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Abstract 

Soybean (Glycine max (L.) Merrill) is native to East Asia, which includes China that 

has a cultivation history stretching back at least 5,000 years. Now soybean is widely cultivated 

around the world as an important crop. It is an annual plant and its seeds are processed to 

produce two major products, oil and meal. Many biotic and abiotic stresses threaten soybean 

production in different areas of the world, such as fungal, bacterial and viral diseases; 

aluminium, drought, and salinity. In this thesis, the focus is on investigating the salinity stress 

responses in soybean and how GmSALT3 (salt tolerance-associated gene on chromosome 3), a 

dominant gene that is associated with limiting the accumulation of sodium ions in shoots, 

contributes to soybean’s salinity tolerance.  

GmSALT3 was identified through fine-mapping; it encodes a protein from the cation/H+ 

exchanger (CHX) family that I localized to the endoplasmic reticulum (ER) and which is 

preferentially expressed in the salt-tolerant parent Tiefeng 8 within root cells associated with 

phloem and xylem. In the salt-sensitive parent, 85-140, a 3.78-kb copia retrotransposon 

insertion in exon 3 of Gmsalt3 was identified that truncates the transcript. In addition, nine 

haplotypes including two salt-tolerant haplotypes and seven salt-sensitive haplotypes were 

identified by sequencing 31 soybean landraces and 22 wild soybean (Glycine soja) cultivars in 

China. By analysing the distribution of haplotypes, it was found that haplotype 1 (H1, found in 

Tiefeng 8) was strongly associated with salt tolerance and is likely to be the ancestral allele. 

H1, unlike other alleles, has wide geographical range including saline areas, which indicates it 

is maintained when required but its potent stress tolerance can be lost during natural selection 

and domestication.  

Then, I evaluated the impact of GmSALT3 on soybean performance under saline or non-

saline treatments, with both field and controlled conditions experiments being performed. Three 

sets of near isogenic lines (NILs), with genetic similarity of 95.6–99.3% between each pair of 

NIL-T (salt-tolerant) and NIL-S (salt-sensitive), were generated from a cross between 85–140 

and Tiefeng 8 by using marker-assisted selection. It was shown that GmSALT3 does not 
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contribute to an improvement in seedling emergence rate or early vigor under salt stress. 

However, when 12-day-old seedlings were exposed to NaCl stress, I found that the NIL-T lines 

accumulated significantly less leaf Na+ and Cl- compared with their corresponding NIL-S, while 

no significant difference of K+ concentration was observed between NIL-T and NIL-S. In 

addition, I found that the NIL-T lines accumulated less Cl− in the leaf and more in the root prior 

to any difference in Na+; in the field, NIL-T accumulated less pod wall Cl− than the 

corresponding NIL-S lines. Under non-saline field conditions, no significant differences were 

observed for yield related traits within each pair of NIL-T and NIL-S lines, indicating there was 

no observable yield penalty for having the GmSALT3 gene. In contrast, under saline field 

conditions the NIL-T lines had significantly greater plant seed weight and 100-seed weight than 

the corresponding NIL-S lines, meaning GmSALT3 conferred a yield advantage to soybean 

plants in salinized fields. 

In addition to confirming that Cl– exclusion occurs prior to Na+ exclusion using a time 

course analysis, I found that stem secretion of Na+ contributes to its exclusion from leaves; 

NIL-T also accumulated less K+ in the leaf compared to NIL-S. I observed that Cl– 

concentration is significantly higher in both the stem xylem and phloem sap of NIL-T. This 

likely means that whilst more Cl– is transported from root-to-shoot more Cl– is recirculated 

back to roots, and this contributes to a greater accumulation of Cl– in NIL-T roots. Na+ is 

significantly greater in concentration in NIL-S xylem sap but no differences were detected in 

phloem sap and roots between NILs, which indicates Na+ is most likely regulated by exclusion 

at the root xylem, so in a different way in NIL-T compared to Cl–. Plants with full-length 

GmSALT3 maintain a significantly higher photosynthetic rate than NIL-S plants before and 

after salt treatment. In heterologous expression systems, GmSALT3 could restore bacterial 

growth of E. coli strain LB2003 (trkAΔ, kup1Δ, kdpABCDEΔ) that is defective in K+ uptake 

systems; when expressed in Xenopus laevis oocytes, GmSALT3 contributes to higher 

accumulation of Na+, K+, and Cl– and higher net influx of Na+, K+, and Cl– (measured by MIFE, 

Microelectrode Ion Flux Estimation) compared to water-injected oocytes. 
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In an attempt to reveal new insights to the potential underlying mechanisms I used RNA-

seq analysis of roots from soybean NIL (Near Isogenic Lines); NIL-S (salt-sensitive, Gmsalt3) 

and NIL-T (salt-tolerant, GmSALT3). Thirty RNA-seq libraries were constructed and sequenced, 

including NIL-T and -S roots from three time points of 14 day old plants, 0 hours, 6h, and 3d 

following salt-treatment (200mM NaCl) and their corresponding non-treatment controls. Gene 

ontology (GO) analysis showed that unique DEGs under salt treatment in NIL-T are clustered 

into GO terms such as response to biotic stimulus, oxidation reduction and oxidoredutase 

activity, while in NIL-S GO terms are more diverse including cell communication, signalling, 

and biological regulation. Accordingly, reactive oxygen species (ROS) generation and 

detoxification was measured and differed in NIL consistent with the RNA-seq data. As such, I 

propose that GmSALT3 affects the ROS status of roots, which improves the ability of NIL-T to 

cope with stress. 

Overall, the collective findings of this thesis provide new insights into the transport 

activity of GmSALT3 and how GmSALT3 contributes to salinity tolerance in soybean.  
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Preface 

This project was initiated through a collaboration with the laboratories of Professor 

Rongxia Guan and Professor Lijuan Qiu from the Institute of Crop Sciences at the CAAS 

(Chinese Academy of Agricultural Science), Beijing, who identified a candidate salt tolerance 

gene from soybean (GmSALT3) via a fine mapping approach; they sought the assistance of my 

home lab (led by Professor Matthew Gilliham) in characterising the role of this gene in 

improving soybean salt tolerance. This aim was the focus of my PhD studies – how does 

GmSALT3 confer improved salt tolerance in soybean. As such an objective of my PhD studies 

was to contribute to our understanding of possible salt tolerance mechanisms in soybean. As 

the only fine-mapped gene from a salt tolerance QTL in soybean, this study has promise to 

improve the salt tolerance of soybean (and related species). Throughout the period of my thesis 

our collaborators, my supervisors and I have jointly planned experiments and discussed analysis; 

my principal supervisor and I have visited CAAS on 5 occasions (2014; 2015x2; 2016), and 

Prof. Guan (the lead CAAS researcher) has visited Adelaide (2017). We have also maintained 

regular email and videoconference contact throughout. This thesis contains 3 published 

manuscripts and 2 manuscripts that are intended for publication. It contains a minimal broad 

introduction to avoid repetition with the introductions of the manuscripts, and a general 

discussion. Each chapter, in addition to the manuscript includes a brief introduction to orientate 

the reader and provide some context to the study, and a conclusion with extended discussion to 

provide a clear link between the manuscripts.   
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Chapter 1 Literature review 

1.1 Background 

 To meet the food demands of a booming global population – from 3.7 billion in 1970 

to a predicted 9.15 billion in 2050 – it has been predicted that world agricultural production in 

2050 will need to have increased by 60 percent from the quantities produced in 2005/2007 

(Alexandratos and Bruinsma, 2012; Godfray et al., 2010; Taiz, 2013; Tester and Langridge, 

2010). Among all the agricultural products, cereal production is currently projected to rise by 

only 46% from 2068 Mt in 2005/2007 to 3009 Mt in 2050 (Alexandratos and Bruinsma, 2012). 

In reality, the rate of annual crop yield gains has slowed down considerably from ~2.5% in 

1985 to ~1.2% in 2007, as Alexandratos and Bruinsma (2012) reported, so meeting the crop 

production targets is going to require step changes in how crops are produced. This is a crucial 

global challenge – especially when it comes coupled with rapid economic growth –, which has 

associated environmental costs and constraints including climate change, freshwater shortage, 

and arable land loss (Gilliham et al., 2017). Suitable land and water resources are essential for 

sustainable agricultural growth, but the incidence and severity of stress events are on the 

increase (Munns and Gilliham, 2015).  

 Salinity has become one of the most widespread soil constraints in arid and semi-arid 

regions on the Earth, such as Australia, Central Asia, the Middle East, and Northern Africa 

(FAO, 2008). A soil is defined as saline when a range of soluble salts, particularly NaCl, in the 

soil water (soil solution) has reached an excessive level; soils are generally classified as saline 

when the salt component of the soil has an ECe (electric conductivity of the saturated paste 

extract) of ≥ 4 dS/m, which equates to approximately 40 mM NaCl (USDA-ARS, 2008). Sodic 

soils contain sodium salts but limited amounts of other cations such as calcium, magnesium, 

and iron (Rengasamy, 2006). The total global area of saline and sodic soils currently stands at 

831 million hectares (i.e. 6% of soils worldwide) (Rengasamy, 2006), a figure that can be 

expected to rise in the near future in regions that are predicted to get hotter and drier to due 

climate change. Within Australia, about 30% of the land area is affected by different types of 



	 14	

salinization (Rengasamy, 2006); groundwater-associated salinity and irrigation salinity affects 

about 16% of the agricultural area, and 67% of the agricultural land has a potential for transient 

salinity (Rengasamy, 2006). Therefore, it is both important and urgent to combat the problem 

of soil salinization through funding research focused on decreasing soil salinity, decreasing its 

impact on crops, or improving the salinity tolerance of crops that are grown. The growth of 

conventional crops on highly saline soils is likely only to be achievable in the distant future; 

the majority of salinity research is currently concentrating on making incremental increases in 

salinity tolerance of crops to improve the yield stability of crops encountering transient salinity 

during a growing season. 

 Although it is an oversimplification, it can be instructive to classify the effects of salt 

on plants by breaking them down into two broad categories (Munns and Tester, 2008).  When 

plants first come into contact with high concentrations of salt in the soil solution, sodium and 

Cl ions (Na+, Cl–) impart an osmotic stress, where high concentrations of these solutes in the 

soil make it harder for roots to extract water; the second is the toxicity (ionic stress) that occurs 

when high concentration of Na+ and Cl– build up within the plant tissue (Munns and Tester, 

2008). Fortunately, some relatively tolerant plant species possess mechanisms to adapt to these 

stresses. As NaCl is the most abundant ‘salt’ in the soil, and plants have evolved mechanisms 

to regulate its accumulation (Flowers and Colmer, 2008; Munns and Gilliham, 2015), the term 

salinity tolerance in this review is adopted to refer to tolerance of NaCl. For most plant species, 

Na+ appears to reach concentrations that are toxic to the plant before Cl– (Munns and Tester, 

2008). However, for some salt-sensitive varieties of woody perennials such as citrus, grapevine, 

and soybean, Cl– is considered to be the more toxic ion as it accumulates to very high 

concentrations in leaves, much more than Na+ (Läuchli, 1984; Storey and Walker, 1998; Teakle 

and Tyerman, 2010; Wege et al., 2017). 

 There are large differences in crop plants’ tolerance of salinity, as reflected in a wide 

phenotypic variation across and within species when encountering salt stress (Flowers and 

Colmer, 2008; Munns and Tester, 2008; Teakle and Tyerman, 2010). For instance, a halophytic 
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relative of wheat, Tall wheatgrass (Thinopyrum ponticum, syn. Agropyron elongatum), is one 

of the most tolerant monocotyledonous species, and can retain 40% of its shoot growth in 300 

mM NaCl contained soil compared to growth in non-salt conditions (Colmer et al., 2005). This 

contrasts with durum wheat that is unable to complete its life cycle when soil NaCl 

concentration reaches 200 mM (Munns and Tester, 2008). Salinity tolerance varies in 

dicotyledonous species even more widely than in monocotyledonous species (Munns and 

Tester, 2008). Some legumes are very sensitive i.e. less than 100 mM NaCl in the soil is lethal. 

The most susceptible cultivars of chickpea (Cicer arietinum L.) die in just 25 mM NaCl 

(Flowers et al., 2010). The model plant Arabidopsis thaliana is a salt-sensitive species (with 

100 mM NaCl being lethal) (Cramer, 2002); however, alfalfa or lucerne (Medicago sativa) are 

very tolerant (surviving in 400 mM NaCl), and halophytes such as saltbush (Atriplex spp.) are 

able to grow well at soil salinities greater than that of seawater (i.e. >600 mM NaCl) (Munns 

and Tester, 2008). In this review, aspects of salt tolerance for soybean (Glycine max) will be 

discussed. 

 

1.2 Effects of salt stress on soybean 

 Soybean, due to its high protein and oil content (Schmutz et al., 2010) and relatively 

good agronomic traits, is one of the most important crop plants globally for animal feed, the 

human diet, and biodiesel production. Figure 1.1 shows the area harvested in hectare (ha) and 

production (tonnes) of 10 the most important crops globally in 2014. The area harvested of 

soybeans was fourth among crops globally in 2014. During the same period of time, the 

production tonnage of soybeans was just less than that of maize, rice, wheat, and potatoes. 

Salinity stress is one of the abiotic stresses that significantly reduces soybean production 

(Hamwieh et al., 2011). Salinity tolerance varies among soybean varieties, and the degree of 

salt tolerance of soybean germplasm is different across different developmental stages (Phang 

et al., 2008). These differences are summarised below. 
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Figure 1.1 Area harvested (ha) and production (tonnes) of 10 crops in the world (2014). 

Data was obtained from FAO database (http://faostat.fao.org/), and replotted (FAO, 2014).  

  

1.2.1 Growth and nodulation 

 High soil salinity negatively affects soybean development during its whole life cycle. 

At the germination stage, low salt conditions (8.6 mM and 17.1 mM NaCl) have been shown 

to result in delayed germination (Phang et al., 2008). Higher salt conditions (42.8 mM) lead to 

an absolute decrease in the percentage of germination (15% of control germinated in 

nonsalinized cultures) (Abel and MacKenzie, 1964). Soybean is considered to be more sensitive 

to salt stress at the seedling stage compared to the germination stage (Hosseini et al., 2002). 

Forty percent of soybean seeds could still germinate even when the Na+ concentration reached 

a high level in the tissue (9.3 mg/g fresh weight in the embryonic axis), whereas the growth of 

seedlings was completely inhibited when the Na+ concentration attained 6.1 mg/g fresh weight 

(Hosseini et al., 2002). 

 As a legume, soybean can form root nodules to fix atmospheric nitrogen (N2); nitrogen 

being an essential building block of biomolecules. Therefore, root nodules have a key role in 

determining the nutritional status of the whole plant, and the quantity and quality of seed 

produced. Salinity stress affects the nodulation capacity of soybean, decreasing the number and 

biomass of root nodules, and results in reduced nitrogen fixation efficiency (Elsheikh, 1998). 
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This is because salt stress inhibits nitrogen fixation and also hampers the initiation of symbiosis 

(Delgado et al., 1994; Duzan et al., 2004). Reduced nitrogen fixation efficiency can 

significantly decrease crop yield unless there is additional application of N fertilizers (Hirel et 

al., 2011). The salt tolerance capacity of different strains of symbiotic Bradyrhizobia Rhizobia 

is not associated with their ecological origin, but determined by external factors which include 

pH, temperature, carbon sources, and osmoprotectant solutes in the soil substratum (Elsheikh, 

1998; Elsheikh and Wood, 1989). Furthermore, the salt tolerance capacity of the soybean host 

is also important for nodulation (Phang et al., 2008). In conclusion, salinity stress is harmful to 

soybean’s growth at both germination and seedling stages, and negatively affects soybean root 

nodulation.  

 

1.2.2 Agronomic traits and seed quality 

 The agronomic traits of soybean, including biomass, height, leaf size, number of 

branches, number of internodes, number of pods, 100 seed weight, and weight per plant, can be 

significantly reduced under high salinity stress (Chang et al., 1994; Pathan et al., 2007; Phang 

et al., 2008). Soybean seed, the primary agricultural product of the soybean plant, has its quality 

affected by salinity stress, reducing the protein content (Chang et al., 1994). The seed protein 

of soybean cultivar Williams decreased about 2.5% under saline conditions (EC=9 dS/m), 75 

days after flowering (Ghassemi-Golezani et al., 2010). However, whether salt stress reduces 

the oil content in soybean seeds is still under debate since variation exists amongst experimental 

findings from different field sites using various cultivars treated with different salinity levels 

(Chang et al., 1994; Wan et al., 2002). 

 

1.3 Mechanisms of salt tolerance in crops, with a focus on soybean 

 Different soybean germplasm exhibits differences in its ability to tolerate salinity. This 

differential capability is determined by the efficiency in operating and coordinating the ‘salt 
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tolerance systems’ of soybean. The mechanisms of salt tolerance in soybean can be classified 

into four major categories: adjustment in response to osmotic stress, restoration of oxidative 

balance, other metabolic and structural adaptations, and maintenance of ion homeostasis (Table 

1.1) (Phang et al., 2008). Maintenance of ion homeostasis and restoration of oxidative balance 

in soybean plants will be discussed in detail.   

 

Table 1.1 Mechanisms of salt tolerance in soybean (Data collected from Phang et al., 2008)     

Mechanisms Components Examples 

Adjustment in response to 
osmotic stress 

Accumulation of osmoprotectants and 
late embryogenesis abundant (LEA) 

proteins 

 
Trigonelline (TRG, osmoprotectant) 

(Malenčić et al., 2003) 
GmDHN1 (group 2 LEA) 

(Soulages et al., 2003) 
 

Restoration of oxidative 
balance 

Elevation of the contents and activities 
of various antioxidative components 

Superoxide dismutase (SOD) 
(Ruzhen, 1997) 

GmPAP1 (purple acid phosphatases) 
(Li et al., 2008) 

Maintenance of ion 
homeostasis 

Regulation of ion transport by 
membrane bound ion transporters and 

associated signalling 

 
GmNHX1 

(Li et al., 2006a) 
GmSCA1 (Ca2+ - ATPase) 

(Chung et al., 2000) 
 

Other metabolic and 
structural adaptations 

Development of salt gland-like 
structures, modification of cell wall 

and cell membrane structures 

ball-shaped cell 
(Lu et al., 1998) 

SbPRP3 (Soybean Proline-rich Protein) 
(He et al., 2002) 

 

1.3.1 Maintenance of ion homeostasis  

 As mentioned before, Cl- has been documented to be more toxic than Na+ in cultivated 

soybean; this is in contrast to most annual crop species. This difference may come from the 

ability of soybean to hold Na+ in woody roots and stems to prevent much from reaching the 

leaves, which leads to a low Na+/K+ ratio in leaves (Luo et al., 2005). At the same time, Cl– 

continues to pass into the aerial parts of the plant, resulting in a high shoot Cl– accumulation, 

with high concentrations of Cl– being toxic to plant cellular metabolism (Xu et al., 2000). 

However, other reports suggest that different soybean species have little correlation between 
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leaf chlorosis and leaf Cl– content (Phang et al., 2008). Salt-tolerant soybean germplasm also 

accumulated less Na+ in leaves than salt-sensitive varieties (Li et al., 2006b). In addition, 

several recent studies support the proposition that Na+ is the toxic ion in soybean (Ikeda, 2005; 

Lenis et al., 2011; Luo et al., 2005). 

