010). Plants have
a complex antioxidant enzymatic and non-enzymatic defense
system designed to regulate ROS levels (Ashraf and Foolad, 2007;
Ashraf, 2009); when the defense mechanism fails to inactivate
ROS excess, oxidative damage occurs. Severity of oxidative damage
in plants can be assessed by measuring Malondialdehyde (MDA)
content, which reflects the product of peroxidation of membrane
lipids (P�erez-L�opez et al., 2009). MDA content has also been shown
to be a biochemical indicator of salt tolerance in buffelgrass (Lanza
Castelli et al., 2010; L�opez Colomba et al., 2013). The strategies that
plant may use for dealing with such stress can be indirectly
detected by estimating the redox state of the plant; this is accom-
plished by evaluating the ability to reduce iron (FRAP) via the non-
enzymatic antioxidant defense system (Benzie and Strain, 1996; Ou
et al., 2002). Oxidative damage can also be estimated by measuring
proline content because high concentrations of this osmo-
compatible compound may protect plants from salt stress via
detoxification of ROS, protection of membrane integrity, and sta-
bilization of enzymes/proteins as well as through contribution to
cellular osmotic adjustment (Ashraf and Foolad, 2007; Ashraf,
2009; Cha-Um and Kirdmanee, 2009).

A reduction in chlorophyll content in leaves under salt condi-
tions has been reported in various plant species (Parida et al., 2004).
This decline may be attributed to the destruction of chlorophyll
pigments and instability of pigment-protein complexes, interfer-
ence of salt ions with protein synthesis and structural components
of chlorophyll (Munns, 2011). Thus, photosynthesis is one of the
primary processes affected by salinity through a reduction of the
maximum quantum efficiency of photosystem II (PSII) (Munns
et al., 2006). Salt influences photosynthetic capacity and its ef-
fects vary with salt concentration, duration of stress and the
assayed germplasm (Kalaji et al., 2011).

Salinity affects plant performance (Zhu, 2001; Yu et al., 2012)
by reducing water availability to plants and interfering with ionic
balance inside the cell, causing molecular damage, growth arrest
and cell death (Zhu, 2001). For instance, relatively high Naþ and
Cl� concentrations can obstruct the absorption of Kþ, Ca2þ, Mg2þ

and other ions, and reduce root and shoot growth (Yu et al., 2012).
As a result, a high Kþ/Naþ ratio is an important criterion used for
selecting for salt tolerance in other species (Al-Khateeb, 2006;
Lopez and Satti, 1996; Monirifar and Barghi, 2009; Paz et al.,
2012).

General symptoms of damage by salt stress in plants include
growth inhibition, accelerated development, senescence and death
during prolonged exposure (Jouyban, 2012). Damage to fresh
weight of aerial part was found to be the principal component
character with direct influence on productivity and a reliable in-
dicator of early selection for salt-tolerant genotypes in buffelgrass
(Griffa, 2010). Moreover, salinity effects vary with growth stage. Salt
tolerance at germination and emergence, as well as in later growth
stages, is among the traits that could confer performance advan-
tages in saline environments. Germination and seedling establish-
ment are considered to be the most critical stages of the plant life
cycle under salt conditions (Ungar, 1978) and the capability to
germinate under such conditions is essential for ensuring the nat-
ural resowing of pastures. In some species, plants are more sensi-
tive to salt during germination and emergence than at later stages
(Bazzigalupi et al., 2008). However, salinity tolerance at different
growth stages seems to be controlled by independent genes (Jena
and Mackill, 2008) and there is evidence that response at the
seedling stage persists in adult plants (Khan and McNeilly, 2005;
Griffa, 2010).

