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ARTICLE INFO ABSTRACT

Soil alkalinity is a significant limitation to agricultural productivity and it is associated to several soil features,
among them, Fe deficiencies. In this work, we explored the hypothesis that alkalinity tolerance in Sorghum
bicolor is related to Fe-deficiency tolerance and its underlying mechanisms. An initial screening involving 8
sorghum genotypes identified two with contrasting growth responses to alkalinity (susceptible Minu II and more
tolerant Silero INTA Pemdn) that were subsequently studied under Fe-deprivation (-Fe) conditions. Sorghum
sudanense (sudangrass) was included as control tolerant species for Fe deficiency. Growth in hydroponics and in
soil indicated that responses to both alkaline and -Fe substrates followed parallel trends in the three genotypes:
Minu II was the most sensitive, followed by Silero and sudangrass. Decreases in carbon fixation (A) and stomatal
conductance were observed earlier in -Fe than in alkalinity, and the intensity in the three genotypes followed the
same tendency as growth depressions. Calculations derived from the analysis of A as a function of internal CO,
concentration (A/C; curves) indicated increased C; concentration along with a decrease in the efficiency of
phosphoenol pyruvate caboxylase activity in Minu II. Fast chlorophyll a fluorescence transients (OJIP-test) re-
vealed decreased PSII connectivity in both Minu II and Silero under -Fe, but Minu II disclosed more damage to
the oxygen evolving complex under alkalinity, while sudangrass was largely unresponsive. Expression of the
genes for phytosiderophore (Phys) synthesis and transport genes was induced under both alkalinity and -Fe
conditions in both S. bicolor genotypes, and more strongly in Silero than in Minu II. Lower induction of gene
expression in Minu II may be related to its sensitivity to alkalinity conditions associated to reduced Fe avail-
ability, leading to alteration in photochemical and biochemical reactions involving Fe. Thus, our results provide
support to the concept that susceptibility to Fe-deficiency and alkalinity conditions are associated in Sorghum
bicolor and highlight some of the physiological traits that underlie this association.
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1. Introduction

Recent estimates suggest that, globally, about 412 million ha are
affected by salinity and 618 million ha by alkalinity, and both types
overlap in some areas (FAO and ITPS, 2015). Soil alkalinity is mainly
associated to high HCO3~ and CO52~ concentrations (Mengel et al.,
1984), a high percentage of exchangeable sodium (ESP > 15%), lim-
ited water and air mobility and storage, intensive colloid eluviation and
dispersion of organic matter (Rengasamy et al., 2016). Nutrient im-
balance, specifically micronutrient deficiencies (Fe and Zn) are also
typical features of alkaline soils (Marschner, 1995); and all these fea-
tures are jointly responsible for the restricted agricultural productivity
of alkaline soils. Therefore, it is expected that plants that can efficiently
acquire the sparingly soluble Fe in alkaline substrates, that is, Fe-
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deficiency tolerant plants, will express more alkalinity tolerance (Kawai
et al., 1988; Singh et al., 1993; Murata et al., 2015).

Sorghum [Sorghum bicolor (L.) Moench] is the fifth most important
cereal crop after rice, wheat, maize, and barley (Reddy, 2017). It is a
multipurpose crop used for food, feed, fodder and fuel production (Rao
et al., 2016); its C4 metabolism supports high temperatures and water
limited environments, and it is exceptionally efficient in the use of ra-
diation, water and nitrogen (Rooney, 2014). Notwithstanding the re-
markable ability of sorghum to adapt to unfavorable environmental
conditions (Zhao et al., 2014), its tolerance to alkaline soils is relatively
limited (Romheld and Marschner, 1990) and it is also susceptible to Fe
deficiency (Mikami et al., 2011). In this work, we explored the hy-
pothesis that alkalinity tolerance in sorghum is related to Fe-deficiency
tolerance and its underlying mechanisms.
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Sorghum sudanense, known as Sudan grass or sudangrass, is used for
sorghum genetic improvement. Sorghum-sudangrass hybrids can tol-
erate soils with high pH (Clark, 2007). It has been reported that pho-
tosynthesis under Fe-limited conditions is less negatively affected in
sudangrass than in S. bicolor (Clark et al., 1988; Kobayashi and
Nishizawa, 2012) and it was used as a Fe-deficiency tolerant control in
this work.

Photosynthesis is among the major processes affected by stress
conditions that result in reduced growth (Chaves et al., 2009). While
much work has focused on salt-stress related photosynthetic responses
in plants, relatively little has been contributed to understand the causes
for alterations in photosynthesis in plants growing in alkaline soils. The
response of photosynthesis (A) to the variation of the internal CO,
concentration (C;), A/C; analysis, has been used to evaluate the con-
tribution of biochemical and stomatal alterations to overall photo-
synthetic reductions observed under stress (Flexas et al., 2004). Such
analysis (Farquhar et al., 1980) has successfully been used in C3 plants
to estimate photosynthetic parameters, such as maximum carboxyation
rate (Vemax), rate of photosynthetic electron transport (J), triose
phosphate use (TPU), etc. However, for C4 plants, due to distinct ana-
tomical and metabolic features, the original Farquhar model was found
to be inadequate for the estimation of some of these parameters (Collatz
et al., 1992) and several corrections have been proposed to adapt this
analysis to C4 plants (Bellasio et al., 2016; Ubierna et al., 2013; Yin
et al., 2011). To understand the physiological basis for alkalinity lim-
itations to photosynthetic activity in sorghum, in the current work, a
detailed analysis of the A/C; response curves was performed as sug-
gested by Zhou et al., (2017) and C4 photosynthetic parameters such as
CO,-saturated photosynthetic rate (V,), efficiency of PEPc (CE), the
ratio C;/C,, were estimated following Naidu and Long (2004).