 HKT1;5-like cation transporters have been shown to be responsible for leaf Na+ 

exclusion in many crops (Byrt et al., 2007; Byrt et al., 2014; James et al., 2011; Mian et al., 

2011; Platten et al., 2013). In wheat, it has been discovered that HKT1;5 encodes a Na+-

selective transporter located on the plasma membrane of root cells surrounding xylem vessels, 

which retrieves Na+ from the xylem and reduces transport of Na+ to leaves (Byrt et al., 2007; 

Munns et al., 2012). Soybean may possibly have a gene which encodes a protein that fulfils a 

similar function to HKT1;5 and this may explain the greater Cl– accumulation in leaves of 

soybean; HKT genes have frequently been found underlying sodium exclusion QTL in a number 

of plants (Davenport et al., 2007; Horie et al., 2009; Huang et al., 2008; Ren et al., 2005).  

 As reviewed by Phang et al. (2008), both inter- and intra- cellular compartmentalization 

is involved in the regulation of Na+ homeostasis of soybean, and this is likely to be multigenic 

due to the identification of several genes linked to Na+ homeostasis and salt tolerance (Table 

1.2). Abel (1969) found that leaf Cl– accumulation was controlled by a single and dominant 

gene Ncl in salt-tolerant soybean varieties, but the genetic information about this gene has not 

been fully revealed.  
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Table 1.2 Characterized genes associated with salt tolerance 

Gene  Localization Putative function 

GmNHX1  (Li et al., 2006a) Tonoplast Vacuolar Na+/H+ antiporter 
GmSOS1 (Phang, 2008) Plasma membrane Na+/H+ antiporter 
GmCAX1  (Luo et al., 2005) Plasma membrane Cation/proton exchanger 
GmCLC1 (Tsai, 2003) Tonoplast Vacuolar CLC chloride channel 
GmAKT1 (Tsai, 2003) N/A Inward-rectifying K+ channel 
GmCNGC  (Phang, 2008) Plasma membrane Cyclic nucleotide-gated cation channel 
GmCAX1 (Luo et al., 2005) Plasma membrane Cation/proton exchanger 
GmNKCC (Phang, 2008) N/A Na+/K+/Cl– co-transporter 
GmERF3  (Zhang et al., 2009) Nucleus Transcription factor 
GmUBC2  (Zhou et al., 2010) Cytosol and nucleus Ubiquitin-conjugating enzyme 
GmbZIP1  (Gao et al., 2011) Nucleus Transcription factor 
 

 Whether Na+ or Cl– has the most detrimental effect in soybean is still controversial; 

regardless, homeostasis of both ions is likely to be linked (due to the necessity for charge 

balance when accumulating salts) and the exclusion of both from the shoot is likely to be 

significant for improving salt tolerance in soybean. 

 

1.3.2 Restoration of oxidative balance 

 In plants, Reactive Oxygen Species (ROS) are produced as by-products of various 

metabolic pathways in different cell types (Foyer and Harbinson, 1994). Under physiologically 

favourable conditions, ROS work as signalling molecules at low concentrations, and excessive 

ROS are scavenged by different antioxidative components (Foyer and Noctor, 2005). Salt and 

osmotic stress are thought to break the equilibrium between evolution and scavenging of ROS 

through impairing the scavenging process (Phang et al., 2008). ROS at high concentrations can 

cause lipid peroxidation, DNA damage, protein denaturation, carbohydrate oxidation, and 

enzymatic activity impairment leading to significant damage to cellular functions and even cell 

death of plant cells (Foyer and Noctor, 2005; Gill and Tuteja, 2010; Mittler et al., 2004; Noctor 

and Foyer, 1998).  
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 One possible salt-tolerance mechanism in soybean is to restore the cellular oxidative 

balance and minimize the secondary oxidative damage, through increasing the activity and 

contents of antioxidative components (Phang et al., 2008). In one study, the production rate of 

O2
– (a class of ROS) in both shoots and roots of the salt-tolerant soybean cultivar “BB52” 

decreased under increasing NaCl concentration; in contrast, an increased production rate was 

observed in salt-sensitive cultivar “N23232”; the O2
– was reduced by enhanced activities of 

enzymatic ROS scavengers, including superoxide dismutase (SOD) and ascorbate peroxidase 

(APX), and increased contents of non-enzymatic ROS scavengers, including ascorbic acid 

(AsA), carotenoid (Car) and glutathione (GSH) (Yu and Liu, 2002).  

 

1.4 Analysis of a candidate salt tolerance gene (GmSALT3) in soybean 

1.4.1 Gene mapping and QTL analysis  

 In soybean, Abel (1969) first found that leaf chloride exclusion was controlled by a 

single and dominant locus GmNCl in salt-tolerant soybean varieties, based on the F2 plants 

segregated in ratios of 3 chloride excluders to 1 includer, and the progenies of BC1F1 (backcross 

of F1 plants) being segregated in an excluder : include ratio of 1:1. By using different soybean 

cultivated populations and even between wild and cultivated soybeans, a major quantitative 

trait loci (QTL) for salinity tolerance was consistently mapped to chromosome 3 (Linkage 

group N) (Ha et al., 2013; Hamwieh et al., 2011; Hamwieh and Xu, 2008; Lee et al., 2004).  

 Since I initiated my PhD in 2014, a few papers have been published focusing on the 

same gene associated with this soybean salt tolerance QTL. In each of these publications the 

gene was given a different name: GmCHX1, identified through a whole-genome sequencing 

approach from in wild soybean (Glycine soja, W05) (Zhou et al., 2014); GmNcl, identified in 

a Brazilian soybean cultivar FT-Abyara through a map-based cloning strategy (Do et al., 2016), 

and GmSALT3, identified in a commercial soybean cultivar Tiefeng 8 through fine mapping 

and positional cloning (Guan et al., 2014). All the three identified genes share the same 

sequence with Glyma03g32900 in William 82, and based on genetic markers information, this 



	 22	

gene is the most likely candidate for the dominant gene in the major salinity tolerance QTL, 

and also in the Ncl locus reported by Abel (1969). In this thesis, I refer to this dominant gene 

as GmSALT3.  

 

1.5 Summary 

 Salinity has become one of the most detrimental threats to maintaining and/or improving 

crop production worldwide. Its impacts are increasing because of the effects of global climate 

change, drought, and agricultural water deficiency. Soybean is an important crop around the 

world, but its salt resistance mechanisms are still poorly characterised.  

The exploration of salt tolerance mechanisms in soybean and the genes involved is 

significant as it is likely to enable further applications, including: field trials to examine whether 

the presence of GmSALT3 improves grain yield of salt-sensitive soybean near-isogenic lines; 

the generation of locally-adapted soybean lines for salinity-affected areas in the world by 

marker-assisted breeding or via transgenics; a better understanding of salt tolerance 

mechanisms in plants and the interaction with other defined mechanisms encoded by genes 

such as SOS1(Shi et al., 2000), HKT1 (Genet et al., 1995), NHX (Yokoi et al., 2002), CDPKs 

(calcium-dependent protein kinases) (Hrabak et al., 2003), and CBLs (calcineurin B-like 

proteins)-CIPKs (CBL-interacting protein kinases) network (Luan, 2009).    

 

1.6 Experimental aims 

The primary aim of my project was to provide a better understanding of GmSALT3-

associated salt tolerance mechanisms in soybean and therefore assist in developing salt-tolerant 

commercial soybean cultivars. To address this aim, five publications (three published, two in 

manuscript format) will be introduced in the following sections. In brief, the first publication 

included the fine-mapping of GmSALT3, and its cellular and sub-cellular localisations; the 

second publication investigated the ion accumulation profile in soybean near isogenic lines 

(NILs) of GmSALT3 and how GmSALT3 may contribute to improved soybean yield under saline 
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stress; the third publication functionally characterised GmSALT3 in planta and in heterologous 

expression systems; and the final publication aimed to investigate how GmSALT3 

transcriptionally confers salinity tolerance in soybean roots by RNA-sequencing, using NIL-T 

(GmSALT3) and NIL-S (Gmsalt3) roots. There is also an additional publication in an industry 

journal included in the appendix that summarizes the discovery of GmSALT3 and its potential 

implications for the soybean industry. A number of additional appendices are also included 

which feature additional work performed during my candidature relevant to GmSALT3 but were 

excluded from the manuscripts. The thesis concludes with a final discussion, which examines 

the future implications of my PhD study.   
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Chapter 2 Salinity tolerance in soybean is modulated by natural variation in GmSALT3 

Brief introduction 

This project was initiated through a collaboration with CAAS (Chinese Academy of 

Agricultural Science). Our collaborators were building on a previous salt-tolerance gene 

mapping study in soybean (Zhang, 2005) and identified a dominant gene associated with the 

greater salt-tolerance of Tiefeng 8 (salt-tolerant parent) compared to the salt-sensitive parent 

85-140. The dominant gene was mapped to a 209-kb region on soybean chromosome 3 (Guan 

et al., 2014a). Then, GmSALT3 (Glycine max salt tolerance-associated gene on chromosome 3) 

was fine-mapped to be the dominant gene associated with limiting the accumulation of sodium 

ions (Na+) in shoots and a substantial enhancement in salt tolerance in soybean.  

At this point, Prof. Rongxia Guan (the lead researcher from CAAS on this project) 

contacted us, seeking our assistance to further characterise the role of the gene. They sent us 

the seeds of soybean cultivars Tiefeng 8 and 85-140 and clones of the gene from the sensitive 

and tolerant parent.  

In 2014, for this initial publication it was decided that I would: perform a phylogenetic 

analysis according to GmSALT3’s amino acids sequence; carry out cellular localisation analysis 

through in-situ PCR; identify GmSALT3 subcellular localisation analysis in the transient 

expression system of Arabidopsis mesophyll protoplasts; and, draft the manuscript. Our 

collaborators performed qPCR of GmSALT3 in different tissues; subcellar localisation of 

GmSALT3 in Nicotiana benthamiana protoplasts; Na+ content measurement and grafting 

experiments; distribution analysis of GmSALT3 haplotypes in China. We then worked on the 

manuscript together and published our work in The Plant Journal as the featured and cover 

article in December 2014 (Guan et al., 2014b).  

In addition, we have since published a summary of this work for industry after being 

contacted by the online newsletter, Information Systems for Biotechnology (ISB) from the US 

(Qu et al., 2015), included in Appendix I. This research received significant attention from plant 

scientists (e.g. a feature in the Society of Experimental Biology magazine, v1. 2015) and the 
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media (Altmetric Score 48); we even received a letter from the Premier of South Australia to 

congratulate us on the product of our research collaboration. We have been contacted by 

breeders from the major soybean growing areas of China, US, Argentina/Brazil and Canada for 

advice on how to use the primers to screen for the presence of the gene. 
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Figure S1. Variation in coding and amino acid sequence of GmSALT3 in Tiefeng 8 and 

Gmsalt3 in 85-140.  

(a) Coding sequence variation of Tiefeng 8 and 85-140 at SALT3 locus. (b) ClustalW alignment 

of GmSALT3 amino acid sequences from Tiefeng 8 and 85-140.  Conserved amino acids are 

shown in red box.  
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Figure S2. Tissue localization of GmSALT3 in soybean primary roots shown using in situ 

PCR.  

Tissue was 60 µm sections of roots of a 4-week old Tiefeng 8 soybean plant grown in 50/50 

perlite/vermiculite with 200mM salt treatment (two days). Blue stained cells are where 

transcripts present. Negative controls (a-c) without RT (reverse transcription) were included to 

show lack of genomic DNA contamination. GmSALT3 is localised in extending phloem- and 

xylem-associated cells of primary root (d-f). c, cortex; ph, phloem; mxl, metaxylem; en, 

endodermis; pxl, protoxylem. 
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Figure S3. Tissue localisation of GmSALT3 in soybean stems and leaves shown using in 

situ PCR.  

(a) Stems and leaves were from a Tiefeng 8 soybean grown in 50/50 perlite and vermiculite, 

with no salt treatment (the same plant used for root samples). Blue stained cells are where 

transcripts present. Stem sections were sectioned to 50 µm thickness. (b) Negative controls 

without RT (reverse transcription) were included to show lack of genomic DNA contamination. 

GmSALT3 is mainly localized in phloem- and xylem-associated cells of stem and leaf. e, 

epidermis; pt, pith; c, cortex; ph, phloem; xl, xylem; p, parenchyma; pxl, protoxylem; pp, 

palisade parenchyma. 
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Figure S4. GmSALT3 promoter-GUS expression pattern in transgenic Arabidopsis.  

GUS expression in 2-d-old plant (a); 5-d-old plant (b); 14-d-old hypocotyl (c), root (d), 

cotyledon (e) and first leaf (f). Scale bars represent 500 µm in a and b; 100 µm in c and d or 

200 µm in e and f.  
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Figure S5. Subcellular localization of GmSALT3 in Arabidopsis mesophyll protoplasts.  

(a) Co-expression of YFP-GmSALT3 and ER marker (CFP). (b) Co-expression of GmSALT3-

YFP and ER marker (CFP). (c) Co-expression of GmSALT3-YFP and Late endosome/PVC 

marker (CFP), white arrows indicate non-overlapping positions. (d) Co-expression of 

GmSALT3-YFP and ER marker (CFP). (a-c) The channels from left to right are YFP, bright 

field, CFP, chlorophyll, and merged, respectively. (d) The channels from left to right are YFP, 

bright field, CFP, and merged, respectively. Scale bar = 10 µm. 
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Figure S6. Development and phenotype evaluation of near isogenic lines (NILs) with 

different GmSALT3/Gmsalt3 alleles. 

(a) NIL-T and NIL-S growing in control condition or stress condition (watered with 80 or 100 

mM NaCl for three time at day 16, 19 and 26 after germination, to every pot 330 mL NaCl 

solution was added from the bottom of the pot) until 57 d. (b) NIL-T and NIL-S were developed 

from a single F6 plant, derived from F5 plant of 85-140×Tiefeng 8 selected with flanked 

molecular markers which were heterozygous at that locus. Their 100-seed weight, seed protein 

and oil content are shown. (c) Relationship of NIL-T, NIL-S and their parents revealed by using 

147 polymorphic SSR markers between parents. 
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Figure S7. Relationship of the haplotypes in wild soybean with the distance from their 

collection sites to that of the nearest saline region. 

(a) Box plot showing differences in salt tolerance level between soybean landraces with 

different haplotypes. (b) Box plot showing differences in salt tolerance level between wild 

soybean with different haplotypes. For each box plot, top bar and lower bar are maximum and 

minimum observation, respectively, top of box third quartile, bottom of box is irst quartile, 

horizontal line is median value and circles are possible outliers. (c) The salt tolerance level of 

51 wild soybean and its relationship with the distance from where they were collected to the 

nearest saline affected region. The accessions are shown in different symbols according to their 

haplotypes at GmSALT3 locus. 
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Figure S8. Genetic diversity and gene expression comparison between salt tolerant and 

sensitive haplotypes. 

(a) Comparison of genetic diversity between salt tolerant haplotype H1 and salt sensitive 

haplotypes H2-H5 in landraces at 18 SNP loci around GmSALT3 gene. (b) Comparison of 

genetic diversity between salt tolerant haplotype H1 and salt sensitive haplotypes H2-H5 in 

landraces at 17 SNP loci distributed genome wide ( Table 5). Genetic diversity of each locus 

was estimated using Mantel test as implemented in Powermarker. (c) Expression of GmSALT3 

analyzed using quantitative real time PCR (qRT-PCR) in root tissue of Tiefeng 8 and Mayibao 

(H3). (d) Expression of GmSALT3 analyzed using quantitative real time PCR (qRT-PCR) in 

root tissue of Tiefeng 8 and Jinshanchamoshidou (H4). The number (0, 6h; 1, 3, 5 d) of salt 

application in vermiculite (c) or hydroponics (d) (150 mM NaCl). Transcription levels was 

calculated as a percentage of the GmUKN1 transcript. Error bars indicate standard deviations 

(n=3). 
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Table S1. Primers used for mapping and genotype evaluation. 
Primer sets Marker 

type 
Forward primer sequences Reverse primer sequences Position* Purpose 

Barcsoyssr_3_1299 SSR CGAAGGATGATGAGGCTTTT TTCTTTGCCAGAAAAAGGAAA 40,435,732 Mapping 

Barcsoyssr_3_1301 SSR TGGAATTAATGCAGCAACACA CACGCAAAATTAATGGAGCA 40,441,396 Mapping 

Barcsoyssr_3_1308 SSR ACCAGCTCGTGTTGTGTTTT CGCTCTCTCTATGCCTCCAC 40,571,591 Mapping 

QS08064 indel ACGTAAGTGGTTGAAGGCGTT GCGCCAACTTCAAAATTCACTC 40,650,645 Mapping 

QS080465 indel ACTCAAGAGCAACTCACAAC GCTAACGACTACCTCAATGC 40,612,426 Mapping 

QS1101 indel CTTACCTTCACGGACGGAGA CCCATCTCCCAATCCTAACA 40,467,131 Mapping 

QS1102 indel TGCGGGTCCACCTAAAAGTA ACCTCTTGGGTGGGATGTCT 40,483,946 Mapping 

QS1104 indel TTCTTGTTTCGCTGCCTTTT CAGCATCTTTCGATGAACCA 40,520,375 Mapping 

QS100001 indel TAGCACATTTGGAAATCCGTTAG TGAATCACCCAAACGGAAAA 40,618,462 Mapping 

QS100011 indel TTTGATATTGCAGGGATGACA AACTGACGGACCAATGGAAG 40,690,072 Mapping 

QS1112 Indel TGCACTGCTTTGAGCTTTTT GGCCTCGAAGCTTTAATGAG 40,765,730 Mapping 
QS1119 CAPS AAGATTCTGGATTGGGTCC AGTCATCAGGTGGGAAGTTT 40,635,936 Mapping 

Indel-3.78kb indel P1:GCGGGAGTAATGTTATCGG  P2:GTCGTATCTTGGGAGAGGAG 
P3:CTATTCTCATAAGAGTCTA 

40,627,819 Mapping 
Genotyping 

Indel-152bp indel GGGTTGTGCCTAAATAGCA AAGGAAGAGCGTGGTTCA 40,622,512 Genotyping 

Indel-4bp indel CTGTCCATCACGGCTTTCC CTATAGTAGGTCCACCTGAGAA 40,626,237 Genotyping 

Splice-18bp CAPS AAAGCGCATAAGTTATAACACAAAAT GAATGTAACCCTATCATGTCTGTCA 40,627,587 Genotyping 

Indel-21bp indel GGAAGCAACAACTTGAGACA CGAGCAATGAACTGGTAATG 40,634,330 Genotyping 

Promoter  AGATTAGATTAGTCTCCACG GGCCAAAGACTCAGTGCTTC 
 Promoter-

GUS 
GmUKN1  TGGTGCTGCCGCTATTTACTG GGTGGAAGGAACTGCTAACAATC  q-RT-PCR 

q-SALT  TCCTTGACGCTTGGAGTGTT CGGTTGATGAAGGGAAAAC  q-RT-PCR 

Intron2  CTGTCCATCACGGCTTTCC GAATGTAACCCTATCATGTCTGTCA  Sequencing 
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Primer sets Marker 
type 

Forward primer sequences Reverse primer sequences Position* Purpose 

GmSALT3  ATGACGTTCAACGCGAGC R1:AAGTTCTTCGATAGCATCTTTA 
R2:TTTTATTTTATTTTCCAACAC 

 Sequencing 
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Table S2. Phenotypes and genotypes of a 172 minicore collection and 12 accessions from America. Three landraces in mini-core collection, show heterozygous 

at seven loci tested for haplotypes, are involved in the end of the table. The heterozygous landraces were not used for further analysis. 