The aim of this work was to study the genotypic variation in
response to salinity in a new sexual germplasm of buffelgrass
during the seedling and germination stages.
2. Material and methods

2.1. Plant material

The genetic material used in this work was obtained from an
active collection of buffelgrass located in the Experimental Area of
IFRGV-INTA (C�ordoba, Argentina). Five genotypeswere evaluated to
determine the genotypic variation in response to salt stress: orig-
inal sexual line, female parent (S. line), two apomictic accessions
(male parents), register numbers (RN) 153 and 136, and two sexual
hybrids: 1-9-1 (S. line � RN 153) and 1-7-11 (S. line � RN 136).

2.2. Seedling hydroponic experiment

Forty plants of each parental line (S. line and apomictic males)
and sexual hybrids were arranged in four plastic trays with aerated
Hoagland's nutrient solution (Hoagland and Arnon, 1950). Two
trays were allocated to the control (0 mM NaCl) and the two other
trays, to the saline treatment of 300 mM NaCl; this amount was
selected because buffelgrass genotypes were previously found to
manifest symptoms of salt stress at this concentration (Griffa,
2010). Ten seedlings per genotype and condition were allowed to
acclimate to hydroponic conditions for 7 days. Then nutrient so-
lution was gradually salinized by adding 100 mM NaCl every 24 h,
until reaching 300 mM NaCl, and the seedlings were kept in these
conditions for 12 days. Leaf samples were collected and kept frozen
at �20 �C until evaluation of physiological variables.

2.2.1. Evaluation of physiological variables
Relative water content (RWC) was evaluated at 24 h of reaching

300mMof NaCl and at the end of the assay (12 days) (Turner,1986),
Naþ/Kþ ratio and Mg2þ concentration with High Performance
Liquid Chromatography (HPLC) (Shimadzu). Parameters associated
with oxidative stress were also measured 24 h after the nutrient
solution contained 300 mM NaCl: MDA content (Heath and Packer,
1968), the ability to reduce iron (FRAP) (Benzie and Strain, 1996)
and chlorophyll content (Tetley and Thimann, 1974). At the end of
the assay, total soluble sugars (Fales, 1951), total protein (Bradford,
1976) and proline contents (Bates et al., 1973) were estimated.

2.2.2. Maximum quantum efficiency of PSII (PSII), SPAD values
(SPAD) and Foliar Temperature (FT)

Maximum quantum efficiency of PSII (Fm/Fv) was measured
according to Bilger and Bj€orkman (1990) using a modulated fluo-
rescence system (FMS2, Hansatech Instruments, Pentney King's
Lynn, UK), SPAD values using a chlorophyll meter Model CL-01
Chlorophyll Content Meter (Hansatech Instruments) (Xu et al.,
2000), and Foliar Temperature (FT) using an Infrared Thermom-
eter (IT-330 Horiba). All measurements were taken every 48 h.

2.2.3. Growth components
The following growth components were evaluated in each of the

seedlings per genotype and per treatment: total and aerial fresh
weight (TFW and AFW, respectively), total and aerial dry weight
(TDW and ADW, respectively), leaf fresh weight (LFW), root fresh
and dry weight (RFW and DRW, respectively) and leaf area (LA).

2.3. Germination

Salt tolerance at the germination stage was evaluated according
to L�opez Colomba et al. (2013) for buffelgrass. Each treatment
consisted of five trays, each tray containing 20 seeds of each ge-
notype mentioned in point 2.1. Seeds were disinfected with com-
mercial sodium hypochlorite (NaClO 55 g/L) at a concentration of
10% for 5 min and rinsed three times with distilled water. The
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disinfected seeds were transferred to plastic trays lined with paper
filter soaked with each salt treatment. The salt treatments used
were: 0 mM (control), 75, 125, 175 and 225 mM NaCl. Seed incu-
bation was performed in a growth chamber during 20 days under
the following conditions: 16 h light/8 h dark photoperiod
(55 mmol m�2 s�1) (4100 lux) at alternating temperatures of 25 �C
(16 h) and 20 �C (8 h). Germinated seeds were recorded every 48 h
for a total of 20 days. The proportion of total germinated seeds
(PGS) was calculated following L�opez Colomba et al. (2013). The
effect of treatments was evaluated using the germination rate index
(GRI), which expresses germination speed, calculated as follows:

GRI ¼ S Gi/Di

where Gi is the difference in number of germinated seeds between i
count and the previous count and Di is the day of each count after
planting (5, 10, 15 and 20 days) (Bazzigalupi et al., 2008).