Chlorophyll a fluorescence (ChlF) transient is very rich in in-
formation regarding the physiological state of the electron transport
components of PSII and PSI (Bussotti, 2010; Mamedov et al., 2015). If
plotted on a logarithmic time scale, ChlF transient shows a polyphasic
shape (Kautsky effect). Phases are termed O-J-I-P; where O is the
minimal fluorescence (Fo), P is the maximum fluorescence at about
300 ms (Fp), and J and I are intermediates inflection points (Strasser
and Srivastava, 1995). The analysis of OJIP curves has provided valu-
able information for understanding the effects of a wide range of en-
vironmental stresses on the photosynthetic electron transport chain
(Kalaji et al., 2014; Kana and Govindjee, 2016; Rohacek et al., 2008)
Recent studies have demonstrated that under some stress conditions,
such as drought and heat, other steps can appear in fluorescence tran-
sients, known as K and L-bands (Oukarroum et al., 2007; Strasser et al.,
2004), providing information on the electron flow from the oxygen
evolving complex (OEC) to the PSII reaction centers (RC) (Strasser
et al., 2004) and the energetic connectivity between PSII units. An OJIP
analysis was performed in this work to elucidate the effects of alkalinity
and Fe deficit on photosynthetic electron transport.

As indicated earlier, Fe deficiencies are typical features of alkaline
soils (Marschner, 1995). When Fe is limited in the substrate, and de-
pending on the kind of plant, roots rely on two main strategies/pro-
cesses to capture it (Kobayashi et al., 2014). Strategy I is present in most
non-graminaceous species. This mechanism includes the activation of
three reactions: (i) proton excretion (via P-type ATPase) (ii) reduction
of Fe** by a Fe®*'-chelate reductase (iii) plasmalemma transport of
Fe2+ by iron transporters (Hell and Stephan, 2003). Grasses, on the
other hand, use Strategy II to efficiently acquire the sparingly soluble
Fe®", this strategy has been shown to be more efficient than Strategy I
in calcareous soils (Romheld, 1987). Strategy II comprises the synthesis
and secretion of mugineic acids (MAs) (Kawai et al., 1988; Marschner
et al., 1986), which are non-proteinogenic amino acids of low mole-
cular weight with six functional groups for Fe chelation, collectively
known as phytosiderophores (Phys). All the MAs described so far derive
from the same precursor: methionine (Curie et al., 2009) which is
adenosylated by S-adenosylmethionine synthase (SAM). Then,
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nicotianamine synthase (NAS) catalyzes the trimerization of SAM to
nicotianamine (NA; Higuchi et al., 1994). Next, NA aminotransferase
(NAAT) catalyzes the transamination of NA to produce the 3”-oxo in-
termediate (Kanazawa et al., 1995). Finally, DMA synthase (DMAS)
reduces the 3”-oxo form to DMA (2’-deoxymugineic acid) (Inoue et al.,
2008). In rice, barley and maize, the release of Phys is carried out by the
TOM transporter (Nozoye et al., 2011) and, subsequently, Fe-Phys
complexes are taken up by the root through a proton-coupled symporter
called Yellow Stripe Like (YSL) (Curie et al., 2001). The genes encoding
Phys biosynthetic enzymes as well as those for Fe-Phys release and
uptake transporters, have been isolated from barley, maize, and rice
(Inoue et al., 2008; Kobayashi et al., 2008; Mori, 1999), however, in
sorghum and sudangrass, the expression of such genes under alkaline
and/or Fe deprivation conditions had not been previously assessed.

These two aspects, the analysis of photosynthetic alterations in-
duced by alkaline and -Fe stress and the expression of genes that encode
for proteins that participate in the synthesis, release and uptake of Phys,
were included in this work. They were compared in S. bicolor genotypes
with contrasting alkalinity tolerance and sudangrass.

2. Materials and methods
2.1. Trials and setup

2.1.1. Identifying sorghum genotypes with contrasting alkalinity tolerance

The purpose of the trials described in this section was to identify
genotypes with contrasting growth responses to alkalinity that were
subsequently studied under Fe-deficiency conditions. The initial
screening for alkalinity tolerance was carried out in hydroponics
(Experiment 1), and the relative performance of contrasting genotypes
was validated in soil (Experiment 2). All trials were carried out in a
naturally illuminated greenhouse, supplemented with Powerstar HQI-T
400 W/D (OSRAM) lamps set to a 16 h photoperiod. Seeds were pro-
vided by Dr. Laura M. Giorda, Estacién Experimental Manfredi — INTA,
Cérdoba, Argentina and by Oscar Pemén SA,

Experiment 1. Alkalinity tolerance screening in hydroponics. Eight S.
bicolor genotypes (MINU II, A103385, RMF32, BMF80, Antel, AMF587,
Escobero Petaco and Silero INTA Peman), were tested. Four seeds were
sown in 2L perforated plastic pots, filled with a 2:1 mix of sand and
perlite and two seedlings per pot remained after thinning for homo-
geneity when plants had 1-2 leaves. The pots were sub irrigated with
half-strength nutrient solution (Hoagland and Arnon, 1950), pH 6.50 or
8.75, every four hours, by means of an automatic irrigation system. The
alkaline treatment was prepared by adding 10 mM NaHCO; and 2 mM
Na,COs; to the nutrient solution. The trial was laid out in a randomized
complete block design with six blocks per treatment. It was repeated
two times, with similar results; those from the first trial are shown.

Plants were harvested when controls had four completely developed
leaves, dried at 75 °C for two days and subsequently weighed. Alkalinity
tolerance was assessed from the ratio of plant weight in alkaline to
neutral substrate.

Experiment 2. Performance of two contrasting S. bicolor genotypes
and sudangrass in alkaline and neutral soil, both silt-loamy soils. Two S.
bicolor genotypes (Silero INTA-Pemén and MINU II), which had shown
contrasting responses to alkalinity stress in the previous trials and S.
sudanense variety MF Sudan 7 INTA, were tested in soil to verify whe-
ther the differences in alkalinity tolerance observed in hydroponics,
matched the tolerance to alkaline soil and if sudangrass expressed the
expected higher alkalinity tolerance. Soil analyses are given in
Supplementary Table 1. According to the EC of the alkaline soil (< 4)
and the exchangeable Na percentage (ESP > 15), this soil is classified
as sodic. Plants were grown in the same greenhouse mentioned above.

Fifteen seeds per genotype were sown in 3 L pots containing neutral
or alkaline (sodic) soil. Emergence percentage was calculated ten days
after sowing. After emergence assessment, plants were thinned to one
per pot to evaluate growth, ion concentration and carbon fixation (A/C;
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curves, see details further down). Plants were harvested 45 days after
sowing, dried at 75 °C for 48 h and subsequently weighed.