 
Cultivar name Salt tolerance Province or state Country Haplotype 

Qingdou 2  Heilongjiang China H1 
Anqingheidou 1  Heilongjiang China H1 

Fangzhengmoshidou 2  Heilongjiang China H4 
Changchunmancangjin 2  Jilin China H1 

Niumaohuang 2  Jilin China H4 
Bodigao 2  Jilin China H1 

Chasedou 3  Jilin China H4 
Heimoshidou 4  Jilin China H2 
Jinzhou 4-1 4  Liaoning China H2 
Tianedan 2  Liaoning China H1 
Daheiqi 1  Liaoning China H1 
Huanqi 2  Liaoning China H1 

Xiaobaiqi 2  Liaoning China H1 
Xiaohuangdou 1  Liaoning China H1 
Niumaohuang 4  Liaoning China H2 

Daliheidou 2  Liaoning China H1 
Yushidou 1  Liaoning China H1 
Tueryan 3  Hebei China H2 

Diliuhuangdou-2 2  Hebei China H1 
Sijiaoqihuangdou 4  Hebei China H1 

Tianedan 2  Shanxi China H1 
Tianedan 2  Shanxi China H1 

Xiaohuangdou 3  Shanxi China H2 
Huangandou 4  Shanxi China H2 

Daheidou 5  Shanxi China H2 
Huipizhiheidou 3  Shanxi China H1 
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Cultivar name Salt tolerance Province or state Country Haplotype 
Shengli3 2  Shandong China H1 
Siliyuan 1  Shandong China H1 

Pingdinghuangdou 4  Shandong China H5 
Dabaipi 1  Shandong China H1 

Dahuangdou 2  Shandong China H1 
Xiaomidou 2  Shandong China H1 

Qing6 3  Shandong China H5 
Lvcaodou 2  Shandong China H1 
Erliheidou 1  Shandong China H1 

Pingdinghei 2  Shandong China H1 
Chadou 2  Shandong China H1 

Miyangxiaozihuang 4  Henan China H5 
Zhechuanjiwohuang 4  Henan China H5 
Miyangniumaohuang 4  Henan China H5 

Zhechengxiaohongdou 2  Henan China H1 
Boaihongpizaojiaozi 2  Henan China H1 
Xinyangyangyandou 2  Henan China H1 

Niumaohuang 2  Shannxi China H1 
Suiningpingdinghuang 1  Jiangsu China H1 

Pixiandazihuacao 3  Jiangsu China H5 
Pixiannianzhuangliuyuexian 3  Jiangsu China H5 

Pixiansilicao 2  Jiangsu China H1 
Baqidawandou 2  Hebei China H1 

Shuyangchunheidoubing 2  Jiangsu China H1 
Peixianxiaoyoudou 2  Jiangsu China H1 
Pixianlayanghuang 2  Jiangsu China H1 

Yizhengdalihuangdou 3  Jiangsu China H3 
Taixingniumaohuangyi 1  Jiangsu China H1 

Honghuliuyuebao 3  Hubei China H4 
Nidou 4  Hubei China H5 

Jinghuang35yi 4  Hubei China H5 
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Cultivar name Salt tolerance Province or state Country Haplotype 
Daimidou 1  Hubei China H1 

Cudou 3  Zhejiang China H3 
Dongshanbaimaidou 2  Fujian China H1 
Xiamentengzaidou 3  Fujian China H3 
Tonganzihongdou 3  Fujian China H5 
Zhaoanqiudadou 2  Fujian China H4 
Shaxianwudou 4  Fujian China H3 

Hengfengwudou 5  Jiangxi China H5 
Shangraobayuebai 4  Jiangxi China H4 
Yantianqingpidou 4  Jiangxi China H5 

Shaxindou 4  Jiangxi China H4 
Ruijinqingpidou 4  Jiangxi China H5 

Hongzhudou 2  Hunan China H1 
Longquandadou 2  Heilongjiang China H2 

Zihua 2 4  Jilin China H2 
Huaidebaihuadali 4  Jilin China H2 

Helongyoutai 5  Jilin China H2 
Tonghuapingdingxiang 3  Jilin China H4 

Baichengmoshidou 2  Jilin China H1 
Jinshanchamoshidou 4  Jilin China H4 

Yanqihuangdou 4  Xinjiang China H2 
changjihuangdou 1 2  Xinjiang China H1 

Yangtianxiaohuangdou 4  Hebei China H5 
Nanguanxiaopiqing 2  Hebei China H1 

Datunxiaoheidou 1  Hebei China H1 
Bendidahuangdou 1  Hebei China H1 

Heidou 2  Hebei China H1 
Xiaoyuanhuangdou 2  Shanxi China H1 

Xiaohuangdou 2  Shanxi China H1 
Huandou<2> 1  Shanxi China H1 

Xiaohuangdou 4  Shanxi China H2 



	 63	

Cultivar name Salt tolerance Province or state Country Haplotype 
Yuxuan13 2  Shanxi China H1 
Bailudou 5  Shanxi China H2 

Liushiribaidou 2  Shanxi China H1 
Xiaobaidou<2> 2  Shanxi China H1 

Xiaoqingdou 2  Shanxi China H1 
Xiaoheidou 2  Shanxi China H1 

Zaoshuhuangdou 4  Shannxi China H5 
Xiaoheidou 2  Shannxi China H1 
Laoheidou 2  Shannxi China H1 

Huichaxiaohuangdou 5  Shannxi China H5 
Dahuangdou 4  Shannxi China H5 

Laoshupi 1  Shannxi China H1 
Youhuangdou 4  Gansu China H4 

Guanyunhaibaihua 4  Jiangsu China H5 
Dantuxiaowujia 2  Jiangsu China H1 

Huasedou 5  Hubei China H5 
Chihuangdou 4  Hubei China H5 

Shuguanghuangdou 2  Hubei China H1 
Shanzibaihuangdou 2  Hubei China H1 

Huameidou 4  Hubei China H4 
Xiaobaimao 4  Sichuan China H4 
Dahuadou 2  Sichuan China H1 

Shiyuehuang 4  Sichuan China H5 
Zengjialvhuangdou 4  Sichuan China H5 

Mayibao 4  Sichuan China H3 
Bazhongtiankandou 4  Sichuan China H5 
Pixianxiaohuangdou 4  Sichuan China H4 

Zizhongliuyuezao 3  Sichuan China H5 
Jianweiquanshuidou 4  Sichuan China H4 

Changshoushiyuehuang 1  Sichuan China H1 
Jiangehualinjiwodou 4  Sichuan China H5 
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Cultivar name Salt tolerance Province or state Country Haplotype 
Qionglaihuangmaozi 5  Sichuan China H5 

Qionglaiyoujinangheidou 5  Sichuan China H5 
Huanyuanbalixiaoheidou 4  Sichuan China H5 

Donghuangdou-1 3  Sichuan China H4 
Qiyuehuang 4  Sichuan China H5 
Liuyuebao-2 3  Sichuan China H5 

Zaohuangdou-4 1  Sichuan China H1 
Duchangwudou 4  Jiangxi China H4 

Fengchengzaowudou 4  Jiangxi China H5 
Yizhangliuyuehuang 5  Hunan China H5 

Changshanidou 3  Hunan China H4 
Aishengnidou 4  Hunan China H4 
Xihuangdou 4  Guizhou China H5 
Erjizaodou-2 4  Guizhou China H5 

Dahuangdou-1 4  Guizhou China H4 
Zaojiaodou 4  Guizhou China H4 

Zadou-6 4  Guizhou China H5 
Dabaimaodou 4  Guangdong China H5 

Longchuanhuangniumao 3  Guangdong China H5 
Liangjiangpohuangdou 4  Guangdong China H1 

Yangshanqingdou 3  Guangdong China H5 
Qingyuandaqingdou 3  Guangdong China H4 

Yingdehedou 4  Guangdong China H5 
Heikewudou 3  Guangdong China H4 

Baizhidou 2  Guangxi China H1 
Mashanrenfenghuangdou 3  Guangxi China H5 

Xuanza 2  Yunnan China H1 
Huangdou 4  Yunnan China H2 

Yangyandou 4  Yunnan China H4 
Songzidou 3  Yunnan China H4 
Huangdali 2  Jilin China H1 
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Cultivar name Salt tolerance Province or state Country Haplotype 
Xiataizimoshid 4  Hebei China H4 

Maoyandou 2  Hebei China H1 
Huaheihu 2  Hebei China H1 
Qingdou 2  Hebei China H1 

Maoyandou 2  Hebei China H1 
Lvpihuangdou 1  Shanxi China H1 

Qisiwa 4  Shandong China H4 
Zaoshuheidou 1  Shandong China H1 

Baomuji 4  Shannxi China H5 
Lvhuangdou 4  Gansu China H5 

Lvrouheipidou 1  Anhui China H1 
Xiaokehuangdou 4  Hubei China H5 

Liuyuehuang 4  Sichuan China H5 
Pengshanhuangkezi-3 3  Sichuan China H4 
Zaoshumaopengqing 2  Zhejiang China H1 

Xinyudaliqing 1  Jiangxi China H1 
Dahuangdou-2 4  Guangdong China H5 

Madaiqingdou-2 3  Guangdong China H4 
Enpingqingdou 1  Guangdong China H1 

Lee68 1  America America H1 
Peking 4  America America H1 

OAC 211 5  America America H3 
Hartwig 2  America America H1 
Chestnut 4  America America H3 

Manchu(Hudson) 1  America America H1 
Miles 2  America America H1 
Morse 1  America America H1 

Virginia 4  America America H3 
Forrest 2  America America H1 
Clark 4  America America H2 

Williams 82 4  America America H2 
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Cultivar name Salt tolerance Province or state Country Haplotype 
Pixianhongmaoyou  Jiangsu China H1+H5 

Wujiangwuyueniumaohuang  Jiangsu China H1+H5 
Maodou  Shandong China H1+H5 
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Table S3. Primer properties in a 8-SNP iPlex assay in Sequenome SNP genotyping system. 

 
SNP ID 2nd-PCRP 1st-PCRP UEPMASS UEPSEQ SNP 

-20 ACGTTGGATGAACGTCATGGCCAAAGACTC ACGTTGGATGGCTAGTTTTCATCACCTTCC 5762.8 ttCCAAAGACTCAGTGCTT G>T 
63 ACGTTGGATGAACGCGAGCACCATCACAAC ACGTTGGATGATCAACAAAGGAAGAGCGTG 4602 GCAGGGCGATAATCC C>T 

774 ACGTTGGATGAGGATCATCATGGCTGCAAC ACGTTGGATGCTTGAAAGAACTAATCGAGT 5397.5 CTGCAACAAACGCCATCC A>T 
1060 ACGTTGGATGCGGCAAACGTTCCCAAAATC ACGTTGGATGTTACGAAGCGTGGTGGATTG 4456.9 AAATCTTCCCCACGC A>T 
1349 ACGTTGGATGAAAACCGTCGCGGCTAACAG ACGTTGGATGTAGTGAGGGTATGTTGCCAG 5836.8 CGGCTAACAGATTTGCAAG A>G 
1548 ACGTTGGATGCAACGCAGTCGAAAGAATGG ACGTTGGATGATAAGCCTGGAATGCTGTGG 5074.3 CCCTTCATCAACCGAAT G>C 
2124 ACGTTGGATGCCTCTGTTATGTTGGTTGCG ACGTTGGATGGGATGAGGAAGCAGTAAACG 6297.1 tTTCTTTTCAATGTACTCCAC T>A 

3’UTR ACGTTGGATGGGTAACGGCATTACCAGTTC ACGTTGGATGGCCCTTGATGTCTTAACGAG 6420.2 CGTTATACAGGACCGATATTT T>G 
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Table S4. Phenotype and genotype of 57 wild soybean accessions used in this study. Five 
heterozygous accessions observed and were not analyzed further. 

Name Salt tolerance Province Ecotype Haplotype Long Lat Distance (km) 
W3 2 Henan HSu H1 114.01 34.40 0.0 
W4 2 Shannxi HSu H1 110.26 35.28 0.0 
W5 1 Shannxi HSu H1 107.08 34.21 0.0 
W6 1 Shannxi HSu H1 109.57 33.55 95.1 
W7 5 Jiangsu SSp H6 120.17 31.40 116.8 
W8 2 Sichuan SSp H1 106.50 32.21 237.2 
W9 3 Sichuan SSp H3 108.08 32.05 257.5 

W10 1 Anhui HSu H1 117.53 33.10 0.0 
W11 3 Hubei SSp H4 109.28 30.17 455.5 
W13 1 Henan HSu H1 113.57 35.03 0.0 
W15 5 Jiangxi SSp H3 115.21 26.20 339.8 
W16 1 Guizhou SSp H1 108.08 27.03 807.0 
W17 5 Heilongjiang NEs H4 130.23 48.53 1146.2 
W20 5 Jilin NEs H4 125.43 44.32 580.3 
W21 5 Jilin NEs H6 125.50 44.09 574.9 
W22 3 Jilin NEs H4 125.44 42.17 480.2 
W24 2 Liaoning NEs H7 122.33 42.24 257.0 
W25 2 Liaoning NEs H7 121.44 42.03 187.2 
W26 5 Liaoning NEs H4 124.02 40.27 314.2 
W28 2 Guangxi SSu H6 109.40 23.57 209.7 
W29 3 Hebei NSp H4 117.56 40.58 0.0 
W30 2 Shanxi NSp H1 111.55 37.02 0.0 
W31 2 Shandong HSu H1 119.25 35.59 70.6 
W32 1 Henan HSu H1 114.23 34.03 0.0 
W33 1 Shannxi HSu H1 109.09 32.26 236.8 
W35 4 Fujian SAu H6 118.19 27.03 143.9 
W36 2 Hubei SSp H4 110.02 29.53 533.8 
W40 4 Hunan SSu H4 109.26 29.28 557.2 
W41 5 Guizhou SSu H3 108.23 28.00 752.3 
W42 4 Jiangxi SSu H8 116.49 28.12 355.8 
W43 4 Introduction  H8   N.D. 
W44 5 Fujian SSu H8 118.45 26.35 113.3 
W45 4 Yunan SSp H4 100.51 27.18 726.5 
W46 4 Guangxi SSu H9 111.04 25.56 378.1 
W47 4 Zhejiang SSu H9 119.55 28.27 111.8 
W48 5 Inner Mongolia NSp H1 110.52 39.40 137.7 
W51 1 Hebei NSp H1 119.09 39.42 0.0 
W52 1 Hebei HSu H1 119.36 39.56 0.0 
W53 1 Ningxia NSp H1 105.40 37.29 57.8 
W54 1 Ningxia NSp H1 106.42 38.48 0.0 
W55 1 Shanxi NSp H1 111.08 39.23 79.6 
W56 1 Shanxi NSp H1 112.51 36.50 0.0 
W57 1 Shanxi NSp H1 112.25 35.29 0.0 
W61 1 Shanxi NSp H1 112.33 37.47 0.0 
W62 3 Sichuan SSp H8 107.30 31.13 350.9 
W63 4 Sichuan SSp H3 108.46 28.50 797.1 
W65 4 Liaoning NEs H4 124.02 42.33 384.3 
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Name Salt tolerance Province Ecotype Haplotype Long Lat Distance (km) 
W66 4 Zhejiang SSu H8 119.43 30.14 103.9 
W68 4 Jiangxi SSu H5 115.47 29.28 390.0 
W71 5 Hunan SSu H3 109.36 27.59 645.5 
W72 3 Hunan SAu H8 112.48 27.15 462.0 
W73 2 Hunan SAu H8 112.36 26.54 406.3 
*W1  Henan HSu H1+H8    

*W2  Henan HSu H7+H8    

*W12  Hebei NSp H7+H?    

*W38  Guangxi SAu H1+H8    

*W50  Beijing NSp H1+H9    
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Table S5. Primer properties in two iPlex assay in Sequenome SNP genotyping system for comparing genetic diversity between salt tolerance and sensitive 

haplotypes. 