2.3.1. Statistical analysis
For comparisons between means in RWC, Naþ/Kþ ratio, FRAP,

chlorophylls and proline contents, general linear mixed models
were used and ANOVA was applied for a two-factor model with
interaction between the factors genotype � treatment (0 and
300 mM NaCl), in a randomized complete block design. For Mg2þ

concentration, MDA, total soluble sugars, total protein content, PSII,
SAPD values and FT two- and three-way interactions were applied
between variables (e.g. Genotype � Treatment and
Genotype � Treatment � Time of measurement). Di Rienzo,
Guzm�an and Casanoves test (DGC) (Di Rienzo et al., 2002) was
performed using InfoStat statistical package (Di Rienzo et al., 2014).

To evaluate salt tolerance at the germination stage, generalized
linear mixed models were used to compare means of PGS and GRI.
An ANOVAwith interaction between genotype� salt concentration
was performed and a DGC test was applied for both variables using
InfoStat (Di Rienzo et al., 2014).

3. Results

3.1. Seedling hydroponic assay

3.1.1. Evaluation of physiological variables in 300 mM NaCl at 24 h
After 24 h of exposure to the final salt concentration, no

genotype � treatment interactionwas observed for RWC (P¼ 0.19),
chlorophyll content (P ¼ 0.33) or Mg2þ concentration (P ¼ 0.09).
RWC and Mg2þ content did not have significant differences for
genotypes (P ¼ 0.62 and 0.09, respectively) or treatment (P ¼ 0.09
and 0.86, respectively). Average RWC was 93.91% for the control
treatment (0 mM NaCl) and 86.94% for the salt treatment (300 mM
NaCl), whereasmeanMg2þ values were 4.06 nmol/g DW for control
and 4.47 nmol/g DW for salt treatment. Chlorophyll content did not
differ between genotypes (P ¼ 0.06), but it did differ between
treatments (P ¼ 0.004), with a mean of 6700.30 mg/g DW in the
control treatment, decreasing to 4160.85 mg/g DW in salt treatment.

The Naþ/Kþ ratio showed significant differences in
genotype� treatment interaction (P¼ 0.01), with an increase being
recorded in salinity in all genotypes (Table 1). Hybrid 1-7-11 and its
parentals (S. line and RN 136) had the highest ratios.

The genotype � treatment interaction was significant for MDA
content (P ¼ 0.04) (Table 1). While most genotypes showed no
differences among them or between treatments, treated hybrid 1-
7-11 plants and their male parent (RN 136) showed an increase in
MDA content (Table 1).

There was genotype � treatment interaction for FRAP values
(P ¼ 0.03) (Table 1). None of the sexual genotypes showed signifi-
cant differences among them or between treatments, whereas the
apomictic parental plants showed increased values under salt
conditions.

3.1.2. Evaluation of physiological variables after 12 days of exposure
to 300 mM NaCl

Results of the physiological variables evaluated at the end of the
assay are shown in Table 2. Significant differences between geno-
type and treatment were observed for RWC (P ¼ 0.01), which
increased only in the hybrid 1-7-11 and apomictic material RN 153
under salt conditions.

The Naþ/Kþ ratio presented significant genotype � treatment
interaction (P¼ 0.01). Ratios increased in all genotypes in the saline
treatment compared to the control, with the hybrid 1-7-11 showing
a very pronounced increase.

The analysis of Mg2þ content also showed interaction (P¼ 0.02),
with S. line being the only genotype showing a decrease under
salinity condition.