2.1.2. Alkalinity and Fe-deficiency tolerance in two contrasting S. bicolor
genotypes and sudangrass (Experiment 3, hydroponics)

The next step was to test the hypothesis that alkalinity tolerance is
related to Fe-deficiency tolerance. For this purpose, plants were grown
on neutral, alkaline and neutral solutions lacking Fe.

Seeds were disinfected in sodium hypochlorite (3%, v/v) during
20 min, rinsed and laid on humid filter paper at 27 °C, in a growth
chamber. Germinated seeds were placed in nets covered with vermi-
culite, over 3.8 L containers with aerated distilled water. Upon emer-
gence (approximately 5 days later), the distilled water was replaced by
half-strength Hoagland solution pH 6.5. After five more days, plants
were divided into three groups: complete half-strength Hoagland so-
lutions (pH 6.5 and 8.75) and pH 6.5 solution lacking Fe (without
100 Hm M C10H12N2N3F808).

The solutions were renewed every five days and the pH was mon-
itored periodically.

Plant shoots were harvested after 15 days of treatment, oven-dried
at 75°C for two days until constant weight and weighed.
Photosynthesis, chlorophyll fluorescence rise kinetics and gene ex-
pression related to Phys production, release and uptake were measured,
as detailed further down. The experiment was repeated twice.

2.2. Plant analyses

2.2.1. Ion concentration

Concentration of several cations (Na*, K*, NH;") and anions
(NO;~, PO,3~, SO,27) were assessed in mature leaf blades from
Experiment 2, at harvest. Approximately 50 mg of leaf tissue per sample
were ground in liquid nitrogen and subsequently suspended in 0.1 N
HNOj;. Ions were determined by HPLC (Shimadzu Prominence Modular
HPLC, Kyoto, Japan) and concentrations were calculated on a dry
weight (DW) basis. Cations were determined using a Shim-pack IC-C3
(Shimadzu Co.) column with IC-C3G guard column. A filtered and de-
gassed 3mM oxalic acid solution was used as eluent. Each run was
performed at 40 °C. flow rate was 1.2 ml/min, during 18 min, without
suppression. Anions were determined with a Shim-pack IC-SA3 column
along its correspondent precolumn. As eluent, a filtered and degassed
3.6mM Na,COs3 solution was used. Runs were performed at 45 °C,
0.8 ml/min flow rate, during 22 min, using cationic suppression. The
detection was performed by conductimetry. Chromatrographs were
registered and analyzed using LabSolutions (ver.5.6) software. The
content of Fe*>* in leaves was assessed in plants from Experiment 3,
following Campestre et al., (2016). The youngest emerged leaves were
harvested on day 6 of treatment, washed with deionized water, frozen
in liquid N», and stored at — 80 °C until analysis. Approximately 100 mg
per sample were suspended in 1.2 mL of 80 mM 2.2-dipyridyl-HCI (pH
3.0) in 10% methanol and mixed for 24 h in the dark. Extracts were
passed through a 0.45 pm syringe filter, and absorbance at 522 nm was
determined with a Beckman DU-640 spectrophotometer (Beckman In-
struments Inc., Fullerton, CA, USA).

2.2.2. Carbon fixation and chlorophyll fluorescence

2.2.2.1. Net photosynthesis rates. Net CO, assimilation rates were
measured in the youngest fully expanded leaves of plants from all
experiments with a portable photosynthesis system LI-6400 XT
equipped with a LED leaf cuvette (Li-Cor, Lincoln, NE, USA). Results
from Experiments 2 and 3 are presented. Environmental conditions
inside the cuvette were set as follows: ambient CO, concentration was
kept at 400 umol CO,mol™; internal LED light source was set at
saturating incident photosynthetic photon flux density (PPFD) of
1500 umol m 25~ ! and the temperature at 25 °C.

Environmental and Experimental Botany 155 (2018) 165-176

2.2.2.2. Carbon fixation as a function of the internal CO, concentration
(A/C; response curves). These responses were measured in the youngest
fully expanded leaf of plants from Experiment 2, using the equipment
and settings mentioned above. The measurements were taken at the end
of trial in soil (45 days after the sowing). We performed intensive A/C;
curves as recommended by (Zhou et al., 2017) for C4 species. The
reference CO, concentrations were set as follows: 400, 200, 50, 125,
150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 500, 600, 700, 800,
1000, 1200, 1400 ppm. The carboxylation efficiency (CE) of
phosphoenol pyruvate carboxylase (PEPc) was calculated as the
initial slope of A/C; curves (C; < 100ppm). The CO,-saturated
photosynthetic rate (V,) was estimated from the horizontal
asymptote of A/C; curves (Naidu and Long, 2004). The ratio between
the ambient CO, (C,), when CO, = 400 ppm, and the internal CO, (C;)
was also calculated (Tan et al., 2017).

2.2.2.3. Chlorophyll a Fluorescence rise kinetics (OJIP-Test). Chlorophyll
fluorescence emission was measured with a Pocket-PEA fluorometer
(Plant Efficiency Analyzer, Hansatech Instruments Ltd., King’s Lynn,
Norfolk, UK) as described by Strasser et al., (2004), in plants from
Experiment 3. Before measurements were taken, the youngest fully
developed leaves were dark-adapted by shuttered leaf clips for at least
30 min in order to allow for full oxidation of the reaction centers (RC).
The fluorescence curves (OJIP) were induced by the application of a 1-
second light pulse of 3500 ymol m ~2?s~! in the 650 nm spectrum band.
For nomenclature please refer to Supplementary Table 2. For
calculation of the OJIP parameters (Supplementary Table 2), the
extremes and intermediate fluorescence levels of the original data
were used. From these fluorescence values, a set of parameters were
calculated to identify the damage site on the electron acceptor site of
PSII according to the OJIP-test equations (Strasser et al., 2004).
Changes in the oxygen evolving complex activity (OEC) and in the
connectivity at PSII were calculated according to Oukarroum et al.
(2007) and Gururani et al. (2015). To reveal changes in OEC (K-band),
fluorescence curves were normalized at both the O and P steps
rendering Wop curves. Next, Wop curves from control plants were
subtracted from treated ones (Wop(treated) - Wop(contro)) to disclose
bands. Positive values in these bands denote damage to the OEC. To
detect L bands, curves were normalized between 0 and 300 ps, and
plotted as Wok curves. Plotting the subtraction between Wogk(rreated) -
Woxkccontrony Values allowed the visualization of L bands, where positive
values are proportional to the loss of connectivity at PSIIL.