 
SNP 
ID 2nd-PCRP 1st-PCRP UEPMAS

S UEPSEQ Gene 

1 ACGTTGGATGTTCCCCTCTACTTCCTTCA
C 

ACGTTGGATGTCAGAAAAGAGGTTGTGG
GC 6278.1 CCAAAATATCCATCTCCAATC Glyma03g3268

0 

2 ACGTTGGATGACTCGACACCTTAATCAC
GC 

ACGTTGGATGTAGAGTGAGGGAAGGTAC
AG 5386.5 ATCACGCGTTTGCCCCCT Glyma03g3270

0 

5 ACGTTGGATGATTGCTGGCATGTACTGCT
G 

ACGTTGGATGCAGATGATGTCCATGGGAT
G 7137.7 ggggTGGATTCCAGGAAACATCA Glyma03g3274

0 

6 ACGTTGGATGAGTATTCCACCAGCAACA
CC 

ACGTTGGATGAGGATGTCCTTGGTTTTCA
C 6207.0 ggggtACCGAGCAATGGTCA Glyma03g3276

0 

7 ACGTTGGATGTGATTCGGACTAACCATC
CC 

ACGTTGGATGAGGTCGTGATGAGGATCTT
G 5787.8 tttgAGCCGCAACGATCAT Glyma03g3276

0 

10 ACGTTGGATGCTCGTTTCTTTGGATTACC
C 

ACGTTGGATGACGACACGAACATAAACC
AC 5130.4 CCTAGTCAACGACCTTG Glyma03g3282

0 

11 ACGTTGGATGTTTACCATTGCCAACTGCC
C 

ACGTTGGATGTTAGTGACTGTGTCGTGTG
G 4503.9 GCCCTTCACCGGTTA Glyma03g3282

0 

12 ACGTTGGATGTAATGTGACTGCAGAGAG
CC 

ACGTTGGATGCGATAATAAACGTATGCGC
C 7602.0 TGTCCCAAATACAATTTAAGACC

AA 
Glyma03g3283
0 

13 ACGTTGGATGCGAAAACGAAAAGGAAA
GGG 

ACGTTGGATGAAACTCTCCCTTCGCCTCT
C 7646.0 taatGGGATCTTCAATTAGTACCTT Glyma03g3284

0 

14 ACGTTGGATGAGTTACATGAACGGGCAC
TC 

ACGTTGGATGCTGTGGGATCGAACAAAA
CC 4839.1 CGTTTCCGTTCAGTGC Glyma03g3284

0 

20 ACGTTGGATGGAGTGGTGTGGTTACCTTT
G 

ACGTTGGATGCTAGGAAGCACGACAACA
AC 5019.2 GCGGTGGCAGTGGGCG Glyma03g3287

0 

22 ACGTTGGATGGGGTAATTAATGAGTCTC
TC 

ACGTTGGATGCGTATTATAATTTCAAATG
TCC 6370.2 TTAATGAGTCTCTCAAACTTT Glyma03g3289

0 

23 ACGTTGGATGGAACAACCATGCATATGG
CG 

ACGTTGGATGATAGTCCAAAGGGTTGTCG
C 5507.6 GGCGTTGAACATAACATC Glyma03g3289

0 

26 ACGTTGGATGACAGCTTCAGAAGGGACT
TG 

ACGTTGGATGAGTCTTGGCATGTATCCAC
G 4649.0 GCGGTGCTGCGAGAT Glyma03g3289

0 

27 ACGTTGGATGCCAATCCAGCCACCATAT
TC 

ACGTTGGATGAGTAATAGGGAGTAGTGG
AG 6744.4 gatgCGACGGAAATCGACCCTT Glyma03g3289

0 
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SNP 
ID 2nd-PCRP 1st-PCRP UEPMAS

S UEPSEQ Gene 

29 ACGTTGGATGGCACTCCCATAGATATCA
TC 

ACGTTGGATGAGAACCAGCTAAAGGGTC
AG 6935.5 cccgTTGGCATTATCCCATCCAG Glyma03g3291

0 

30 ACGTTGGATGAAGAGAAGCTCTTCCCAA
CC 

ACGTTGGATGGTCAAGTGGAAATTGAGC
AG 7921.2 CAACTAGAAATTATCATATAATCT

CG 
Glyma03g3293
0 

32 ACGTTGGATGTGAAAATAGAGGGCCACC
AG 

ACGTTGGATGAACAAACGGATACTCCCGT
G 7430.8 gggagAGCAGTTTCTGGTTCTCGT Glyma03g3280

0 

G2 ACGTTGGATGAAGGTTGAGATTGAGGGT
GG 

ACGTTGGATGAGGAATAAGAAGAGAAGA
G 5370.5 GAGGGTGGTGATATGAG Glyma19g3789

0 

G4 ACGTTGGATGTGTGTTGAAGTGGTCCCTT
G 

ACGTTGGATGCCATAGGTTTGTGTTTGTC
C 5234.4 GTGGAGTAACACACTGT Glyma19g3789

0 

G5 ACGTTGGATGTAGCTAGCGTCTTCTTGCA
G 

ACGTTGGATGAATTCGCAGCAGAGAACG
AC 4784.1 CTTGCAGCCGTTTCCC Glyma19g3789

0 

G7 ACGTTGGATGACAACGGTGTCCAACTCT
TG 

ACGTTGGATGATCAAGCACCACAGAATG
GG 6516.2 tggTGGAGTTTGGCCAAAATT Glyma06g2192

0 

G8 ACGTTGGATGATCAACCCCTCTTTCTGTG
C 

ACGTTGGATGGCCCAAATGTTCACCAAGA
G 5355.5 ccTTGGCTACCACATCCC Glyma06g2192

0 

G11 ACGTTGGATGCCTGGAATATCTTCCTCGT
G 

ACGTTGGATGGGTGGAAATGTCCTCTGAA
G 6445.2 caATCAGAGGCATGTCTTATG Glyma10g3660

0 

G13 ACGTTGGATGGAAGAACATCCTGCAAAC
TC 

ACGTTGGATGGGACTTTGTGAAACAATGC
C 6319.1 ccgGCAAACTCAAACACTCTT Glyma19g4121

0 

G19 ACGTTGGATGTGAAGACTAAGCTTCCTG
AG 

ACGTTGGATGAGCTTCCTTGGAAGGGTTT
G 7095.6 agcgTCCTGAGGCCTTGAAGTTG Glyma18g0268

0 

G21 ACGTTGGATGAACAACTTCTCCTCCGTGT
C 

ACGTTGGATGTTAGAGGAGGAAGTGAGG
TC 7450.8 actgCTCCTCCGTGTCCCCCACCGC Glyma08g1135

0 

G22 ACGTTGGATGGTCCTGGCTCAATAAGAA
CC 

ACGTTGGATGGAGCTGCAAGTCAGACAA
AG 7626.0 ggaatAACCAGTTCACCGGTTCCAT Glyma08g1135

0 

G23 ACGTTGGATGTAGTTCCAACCATCACAC
GG 

ACGTTGGATGTTTTGCTGCAGATTGCCGA
G 4496.9 CTCTGCCAACCGAAT Glyma08g1135

0 

G26 ACGTTGGATGCAACTCCATCAACCAAAC
CC 

ACGTTGGATGAGGTTTTGGGAGAGGTTGA
G 6890.5 gaTCTCTCTCTAAATCTCTCTTT Glyma02g1360

0 

G27 ACGTTGGATGTTCACTAGCGAGTTGCTGT
C 

ACGTTGGATGTTTCCCGATGAGCTTGTTC
C 5731.8 aCCCAACCTTTATGGCTAA Glyma02g1360

0 

G32 ACGTTGGATGAGTGGTGGTTGCTGTTGA
TG 

ACGTTGGATGCATGCACTGTCCTTTTCAG
C 6104.0 ACATGTTGTCCATTGTTGTT Glyma02g1338

0 

G36 ACGTTGGATGGGAATGCATGTTTAGCCA
AC 

ACGTTGGATGCGTGACAAGAAAGTTGCTT
C 5154.4 CTTGCAACAGCTCTAAG Glyma13g2600

0 
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SNP 
ID 2nd-PCRP 1st-PCRP UEPMAS

S UEPSEQ Gene 

G43 ACGTTGGATGGAAGTCCTTATGCTTGTCT
G 

ACGTTGGATGAGAGCACAACAAGAACAA
GG 7983.2 CTGCAATTAAGTTATGATAATTTG

AC 
Glyma02g1338
0 

G64 ACGTTGGATGCGGTATATCGCAACCTTCT
C 

ACGTTGGATGGAAAATACCTGAAAATAT
CCC 6685.4 CTCCACTGGATCCTGATTTAAG Glyma14g3850

0 
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Brief conclusion   

This preceding publication clearly demonstrates that GmSALT3 is associated with 

soybean shoot Na+ exclusion and improved salt tolerance of soybean during the vegetative 

growth phase. However, this work also raised a series of questions that remained unanswered. 

These included: 

 

• whether GmSALT3 is also related to Cl– exclusion, which was thought to be the 

toxic ion in soybean plants (Chapter 1)? 

• whether GmSALT3 also confers improved salinity tolerance at the germination 

phase (Chapter 1)?  

• why so many salt sensitive alleles exist for GmSALT3? Does the presence of the 

salt-tolerant allele of this gene impose a yield penalty in non-saline conditions? 

 

Therefore, we decided to develop three sets of near isogenic lines (NILs) from a cross between 

two varieties 85–140 (salt-sensitive, S) and Tiefeng 8 (salt-tolerant, T) by using marker-assisted 

selection. These NILs were then used to attempt to answer the questions listed above in the 

following chapter. 
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Chapter 3 GmSALT3, which confers improved soybean salt tolerance in the field, 

increases leaf Cl– exclusion prior to Na+ exclusion but does not improve early vigor under 

salinity 

 

Brief introduction 

Agronomic traits are commonly measured to evaluate crops’ salt tolerance, such as 

height, leaf area, biomass, number of internodes, branches, and pods, weight per plant, and 

weight of 100 seeds. Following group discussions during the writing of our initial publication 

our collaborators developed NILs of GmSALT3 and sent us the seeds through Quarantine. In 

our study, yield related traits, including plant height, pod number per plant, seed number per 

plant, seed weight per plant, and 100-seed weight per plant were measured in saline and non-

saline soil conditions in China. Ion concentration analysis (under 200 mM NaCl treatment for 

10 days) and time-course of ion concentration (during 10 days of 200 mM NaCl stress) in 

different tissues were done in both China and Adelaide, measured ions include Na+, K+, and 

Cl−. Relative emergence rate and early vigor was analysed to see if GmSALT3 also affected the 

salt tolerance of soybean at the emergence stage. We wrote the manuscript together and 

published our work in Frontiers in Plant Science (Liu et al., 2016).  
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Supplementary FIGURE 1. Distribution of 147 SSR markers which are polymorphic between 

Tiefeng 8 and 85-140 on 19 chromosomes of soybean. The empty bars, red bars and blue bars 

indicated polymorphic regions within 782-T and 782-S, 820-T and 820-S, and, 860-T and 860-

S. 
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Supplementary FIGURE 2. Phenotype of three sets of NILs under control and 100, 200 

mmol L-1 NaCl stress (EC = 10.6 dS m-1, 17.8 dS m-1) 15 days after sowing.  
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Supplementary FIGURE 3. Plant and seed phenotypes of three sets of NILs grown in saline 

soil (Tanghai, 2014). Image is showing plants at harvest maturity. Seeds from representative 

plant of each NIL are shown in red box between each pair of NIL (left for NIL-T, right for NIL-

S). Scale bar for seeds, 1 cm. 
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Supplementary FIGURE 4. Above ground dry mass of NIL lines grown on saline field at 

Tanghai, Hebei during 2015. Data are means of three replicates consisting of 15 bulked plants 

per replicate ± SD (n=3). Different letters indicate statistically significant differences between 

NIL lines (one-way ANOVA followed by Tukey's HSD post hoc test, P < 0.05). 
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Supplementary FIGURE 5. Ion concentration in three sets of NILs of control treatment. a 

Concentration of Na+ in leaf, stem, hypocotyl and root of three sets of NILs. b Concentration 

of K+ in leaf, stem, hypocotyl and root of three sets of NILs. c The K+ / Na+ ratio in leaf, stem, 

hypocotyl and root of three sets of NILs. Data are means of three replicates consisting of the 

mean of 5 plants grown in the same pot ± SD (n=3). Different letters indicate statistically 

significant differences between NIL lines (one-way ANOVA followed by Tukey's HSD post 

hoc test, P < 0.05). 
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Brief conclusion  

We set ourselves three questions on page 73. The key results of Liu et al. (2016) can be 

summarised as: 

• GmSALT3 does not contribute to an improvement in seedling emergence rate 

or early vigour under salt stress. So only confers improved salt tolerance during 

the vegetative growth phase through the reproductive phase to yield.  

• NIL-T lines accumulated significantly less leaf Na+ and Cl− compared with 

their corresponding NIL-S using 12-day-old seedlings. In addition, NIL-T lines 

accumulated less Cl− in the leaf and more in the root prior to any difference in 

Na+.  

• In the field, GmSALT3 was found to have no penalty on soybean yield under 

non-saline condition and contributes to improving soybean yields through 

increasing seed weight in different genetic backgrounds under salinity stress. 

This still leaves the question open as to why there are some many non-

functional haplotypes of Gmsalt3 derived from landraces with their origin in 

non-saline conditions.  

 

Again, several questions remain from this work. For instance, how Na+ and Cl− homeostasis is 

regulated in NIL-T lines still was not identified, in particular, how expression the GmSALT3 

allele confers both Na+ and Cl– exclusion in soybean. As it is a predicted transporter, the 

transport function of GmSALT3 became a priority and is a focus of the next chapter.  
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Brief introduction 

GmSALT3 was shown to improve soybean salinity tolerance at the seedling stage and confers 

yield advantage under saline conditions (Chapter 2). To investigate how GmSALT3 contributes 

to improved salinity tolerance and exclusion of Na+ and Cl− from soybean shoots, NILs of 

GmSALT3 were used to investigate tissue and vascular sap ion concentration. In addition, the 

transport activity of GmSALT3 was studied in heterologous systems to see if it could offer 

potential insights into the improved shoot exclusion of both Na+ and Cl− from soybean shoots.  
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Abstract 

 Soybean (Glycine max) is one of the major staple crops, providing a key source of 

protein consumed globally. Soybean plants are moderately-sensitive to salinity; however, 

soybean yields are severely reduced under saline conditions. GmSALT3 was previously found 

to be the dominant gene in a salinity tolerance QTL in soybean and we recently observed that 

expression of full-length GmSALT3 in roots leads to both Na+ and Cl– exclusion in shoots. 

However, how GmSALT3 confers this, and how it functions is poorly understood. Here, we 

further investigate the function of GmSALT3 in both heterologous systems and in near isogenic 

lines (either containing the full-length gene, which are salt-tolerant (NIL-T) or contain a 

truncated transcript and are salt-sensitive (NIL-S)). In addition to confirming that Cl– exclusion 

occurs prior to Na+ exclusion using a time course analysis we also find that stem secretion of 

Na+ contributes to its exclusion from leaves. We also find that Cl–concentration is significantly 

higher in both the stem xylem and phloem sap of NIL-T. This likely means that whilst more 

Cl– is transported from root-to-shoot more Cl– is recirculated back to roots, and this contributes 

to a greater accumulation of Cl– in NIL-T roots. Na+ is significantly greater in concentration in 

NIL-S xylem sap but no differences were detected in phloem sap and roots between NILs, 

which indicates Na+ is most likely regulated by exclusion at the root xylem, so in a different 

way in NIL-T compared to Cl–. Plants with full-length GmSALT3 maintain a significantly 

higher photosynthetic rate than NIL-S plants before and after salt treatment. In heterologous 

expression systems, GmSALT3 could restore bacterial growth of E. coli strain LB2003 (trkAΔ, 

kup1Δ, kdpABCDEΔ) that is defective in K+ uptake systems; when expressed in Xenopus laevis 

oocytes, GmSALT3 contributes to higher accumulation of Na+, K+, and Cl– and higher net 

influx of Na+, K+, and Cl– (measured by MIFE, Microelectrode Ion Flux Estimation) compared 

to water-injected oocytes. Overall, our findings provide new insights into the transport activity 

of GmSALT3 and how GmSALT3 contributes to salinity tolerance in soybean.  
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Introduction 

 Food security is being challenged by a booming global population and environmental 

damage, such as climate change, freshwater shortage, and arable land loss (Alexandratos and 

Bruinsma, 2012; Gilliham et al., 2017; Godfray et al., 2010; Taiz, 2013; Tester and Langridge, 

2010). Suitable land and water resources are essential for the required sustainable agricultural 

growth to meet the demands of the growing population, but the incidence and severity of stress 

events are on the increase (Munns and Gilliham, 2015). Soil degradation and salinisation of 

irrigated land areas are big challenges for protecting global food security targets, as they can 

reduce crop yield and lead to arable land loss (Godfray et al., 2010). One pathway to maintain 

or improve crop productivity in saline soils is to increase the salinity tolerance of conventional 

crops (Roy et al., 2014; Yamaguchi and Blumwald, 2005).  

 Among conventional crops, soybean production is expected to increase by nearly 80 

percent to 390 Mt in 2050 (Alexandratos and Bruinsma, 2012). In addition to large market 

demand for providing edible oil and food, soybean (Glycine max) is also a vital crop in 

mixed/intercropping and sequential cropping agricultural systems (Singh, 2010). Soybean has 

many beneficial features in improving soil properties, such as the shed leaf residue being 

incorporated as green manure, a developed underground system with deep and proliferated tap-

root improving aeration and water penetration, and most importantly, increasing soil fertility 

through efficient Biological Nitrogen Fixation (BNF) in association with Bradyrhizobium in 

root nodules (Singh, 2010). Salinity stress threatens soybean production; saline conditions of 

18–20 dS/m (about 180 – 200 mM NaCl) reduces yield by 61.1%, from 2 261.4 ± 438.3 kg/hm2 

under control conditions to 880.8 ± 259.9 kg/hm2 (Chang et al., 1994). The efficiency of BNF 

is also reduced by salinity stress, with a decreased number and biomass of root nodules 

(Delgado et al., 1994; Elsheikh, 1998; Singleton and Bohlool, 1984). Nevertheless, not all 

soybean cultivars are equally as sensitive to salinity stress, with some soybean germplasm 

found to be relatively salt-tolerant. In a large-scale evaluation of soybean salinity tolerance, 

only 2.8% of the 10,128 evaluated soybean germplasm exhibited salt tolerance at both the 
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germination stage and seedling stage, and 83 soybean cultivars were found to be highly tolerant 

to salinity at the vegetative stage only (Shao et al., 1993). Agronomic traits were measured to 

determine soybean salinity tolerance, including height, leaf area, biomass, number of internodes, 

branches, and pods, weight per plant, and weight of 100 seeds (Abel and MacKenzie, 1964; 

Chang et al., 1994). Salt-tolerant soybean germplasm has been observed to generally exhibit 

better agronomic performance than salt-sensitive cultivars (Phang et al., 2008).  

In soybean, a major quantitative trait loci (QTL) for salinity tolerance was consistently 

mapped to chromosome 3 (Abel, 1969; Ha et al., 2013; Hamwieh et al., 2011; Hamwieh and 

Xu, 2008; Lee et al., 2004). Since 2014, several papers have been published focusing on the 

same dominant gene identified in this soybean salt tolerance QTL in wild (GmCHX1) and 

cultivated soybeans (GmNcl/GmSALT3) (Do et al., 2016; Guan et al., 2014; Qi et al., 2014). 

All the three identified genes share the same sequence with Glyma03g32900 in William 82, and 

based on genetic markers information, this gene is the best candidate for being the dominant 

gene in the major salinity tolerance QTL, and also in the Ncl locus reported by Abel (1969). In 

this, and our previous studies, we call this dominant gene GmSALT3.  

According to phylogenetic analysis, GmSALT3 is closely related to the characterized 

Arabidopsis thaliana AtCHX20 (Cation/Proton Exchanger), which belongs to the CPA2 

(Cation/Proton Antiporter 2) family of transporters (Guan et al., 2014; Padmanaban et al., 2007). 

AtCHXs have a proposed common role in modulating cation and pH homeostasis of diverse 

endomembrane systems (Chanroj et al., 2011; Czerny et al., 2016; Padmanaban et al., 2007). 

AtCHX20 was characterised as a putative endomembrane K+ transporter in osmoregulation of 

guard cells (Padmanaban et al., 2007). 

Compared with salt-tolerant soybean cultivar Tiefeng 8, Gmsalt3 genomic DNA 

contains a 3.78-kb copia retrotransposon insertion in exon 3 that truncates the transcript 

GmSALT3 in the salt sensitive cultivar 85-140. Expression of GmSALT3 in roots has shown to 

be associated with limiting the Na+ accumulation in shoots (Qi et al. 2014; Guan et al. 2014). 

It is localized to the endoplasmic reticulum (ER) and is preferentially expressed in Tiefeng 8 
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within root cells associated with phloem and xylem. Most importantly, studies have shown that 

GmSALT3 significantly increases crop yield in saline conditions (Do et al., 2016; Liu et al., 

2016). Here, the in vivo function of GmSALT3 was further characterised in soybean GmSALT3 

near isogenic lines (NIL), and its in vitro function in heterologous systems. Results showed that 

the possible mechanisms of salinity tolerance in NIL-T (NIL carrying GmSALT3; Tolerant) are 

through affecting phloem retranslocation of Cl– and net xylem loading of Na+. In heterologous 

systems, GmSALT3 complements a K+ uptake deficient E. coli strain and restores NaCl 

tolerance in a salt sensitive E. coli strain; in Xenopus laevis oocytes, GmSALT3 expression 

results in net influx of Na+, K+ and Cl–. Plant CHX proteins were shown to be modulating K+ 

transport. Results with GmSALT3 indicate complex physiological role influencing not only K+ 

flux but also Na+ and Cl– fluxes.  