Of the tested osmo-compatible compounds, proline content was
the only one presenting genotype � treatment interaction
(P ¼ 0.05). There were no differences among genotypes in the
control treatment, whereas in salt treatment, proline content
increased in hybrid 1-7-11, S. line and RN 153. Total soluble sugar
content also exhibited a significant interaction (P ¼ 0.02), with
hybrid 1-7-11 being the only genotype with a decrease in soluble
sugar content under salt conditions.

Total protein content also showed genotype � treatment inter-
action (P ¼ 0.02), with values increasing in hybrid 1-9-1 and its
parental RN 153 in the salt treatment. In contrast, protein content
values decreased in RN 136 under salinity conditions. Protein
content did not vary in either treatment for hybrid 1-7-11 and S.
line.

3.1.3. Maximum quantum efficiency of PSII, SPAD values (SPAD) and
Foliar Temperature (FT)

PSII values were non-significant either for three-way interaction
(genotype � treatment � time, P ¼ 0.88) or two-way interaction
(genotype � treatment, genotype � time, P ¼ 0.41 and 0.48,
respectively). While treatments did not differ (P ¼ 0.20), with
average values of 0.80 in control and 0.79 in salt, genotypes
(P ¼ 0.03) and time (P ¼ 0.03) were the factors that showed dif-
ferences for this variable. A decrease in PSII was observed over time,
with RN 136 presenting the lowest values.

SPAD values did not show significant differences for three-way
interaction (P ¼ 0.52) or the two-way interactions
genotype � treatment or genotype � time (P ¼ 0.66 and 0.68,
respectively). The factors treatment and time of measurement were
significant (P < 0.0001). In the control treatment, SPAD varied with
seedling growth, being low at the beginning (1.14), increasing with
growth (7.44) and decreasing at the end of the assay (4.93). Under
stress conditions, SPAD values showed no difference (1.60e2.97),
but were significantly lower than those of the control at 12 days of
assay.

ANOVA results for FT showed no genotype � treatment � time
interaction (P ¼ 0.90) or genotype � treatment (P ¼ 0.41) or
genotype � time (P ¼ 0.97) interactions. Although no differences
were observed among genotypes (P ¼ 0.21), there were differences
between treatments (P ¼ 0.002) and time of measurement
(P ¼ 0.01). Average FT in salt treatment was higher (29.11 �C) than
in control (28.61 �C). Regarding time of measurement, although FT
increased at 48 h of sampling, it tended to stabilize at the end of the
test (192 h).

3.1.4. Growth components
Genotype � treatment interaction was highly significant

(P ¼ 0.0001) for total fresh weight and fresh weight of the aerial



Table 1
Evaluation of physiological variables of two sexual hybrids and their parentals at 24 h of 300 mM NaCl treatment. Mean values are presented and standard deviation is
indicated in parentheses. Different letters in each column indicate significant differences (P � 0.05).

Genotype Treatment Naþ/Kþ MDA FRAP

(mmol/g DW) (mmol/g DW)

RN 153 0 mM NaCl 0.02 c 39.48 b 168.08 a
(0.01) (4.37) (23.42)

300 mM NaCl 0.07 b 40.03 b 124.52 b
(0.02) (4.37) (18.22)

RN 136 0 mM NaCl 0.03 c 30.17 b 169.56 a
(0.01) (4.37) (23.42)

300 mM NaCl 0.13 a 64.38 a 55.16 b
(0.02) (4.37) (18.22)

Sexual line 0 mM NaCl 0.02 c 31.51 b 104.59 b
(0.01) (6.18) (18.22)

300 mM NaCl 0.16 a 39.26 b 65.98 b
(0.06) (4.37) (18.22)

1-7-11 (S. line � RN 136) 0 mM NaCl 0.03 c 36.41 b 104.37 b
(0.01) (6.18) (18.22)

300 mM NaCl 0.17 a 62.69 a 80.71 b
(0.02) (6.18) (18.22)

1-9-1 (S. line � RN 153) 0 mM NaCl 0.03 c 26.69 b 77.78 b
(0.01) (4.37) (18.22)

300 mM NaCl 0.08 b 41.47 b 104.7 b
(0.02) (4.37) (18.22)

Table 2
Evaluation of physiological variables at 12 days of 300 mM NaCl treatment of two sexual hybrids and their parentals. Mean values are presented and standard deviation is
indicated in parentheses. Different letters in each column indicate significant differences (P � 0.05).