2.2.3. Expression of Phys-related genes
These assays were performed in plants from Experiment 3.

2.2.3.1. Identification of NAS2, NAAT1, DMAS1, TOM1 and YSL1
homologous genes in sorghum. Similarity searches were carried out
using genomic sequences of maize: ZmNAS2; (GRMZM2G124785),
ZmNAAT1 (GRMZM2G096958), ZmDMAS1 (GRMZM2G060952),
ZmTOM1 (GRMZM2G063306), and ZmYS1 (GRMZM2G156599) as
queries against Phytozome v12.1 (https://phytozome.jgi.doe.gov/pz/
portal.html) and Gramene (http://ensembl.gramene.org/
genome_browser/index.html) databases for sorghum potential
homologous genes. Reciprocal BLAST (Basic Local Alignment Search
Tool) search engine (https://blast.ncbi.nlm.nih.gov/Blast.cgi) has also
been performed to ensure the unique relationship between the
orthologous genes. The matching sorghum mRNAs having good
coverage, identity >85% and E-value=0.0 were considered
significant. Sorghum homologous sequences were acquired and then
used to conduct BLASTP in Zea mays database. Specific primers were
designed from each target sequence using Primer-BLAST. (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and AmplifiX v.1.7.0
(http://crn2m.univ-mrs.fr/pub/amplifix) and used to conduct
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Table 1
Real time RT-PCR results of the expression of the Phys-related genes on day six of treatment.
Gene name Primer sequence (5’-3’) Product size (bp) qPCR efficiency (%) Genotypes Log2 (Ratio) R? p-value
Stress/control
Alk -Fe Alc -Fe
SbNAS2 Forward TTGATCCCGAGGACATCCGT 125 91.4 Minu II 1.91 3.8 0.996 0.0585 0.0042
Reverse AGAAACCTCCGTCTTTGCGT Silero 3.44 3.46 0.003 0.0014
sudangrass 0.3 0.82 0.254 0.0734
SbNAATI1 Forward GCACACTTGGACCACACCAAAC 135 101.2 Minu II 1.14 3.28 0.991 0.756 0.0083
Reverse ATGGGATGGGCAAACGCAAAC Silero 3.22 3.5 0.0014 0.0022
sudangrass 1.18 1.95 0.1176 0.0288
SbDMAS1 Forward AGATCAACCCAGTGTGGCAG 131 89.5 Minu II 0.98 2.09 0.998 0.0388 0.001
Reverse ACCAGAGTCCATCACCGAGT Silero 2.17 1.91 0.0005 0.0005
sudangrass 0.38 0.47 0.05 0.0409
ShTOM1 Forward TGCAGGTGCTGGACTTATTGT 117 108.8 Minu II 2.35 5.11 1.00 0.1164 0.0081
Reverse GCAGCGATAAGTGGTACGGA Silero 3.72 4.69 0.0138 0.0081
sudangrass 0.44 1.99 0.3081 0.0246
SbYSL1 Forward CATGAAGTTCACGCCTGGAAG 174 96.9 Minu II 1.61 2.99 0.989 0.1649 0.0304
Reverse TCTCGGAGAAGGAGAACCCA Silero 0.65 0.69 0.316 0.2267
sudangrass 0.13 0.3 0.4469 0.3765

semiquantitative RT-PCR or quantitative real-time PCR. All primers
used are listed in Table 1 and were ordered from Ruralex (Buenos Aires,
Argentina). The amplified products sizes were confirmed by agarose gel
electrophoresis and after its purification were sequenced for real
sequences.

2.2.3.2. RNA isolation, semiquantitative RT-PCR and real-time RT-
PCR. Root tissues of seedlings from Experiment 3 were used for RNA
isolation. Sampling time for gene expression was determined in a
preliminary experiment using semiquantitative RT-PCR analysis. After
the onset of Fe deficiency plants were sampled 2, 4, 6, 10 and 14 d after
the initiation of the -Fe treatment. Results indicated that maximum
expression for the studied genes was observed on day 6. Root tips
(30-40 per sample) were harvested when plants were in the sixth day of
the Fe-deficiency treatment, and immediately frozen in liquid nitrogen
and stored at — 80 °C for further use. First-strand cDNA was synthesized
using M-MLV (Promega) according to the manufacturer instructions. In
a total reaction volume of 25uL, 2pg of total DNase-free RNA was
primed with 1pugd(T)20 (Ruralex). For qPCR, reactions were carried
out in a 15-uL reaction mix containing 250 nM of each primer, 1 pL of
c¢DNA sample and iQ SYBR Green Supermix (Bio Rad). Non-template
controls were incorporated in each analysis. qPCR reactions were
performed using a iQ5 (Bio Rad) thermocycler. The thermal profile
was set to 95 °C for 3 min, followed by 40 cycles of 95 °C for 30s, 61 °C
for 30's, and 72 °C for 30 s. Amplicon specificity was verified by melting
curve analysis (55 to 95 °C) after 40 PCR cycles. The gPCR assay was
carried out using three biological replicates for each treatment and two
technical replicates for each biological replicate.

Serine/threonine-Protein (PP2A) and Eukaryotic Initiation Factor
4 A (EIF40) genes previously characterized in sorghum (Reddy et al.,
2016) were selected as reference genes. Amplification efficiencies were
determined for each gene following the recommendations of Svec et al.,
(2015). The expression profiles of these genes were estimated in rela-
tion to reference genes using fg Statistic software following Pfaffl et al.,
(2002). The data show the relative increase or decrease of the gene
expression level in each sample compared to the gene expression levels
in control sample in two experimental replicates and three biological
replicates. For semiquantitative RT-PCR, 2 pL of 1:20 diluted cDNA was
used for each reaction carried out in a volume of 20 uL. made using
150 nM of each PCR primer, 100 uM dNTPs, 1X GoTaq reaction buffer
and 0.5U GoTaq DNA polymerase (Promega). All PCR products were
measured at 28 cycles determined to be non-saturating. PCR was per-
formed using an Eppendorf Mastercycler Gradient thermal cycler (Ep-
pendorf).
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2.3. Statistics

Statistical analyses were conducted using InfoStat software, version
2008 (Di Rienzo et al., 2011). Prior to the analysis, the assumption of
normality of the variables was checked using the Shapiro-Wilks mod-
ified by Rahman and Govindarajulu, (1997). Data were subject to two-
ways analysis of variance. Means comparison were performed using
post-hoc Fisher’s LSD (least significant difference) test. Values were
considered significant when p < 0.05. Principal components analyses
(PCA) were performed with results from Experiments 2 and 3.