 

Results 

GmSALT3 modulates Na+, K+, and Cl– homeostasis in NIL-T 

 We previously observed that improved shoot Na+ and Cl– exclusion is conferred by the 

presence of full length GmSALT3, and that shoot Cl– exclusion in salt-tolerant near isogenic 

lines (NIL-T) occurs prior to shoot Na+ exclusion (Liu et al. 2016). Here we confirm this result 

(Fig. 1a;1c), and also observe that K+ content is increased in NIL-GmSALT3 salt-sensitive (NIL-

S) compared to salt-tolerant (NIL-T) soybean plants (Fig. 1b). The accumulation of K+ shows 

a similar trend to Na+ with significantly higher K+ content detected in NIL-S leaves compared 

to NIL-T after 3 days’ 100 mmol L-1 NaCl treatment, but only increasing from 35 mg/g (day 0) 

to 51 mg/g (day 10), compared to 0.24 mg/g and 45 mg/g for Na+ in the same period (Fig. 1a; 

1b). The ratio of K+/Na+ is significantly higher in NIL-T leaves compared to NIL-S from day 3 

(Fig. 1d).  

 To further investigate how GmSALT3 contributes to shoot Na+ and Cl– exclusion in 

NIL-T, we picked the 4-day time point following 100 mM NaCl treatment to examine the ion 

concentrations in a range of tissue types, and in the vascular sap, as this coincided with 
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statistical differences in several of the parameters in the time-courses shown in Figure 1 and 

Supplementary Figures 1-3. At the day 4 time point in Fig. 2, Na+ accumulated more in leaves 

(both first trifoliate, FL, and youngest trifoliate leaf, YL) in NIL-S compared to NIL-T, which 

was consistent with the result in Fig. 1a; Na+ content was also significantly more in petioles of 

the first trifoliate leaf (FLP) and youngest trifoliate leaf (YLP), higher stem (HS), lower stem 

(LS), and Hypocotyl (Hy) in NIL-S compared to NIL-T, but no significant differences were 

observed between NILs for Na+ in roots (primary, PR and secondary, SR). The accumulation 

of K+ was only significantly more in NIL-S leaves (Fig. 2b). As for Cl–, similar trends could be 

observed to Na+ accumulation in aerial parts and hypocotyl; in roots (PR and SR), NIL-T 

accumulated significantly more Cl– ions than NIL-S (Fig. 2c). Under control conditions (4 day 

with RO water), Na+ content was significantly more in SR of NIL-T, and no differences in other 

tissues; Cl– content was significantly more in leaves and stem of NIL-S, and no differences in 

Hy and roots; no significantly differences observed for K+ (Supplementary Fig. 4). 

 Salt concentration within soybean stem phloem and xylem exudates were also examined 

at the same 4-day time point following the NaCl treatment and it was found that Na+ and K+ 

flux were not significantly different in phloem sap between NIL-T and -S plants, but Cl– flux 

was significantly higher in NIL-T phloem sap (Fig. 3a). Glutamine contents within the phloem 

sap was used to normalize these measures, in case differences in sap volumes led to artefactual 

results, as its concentration within the phloem remains constant throughout the day (Corbesier 

et al., 2001). The ratios of Na+ or K+ to glutamine concentration ratios gave the same results 

(Fig 3a; 3b), with a significant difference observed for Cl–, but no significant differences for 

Na+ and K+ (Fig 3b). In xylem sap, the Na+ flux within NIL-S was significantly greater 

compared to NIL-T, but the Cl– flux was lower (Fig. 3c). This means for Na+ that there would 

be less Na+ moving up within NIL-T xylem sap, which is consistent with the lower Na+ 

accumulation in the shoot. However, for Cl–, our results suggest that more Cl– is present within 

the NIL-T xylem but it is not accumulating within the NIL-T leaves, so GmSALT3 somehow 

facilitates greater phloem recirculation of Cl– from shoots-to-roots, where it accumulates in 
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NIL-T. Under control conditions (4 days with RO water), no significantly differences observed 

between NIL-T and NIL-S in ion accumulation in stem phloem and xylem saps (Supplementary 

Fig. 4). As NIL-T plants have a phloem-associated phenotype (Fig. 3), and the ER is particularly 

enriched within phloem cells (Turgeon and Wolf, 2009), the ultrastructure of phloem cells from 

three-week old NIL-T and NIL-S roots and stems were examined following 100 mM NaCl 

treatment for four days. However, TEM results could not detect any obvious significant 

morphological differences between NIL-T and NIL-S in root phloem cells (Supplementary Fig. 

5), this could be because of our tissue fixation method was not optimized enough to detect 

differences. 

 Differences in photosynthetic rates can translate into differences in plant growth rate; 

sustaining photosynthetic capacity is essential for maintaining crop yield under saline 

conditions. Photosynthetic rates and stomata conductance of H2O were measured to examine 

how GmSALT3 contributes to differences in soybean NIL growth during salt treatment. 

Trifoliate leaves were measured from NIL-T and -S. Photosynthetic rate and stomatal 

conductance of H2O of both NILs was significantly reduced after one-day treatment of 100 

mmol/L NaCl (Fig. 4a; 4b). However, by day four of the salt treatment all NIL-T leaves 

examined maintained a significantly higher photosynthetic rate and stomatal conductance H2O 

than NIL-S (Fig. 4). Furthermore, salt-tolerant soybean NIL leaves showed a consistently 

higher photosynthetic rate and stomata conductance of H2O from day 0 to day 4 (Fig. 4). 

 

GmSALT3 facilitates Na+, K+, and Cl– transport in heterologous systems  

 The expression of GmSALT3, Gmsalt3 or empty vector in the yeast mutant (KTA40-2, 

Δena1-4 Δnhx1 Δnha1 Δkha1), which is a yeast strain that had been previously used to 

characterise other CHX-like proteins, led to no consistent significant differences in growth rates 

(Appendix II). However, when GmSALT3 was expressed in E.coli strain LB2003 (trkAΔ, kup1Δ, 

kdpABCDEΔ), which is defective in K+ uptake systems (Stumpe and Bakker, 1997), IPTG 

(Isopropyl β-D-1-thiogalactopyranoside)-induced expression of full length GmSALT3 
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improved bacterial growth at pH 5.5 and pH 6.5 compared to the truncated Gmsalt3 (Fig. 5a; 

5b). No differences were detected in E. coli expressing truncated Gmsalt3 and empty-vector 

controls (Fig. 5). When 50 mM NaCl was added to the same E. coli strain, GmSALT3 could 

only restore bacterial growth at pH 6.5 (Fig. 5c; 5d). With additional 10 mM KCl to YTM 

(medium containing 1% Yeast extract and 2% Tryptone) with IPTG or YTM without IPTG, 

full length GmSALT3-expressed bacterial growth showed no significant differences compared 

to cells harbouring Gmsalt3 or empty vector (Supplementary Fig. 5). 

 To further examine the transport activity of GmSALT3, GmSALT3-cRNA was injected 

and expressed in X. laevis oocytes. Plasma membrane fluorescence was detected in GmSALT3-

YFP expressing oocytes and in the positive control Nax2-YFP (Fig. 6a) (Munns et al., 2012), 

indicating in oocytes GmSALT3 targeted to the plasma membrane – which is not uncommon 

for endomembrane proteins from plants. Resting membrane potential of GmSALT3-injected 

oocytes was more positive compared to H2O-injected oocytes when incubated in ND96 (Fig. 

5b). MIFE (Microelectrode Ion Flux Estimation) results indicated that after incubation in ND96 

for 72 hours, and then recorded in BSM solution, both GmSALT3-injected oocytes and H2O-

injected oocytes showed an efflux of Na+, K+, and Cl–, but the net efflux was significantly 

reduced in GmSALT3-injected oocytes compared to H2O-injected (Fig. 6c). In agreement with 

the finding that GmSALT3 reduces net ion efflux, 72 hours incubation in ND96 resulted in 

significantly more K+, Na+, and Cl– in GmSALT3-injected oocytes compared to H2O-injected 

oocytes (Fig. 6d). ND96-incubated oocytes were transferred into BSM with or without 100 µM 

amiloride hydrochloride (an Na+ channel and Na+/H+ exchanger inhibitor from animal studies; 

Darley et al., 2000) for another overnight incubation. In BSM without amiloride, K+, Na+, and 

Cl– accumulation decreased in all oocytes but GmSALT3-injected oocytes still had higher K+, 

Na+, and Cl– concentrations than H2O-injected oocytes (Fig. 6d); in BSM with amiloride, there 

was no differences between gene- and water-injected oocytes (Fig. 6d). 
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Discussion 

Shoot salt exclusion requires the co-ordinated activity of many ion transporters that 

may: 1) limit the net entry of salt into the roots, 2) compartmentalise salt in the roots; and or 3) 

retrieve salt from the root xylem or shoots through the phloem. Examples of transporters that 

have been implicated in salt tolerance in soybean include: the tonoplast localised GmNHX1 

(Na+/H+ antiporter 1) and GmCLC1 (chloride channel 1) (Li et al., 2006a); and the plasma 

membrane localised GmSOS1 (salt overly sensitive 1, Na+/H+ antiporter) and GmCAX1 

(Ca+/H+ antiporter 1) (Luo et al., 2005a; Phang et al., 2008). All these transporters are proposed 

to be involved in net exclusion of salt entry into roots (GmSOS1), its compartmentation 

(GmNHX1, GmCLC1) or signalling (GmCAX1). Significantly, the transporters contributing to 

reduced net transfer of salt to the shoot, the mechanism by which shoot salt accumulation is 

commonly regulated in other species, are yet to be resolved in soybean (Munns and Tester, 

2008). An example of this that has been characterised in wheat, rice and Arabidopsis are the 

HKT1;5-like (high affinity K+ transport) proteins that localise to cells that surround the root 

xylem and facilitate Na+ retrieval back into the root (Møller et al., 2009; Munns et al., 2012; 

Ren et al., 2005; Uozumi et al., 2000). 

 GmSALT3 has been identified as a dominant gene that contributes to salinity (NaCl) 

tolerance in wild and domesticated soybean (Do et al., 2016; Guan et al., 2014; Qi et al., 2014), 

its presence confers greater Na+, K+, and Cl– exclusion to soybean shoot and a yield advantage 

under saline conditions (Do et al., 2016; Liu et al., 2016). However, the underlying mechanisms 

behind the relationship between GmSALT3 and salinity tolerance remain largely unknown. Salt 

tolerance includes tolerance to elevated levels of both, Cl– and Na+. In many plant species one 

of the two ions is more deleterious to the plant, however, the situation for soybean is currently 

unclear. 

Chloride (Cl–) is an essential nutrient and an important osmoticum to plants, but when 

accumulated to excessive concentrations it can be toxic, and this can occur under saline 

conditions (Li et al., 2017; Wege et al., 2017). Cl– was thought to be more toxic than Na+ in 
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cultivated soybean in contrast to most crop species (Läuchli, 1984), as soybean has a capacity 

to efficiently hold Na+ in woody roots and stems preventing it from reaching the leaves, leading 

to a low leaf Na+/K+ ratio (Luo et al., 2005b). At the same time, Cl– continues to pass into aerial 

plant parts, resulting in a high shoot Cl– accumulation in soybean, with high concentrations of 

Cl– being toxic to plant cellular metabolism (Xu et al., 2000). However, other reports suggest 

that different soybean species have little correlation between leaf chlorosis and leaf Cl– content 

(Phang et al., 2008). Salt-tolerant soybean germplasm also accumulated less Na+ in leaves than 

salt-sensitive varieties (Li et al., 2006b). In addition, several recent studies support the 

proposition that Na+ is the toxic ion in soybean (Ikeda, 2005; Lenis et al., 2011; Luo et al., 

2005b). In our study, time-course ion concentration measurement in GmSALT3-NILs under 100 

mM NaCl stress indicates that NIL-T shows a much higher ability to resist salinity stress than 

NIL-S through mediating exclusion of Na+ and Cl– from leaves, and Cl– accumulates earlier 

than Na+ in NIL-S plant tissues (Fig.1). This is consistent with previous results performed with 

200 mM NaCl treatment (Liu et al., 2016). Another notable feature is that NIL-T leaves can 

maintain a constant K+ concentration throughout the ten days’ salt treatment, but Na+ and Cl– 

does increase after salt treatment (Fig.1), this demonstrates GmSALT3 can confer improved K+ 

homeostasis in NIL-T.  

Sodium and chloride ions are transported to shoots via the xylem transpiration stream, 

plant roots tend to remain relatively steady levels of those two ions, and regulate their 

concentrations by eliminating into soils or to the shoot (Tester and Davenport, 2003). Under 

saline conditions, Na+ is accumulated to greater concentrations in the aerial parts of NIL-S but 

no difference was observed in the roots compared to NIL-T (Fig. 2a); in stem xylem sap, there 

was a lower Na+ flux in NIL-T but no significant difference in stem phloem sap (Fig. 3), which 

means more Na+ is transported in the NIL-S xylem stream. Based on GmSALT3’s phloem- and 

xylem- associated cells localisation in roots (Guan et al., 2014), it suggests that Na+ is excluded 

from NIL-T leaves possibly through restricting sodium ions entering root xylem and then 

effluxed back to the soil by other salt tolerance genes such as SOS1 (Phang et al., 2009; Roy et 
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al., 2014). Interestingly, the net ion flux from the soybean root tip was greater in Tiefeng 8 

(Salt-tolerant parent) than 85-140 (Salt-sensitive parent); and amiloride hydrochloride (Na+ 

channel and Na+/H+ exchanger inhibitor) inhibits Na+ efflux significantly more in Tiefeng 8 

compared to 85-140 roots (Supplementary Fig. 6); this indicates that GmSALT3 may affect 

Na+ efflux in salt-tolerant soybean roots. No significant difference could be detected for K+ 

content and concentration of roots (Fig. 3). As for Cl–, higher Cl– accumulation in NIL-S aerial 

parts and more Cl– in NIL-T roots (Fig. 3c) and higher Cl– content in both NIL-T xylem and 

phloem sap (Fig. 3) indicates that more Cl– is transported up in NIL-T xylem but does not stay 

in the leaves. Therefore, GmSALT3 might impact Cl– homeostasis by phloem recirculation of 

Cl– and with Cl– being retained in NIL-T roots. 

Some plant species have shown a role for phloem retranslocation of NaCl in salt 

tolerance. For example, in maize approximately 13-36% of the Na+ and Cl- imported to leaves 

through the xylem was exported by the phloem (Lohaus et al., 2000). The Arabidopsis protein 

AtHKT1 was also shown to be localised within the phloem tissues in all organs, and proposed 

to function in Na+ recirculation from shoots to roots by mediating Na+ loading into the phloem 

sap in shoots and unloading in roots (Berthomieu et al., 2003). However, this report has been 

contradicted by others where AtHKT1;1 is shown to be involved in xylem unloading of Na+ in 

roots (Kronzucker and Britto, 2011; Mäser et al., 2002; Munns and Tester, 2008; Rus et al., 

2006; Uozumi et al., 2000). In addition, a soluble metal binding protein in companion cells of 

Arabidopsis phloem, called sodium potassium root defective1 (NaKR1; previously called 

NPCC6), plays a role within the phloem in recirculating Na+ to the roots to limit sodium 

accumulation in leaves (Tian et al., 2010). Previous grafting experiments have shown that when 

salt-tolerant scion (GmSALT3) grafted on salt-sensitive rootstock (Gmsalt3), it can reduce leaf 

Na+ content by 14% compared to self-grafted salt-sensitive plants, but when salt-tolerant plant 

was used as rootstock, it reduces Na+ content by 70% (Guan et al., 2014). In contrast to the 

grafting experiments of GmSALT3 in soybeans, grafting experiments with AtNaKR1 in 

Arabidopsis showed that shoot sodium accumulation was due mainly to loss of NaKR1 function 
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in the leaves (Tian et al., 2010). Phloem transport of Na+ has also been shown to occur in 

soybean, but was not sufficient to prevent leaf Na+ accumulation (Durand and Lacan, 1994). 

Until now, no reports have shown phloem recirculation as an important salt tolerance 

mechanism for Cl– recirculation; GmSALT3 presents as a very promising candidate for 

regulating Cl– long-distance retranslocation.  

Most plant cells are interconnected by plasmodesmata to facilitate intercellular 

symplastic transport of solutes (Taiz and Zeiger, 2010). In phloem regions, plasmodesmata 

connect the functional cells (Supplementary Fig. 5) (Turgeon and Wolf, 2009), and 

Endoplasmic Reticulum (ER) plays a critical role in the phloem transport system (Taiz and 

Zeiger, 2010). No ion transporter has been characterised in plant root phloem ER, but an 

Arabidopsis Amino acid Permease (AAP) has been localised to root phloem-specific internal 

membranes along the trafficking pathway, including the plasma membrane, the nuclear 

membrane, ER, Golgi bodies, and endosomal vesicles, functions as an amino acid proton co-

transporter (Okumoto et al., 2004). ER-localised GmSALT3 could facilitate vesicle trafficking 

in phloem sieve element (SE) and contribute to salinity tolerance in soybean roots. 

Unfortunately, immunolabelling using GmSALT3 specific antibody was not successful in NIL-

T root sections, but new monoclonal antibodies are under investigation (Appendix III).  

A close homolog of GmSALT3, AtCHX20 in Arabidopsis thaliana, is preferentially 

expressed in stomatal guard cells (Padmanaban et al., 2007). AtCHX20 enhanced E.coli 

LB2003 (K+ uptake deficient strain) growth at pH 5.8 – 6.2, and results suggest that it mediates 

H+-coupled K+ transport (Chanroj et al., 2011). GmSALT3 could also complement E. coli 

LB2003 growth at acidic pH. In the presence of 50 mM NaCl, bacterial growth could only be 

restored at pH 6.5 (Fig. 5d). To determine the significance of this pH dependency the H+ 

transport capacity of GmSALT3 needs to be determined in other systems such as with MIFE 

following expression in X. laevis. However, what appears to be clear is that GmSALT3 seems 

to mediate K+ transport; probably impacting Na+ and Cl– fluxes in E. coli cells as evidenced by 

the NaCl effect on E. coli growth. In X. laevis oocytes, no plant CPA2 (Cation-Proton 
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Antiporter 2)/CHX (Cation/H+ Exchanger) has been characterised. Recently, two animal CPA2 

transporters, Drosophila NHA1 and NHA2 were described to act as a Na+/H+ exchanger and a 

H+/Cl– cotransporter, respectively, in experiments using Xenopus oocytes (Chintapalli et al., 

2015). GmSALT3 targets to the Xenopus oocyte plasma membrane (Fig. 6a) and depolarized 

the membrane potential of GmSALT3-injected oocytes (compared to H2O-injected oocytes) in 

the ion-rich solution (ND96) is consistent with the ion accumulation (Fig. 6b; 6d). After being 

transferred from ND96 to a low ionic medium (BSM), GmSALT3-injected oocytes show a lower 

net efflux of K+, Na+, and Cl– compared to H2O-injected oocytes (Fig. 6c). Combined with the 

ion accumulation test in oocytes (Fig. 6d), it is possible that the lower net efflux of K+, Na+, 

and Cl– is a direct result of GmSALT3 activity through import of these three ions into the 

oocytes. Additionally, in BSM with amiloride hydrochloride which inhibits Na+ channel and 

Na+/H+ exchanger, the effect of GmSALT3 is absent (Fig. 6d), which confirms GmSALT3 

could affect transport of K+, Na+, and Cl–.  