Genotype Treatment RWC (%) Naþ/Kþ Mg2þ Proline Sugars Proteins

(nmol/g DW) (mol/mm2) (mmol/g DW) (mmol/g DW)

RN 153 0 mM NaCl 77.78 b 0.04 d 3.46 a 0.46 b 1.36 b 95.27 b
(2.62) (0) (0.51) (0.19) (0.15) (18.45)

300 mM NaCl 94.91 a 0.23 b 3.29 a 1.28 a 0.88 b 220.15 a
(2.62) (0.04) (0.51) (0.27) (0.15) (18.45)

RN 136 0 mM NaCl 92.59 a 0.03 d 3.19 a 0.26 b 1.01 b 192.01 a
(3.7) (0) (0.72) (0.19) (0.15) (24.93)

300 mM NaCl 89.58 a 0.2 b 3.11 a 0.72 b 0.78 b 160.63 b
(3.70) (0.04) (0.51) (0.19) (0.15) (29.88)

Sexual line 0 mM NaCl 91.67 a 0.06 c 3.62 a 0.75 b 1.33 b 67.63 b
(2.62) (0) (0.51) (0.19) (0.15) (18.45)

300 mM NaCl 74.07a 0.2 b 0.42 b 1.85 a 0.76 b 156.36 b
(3.70) (0.04) (0.72) (0.27) (0.15) 25.18

1-7-11 (S. line � RN 136) 0 mM NaCl 75.87 b 0.04 d 0.95 b 0.41 b 2.03 a 60.8 b
(2.62) (0) (0.72) (0.27) (0.15) (18.45)

300 mM NaCl 88.33 a 0.45 a 1.08 b 1.25 a 0.73 b 118.88 b
(3.70) (0.04) (0.72) (0.27) (0.15) (18.5)

1-9-1 (S. line � RN 153) 0 mM NaCl 84.24 a 0.05 c 1.99 b 0.4 b 1.38 b 124.18 b
(2.62) (0) (0.51) (0.27) (0.15) (18.45)

300 mM NaCl 97.14 a 0.33 b 2.08 b 0.63 b 1.23 b 222.07 a
(3.70) (0.13) (0.51) (0.19) (0.15) (18.45)
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part (TFW and AFW), with variation in response between hybrids
(Fig. 1A and B). Weight of hybrid 1-7-11, RN 136 and RN 153
decreased under salt conditions, whereas weight of hybrid 1-9-1
and S. line (female parental) did not change under salt stress.

The analysis of total dry weight (TDW) and dry weight of the
aerial part (ADW) (Fig. 1C and D) showed a high
genotype � treatment interaction (P ¼ 0.0007 and 0.0061,
respectively). Sexual hybrids did not differ in their behavior and
were not affected by salt, similarly to RN 153 and S. line. However,
the latter had lower dry matter in both treatments than both hy-
brids. RN 136 was the only genotype affected under 300 mM NaCl
treatment.

Fresh weight of leaf (LFW) (Fig. 2A) exhibited differences in
genotype � treatment interaction (P < 0.0001), with hybrid 1-9-1
presenting similar values to those of its maternal line, without
significant differences between treatments. Hybrid 1-7-11 behaved
similarly to RN 153, with LFWdecreasing in salt. RN 136 showed the
highest LFW values in both treatments, but decreased in seedlings
grown under salt conditions.