3. Results

3.1. Identifying sorghum genotypes with contrasting alkalinity tolerance:
growth and carbon fixation

After 5 weeks of growth in alkaline medium (pH 8.75), shoot bio-
mass significantly decreased in all the tested sorghum genotypes
(Fig. 1). Variability among the genotypes in alkalinity tolerance was
observed: Silero INTA-Pemén (termed Silero from here on) was the
most tolerant in the group (Fig. 1A). This hybrid also kept higher rates
of photosynthesis under alkaline conditions (35% lower than in the
control plants, Fig. 1B). In contrast, Minu II had the poorest perfor-
mance in alkaline solution, both in terms of growth and net CO, fixation
(Fig. 1A and B).

To verify whether growth and carbon fixation in alkaline nutritive
solution positively correlated with those in alkaline (sodic) soil, the
contrasting genotypes, along with the sudangrass, were sown in pots
containing either neutral or alkaline (sodic) soil. Emergence decreased
in alkaline (sodic) soil (Supplementary Fig. 1), the reduction was most
severe in Minu II (> 80%), followed by Silero (~40%) while sudan-
grass was the least affected (~20%).

The growth of Silero and sudangrass was reduced to a similar extent
in alkaline (sodic) soil (about 40%) while Minu II was affected by nearly
50% (results not shown). Net carbon fixation in alkaline (sodic) soil
reached about 60% of control values in Silero and sudangrass, and only
25% in Minu II (Fig. 2). Stomatal conductance values in alkaline (sodic)
soil were higher than 80% of values in neutral soil in Silero and su-
dangrass and only 47% in Minu II. A/C; response curves (Fig. 2A, B, C)
indicated the CO,-saturated photosynthetic rate (Vp,, calculated as the
horizontal asymptote of each A/C; curve, Fig. 2D) and the carboxylation
efficiency of PEPc (CE; Fig. 2E) were reduced in alkaline (sodic) soil in
all three genotypes, but more intensively in Minu II, where the C;/C,
relation was also modified (increased), suggesting mesophyll restric-
tions to carbon fixation (Fig. 2F).
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Fig. 1. Effect of alkalinity on growth and carbon fixation in S. bicolor genotypes.
Upper panel: Shoot dry weight. Lower panel: Net photosynthesis (A).

Data were obtained after 45 days of treatment in nutrient solutions pH 6.50
(white bars) or 8.75 (dark bars). LSD for absolute values (left axis) are shown in
each panel. The points show average ratios + SE of alkaline to neutral results
(scale on the left axis). Genotypes are 1, Minu II; 2, A103385; 3, RMF32; 4,
Antel; 5, AMF587; 6, Escobero Petaco; 7, BMF80 and 8, Silero INTA Pemén.
Stripped bars indicate the contrasting genotypes used in subsequent experi-
ments. n = 12.

Ion accumulation analyses (Supplementary Fig. 2) revealed that
shoots of S. bicolor plants grown in alkaline (sodic) soil accumulated
more Na™ than sudangrass, while K* concentrations were not affected
by alkalinity. NH,* concentrations decreased in alkaline conditions
whereas NO3 ™~ and SO, 2 increased in all genotypes.

All the above variables were included in a Principal Component
Analysis (PCA), and the resulting biplot is shown in Fig. 3. The first
Principal Component (PC) separated plants grown in neutral (left side,
negative values on the x axis) and alkaline (sodic) soil (on the right),
where Minu II appears furthest to the right. Plants in alkaline (sodic)
soil negatively correlated to all photosynthetic variables, (which were
negatively affected in this condition), except C;/C,, which increased, as
mentioned earlier. Lower growth in alkaline (sodic) soil was associated
to increases in NO;~, SO, 2 and Na™ concentrations.

Together, these results confirmed, in soil, the relative alkalinity
tolerance of the S. bicolor genotypes observed in nutrient solution, in-
dicating, in addition, that sudangrass, along with Silero, were more
tolerant than Minu IL

3.2. Comparison of responses to alkalinity and Fe deprivation

3.2.1. Growth and carbon fixation

It was then enquired whether alkalinity tolerance would match Fe
deprivation tolerance. To force differences, Fe was completely omitted
from the growth medium after 5 d in full nutrient solutions to sustain
initial plant growth.
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Cultivation of sorghum and sudangrass seedling in alkaline and Fe-
free medium (-Fe) led to a significant reduction in growth (not shown).
Fe?" concentration in young leaves had already significantly decreased
5 d after plants were transferred to either alkaline or -Fe medium
(Supplementary Table 3). By day 10, Fe deficiency symptoms (chlorosis
in the youngest fully expanded leaves, Fig. 4) were evident in -Fe and
incipient in the alkaline treatment and were clearly more marked in
Minu II than in the other genotypes. Under both alkalinity and -Fe,
carbon fixation (A) and stomatal conductance (g;) were negatively af-
fected earlier, and more intensively in Minu II than in the other geno-
types (Fig. 5). Thus, tolerance to Fe deprivation in these genotypes
followed the same trend as alkalinity tolerance.

3.2.2. PSII electron transport chain

Fast ChlF kinetics analysis, namely an OJIP analysis, reveals al-
terations in events that concern the electron transport chain at PSII. To
provide an overall picture, the original OJIP curves were normalized to
their respective controls and plotted as radar graphs (Fig. 6). After 5
days of growth under -Fe conditions most ChlF parameters were altered
in Minu II, but the effects of the alkaline medium were less conspicuous.
In the -Fe treatment, a significant increase of light energy dissipation as
latent heat, (represented by DIo/RC), was observed, while the absolute
performance index (PI ,;,s) dropped 72% percent. The F,/F,, parameter
decreased, due to the elevation in the minimum ChIF emission (Fy),
rather than the reduction of maximum fluorescence (F,,). The absorp-
tion and trapping of energy by reaction centers (ABSo/RC and TRo/RC,
respectively) also increased under —Fe condition, while the area (Area)
of the OJIP curve was noticeable reduced. In sudangrass almost all the
parameters remained unaltered in response to alkaline and -Fe treat-
ments (Fig. 6C), Silero showed intermediate sensitivity both to the al-
kaline and —-Fe media.