Members of the Cation-Chloride Cotransporter (CCC) family have been shown to 

transport Na+, K+, and Cl– and are speculated to be involved in long-distance Cl– transport 

(Colmenero-Flores et al., 2007; Henderson et al., 2015). In oocytes, VviCCC localised to the 

plasma membrane, and has been characterised as a Na+-K+-2Cl– cotransporter (Henderson et 

al., 2015). In plants, VviCCC and AtCCC are localised to the Golgi and Trans-Golgi network, 

which suggests that they are unlikely to have a direct role in salt tolerance (Henderson et al., 

2015). Similarly, also GmSALT3 is localised to the endomembrane system, this time the ER. 

Do et al. (2016) hypothesised that GmSALT3 might act as a type of CCC channel; however, 

the GmSALT3 sequence has very low similarity to plant CCC genes, AtCCC tissue localisation 

shows a different pattern to GmSALT3, and despite an endomembrane localisation they reside 

in different compartments (Colmenero-Flores et al., 2007; Guan et al., 2014), which suggests 

that GmSALT3 has a distinct role to CCCs, despite potential similarities in transport activity. 

To summarize, this work has revealed the potential salinity tolerance mechanisms of 

GmSALT3 in planta and in heterologous systems. We propose that in NIL-T the presence of 
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full-length GmSALT3 mediates Na+ and Cl– exclusion from shoots through restricting xylem 

loading of Na+ and retranslocating Cl– in the phloem. In heterologous systems, GmSALT3 is 

involved in K+ uptake and NaCl tolerance in E. coli cells, and its expression in Xenopus laevis 

oocytes mediates net import of Na+, K+, and Cl–. However, as an endomembrane-localised 

protein, how GmSALT3 contributes to soybean salinity tolerance mechanisms is still not so 

clear, and how its expression directly impacts salt movement to and from shoots i.e. is it 

involved directly or indirectly. To help answer this question it still needs to be definitively 

shown whether GmSALT3 is present on an endomembrane or whether its previous localisation 

is due to a misexpression artefact. As the heterologous expression of GmSALT3 led to transport 

differences in all three ions that are affected in distribution in the plant it is tempting to speculate 

that GmSALT3 may be actively involved in their distribution in tissues. However, as the effect 

on Cl– and Na+ differ in the xylem and phloem differs according to GmSALT3 expression the 

impact of other processes including other transport proteins are likely to be involved in the NIL 

phenotypes. RNA-sequencing using NIL-T and NIL-S roots may be a good technique to 

investigate if GmSALT3 confers salinity tolerance in soybean roots via influencing 

transcription, and what distinctive pathways and genes been significantly changed in NIL-T 

and NIL-S roots under saline conditions.  

 

Methods 

Plant materials and growth conditions 

 Soybean NIL (salt-tolerant and -sensitive) seeds were received from Prof. Rongxia 

Guan (Chinese Academy of Agricultural Sciences, Beijing). Soybean plants were grown in a 

greenhouse (28°C day and 25°C night with 14h light-cycle) at the Plant Research Centre, Waite 

campus, the University of Adelaide, Australia. Soybean seeds were germinated in pots 

containing a mixture of perlite and vermiculite (50/50) as described by Obermeyer and Tyerman 

(2005).  
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cDNA cloning and plasmid preparation 

 To synthesize GmSALT3 and Gmsalt3 cDNA (2436 and 1131 nucleotides, respectively), 

total RNA was isolated from roots of 4-week old soybean plants using the TRIzol method (Shi 

and Bressan, 2006). First-strand cDNA was synthesized using a Thermoscript RT III kit 

(Invitrogen, USA). Gene specific primers (GmSALT3_gF and GmSALT3_gR, Gmsalt3_gF 

and Gmsalt3_gR; Supplementary Table S1) were used to amplify the cDNA with Phusion® 

High-Fidelity DNA Polymerase (New England Biolabs) by 35 cycles (98 °C 30s, 65 °C 30s, 

and 72 °C 150s). Gel-purified PCR products were A-tailed using Taq polymerase (New 

England Biolabs) for 30 min at 72 °C, and then recombined into Gateway® entry vector 

PCR8/GW/TOPO (Invitrogen) for further application. Resulting clones were sequenced using 

internal primers (GmSALT3_F1, R1, F2, F3, F4, and F5, Gmsalt_F1, F2, and R1; Supplemental 

Table S1).  

 

Plasmid preparation 

 GmSALT3 and Gmsalt3 CDS within entry vector PCR8 were cloned into pGEM-HE 

and pPAB404 vectors using Gateway ® LR Clonase ® (Invitrogen, USA), for Xenopus oocytes 

expression and E. coli expression, respectively.    

 

Growth assay in E. coli (Escherichia coli) 

 Escherichia coli strain LB2003 (trkAΔ, kup1Δ, kdpABCDEΔ) was donated by Prof. 

Nobuyuki Uozumi (Tohoku University, Japan). Competent cells preparation and E.coli 

transformation were conducted as described by Chanroj et al. (2011). The resulting 

transformants were grown on YTMK media supplemented with 50 µg/ml ampicillin and 

incubated at 30 oC for 2 days, and then colonies were approved positive by colony PCR with 

gene specific primers. Only fresh transformed cells were used. For liquid E. coli culture growth 

curve experiments, freshly transformed cells were first grown overnight in 5 ml YTMK at pH 

7.2. Cell cultures were replenished (A600 = 0.5) and grown for 3 h in YTM, and then washed 
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with YTM for three times. Cells were normalized to A600 0.5 for 96-well plate assay. In each 

well, 20 µl of normalized cell suspension was added to 180 µl growth solutions. All test media 

were supplemented with 50µg/ml ampicillin, 0.5 mM IPTG (Isopropyl β-D-1-

thiogalactopyranoside) and varied concentration of NaCl, KCl and pH. The 96-well plates were 

inserted into FLUOstar Omega Fluorescence microplate reader (BMG LABTECH) set to 30 oC 

and measured A600 every 15 min for 37 h.  

 

Characterization of GmSALT3 in X. laevis oocytes 

 pGEMHE-DEST containing GmSALT3 was linearized using SphI-HF (New England 

BioLabs); cRNA was synthesized using mMESSAGE mMACHINE T7 Kit (Ambion) 

following manufacturer’s instructions. 46 nl/23 ng of cRNA or equal volumes of RNase-free 

water were injected into oocytes with a Nanoinject II microinjector (Drummond Scientific). 

Oocytes were incubated for 48 h in Calcium Ringer’s solution (96 mM NaCl, 2 mM KCl, 5 

mM MgCl2, 5 mM HEPES, 0.6 mM CaCl2). All solution osmolarities were adjusted using 

mannitol 240–260 mOsmol kg−1 (Vapor pressure osmometer, Wescor). Ion profiles in oocytes 

followed Munns et al. (2012) with the following modifications. Six replications of 3 grouped 

oocytes were used for flame photometry (Sherwood 420), and Cl– was also measured using 

chloride analyser (Sherwood 926S). 

 

MIFE (Microelectrode Ion Flux Estimation) in oocytes 

 The MIFE technique allows noninvasive concurrent quantification of net fluxes of 

several ions, protocols were followed by Shabala et al. (2013). Oocytes were adopted rather 

than plant tissues in our experiments, Na+, K+, Cl-, and H+ fluxes were measured. Oocytes were 

washed in ND96 (96 mM NaCl, 1 mM KCl, 1 mM NgCl2, 5 mM HEPES, pH 7.5) after 

incubation (ND96 for 72 hours), and measured in BSM (5 mM NaCl, 0.2 mM KCl, 0.2 mM 

CaCl2, 5 mM HEPES, pH7.5).  
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TEM (Transmission Electron Microscopy) 

 Fresh soybean NIL-T and NIL-S roots were sectioned to 1 mm (length), stems were 

sectioned to be quartered (1 mm in length and 1 mm in radius). Samples were incubated 

overnight in 1.5 ml Eppendorf tubes with fixative (2.5% Glutaraldehyde, 4% Formaldehyde, 4% 

Sucrose, 0.1 M Phosphate buffer). Samples were washed three times in 1X PBS and then 

washed with osmium for 4 hours. After that, sections were washed three times in 1X PBS and 

soaked in 1X PBS for 20 mins and then embedded in 1% agarose gel. Agarose gels were cut 

into blocks (1 cm long) with soybean sections. A series of dehydration steps were done after 

embedding, using different concentrated ethanol, including 50%, 70%, 90%, 95%, and 100% 

(each for 30 mins), and dry ethanol for overnight dehydration. Different concentrations of resin 

(Spurrs) were infiltrated into soybean sections, including 5%, 10%, 15%, 20%, 25%, 30%, 40%, 

and 50% (each for 1 h), and 50% for overnight infiltration. The following day, samples were 

further infiltrated with Spurrs resin using 75% (4 h), 100% (4 h), and another overnight 

infiltration with 100% resins. New resins were substituted in tubes, agarose blocks were put 

into capsules with resin, and oven incubation at 60oC for 3 days for polymerization. 

Polymerised samples were cut to 70 nm thickness using Diamond knife and visualized under 

TEM.  

 

Gas exchange measures 

 Photosynthesis measurement was conducted with a LCpro-SD (ADC BioScientific 

Ltd., UK), IRGA (Infrared gas analyzer) following manufacturers’ instructions. The leaf 

chamber environment was set to be 400 ppm CO2, 26oC, and Qleaf 500.  

 

NaCl treatment and ion accumulation test 

 Soybean plants were treated with 100 mM NaCl every 2 days, saline solutions were 

applied into trays that contain pots with soybean plants. Plant tissues were dried in oven 

overnight at 60 oC or freeze-dried overnight. Dry weight was recorded. Then dried samples 
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were digested in 10ml 1% (v/v) nitric acid overnight at 65 oC or freeze-thawed in Milli-Q water 

for 3 times. Oven-dried samples were utilized to test Na+ and K+ accumulation with flame 

photometry (Sherwood 420), and Cl– was also measured using chloride analyzer (Sherwood 

926S).  

Freeze-dried samples were used to measure NO3
- accumulation. Measurement method 

was modified according to Qiu et al. (2016). Supernatant (50 µl) of freeze-dried samples in 

water was added into 200 µl of 5% (W/V) salicylic acid/H2SO4, mixed solutions were incubated 

at room temperature for 20 min. Then 50 µl of the mixture was transferred into 950 µl of 2 M 

NaOH, and incubated at room temperature for at least 20 min (to cool down to room 

temperature). From the new mixture, 250 µl was loaded into a flat-bottom transparent 96-well 

plates (Greiner Bio-One, Austria). Absorbance was measured at 410 nm. Standards were also 

measured, including 0, 0.5, 1, 2, 2.5, 5, 7.5, and 10 mM KNO3. 

 

Phloem and xylem sap extraction  

 Phloem sap was extracted according to the method by Rupassara (2008) and Ren et al. 

(2005). Soybean plant petioles were cut at the base (approx. 0.5 cm above the main stem) and 

stems were cut approx. 2 cm above ground (upper part), and immediately dipped in 1.5 ml of 

0.1 mM EDTA solution (pH adjusted to 8) in 2 ml Eppendorf tubes for 20 min. The sap 

extracted in 2 ml tubes were immediately dipped in liquid nitrogen and stored in a -80 oC freezer 

until analysis. As described in Ren et al. (2005), technical reasons would result in highly 

variable collected volume of phloem sap, and glutamine is usually used as an internal standard, 

since it is abundant and quite constant in the phloem sap (Berthomieu et al., 2003). The 

glutamine concentration in the EDTA solution was measured using a Glutamine Assay Kit 

(EGLN-100, EnzyChromTM, BioAssay Systems). Xylem sap was extracted using a pressure 

chamber. Lower part of the cut stem with roots were transferred into the pressure chamber. 

Pressure was increased gradually (0.05 MPa increments) until xylem sap presents. The first two 

drops emerging were discarded using a micropipette to reduce contamination from damaged 
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cells or phloem sap (Berthomieu et al., 2003), xylem sap was then collected during the 

following 5 min, and stored in -20 oC freezer until analysis.  

Figures 

 

Fig. 1 Time-course ion concentration in NIL-T and NIL-S leaves during 10 days 100 mmol 

L-1 NaCl stress. Na+ content (a), K+ content (b), and Cl– (c) content, and K+ to Na+ ratio (d) in 

leaves of NIL-T (brown data) and NIL-S (red data). Observations are means of four replicates 

± SEM. Asterisks indicates a significant difference between NIL-T and NIL-S at *P <0.05, **P 

< 0.01 according to the LSD test.  
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Fig. 2 Ion concentration in different tissues of NIL-T and -S after 4 days of 100 mmol L-1 

NaCl treatment. a Tissue content of Na+ in leaf, hypocotyl and root of NILs. b K+ content in 

leaf, hypocotyl and root of NILs. c Cl– content in leaf, hypocotyl and root of NILs. Ion contents 

are against tissue dry weight. Data are means of three replicates ± SE. Asterisks indicate a 

significant difference between NIL-T (brown) and NIL-S (red) at *P <0.05, **P < 0.01 

according to the LSD test (ion content data in control plants with water supply can be found in 

Supplementary Fig. 4). FL, first trifoliate leaves; YL, youngest trifoliate leaves; FLP, first 

trifoliate leaves petiole; YLP, youngest trifoliate leaves petiole; HS, higher stem; LS, lower 

stem; PR, primary root; SR, secondary root; Hy, hypocotyl. Data shown here were from one of 

the two independent experiments with similar results.  
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Fig. 3 Ion flux in NIL-T and -S stem phloem and xylem sap after 4 days of 100 mmol L-1 

NaCl stress. a Na+, K+, and Cl– flux (umoles/s) in NIL-T and NIL-S stem phloem sap. b Na+, 

K+, or Cl– content to glutamine ratio in NIL-T and NIL-S stem phloem sap. c Na+, K+, and Cl– 

flux (umoles/s) in NIL-T (brown) and NIL-S (red) stem xylem sap. Data are means of three 

replicates ± SEM. Asterisks indicate a significant difference between NIL 820-T and 820-S at 

*P <0.05, **P < 0.01 according to the LSD test. SPS, stem phloem sap; SXS, stem xylem sap. 

Data shown here were from one of the three independent experiments with similar results.  
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Fig. 4 Photosynthetic rates and stomata conductance of H2O of NIL-T and -S during 4 

days 100 mmol L-1 NaCl stress. a Photosynthesis rate comparison. b Stomatal conductance of 

H2O comparison. Data are means of 6-9 replicates ± SEM. Asterisks indicate a significant 

difference between NIL-T (brown) and NIL-S (red) at *P <0.05, **P < 0.01 according to the 

LSD test.  
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Fig. 5 Functional characterization of GmSALT3 in E. coli. E. coli strain LB2003 (trkAΔ, 

kup1Δ, kdpABCDEΔ) harbouring pPAB404 vector only (green), GmSALT3 (brown), or 

Gmsalt3 (red) were grown in different media. YTM medium at pH 5.5 (a) and pH 6.5 (b). YTM 

medium with addition of 50 mM NaCl at pH 5.5 (c) and pH 6.5 (d). All the test media were 

supplemented with 50µg/ml ampicillin, 0.5 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside). 

OD600 was monitored every 15 min in 96-well microplate reader. Inserted figures show growth 

rates (OD600 per hour) of E.coli cells within the log phase indicated by dotted lines; Different 

letters indicate statistically significant differences between E.coli cells harbouring different 

constructs (one-way ANOVA followed by Fishers’s LSD test, P < 0.05). 
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Fig. 6 Functional characterization of GmSALT3 in X. laevis oocytes. a Plasma membrane 

localisation of expressed GmSALT3-YFP in oocytes. H2O-injected and Nax2-YFP (positive 

control) expressed oocytes are also shown. Scale bar = 0.5 mm. b Resting membrane potentials 

of GmSALT3- and H2O-injected oocytes after incubation in ND96 for 72 hours. Values are 

means ± SEM (n = 8), Asterisks indicate a significant difference between GmSALT3- and H2O-

injected oocytes at w**P < 0.01 according to the LSD test. c Net ion fluxes were measured on 

oocytes plasma membrane using MIFE (Microelectrode Ion Flux Estimation). Oocytes were 

incubated in ND96 for 72 hours, and washed in ND96 in (96 mM NaCl, 1 mM KCl, 1 mM 

NgCl2, 5 mM HEPES, pH 7.5). Measurements were done in BSM (5 mM NaCl, 0.2 mM KCl, 

0.2 mM CaCl2, 5 mM HEPES, pH7.5). Values are means ± SEM (n = 4 ~ 6). d Ions (Na+, K+, 
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and Cl–) concentration in GmSALT3 (brown)- and H2O (Red) -injected oocytes after incubation 

in ND96 (72 hours), BSM (overnight), BSM with amiloride (overnight). Values are means ± 

SEM (n = 4-7). Asterisks indicate a significant difference between GmSALT3-injected and 

H2O-injected oocytes at *P <0.05, **P < 0.01 according to the LSD test. 
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Supplementary materials 

 

Supplementary Fig. 1 Time-course ion concentration (Na+) in NIL 820-T and 820-S leaves, 

stems, hypocotyls, and roots during 10 days NaCl stress (100 mmol L-1 NaCl). Data are 

means of 4 replicates ± SEM. Brown represents NIL-T; red represents NIL-S. Asterisks indicate 

a significant difference between NIL 820-T and 820-S at *P <0.05, **P < 0.01 according to the 

LSD test. UL, unifoliate leaves; FL, first trifoliate leaves; YL, youngest trifoliate leaves; LS, 

lower stem; HS, higher stem; PR, primary root; SR, secondary root; Hy, hypocotyl.  
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Supplementary Fig. 2 Time-course ion concentration (K+) in NIL 820-T and 820-S leaves, 

stems, hypocotyls, and roots during 10 days NaCl stress (100 mmol L-1 NaCl). Data are 

means of 4 replicates ± SEM. Blue represents NIL-T; yellow represents NIL-S. Asterisks 

indicate a significant difference between NIL 820-T and 820-S at *P <0.05, **P < 0.01 

according to the LSD test. UL, unifoliate leaves; FL, first trifoliate leaves; YL, youngest 

trifoliate leaves; LS, lower stem; HS, higher stem; PR, primary root; SR, secondary root; Hy, 

hypocotyl.  