Fresh and dry root weight (RFW and RDW) (Fig. 2 B and C)
showed differences in the interaction (P ¼ 0.0112 and 0.0031,
respectively). Sexual hybrids, S. line and RN 153 did not differ
between treatments, although the latter showed higher values
for RFW in both treatments. RN 136 presented higher RFW and
RDW under control conditions and was the only genotype
significantly affected by 300 mM NaCl. However, RN 153 had the
highest RFW value in salt, but its RDW did not differ from the
other genotypes.

Leaf area (LA) (Fig. 2 D) showed differences in the interaction
(P < 0.0001). Hybrid 1-9-1 was characterized by a smaller LA under
control conditions, as its female parent, but was the only genotype
that did not exhibit LA variation under salt conditions. In the



Fig. 1. Evaluation of growth components in two sexual hybrids (1-9-1 and 1-7-11) and their respective parents (S. line, RN 153 and 136) at 12 days of hydroponic seedling assay. A:
total fresh weight (TFW); B: aerial fresh weight (AFW) C: total dry weight (TDW); D: aerial dry weight (ADW). Each data bar shows the mean and the error bars show standard
deviation. White and black bars indicate 0 mM and 300 mM NaCl, respectively. Different letters indicate significant differences (P � 0.05).
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remaining genotypes LA decreased at 300 mM NaCl, with hybrid 1-
7-11 being the most affected genotype.

3.2. Germination

3.2.1. Proportion of germinated seeds (PGS)
The genotype � treatment interaction was significant

(P ¼ 0.0002) for PGS (Fig. 3). A decrease in PGS was observed at a
concentration of 125 mM NaCl, affecting S. line and RN 153. At
175 mM NaCl, sexual hybrids and their maternal line were the least
affected by salt of all apomictic materials, but with differences from
the control condition. At the highest tested concentration
(225 mM), no difference was observed among genotypes.

3.2.2. Germination rate index (GRI)
A high interaction between genotype and treatment

(P < 0.0001) (Fig. 4) was observed for GRI. GRI decreased with
increasing salt concentration. At 0 mM NaCl, RN 153 and 136 had
the highest GRI. A reduction in GRI was observed at 75 mM NaCl in
all genotypes, but it was lower in RN 136. At 125 mM NaCl, GRI
decreased sharply in RN 153 with respect to the remaining geno-
types. Hybrid 1-9-1 had the highest GRI at 175 mM NaCl. At
225 mM NaCl, there were no differences in GRI among genotypes.
4. Discussion

4.1. Seedling hydroponic assay

Salinity is the major environmental factor limiting plant growth
and productivity. Salt stress increases the level of Naþ ions inside
the cell due to non-specific ion uptake. Salt exclusion and seques-
tration are two of the major mechanisms identified in salt-tolerant
plants that maintain an appropriate Naþ level in the cytosol
(Anower Rokebul et al., 2013). Selective uptake of Kþ as opposed to
Naþ is also considered one of the key physiological mechanisms
contributing to salt tolerance in many plant species (Asgari et al.,
2012). Maintenance of relative water content (RWC) is important
because salinity induces osmotic stress and reduces water avail-
ability to plants (Munns and Tester, 2008). In the new sexual ma-
terials evaluated in this work we found variation in these variables.
Hybrid 1-9-1 presented the lowest Naþ/Kþ ratio and was able to
keep the RWC, whereas this genotype showed an increase in RWC
and Naþ/Kþ ratio. The behavior of hybrid 1-7-11 could be related to
high levels of Naþ inhibiting Kþ uptake, thereby increasing this
ratio (Benito et al., 2014). This may be attributed to the fact that Naþ

produces a disturbance in the ion balance in plants by an increase in
the Naþ uptake (Çiçek and Çakirlar, 2002). Therefore, hybrid 1-7-11



Fig. 2. Evaluation of growth components in two sexual hybrids (1-9-1 and 1-7-11) and their respective parents (S. line, RN 153 and 136) at 12 days of hydroponic seedling assay. A:
leaf fresh weight (LFW); B: root fresh weight (RFW); C: root dry weight (RDW); D: leaf area (LA). Each data bar shows the mean and the error bars show standard deviation. White
and black bars indicate 0 mM and 300 mM NaCl, respectively. Different letters indicate significant differences (P � 0.05).
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treated with a high solute concentration could have absorbed more
water and consequently would have had high RWC in its cells. This
mechanism is called osmotic adjustment, and is usually observed in
plants exposed to water deficit and salinity (Suriya-Arunroj et al.,
2004).