Alkalinity stress scarcely affected the oxygen evolving complex
(OECQ) activity in all genotypes, as reflected in the lack of change in the
K bands (Fig. 7, left panels). Minu II exhibited a more pronounced K-
band under -Fe conditions than Silero subjected to the same treatment,
indicating a higher loss of OEC activity. The energetic connectivity of
PSII units, expressed as the Wox and AWog amplitude (L band, Fig. 7,
right panels), increased under —-Fe and alkaline conditions in both, Minu
IT and Silero while it remained unaltered in sudangrass.

Taken together, the above results confirmed that Minu II was both
more sensitive to alkalinity and Fe-deficiency than the other two gen-
otypes, and indicated that carbon fixation and chlorophyll fluorescence
alterations were associated to this sensitivity. Specifically, a significant
increase in light energy dissipation (DIo/RC) along with a drop in the
performance index (PI) and altered electron transport at PSII resulting
from the detected alteration in connectivity at PSII, were observed.
Most of these changes were conspicuous at the -Fe treatment and in-
cipient under alkaline conditions.

3.2.3. Alteration in the expression pattern of genes related to Phys
production, release and uptake

Next, we explored whether sensitivity to alkaline and Fe-deprived
substrates was associated to the expression of genes related to Strategy
II Fe uptake mechanisms, namely those involved in Phys production,
release and uptake.

Expression of most Phys-related genes increased significantly in
comparison to control plants after 6 days of treatment in the two S.
bicolor genotypes, but there were fewer significant changes in sudan-
grass and always of less magnitude (Table 1). Comparing Minu II and
Silero, expression increases were higher under Fe deprivation than
under alkaline conditions, which is to be expected as alkalinity-asso-
ciated Fe deficiencies would take longer to express than responses to a
Fe-free medium. The expression of NAS2, which catalyzes the first step
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Fig. 3. Biplot of a Principal Component
Analysis including germination, growth, ion
accumulation and photosynthesis data ob-
tained in alkaline soil. Except for germination
the rest of the variables were measured 45 d
after sowing in pots containing neutral or al-
kaline soil. Gray circles: Sorghum genotypes in
neutral soil, black circles: genotypes in alkaline
soils. Vectors represent variables (A:
Photosynthesis, gs: stomatal conductance, V,:
COq-saturated photosynthetic rate, DW: dry
weight, C,/C;: ratio between ambient to in-
ternal CO, concentration, CE: carboxylation
efficiency of phosphoenol pyruvate carbox-
ylase (PEPc), and the rest are ions (PO, 2,
Ca*?, NH4", SO,72, Mg*? NOs-, Na™).
Coffenetic correlation coefficient 0.95.
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Fig. 4. Chlorosis symptoms in the youngest fully expanded leaves of S. bicolor
(Minu II and Silero) and sudangrass plants after 10 d of growth in neutral (Ctl),
alkaline (Alk) or neutral Fe-deprived (-Fe) nutrient solutions.

in Phys biosynthesis, increased in both Minu II and Silero. The genes
encoding for nicotianamine amino transferase (NAAT1) and 2’-deox-
imugineic acid (DMAS1) followed a similar pattern as NAS2 under -Fe
condition, however, under alkaline conditions, all three genes were
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more highly expressed in Silero, as was the gene involved in Phys re-
lease (TOM1). The expression of the YSL gene, encoding for a product
involved in Phys uptake, only increased in Minu II, under -Fe.

4. Discussion
4.1. Variability among sorghum genotypes in response to substrate alkalinity

Meeting food and energy demands in the near future will require
expanding global crop production frontiers toward marginal lands.
Sorghum is known to tolerate unfavorable environmental conditions,
yet in saline/alkaline conditions seed germination and seedling growth
and survival are compromised (Zhao et al., 2014). To study the phy-
siological basis for such susceptibility required the identification of
genotypes with contrasting alkalinity tolerance. Variability for this trait
was explored in hydroponics, in a group of eight sorghum genotypes.
Among them, Silero, a dual-purpose variety with high grain and bio-
mass yield (https://inta.gob.ar/variedades/silero-inta-peman), had the
best performance under high pH, in term of biomass accumulation and
photosynthesis (Fig. 1A and B). On the other hand, Minu II, a variety of
high potential to produce grain, biomass and stem juice as well as
tolerant to drought and heat stress (https://inta.gob.ar/variedades/
minu-ii-inta-peman), had very poor growth in alkaline medium, along
with strongly reduced photosynthesis. These two contrasting genotypes
were selected for further studies. Sudangrass, reported to be Fe-defi-
ciency tolerant (Clark et al., 1988) was included in the subsequent
experiments.

As plant response to alkaline substrates carried out in aerated nu-
trient solutions can only partially address the complexity of this stress
(Luna et al., 2016), we confirmed the relative tolerance of the geno-
types in a pot experiment with alkaline and neutral soil, where su-
dangrass and Silero showed a very similar degree of alkalinity toler-
ance, and higher than Minu II in terms of growth and carbon fixation.

Successful germination under soil salinity and/or alkalinity has
been recognized as a key trait for breeding sorghum for these conditions
(Zhao et al., 2014). Alkaline soil severely affected the percentage of
emergence of Minu II, and to a lesser degree of Silero and sudangrass

Fig. 5. Net carbon fixation and stomatal con-
ductance in plants of S. bicolor (Minu II and
Silero) and sudangrass growing in neutral, al-
kaline and Fe-deprived nutrient solutions. A
and C. Net CO, assimilation rate (A). B and D,
Stomatal conductance (gs). Measurements
were taken on days 5 (A, B) and 15 (C, D) of
treatment. Different letters indicate significant
differences at p < 0.05, n = 8.
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(Supplementary Fig. 1), indicating that the relative alkalinity tolerance
of the Sorghum genotypes, observed in hydroponics, agreed with alka-
linity tolerance at the germination phase. In the case of salinity, toler-
ance at the germination stage may not predict tolerance at later de-
velopmental stages (Lduchli and Grattan, 2007). Nevertheless, the
coincidence observed in this work between alkalinity tolerance at ger-
mination and at later vegetative growth deserves further exploration for
the design of early screening tests.