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*

0

10

20

30

40

50

60

70

80

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*

*

*

0

10

20

30

40

50

60

70

80

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*

0

10

20

30

40

50

60

70

80

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*
*

0

10

20

30

40

50

60

70

80

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*

0

10

20

30

40

50

60

70

80

90

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*
*

0

10

20

30

40

50

60

70

80

90

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*

0

10

20

30

40

50

60

70

80

90

0 1 3 6 10

K+
	co

nt
en
t	(
m
g	g

-1
)

Days

*
*

UL FL YL

LS

HS

PR SR Hy



	 128	

 

 

Supplementary Fig. 3 Time-course ion concentration (Cl–) in NIL 820-T and 820-S leaves, 

stems, hypocotyls, and roots during 10 days NaCl stress (100 mmol L-1 NaCl). Data are 

means of 4 replicates ± SEM. Blue represents NIL-T; yellow represents NIL-S. Asterisks 

indicate a significant difference between NIL 820-T and 820-S at *P <0.05, **P < 0.01 

according to the LSD test. UL, unifoliate leaves; FL, first trifoliate leaves; YL, youngest 

trifoliate leaves; LS, lower stem; HS, higher stem; PR, primary root; SR, secondary root; Hy, 

hypocotyl.  
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Supplementary Fig. 4 Ion concentration in NIL 820-T and 820-S different tissues after 4 

days control condition (RO water). Data are means of 4 replicates ± SEM. Blue represents 

NIL-T; yellow represents NIL-S. Asterisks indicate a significant difference between NIL 820-

T and 820-S at *P <0.05 according to the LSD test. UL, unifoliate leaves; FL, first trifoliate 

leaves; YL, youngest trifoliate leaves; PR, primary root; SR, secondary root; Hy, hypocotyl.  
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Supplementary Fig. 5 Ultrastructure of NIL-GmSALT3 and NIL-Gmsalt3 root cross 

sections with 4 days NaCl stress (100 mmol L-1 NaCl). LDM (LCD Digital Microscope) 

images of stained NIL-S (a) and NIL- T (b) root cross sections under 10 X magnification. TEM 

(Transmission Electron Microscope) images of NIL-S (c) and NIL-T (d) root phloem 

plasmadesmata under 19000 X magnification. Higher magnified TEM images of NIL-S (e) and 

NIL-T roots (f) under 46000 X and 34000 X magnification, respectively. 

Supplementary Fig. 5a and 5b indicates the growth of NIL-T (Supplementary Fig. 5b) 

and NIL-S (Supplementary Fig. 5a) roots is at the same stage, and four days salt treatment does 

not change soybean root cell morphology significantly. In phloem bundle cells, companion cells 
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are distinguished by a dense cytoplasm and numerous mitochondria (Froelich et al., 2011). 

Sieve elements, the functional units for plant phloem long distance translocation and signal 

distribution, mainly contain ER, mitochondria, structural phloem specific proteins (P-proteins), 

and sieve elements plastids (Froelich et al., 2011). Companion cells and sieve elements are 

connected through plasmodesmata which is shown in Supplementary Fig. 5c-f.  
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Supplementary Fig. 5 Functional characterization of GmSALT3 in E. coli. E. coli strain 

LB2003 (trkAΔ, kup1Δ, kdpABCDEΔ) harbouring pPAB404 vector only (green), GmSALT3 

(brown), or Gmsalt3 (red) were grown in different medium. a YTM without IPTG. b YTM with 

IPTG and 10 mM KCl. All the test media were supplemented with 50µg/ml ampicillin. OD600 

was monitored every 15 min in 96-well microplate reader.  
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Supplementary Figure 6. Change of Na+ flux measured in root of Tiefeng 8 and 85-140. 

Net Na+ flux was measured after 2d 100 mM NaCl treatment and after 0.5h 100 µM amiloride 

treatment.  
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Supplementary Table 1. Primers used in this study. Primers were designed and adjusted 

using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) and Netprimer 

(http://www.premierbiosoft.com/netprimer/). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Purpose Primer name Primer sequence 

Sequencing  

GmSALT3_F1 5’ - CGTTCAAACCATCCTCGTAGT-3’    

GmSALT3_R1 5’ - GGCCCACCAGAAATAGATAGA-3’     

GmSALT3_F2 5’ - TATGGGTGCTCTTCTCAGGGATG-3’   

GmSALT3_F3 5’ - TCATTACAACTCCAATAGTCTTG-3’   

GmSALT3_F4 5’ - CAGAAGGTACGAACAAGAACCTG-3’   

GmSALT3_F5 5’ - TGTGGAGTACATTGAAAAGAACG-3’   

Gmsalt3_F1 5’ - AACTCTAGCGGGAGTAATGTT-3’ 

Gmsalt3_R1 5’ - AAGTACAAGGGAAGGAACAAC-3’ 

Gmsalt3_R2 5’ - TGAACGTACCCTATGTTATGG-3’ 

Gene specific 

GmSALT3_gF 5’ - ATGACGTTCAACGCGAGC-3’ 

GmSALT3_gR 5’ - TTAAAGTTCTTCGATAGCATCTTT-3’   

Gmsalt3_gF 5’ - ATGACGTTCAACGCGAGC-3’   

Gmsalt3_gR 5’ -  TCATTTTATTTTATTTTCCAACAC -3’   
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Brief conclusion 

In chapter 4, GmSALT3 was shown to have a function related to mediating Na+, K+, and 

Cl– exclusion in NIL-T; it also facilitates K+ transport in GmSALT3-expressed E. coli cells and 

Na+, K+, and Cl– transport in Xenopus laevis oocytes. However, if it is an endomembrane-

localised protein, GmSALT3 would more likely have an indirect role in affecting soybean’s salt 

exclusion from the shoot which could relate to a homeostatic function in the roots. For instance, 

this may be through impacting other transport proteins via affecting vesicle trafficking or pH 

balance in the root. RNA-sequencing is a useful tool to reveal how GmSALT3 contributes to 

NIL-T salinity tolerance in the roots.  
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Brief introduction 

Grafting experiments have indicated that GmSALT3 mainly fulfills its impact on salt 

tolerance through functioning in soybean roots, where salt enters the plants from soils. The ER-

localised GmSALT3 appears to manipulate differences in ion homeostasis (Na+, K+, and Cl–) 

in NIL-T (Figure 1 and 2, Chapter 4) and its transcript level was first down-regulated and then 

gradually recovered under salt-stress (Figure 3, Chapter 2). Taken together, GmSALT3 is 

unlikely to play a direct role in contributing to salinity tolerance, but instead may act on sensing 

or responding to salt in roots. Therefore, transcriptomic analysis of NIL-T and NIL-S roots was 

designed to investigate how GmSALT3 affects salt responses in those two soybean roots. The 

intention is to eventually submit this manuscript to Journal of Experimental Botany.  
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Abstract 

Soybean (Glycine max) is an important crop globally for food and edible oil production. 

Soybean plants are sensitive to salinity (NaCl), with their yield moderately impacted under 

saline conditions (~60% reduction at 18-20 dS/m, ~180-200mM NaCl). GmSALT3 was recently 

identified, through fine mapping, as a dominant gene underlying a major QTL for salt tolerance 

in soybean. GmSALT3 encodes a transmembrane protein within the CPA2 plant cation/proton 

exchanger (CHX) family, and is mainly expressed in root phloem and xylem associated cells; 

the protein was localized to the endoplasmic reticulum. Plants containing a truncated allele 

(Gmsalt3) are more salt-sensitive, but how GmSALT3 contributes to soybean salinity tolerance 

still remains unknown. Here, in an attempt to reveal new insights to the potential underlying 

mechanisms we used RNA-seq analysis of roots from soybean NIL (Near Isogenic Lines); NIL-

S (salt-sensitive, Gmsalt3) and NIL-T (salt-tolerant, GmSALT3). Thirty RNA-seq libraries were 

constructed and sequenced, including NIL-T and -S roots from three time points of 14 day old 

plants, 0 hours, 6h, and 3d following salt-treatment (200mM NaCl) and their corresponding 

non-treatment controls. A total of 804 million clean reads were generated and the average 

mapping percentage was 81.25%. Under no salt treatment there were 3 consistent up-regulated 

significantly differentially expressed genes (DEGs) in NIL-S compared to NIL-T at 0h, 6h, and 

3d; and no down-regulated DEGs. However, compared to non-salt treated controls after 6h salt 

treatment there were 1816 and 3045 DEGs for NIL-S and NIL-T, respectively; and at 3d, there 

were 2844 and 2573 DEGs. Gene ontology (GO) analysis showed that unique DEGs under salt 

treatment in NIL-T are clustered into GO terms such as response to biotic stimulus, oxidation 

reduction and oxidoredutase activity, and in NIL-S are more diverse such as cell 

communication, signalling, and biological regulation. Accordingly, reactive oxygen species 

(ROS) generation and detoxification was measured and differed in NIL consistent with the 

RNA-seq data. We propose that GmSALT3 affects the ROS status of roots which improves the 

ability of NIL-T to cope with stress. 
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Introduction 

Plants use reactive oxygen species (ROS) as signalling molecules at low concentrations 

to control and regulate various biological processes, such as growth, programmed cell death, 

hormone signalling, and development (Foreman et al., 2003; Mittler, 2002; Neill et al., 2002; 

Overmyer et al., 2003; Pei et al., 2000). Under non-stressed conditions ROS molecules are 

produced and scavenged in an equilibrium (Foyer and Noctor, 2005). However, under biotic 

and abiotic stresses such as salinity, drought, temperature extremes, flooding, heavy metals, 

nutrient deprivation, and pathogen attack, intracellular ROS levels can soar dramatically. ROS 

at high concentrations can damage plant cells through lipid peroxidation, DNA damage, protein 

denaturation, carbohydrate oxidation, and enzymatic activity impairment leading to significant 

damage to cellular functions and even cell death (Foyer and Noctor, 2005; Gill and Tuteja, 2010; 

Mittler et al., 2004; Noctor and Foyer, 1998), and environmental stress induced ROS 

accumulation reduces global crop production (Mittler, 2002). In plants, stress-induced ROS 

overproduction is eliminated by enzymatic antioxidant systems including scavengers such as 

SOD (superoxide dismutase), APX (ascorbate peroxidase), GPX (Glutathione peroxidases), 

PrxR (proxiredoxin), GST (glutathione-S- transferase), and CAT (Catalase) and non-enzymatic 

low molecular metabolites, such as ASH (ascorbate), GSH (glutathione), proline, α-tocopherol 

(vitamin E), carotenoids and flavonoids (Mittler et al., 2004).  

Among the above-mentioned stresses, salinity is one of the most prominent factors 

restricting crop production and agricultural economic growth worldwide, more than US$12 

billion is lost annually because of saline-affected agricultural land areas (Bose et al., 2014; 

Flowers et al., 2010; Gilliham et al., 2017). Soybean (Glycine max (L.) Merrill) is an important 

legume crop that contributes 30% of the globe’s edible vegetable oil consumed and 69% of 

human food and animal feed protein-rich supplements (Lam et al., 2010; Prakash, 2001). The 

yield of soybean can be significantly reduced by salinity stress, especially during the early 

vegetative growth stage (Pi et al., 2016).  
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In soybean, GmSALT3/GmCHX1/GmNcl has been identified as a dominant gene that 

confers improved salinity tolerance (Do et al., 2016; Guan et al., 2014; Qi et al., 2014). It 

mainly functions in root phloem- and xylem-associated cells and has been localized to the ER 

(endoplasmic reticulum) (Guan et al., 2014). NILs (near isogeneic lines) have been developed 

and show that GmSALT3 increases leaf Cl– exclusion prior to Na+ exclusion (Liu et al., 2016); 

it has also been reported that GmSALT3 is related to K+ homeostasis (Figure 1, Chapter 4; Do 

et al., 2016). However, how GmSALT3 functions to improve salinity stress tolerance in soybean 

plants is not fully understood. 

High-throughput “-omic” technologies including transcriptomic, proteomic, and 

metabolomics approaches were recently applied to understand the soybean root responses to 

salinity stress (Aghaei et al., 2009; Ge et al., 2010; Lu et al., 2013; Pi et al., 2016; Qin et al., 

2013; Toorchi et al., 2009). These studies provide a basis for examining the general responses 

of soybean roots to salt stress. For instance, one of the proteomic studies utilised Glycine max 

cultivar (Wenfeng07, with GmSALT3 salt tolerant allele) and Glycine soja (wild soybean) 

cultivar (Union85-140, with Gmsalt3 salt sensitive allele), and suggested that Wenfeng07’s 

tolerance to salinity stress was associated with flavonoid accumulation in the tolerant accession, 

which reduces ROS concentration via key enzymes including chalcone synthase (CHS), 

chalcone isomerase (CHI) and cytochrome P450 monooxygenase (CPM) (Pi et al., 2016).  

RNA-sequencing is increasingly being used for crop salinity tolerance transcriptomic 

studies, such as in wheat (Goyal et al., 2016), grapevine (Sweetman et al., 2012), maize 

(Kakumanu et al., 2012), chickpea (Garg et al., 2016), and soybean (Severin et al., 2010). Here, 

RNA-sequencing of NIL-T (salt-tolerant, GmSALT3) and NIL-S (salt-sensitive, Gmsalt3) 

soybean roots were used to investigate the mechanism underlying the improvement in salt 

tolerance conferred by GmSALT3. Bioinformatic analyses were conducted after RNA-seq 

library construction, including gene ontology (GO) enrichment, KEGG (Kyoto Encyclopedia 

of Genes and Genomes) pathway analysis and gene clustering analysis; qPCR of several DEGs 

(differentially expressed genes) was run to validate the RNA-seq outcomes. ROS contents and 
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scavenging enzyme activity measurement were also performed to investigate whether 

transcriptional changes led to changes in enzymatic capacity. Our results reveal that the 

presence of GmSALT3 is essential for maintaining the capacity to detoxify ROS in the roots 

when challenged with a salinity stress, therefore leading to improved salinity tolerance. 

 

Results 

RNA-sequencing preparation and profiles 

Previous results have shown that GmSALT3 expression mainly occurs in soybean roots 

(Guan et al., 2014), therefore, total RNA was extracted and sequenced from NIL-T and NIL-S 

soybean plant roots, and used for transcriptomic analysis to gain an overview of the different 

responses between NIL-T and NIL-S under saline conditions. To investigate short-term and 

long-term responses, root samples were harvested from three time points, 0h, 6h, and 3d of a 

200 mM salt-treatment with the corresponding non-treatment controls (Fig 1a; 1b). Thirty RNA 

libraries were generated for paired-end reads using an Illumina HiSeq 2500 sequencer, 

consisting of 3 biological samples per time point per genotype. In total, 1.6 billion paired 100 

bp raw reads were generated and mapped to the latest soybean genome sequence Gmax_275 

Wm82.a2.v1 (Glyma 2.0) using TopHat2 (Kim et al., 2013). The average mapping percentage 

was 81.25%, and after trimming of low quality (Q<30), adapter fragments and barcode 

sequences, a total of 804 million clean mapped reads. Combined with quality control test by 

fastQC (Andrews, 2010), the quality of RNA-seq libraries construction and sequence alignment 

was deemed sufficient for further analysis. A summary of mapped reads and quality of 

sequencing is shown in Table 1.  

Firstly, to confirm the material was as expected we examined the transcript 

corresponding to GmSALT3/Gmsalt3 in the NIL-T and NIL-S lines. We found that NIL-T had 

a full-length of GmSALT3 according to the mapped-reads in RNA-seq libraries, and NIL-S 

possessed the truncated version, Gmsalt3 (Fig. 1c), which was due to the 3780 bp insertion in 
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the GmSALT3 genomic sequence (Guan et al., 2014). We then examined the overall profile of 

all transcriptomes gathered.  

 

Overview of DEGs between NIL-T and NIL-S under control condition 

Figure 2 indicates DEGs between NIL-T and NIL-S under control condition at 0h, 6h, 

and 3d. A PCA plot (for the first two principal components) of ten grouped samples shows a 

good separation between comparisons, Control 0h T vs Control 0h S (grey), Control 3d T vs 

Control 3d S (purple), and Control 6h T vs Control 6h S (brown) (Fig. 2a). There are 5 up-

regulated DEGs at 0h, 9 up-regulated DEGs at 6h, and 6 up-regulated DEGs at 3d in NIL-S 

(compared to NIL-T), and Venn diagram demonstrates 3 of these genes are common in three 

time points. There were 1, 5, and 5 down-regulated DEGs at 0h, 6h, and 3d, respectively, but 

there were no common down-regulated DEGs (Fig 2b). The three common up-regulated DEGs 

in NIL-S were Glyma.07G196800 (Linoleate 13S-lipoxygenase 3-1), Glyma.10G143600 

(uncharacterized protein), and Glyma.20G105500 (3-hydroxybenzoate 6-hydroxylase 1-like) 

(Fig. 2c). 

 

Overview of DEGs between control and salt-treated samples of NIL-T and NIL-S 

Using a Principal Component Analysis (PCA) plot (for the first two principal 

components), we could separate the 30 transcriptomes into comparison groups consisting of the 

biological replicates, indicating that they were closely related (Fig. 2a). There was good 

separation between sample comparisons e.g. Control 6h T vs NaCl 6h T (brown), Control 6h S 

vs NaCl 6h S (red), Control 3d T vs NaCl 3d T (green), and Control 3d S vs NaCl 3d S (cyan) 

(Fig. 2a). Gene expression was compared in FPKMs (Fragments Per Kilobase of transcript per 

Million) calculated using the Cufflinks functions cuffquant and cuffnorm (Trapnell et al., 2012). 

The cut-offs for differentially expressed genes (DEGs) were Log2FC (fold change) ≥ 1, FDR 

(False Discover Rate) < 0.01. Using these parameters there were 1816 DEGs (1263 up-

regulated and 553 down-regulated, 6h T) and 2844 DEGs (1333 up-regulated and 1511 down-
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regulated, 3d T) in NIL-T roots after 6 hours and 3 days salt-treatment, respectively, compared 

to non-salt treated tissue. For NIL-S roots there were 3054 DEGs (1911 up-regulated and 1143 

down-regulated, 6h S) and 2573 DEGs (1318 up-regulated and 1255 down-regulated, 3d S) 

after 6h salt-treatment and 3 days salt-treatment, respectively, compared to non-salt treated 

NIL-S controls (Fig 2b). Clustering of these DEGs is shown in Figure 2c (6h T), 2d (3d T), 2e 

(6h S), and 2f (3d S). Venn diagrams indicate 341 and 989 DEGs are uniquely up-regulated in 

6h T and 6h S, respectively; 608 and 593 DEGs for 3d T and 3d S, respectively (Fig. 2g). There 

are 127 and 717 DEGs are uniquely down-regulated in 6h T and 6h S, respectively; 861 and 

605 DEGs for 3d T and 3d S, respectively (Fig. 2h). To investigate potential functional 

differences between NIL-T and NIL-S roots under salt stress, these uniquely-regulated genes 

were further investigated.  

 

GO analysis of DEGs between control and salt-treated samples of NIL-T and NIL-S 

To obtain a functional characterisation of distinctive DEGs, the uniquely up- and down-

regulated DEGs in 6h T and 6h S were then subjected to GO (Gene Ontology) enrichment 

analysis, with the representative GO terms shown in Table 2, detailed GO terms are shown in 

Supplementary Fig. 1-4. The 6h T up-regulated DEGs enriched GO terms were all related to 

stress response including “response to biotic stimulus (GO:0009607)”, “defense response 

(GO:0006952)”, “oxidation reduction (GO:0055114)”, “copper ion binding (GO:0005507)”, 

“oxidoreductase activity (GO:001691)”, and “endopeptidase inhibitor activity (GO:0004866)” 

(Table 2a), and down-regulated GO term were mainly “integral to membrane (GO:0016021)” 

(Table 2c); 6h S up-regulated GO term were mainly “regulation of transcription, DNA-

dependent (GO:0006355)” (Table 2b), and down-regulated GO terms included “heme binding 

(GO:0020037)”, “electron carrier activity (GO:0009055)”, “aspartic-type endopeptidase 

activity (GO:0004190)”, and “protein disulphide oxidoreductase activity (GO:0015035)” 

(Table 2d). 
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After 3 days of salt treatment, GO analysis on uniquely up- and down-regulated DEGs 

showed that only “oxidation reduction (GO:0055114)” and “oxidoreductase activity 

(GO:0016491)” were up-regulated in NIL-T (Table 3a); “microtubule-based movement 

(GO:0007018)”, “microtubule motor activity (GO:0003777)”, “ADP binding (GO:0043531)”, 

“beta-galactosidase-related (GO:0004565)”, “serine hydrolase activity (GO:0017171)” and 

“beta-galactosidase complex (GO:0009341)” were down-regulated (Table 3c). Up-regulated 

GO terms in NIL-S were “regulation of transcription, DNA-dependent (GO:0006355)”, 

“protein amino acid phosphorylation (GO:0006468)”, “recognition of pollen (GO:0048544)”, 

and “malate transport (GO:0015743)” (Table 3b); transmembrane transporter-related GO terms 

were down-regulated in NIL-S (Table 3d). 