To help with this adjustment, plants also accumulate organic
compounds known as osmo-compatible compounds, like proline
and soluble sugars (sucrose, mannitol and sorbitol). Proline can also
interact with some enzymes and stabilize their structure and
function (�Stajner et al., 2012). Among the evaluated sexual hybrids
we found a differential response in proline content, with hybrid 1-
7-11 exhibiting an increase. This result suggests that proline could
be used as osmo-compatible compound (�Stajner et al., 1995;
Szabados and Savour�e, 2010). Soluble sugar content was reduced
in this hybrid, suggesting a use of proline for sustaining growth and
not as an osmo-compatible compound, as reported in previous
works (Gadallah, 1999; Parida et al., 2004).

With respect to protein content, the technique used cannot
discriminate whether variation in the total content observed be-
tween hybrids is due to a de novo synthesis of proteins or their
cleavage (Bradford, 1976). Therefore, while total protein variability
was found between hybrids, to understand the behavior of this
variable, an additional trial designed to evaluate the physiological
changes associated with adaptation to salt stress would be
necessary.

Chlorophyll concentration in stressed tissue can be construed as
an index of tissue tolerance to NaCl (Lutts et al., 1996). However, in
some Poaceae species (e.g. durum wheat) chlorophyll content re-
mains unaffected by salt (Carillo et al., 2008; Pompeiano et al.,
2014). In agreement with those reports, in our study, chlorophyll
and Mg2þ contents did not show significant changes in the sexual
hybrids between treatments, and seem to be insensitive to the
salinity tested. This is consistent with findings reported for other
monocots including rice, wheat, andmaize (Rao and Gnanam,1990;
Lutts et al., 1996; Shabala et al., 1998).

In our results, PSII, SPAD values and FT decreased with
increasing time of salt exposure, suggesting that such stress could
reduce photosynthesis. This effect could be due to lower stomatal
conductance, depression of specific metabolic processes in carbon
uptake, inhibition in photochemical capacity, or a combination of
these factors (Seemann and Critchley, 1985; Dubey, 1997; Jamil
et al., 2007). In addition, salinity has been found to affect reaction
centres of PSII either directly (Masojidek and Hall, 1992) or via an
accelerated senescence (Kura-Hotta et al., 1987). Further studies
related to PSII photochemistry, stomatal conductance and CO2
capture in these new sexual resources are necessary to determine
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the effect of salinity on PSII.
As we mentioned in Introduction, MDA is a cytotoxic product of

membrane lipid peroxidation that is generally taken as an index for
measuring oxidative stress level (Meloni et al., 2003; Tommasino
et al., 2012). MDA content was also found to be a good salinity
tolerance marker in Chloris gayana (Luna et al., 2000; Ribotta, 2011)
as well as in C. ciliaris (Lanza Castelli et al., 2010). In our experiment,
MDA showed variability in salt treatment, with hybrid 1-7-11
presenting higher peroxidation of lipid membranes than hybrid 1-
9-1. Membrane damagemight be caused by high H2O2 levels, which
might accelerate the HabereWeiss reaction, resulting in hydroxyl
radical (OH_e) formation and therefore, lipid peroxidation (Mittler,
2002).
In order to scavenge ROS, plants use antioxidant defense ma-
chinery composed of an enzymatic and non-enzymatic system
(Mittler, 2002). The latter is represented by a series of antioxidant
molecules, such as ascorbic acid, glutathione, anthocyanin and
phenolic compounds (Cervilla et al., 2007). FRAP was used in this
work to obtain information on total non-enzymatic antioxidant
activity. FRAP content showed no differences between sexual hy-
brids in the salt treatment, suggesting that the difference found in
MDA content cannot be explained by non-enzymatic activity.
Studies focusing on enzymatic antioxidant activity should be per-
formed in these hybrids (Tommasino et al., 2012).