4.1.1. Limited CO;, fixation under alkaline conditions

4.1.1.1. Biochemical and stomatal conductance alterations. Carbon
fixation can be negatively affected by reduced CO, diffusion through
the stomata and the mesophyll (Flexas et al., 2004, 2007) or the
alterations of photosynthetic metabolism (Lawlor and Cornic, 2002). In
the current study, Minu II, Silero and sudangrass growing in soil with
high pH (~9) showed reductions biomass accumulation and carbon
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fixation. The analysis of the A/C; curves indicated that carbon fixation
reactions were affected by the alkaline condition in all genotypes, but
the effect in Minu II was more severe (Fig. 2). This was reflected in the
reduced CO,-saturated photosynthetic rate, Vp,, calculated from the
horizontal asymptote of each A/Ci curve (Fig. 2D). Reduced V. may
suggest decreased activity of either Rubisco or pyruvate
orthophosphate dikinase (PPDK) (Furbank et al., 1997). PPDK is an
abundant mesophyll-chloroplast enzyme involved in C4 photosynthesis.
It plays an essential role in regenerating phosphoenolpyruvate (PEP),
the primary cellular CO, acceptor molecule. This cannot be elucidated
here, yet evidences suggest Rubisco is the main enzyme limiting C4
photosynthesis under abiotic stresses such as low temperature and
salinity (Bernacchi et al., 2001; Crafts-Brandner and Salvucci, 2002).
Under saturating light conditions, the metabolic control of C4
photosynthesis varies according to the internal CO, concentration (C;)
(Naidu and Long, 2004). At low C;, as may occur under low stomatal
conductance, phosphoenol pyruvate caboxylase (PEPc) activity controls
the photosynthetic rate (Caemmerer, 2000; Collatz et al., 1992), while,
at high C;, ribulose 1,5-bisphosphate (RuBP) regeneration (limited by
whole-chain electron transport) may also affect photosynthesis. We
found difference among the genotypes in the extent that PEPc efficiency
(CE) was affected by the alkaline soil (Fig. 2E). This effect may be
related to the high exchangeable Na in the soil used for pot
experiments. Tolerance of sorghum to salinity has been associated,
among other traits, to restricted Na™ accumulation in shoots (Lacerda
et al., 2001). In this work, we observed high Na®™ accumulation in
shoots of both Minu II and Silero, in contrast to sudangrass which
successfully excluded it from shoots (Supplementary Fig. 2). Inhibition
of PEPc has been shown to take place under high level of NaCl
(100mM) in in-vitro assays (Manetas, 2006). Intracellular Na™*
compartmentation, and protection provided by organic compatible
solutes may contribute to avoid the negative consequences of high
Na™ concentrations in plant tissues (Munns and Tester, 2008). Hence, it
remains to be determined whether these mechanisms are present in
Silero and sudangrass.

At normal ambient CO, (~ 400 ppm), we observed limitation in
stomatal conductance (g;) only in Minu II (Fig. 5C). However, g re-
duction by itself does not seem to be the main reason for the lower
carboxylation rate of Minu II. Rather, the elevated value C;/C, (high
CO, concentration at the substomatal cavity; Fig. 2F) may also be a
consequence of reduced carboxylation activity.

4.1.1.2. Damage to the structure and functions of PSII induced by alkalinity
and Fe deprivation. Chlorophyll fluorescence analysis has been applied
as a tool for characterization of plants for stress tolerance (Kalaji et al.,
2017). Plants grown in Fe-deprived solution for five days showed
alterations in most of the OJIP-test parameters while they were not
evident in the alkaline substrate. Since Fe was completely absent in the
Fe-deprived treatment, those results may suggest there is a tight Fe
concentration threshold for effects to be expressed (as seen by the
differences in chlorosis observed after 10 d of treatment in Fig. 4), and
that it had not been yet attained after 5 d cultivation in alkaline
substrate. Later sampling, on day 15 of treatment, indicated C fixation
and stomatal conductance had been negatively influenced by alkalinity
(Fig. 5C, D).

The absolute performance index (PI ,ps), a recognized parameter for
assessing early indication of abiotic stresses (Strasser et al., 2004),
combines the photochemical and non photochemical properties as well
as the density of active reaction centers per chlorophyll absorption in a
single parameter (Chen et al., 2015). In Minu II and to a lesser extent in
Silero, the PI ,,; was significantly affected by Fe-deficit, possibly as a
consequence of reductions of energy supply from light-harvesting pig-
ments toward RCs, and/or disconnection among PSII antenna subunits
(Morales et al., 2001).

Under photoinhibitory conditions, excess absorbed energy in the
light-harvesting antenna complexes (LHCs) is dissipated as latent heat
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Fig. 7. Changes in the oxygen evolving complex (OEC, K band) and energetic connectivity of PSII units (L band) in plants of S. bicolor (Minu II and Silero) and
sudangrass growing in neutral (black circles), alkaline (empty circles) and Fe-deprived (triangles) nutrient solutions. Left panels: Wop: Normalized fluorescence
kinetics from O (50 ps) to P step (300 ms). AWop = Wop(rreated) - Wop(control)» Kinetics difference between treated and control plants, revealing the K-band. Right
panels, Wox: Normalized fluorescence kinetics from O (50 ps) to K step (300us). AWog = Wok(rreated) - Wok(controly; Kinetics difference between treated and control

plants, revealing the L-band.

(Maxwell and Johnson, 2000). We speculate that such photoprotective
mechanism (represented by the DIo/RC parameter; Figs. 6A and B) was
still effective in Minu II and Silero due to the short exposure (5 days) to
Fe absence. This would suggest, as hinted by the slight response of the
Fv/Fm parameter, that stress is still incipient. Moreover, a significant
increment in the antenna size (ABS/RC) was observed in Minu II and
somewhat less in Silero, which may suggest another way of coping with
excessive light energy. Such response is thought to be associated to the
reduction of active RC (Srivastava et al., 1997). Furthermore, the var-
iation in antenna size of PSII can also represent changes in the number
of LHC complexes per RC, suggesting a decrease in the connectivity
between antenna molecules and an increase in the number of inactive
centers (Mathur et al., 2011).