Regarding growth components, previous studies involving
adult buffelgrass plants conducted under field conditions revealed
variability between sexual hybrids (Quiroga et al., 2013). In the
present work, which is the first report of growth components at
the seedling stage, variability was also observed, although it was
lower under NaCl stress. Accordingly, variability for Leaf Area (LA)
was only observed, with hybrid 1-9-1 showing no reduction in LA
even under salt stress. Maintenance of LA in salt may be important
in terms of providing tissue for translocation of ions away from
regions of active growth (Munns, 1993; Hester et al., 2001).
Additionally, in this hybrid (1-9-1) dry weight, which is considered
the character of highest agronomic relevance and the main
component of forage yield (Moore et al., 2004), was maintained in
salt. Although hybrid 1-9-1 under salinity conditions has improved
productivity with respect to the S. line, the variability observed in
LA might have contributed to the maintenance of dry matter
productivity under salt stress (Hester et al., 2001). In fact, the
primary effect of salt stress is water deficit, in which morpho-
metric variables that influence transpirational water loss, such as
leaf area, may be associated with salt tolerance (Hester et al.,
2001).

While salt-treated sexual material did not showed a decrease in
productivity with respect to control plants, variability was
observed in response to some physiological characteristics. Sexual
hybrid 1-9-1 did not sense saline stress at 24 h or 12 days of
exposure to 300 mM NaCl, because it did not suffer oxidative
damage, as their parents, and its osmotic balance did not differ.
Instead, S. line and RN 153 had to increase their proline content to
maintain osmotic balance. By contrast, sexual hybrid 1-7-11 did
detect stress, which was evident in oxidative damage, and gener-
ated a rapid osmotic response, which allowed it tomaintain growth
under NaCl stress.

4.2. Germination

Seedling establishment is a critical process in plant life, espe-
cially in the presence of adverse environmental factors (Bohnert
and Jensen, 1996). When compared with glycophytes, halophytes
can survive high salt levels during germination (Malcolm et al.,
2003; Debez et al., 2004). However, several studies showed that
even halophytes are relatively sensitive to salinity during the stages
of germination and seedling emergence (Khan and Ungar, 1997;
Tobe et al., 2000; Khan and Abdullah, 2003; Malcolm et al., 2003;
Debez et al., 2004). In this study, salinity promoted a decrease in
germination of all evaluated materials, with 225 mM NaCl con-
centration causing a drastic PGS reduction in all genotypes (16%).
These results suggest that the osmotic stress imposed by such
concentration could be enough to slow water uptake and reduce
the required water content for germination (L€auchli and Epstein,
1990; Maas and Grattan, 1999; L€auchli and Grattan, 2007). More-
over, both seed germination capacity under salt conditions and
germination velocity in these adverse conditions are important in
buffelgrass. Plants that exhibit these characteristics would have an
ecological advantage, since seedlings would establish rapidly (Pujol
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et al., 2000); hybrid 1-9-1 showed to have such advantages up to a
175 mM NaCl concentration.

To sum up, these new sexual resources are promising maternal
parentals with differential response to salinity, which would allow
them, along with apomictic parentals, to increase the probability of
occurrence of new salt-tolerant combinations in their progenies.
These new material could be incorporated in a breeding program
and released as new cultivars of C. ciliaris in the search of new
genetic resources tolerant to salinity conditions.

Contribution

The new sexual resources are promising maternal parentals
with differential response to salinity, which would allow them,
along with apomictic parentals, to increase the probability of
occurrence of new salt-tolerant combinations in their progenies.
These new material could be incorporated in a breeding program
and released as new cultivars of C. ciliaris in the search of new
genetic resources tolerant to salinity conditions.
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