A prominent K-band has been associated with a dissociation of the
oxygen-evolving-complex (OEC) in S. bicolor under drought stress
(Jedmowski et al., 2013). In this work, the K-band was more con-
spicuous in Minu II than Silero, and was not detected in sudangrass
(Fig. 7). K bands were more marked under -Fe conditions, suggesting
susceptibility to Fe deprivation was associated to disruptions in electron
transport at the OEC.

Taken as a whole, these results indicate agreement between sus-
ceptibility to alkalinity and Fe deprivation in S. bicolor and suggest that
alterations in PSII characteristics may be partially responsible for such
susceptibility.

4.2. Expression of genes involved in phytosiderophores production, release
and uptake

The main Fe mineral forms in soil are poorly soluble Fe (hydr)
oxides, whose solubility is pH-dependent and decreases with increasing
pH. The activities of living organisms that result in the acidification of
the rhizosphere, such as the release of protons, organic acids and root
respiration play important roles in mineral weathering. In addition, in
nutrient-deficient conditions, plant roots produce exudates that con-
tribute to mineral dissolution and Fe mobilization (Mimmo et al., 2014)
and are critical for Fe acquisition. Specifically, under such conditions,
grass roots release chelating substances collectively known as “phyto-
siderophores” (Phys) which are highly effective to mobilize the spar-
ingly soluble Fe*? (Strategy II, as defined by Rémheld, 1987). Over-
expression of genes involved in Phys synthesis, release and uptake, has
been widely investigated in other species such as barley, maize, rice,
etc. (Nozoye et al., 2011). However, very little is known about the
expression of such genes in sorghum and there are no records in su-
dangrass. Increases in the activities of both nicotianamine synthase
(NAS) and nicotianamine aminotransferase (NAAT) genes are crucial
for the enhanced production of MAs by Fe-deficient graminaceous
plants, and therefore for Fe deficiency tolerance (Higuchi et al., 1996).1t
is interesting that while the expression of both genes increased in Minu
II and Silero under Fe-deficiency, the increase observed in alkaline
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medium in these as well as in DMAS1 and TOM1 was greater in Silero.
This could indicate that this genotype was responding earlier than Minu
II to alkalinity-associated Fe deficiencies and this response could con-
tribute to account for its higher alkalinity tolerance. This response
could also contribute to explaining the lower effects of Fe-deprivation
observed in the development of induced chlorosis and in the alterations
of PSII activity and components.

On the other hand, Fe is required by many enzymes involved in N
and S assimilation, such as nitrate and nitrite reductases, glutamate
synthase, sulfite reductase, etc. (Balk and Lobréaux, 2005). Thus, pro-
longed Fe deficiency may have significantly reduced NO3~ and SO,>~
assimilation (Fig. 3). In Fe-deficient barley leaves, down-regulation of
genes responsible for S assimilation and SO, transport was observed
(Higuchi et al., 2011); at the same time, such S accumulation was re-
lated to the its use for the synthesis of methionine, which is the pre-
cursor of Phys.

These results indicate that sudangrass was more efficient in Fe uti-
lization; as photochemical reactions were not affected by either alkaline
or —Fe conditions they may imply it was not perceiving Fe-deficiency
stress, and, thus, the genes for Phys synthesis and transport were acti-
vated to a lesser extent than in the other genotypes. In S. bicolor, they
suggest that the lower expression of these genes in Minu II may be
related to its sensitivity to alkalinity conditions associated to reduced Fe
availability, leading to alteration in photochemical and biochemical
reactions involving Fe.

Positive associations between Fe acquisition mechanisms and alka-
linity tolerance have recently been reported in Lotus, a plant with
Strategy I Fe uptake mechanism (Babuin et al., 2014). In rice, a species
with strategy II, alkalinity tolerance has also been associated to Fe
uptake capacity (Li et al., 2016). In Petunia, another species with
Strategy I, increased alkalinity tolerance was observed when trans-
formed with the HvYS1 transporter gene derived from barley (Murata
et al., 2015). Our results in sorghum provide further support to the
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notion that Fe acquisition mechanisms contribute to alkalinity toler-
ance.

4.3. An integrated picture of early responses to alkalinity and Fe-deprivation

A principal components analysis (PCA) was applied to the results
obtained on day 5 of the -Fe and alkalinity treatments (Experiment 3),
including photosynthetic and fluorescence variables, gene expression
and Fe?" concentration. Eight components with eigenvalues of 11.5,
5.53, 4.55, 0.97, 0.57, 0.5, 0.24, 0.15, respectively, were extracted. The
first three accounted for approximately 90% of the total variance. The
first two components described 70.9% of the total variance and the
corresponding biplot is shown in Fig. 8. The first component (horizontal
axis) placed on the right side all the genotypes in the control treatment,
along with sudangrass in alkalinity and -Fe, and Silero in alkalinity.
Minu II, both in alkalinity and -Fe, and Silero in -Fe were located on the
opposite side. This distribution illustrates that sudangrass was less af-
fected by the two stress conditions (alkalinity and -Fe) than the other
two genotypes, and that Minu II was the most susceptible among them.
The position of the genotypes along the left side of the PC1 axis shows
that responses to the -Fe treatment were more marked than to alkali-
nity, as has been discussed earlier. The sensitivity of Minu II to alkali-
nity and -Fe was negatively associated to Fe?* concentrations, and to
the expression of the five genes tested, which codify for proteins in-
volved in Phys synthesis and transport. It was also negatively associated
to carbon fixation and stomatal conductance. Sensitivity to both alka-
linity and -Fe conditions was positively associated to alterations in most
fluorescence kinetics parameters, which, in turn, were also negatively
associated to plant Fe?" concentrations.

The hypothesis that guided this research was that alkalinity toler-
ance in sorghum is related to Fe-deficiency tolerance and its underlying
mechanisms. Our results provide support to this hypothesis and to the
concept that initial alkalinity tolerance expression in sorghum may be
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related to Fe?*uptake mechanisms and metabolism, specifically af-
fecting PSII functionality. From an agricultural point of view, identi-
fying some of the components in the complex trait of alkalinity toler-
ance could contribute to breeding plants for alkaline substrates and to
the design of agronomic management practices aimed at increasing Fe
availability in alkaline substrates.
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