“Oxidation reduction (GO:0055114)” and “oxidoreductase activity (GO:0016491)” 

were consistently up-regulated in NIL-T at both time points. Table 4 shows all the 53 up-

regulated genes in “oxidation reduction” and “oxidoreductase activity” GO terms after 3d 

treatment in NIL-T roots. A group of Cytochrome P450 enzymes-encoding genes were 

significantly more highly expressed in NIL-T, especially Glyma.13G173500, which had a 

FPKM of 279 compared to 71 under control conditions (Table 4). Other genes encoding 

oxidoreductase enzymes were also included such as peroxidases and dehydrogenases (Table 4). 

 

KEGG analysis of DEGs between control and salt-treated samples 

To understand what pathways were differently altered in NIL-T and NIL-S under salt 

stress, KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis was performed. In our 

analysis, 1816 and 3054 DEGs in NIL-T and NIL-S, respectively, were enriched in 58 pathways 

(corrected p-Value <0.05) after 6 hours salt-treatment (Fig 4a). Most of the 58 pathways in both 

NIL-T and NIL-S were within the metabolism category; “Phenylpropanoid biosynthesis”, 

“Phenylalanine metabolism”, and “Starch and sucrose metabolism” were the top three pathways. 

In other categories, “Endocytosis”, “Phagosome”, and “Peroxisome” were enriched in within 

cellular process category; “Plant hormone signal transduction”, “Phosphatidylinositol signaling 
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system”, and “ABC transporters” were enriched in environmental information processing; 

“Protein processing in endoplasmic reticulum”, “Ribosome”, and “Spliceosome” were enriched 

in genetic information processing; “Plant-pathogen interaction” was enriched in organismal 

systems. Overall, in all significantly changed pathways, NIL-S has more DEGs compared to 

NIL-T after 6 hours salt-treatment.  

With regard to 3 days salt stress, 2844 and 2573 DEGs in NIL-T and NIL-S, respectively, 

were mapped to 57 pathways (corrected P-Value <0.05) (Fig 3b). The metabolism category was 

also the most enriched after 3 days with similar pathways involved compared to 6 hours; 

“Peroxisome”, “Regulation of autophagy”, and “Endocytosis” were enriched in the cellular 

process category; “Plant hormone signal transduction”, “Phosphatidylinositol signaling 

system”, and “ABC transporters” were enriched in environmental information processing; 

“Protein processing in endoplasmic reticulum”, “Ubiquitin mediated proteolysis”, and 

“Spliceosome” were enriched in genetic information processing; “Plant-pathogen interaction” 

was enriched in organismal system. After 3 days salt-treatment, most of the significantly 

changed pathways included more DEGs in NIL-T compared to NIL-S, especially in “Protein 

processing in endoplasmic reticulum” (16 to 11 DEGs), “Ubiquitin mediated proteolysis” (10 

to 3 DEGs), “Phenylpropanoid biosynthesis” (71 to 60 DEGs), “Phenylalanine metabolism” 

(52 to 42 DEGs), “Starch and sucrose metabolism” (43 to 35 DEGs), and “Plant-pathogen 

interaction” (33 to 20 DEGs).   

In the “Plant-pathogen interaction” pathway, the putative CNGC (Cyclic Nucleotide-

Gated ion Channel) 15-like gene, Glyma.13G141000, was significantly down-regulated in 3d 

T (Fig. 4a, b), but another probable CNGC 20 gene, Glyma.09G168700, was upregulated in 3d 

S. Several CaM (Calmodulin) and CML (Calmodulin-like) genes were down-regulated in 3d T. 

CDPK (Calcium-Dependent Protein Kinase 3, Glyma.08G019700) and Rboh (Respiratory 

Burst Oxidase Homolog protein F-like isoform 1, Glyma.01G222700) were up-regulated in 3d 

S. However, at 6h, another CNGC 20-like gene, Glyma16G218300, was significantly up-
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regulated in NIL-T which results in higher expression of Rhob and CaM/CML (Supplementary 

Fig. 6).  

 

Genes clustering analysis 

Based on gene expression patterns of all 30 RNA-seq libraries, they could be grouped 

into 17 sub-clusters (Supplementary Fig. 6). The top four hierarchical sub-culsters are shown 

in Fig. 6. Cluster 1 (Fig. 6a) includes 406 genes that were up-regulated at 6h and down-regulated 

at 3d in both salt-treated NIL-T and -S compared to control-treated samples; Fig. 6b indicates 

639 genes clustered that were up-regulated at 3d salt-treated samples and further up-regulated 

in NIL-T compared to NIL-S; Cluster 14 (Fig. 6c) has 954 genes that were up-regulated at 6h 

and further up-regulated at 3d in both salt-treated NIL-T and -S compared to control-treated 

samples; Cluster 17 (Fig. 6d) includes 404 genes that were up-regulated at 6h in both salt-

treated NIL-T and -S compared to control-treated samples.  

 

RT-qPCR validation for RNA-seq results 

In order to confirm the RNA-seq results, 10 DEGs were selected for RT-qPCR 

validation, based on their RPKM transcript abundance. RT-qPCR, shown in supplementary fig. 

5, indicates that relative expression values (relative to housekeeping gene GmUKN1) of the 

selected DEGs are significantly correlated with their FPKM values. 

 

ROS contents and scavenger enzymes activity  

Due to the enrichment of the “Oxidation reduction” gene ontology category in NIL-T 

plants under salt (Table 4) we decided to see if this translated into a difference in ROS 

generation or detoxification in NIL-T compared to NIL-S. H2O2 is one form of ROS (Reactive 

Oxygen Species), its content was measured in the roots of NIL-T and NIL-S at 3 days with or 

without salt treatment (Fig. 7a). Fig. 7a shows that there are no significant differences between 

NIL-T and NIL-S under control or saline conditions at 3d; but H2O2 concentration was higher 
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with salt treatment compared to control. The antioxidant properties the roots of NIL-T and NIL-

S at 3 days with salt treatment was analysed using H2O2 guaiacol. The scavenging enzyme 

activity of the superoxide anion was significantly higher in NIL-T compared to NIL-S.  

 

Discussion 

Soybean cultivars harbouring GmSALT3 are better able to regulate Na+, K+, and Cl– 

homeostasis in whole plants (Do et al., 2016; Guan et al., 2014; Liu et al., 2016; Qi et al., 2014), 

and they also have a yield advantage under saline conditions (Do et al., 2016; Liu et al., 2016). 

However, as an ER-localised membrane protein (Guan et al., 2014), how its molecular 

functions contribute to salinity tolerance remain unknown. In the present research, to further 

decipher connections between GmSALT3 and soybean salinity tolerance, and to identify other 

genes and biological pathways involved in responses to salt stress in GmSALT3-NIL plants, we 

generated de novo transcriptomes by RNA-seq from roots of NIL-T and NIL-S seedlings from 

three time points, 0d, 6h, and 3d of salt-treatment (200 mM NaCl) and corresponding non-

treatment controls.  

Illumina sequencing results were tested through fastQC in FastQ format (Andrews, 

2010), reports showed that all the 30 constructed RNA-seq libraries were qualified for further 

analysis. On average the RNA-seq libraries had 26.8 million clean mapped reads, and reads 

were mapped to 53,625 annotated soybean genes with 353 new-discovered. Minimal DEGs 

could be detected between NIL-T and NIL-S at 0h, 6h, and 3d under control conditions (Fig 2), 

this indicates that NIL-T and NIL-S roots had similar gene expression patterns under non-

stressed conditions. Based on our analysis, there were 1816 DEGs (6h) and 2844 (3d) DEGs 

responsive to salt stress in NIL-T roots; 3054 DEGs (6h) and 2573 (3d) DEGs responsive to 

salt stress in NIL-S roots (Fig. 2b). Uniquely DEGs at 6h and 3d were further analysed by GO 

enrichment.  

“Oxidation reduction (GO:0055114)” and “oxidoreductase activity (GO:0016491)” 

were consistently up-regulated in NIL-T at both time points with a greater amount of genes in 
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this term up-regulated after 3 days, which indicates that NIL-T plants may have a greater 

capacity to detoxify ROS (Reactive oxygen species) than NIL-S plants. In all the listed up-

regulated genes in NIL-T (Table 4), a group of Cytochrome P450 enzymes-coding genes were 

significantly more highly expressed in NIL-T in response to salt-treatment, especially 

Glyma.13G173500, which has the highest expression level and a fold change of 3.93. The 

expression of Glyma.13G173500 was consistent among control-treated samples. 

(Supplementary Fig. 6).  

Cytochrome P450 (CYP) is a large and essential superfamily in plants, which catalyses 

monooxygenation/hydroxylation reactions in primary and secondary metabolism pathways 

(Mizutani and Ohta, 2010). In soybean, there are 322 identified CYPs, but most of them have 

not been functionally elucidated (Guttikonda et al., 2010). GmCYP82A3 (Glyma.13g068800) 

(Yan et al., 2016) and GmCYP51G1 (Glyma.07g110900) (Pi et al., 2016) were shown to be 

involved in plant resistance to biotic and abiotic stresses such as salinity and drought.  

Soybean Isoflavone synthase (IFS) GmIFS1 (Glyma.07G202300) and GmIFS2 

(GmCYP93C1; Glyma.13G173500; an isoform of GmIFS1; a DEG in our study) are tandem 

P450 enzymes that are anchored in the ER, interacting with soluble enzymes in the 

phenylpropanoid and isoflavonoid pathways, including chalcone synthase (CHS), chalcone 

reductase (CHR), and chalcone isomerase (CHI) (Dastmalchi et al., 2016). GmCHS, GmCHI 

and GmCPM (cytochrome P450 monooxygenase) mediates the accumulation patterns of 

flavonoids, and these flavonoids play roles in reducing the ROS or other functions (Pi et al., 

2016). GmIFS1 expression is induced by salt stress and leads to accumulation isoflovanones 

and improved salt tolerance (Jia et al., 2017). We found GmIFS2 (Glyma.13G173500) has a 

fold change of 3.93 in NIL-T in response to salt stress (Table 4); it has been previously proposed 

to increase phenylpropanoid and isoflavonoid synthesis that plays a role in abiotic and biotic 

stress responses in soybean; phenylpropanoids and isoflavonoids function as antioxidants for 

ROS homeostasis (Dastmalchi et al., 2016). “Phenylpropanoid biosynthesis” was indeed the 

most enriched KEGG pathway in both NIL-T and NIL-S in response to salt stress (Fig. 4). The 
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ER localisation of GmIFS2 provides a possible connection with GmSALT3, also an ER-

localised membrane protein (Guan et al., 2014).  

NaCl can induce conformational change of cytochrome P450 in animals (Oyekan et al., 

1999; Yun et al., 1996), but this has not been investigated in plants. A group of genes (639 

genes) were clustered as more highly expressed in NIL-T and NIL-S after 3 days’ salt treatment, 

and even more highly expressed in NIL-T compared to NIL-S (Fig. 6b). These genes are most 

enriched in the GO term “heme binding (GO: 0020037)” (Fig. 6b). Plant CYP P450 enzymes 

contain heme as a cofactor, and have a conserved motif of 10 amino acids for the heme binding 

site (FGAGRRICPG) (Saxena et al., 2013). This motif could facilitate the binding of heme iron 

to the CYP P450 monooxygenases (Gribskov et al., 1987). GmIFS2 involves this conserved 

motif (Supplementary Fig. 9), therefore, the 639 genes enriched in heme binding GO term could 

be, in part related to the potential greater activity of GmIFS2 requiring more heme to be active.  

Ions (Na+ and Cl–) begin to accumulate in NIL-S leaves after 3 days NaCl treatment 

(Liu et al., 2016). In KEGG enrichment analysis, NIL-S roots had a quicker salt-stress response 

compared to NIL-T, with generally more DEGs found in each enriched pathway at 6h (Fig. 4a); 

however, at 3d, NIL-T showed more DEGs in each enriched pathway (Fig. 4b). This suggests 

that GmSALT3 contributes to NIL-T salinity tolerance from roots in a longer term (3 days), but 

not instantly from salt was applied.  

One possible mechanism in NIL-T salinity tolerance is through restricting the 

expression of the putative CNGC (Cyclic Nucleotide-Gated ion Channel) in the “Plant-

pathogen interaction” pathway (Fig. 4). This channel is predicted to allow Ca2+ signal transport 

across the plasma membrane into cytoplasm (Ma et al., 2009),  with the subsequent Ca2+ 

cascades activating CDPK (Calcium-Dependent Protein Kinase 3, Glyma.08G019700) and 

Rboh (Respiratory Burst Oxidase Homolog protein F-like isoform 1, Glyma.01G222700), 

which ultimately results in higher ROS production and hypersensitive response in NIL-S (Fig. 

4a, c). Several CaM (Calmodulin) and CML (Calmodulin-like) genes are down-regulated in 3d 

T which may restrict NO (Nitric Oxide) production, which is a gaseous reactive oxygen species 
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(ROS) in plants (Ma and Berkowitz, 2011). Interestingly, NO was also shown to be able to 

induce conformational change of cytochrome P450 in animals (Oyekan et al., 1999). Another 

noteworthy change was that at 6h, Glyma16G218300, another CNGC 20-like gene, was 

significantly up-regulated in NIL-T which results in higher expression of Rhob and CaM/CML. 

This could be because ROS work as signalling molecules when plant roots are suddenly 

exposed to salt, and decrease stomatal conductance to avoid excessive water loss (Abogadallah, 

2010). Significantly higher scavenging enzyme activity of the superoxide anion (O2
–) in NIL-

T roots supports that GmSALT3 is related to ROS detoxification (Fig. 7b). However, ROS 

concentration (H2O2) has no difference between NIL-T and NIL-S under salt treatment (Fig. 

7a). But other ROS content, such as superoxide and singlet oxygen, could be different and so 

need to be measured. 

Another RNA-seq was performed using the same NIL-T and NIL-S soybean cultivars 

but grown in an alternative location (Adelaide, Australia compared to Beijing, China for the 

first run), and later salt treatment at 14 DAS (compared to 10 DAS for the first run). Soybean 

root samples were harvested prior to and after 200 mM NaCl treatment for 3 days and equivalent 

control plants (Supplementary Fig. 10a). There was little overlap between the identity of the 

DEGs between RNAseq run 1 and 2 (Supplementary Fig. 11a) but GO analysis shows that 

uniquely up-regulated DEGs in NIL-T were also enriched in oxidation-reduction related and 

heme binding GO terms (Supplementary Fig. 11b; 11c), which emphasises the likely role of 

ROS management in the salt tolerance phenotype observed in NIL-T.  

Plants have adaptations to salinity stress in many pathways, ROS detoxification has 

shown to be an important cellular mechanism of salt tolerance in many crops (Dong et al., 2013; 

Munns and Gilliham, 2015; Munns and Tester, 2008; Roy et al., 2014). In the present study, 

RNA-seq analysis was used to compare transcriptomic responses between NIL-T and NIL-S 

under salinity stress. To summarize, it is proposed that GmSALT3 improves the salinity 

tolerance of NIL-T through various ROS detoxification mechanisms, such as induced 

phenylpropanoid and isoflavonoid biosynthesis by higher expression of GmIFS2; reduced 
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expression of the putative CNGC to restrict Ca2+ signal transporting across plasma membrane 

into cytoplasm and ultimately restricting production of ROS and NO.  

 

Materials and methods 

Plant growth conditions and stress treatments  

NIL-T (Salt-tolerant, GmSALT3) and NIL-S (Salt-sensitive, Gmsalt3) plants were 

grown in a growth chamber (RXZ-500D; Ningbo Jiangnan Instrument, China), with a day 

length of 16 h (with a light-emitting diode light source at 400 µmol m−2 s−1) at 28 ◦C, and 8 h 

dark at 25 ◦C, with 60% relative humidity throughout. Soybean seedlings were treated with 200 

mM NaCl (salt treatment) or water (control) at 10 days after sowing (DAS). 200 mM NaCl or 

water were applied again at 12 DAS. 

 

Total RNA extraction and RNA-seq library construction 

Total RNA was extracted from soybean roots using TRIZOL reagent (Ambion, 

http://www.ambion.com). Root samples were harvested from three time points, 0h, 6h, and 3d 

of a 200 mM salt-treatment with the corresponding non-treatment controls. To remove the 

residual DNA, the extracted RNA was treated with RNase-free DNase I (New England Biolabs, 

https://www.neb.com) for 30 min at 37°C. Thirty RNA libraries were generated for paired-end 

reads using an Illumina HiSeq 2500 sequencer, consisting of 3 biological samples per time 

point per genotype. 

 

RNA-seq data analysis and assembly 

Raw reads were generated and mapped to the latest soybean genome sequence 

Gmax_275 Wm82.a2.v1 (Glyma 2.0) using TopHat2 (Kim et al., 2013). Clean mapped reads 

were obtained by removing low quality (Q<30) sequences, adapter fragments and barcode 

sequences. Combined with quality control test by fastQC (Andrews, 2010), the quality of RNA-

seq libraries construction and sequence alignment was deemed sufficient for further analysis. 
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Gene expression level and DEG analysis 

Gene expression was compared in FPKMs (Fragments Per Kilobase of transcript per 

Million) calculated using the Cufflinks functions cuffquant and cuffnorm (Trapnell et al., 2012). 

Differential expression analysis of two conditions/groups was performed using the DESeq R 

package (1.10.1). The resulting P values were adjusted using the Benjamini and Hochberg’s 

approach for controlling the false discovery rate. The cut-offs for differentially expressed genes 

(DEGs) were Log2FC (fold change) ≥ 1, FDR (False Discover Rate) < 0.01. 

 

GO enrichment and KEGG pathway analysis 

GO enrichment analysis of DEGs was implemented using AgriGO (Du et al., 2010). 

GO terms with corrected p values < 0.05 were deemed significantly enriched. KEGG (Kanehisa 

et al., 2007) is a database resource for understanding high-level functions and utilities of the 

biological system, such as the cell, the organism and the ecosystem, from molecular-level 

information, especially large-scale molecular datasets generated by genome sequencing and 

other high-throughput experimental technologies (http://www.genome.jp/kegg/). We used 

KOBAS (Mao et al., 2005) software to test the statistical enrichment of differential expression 

genes in KEGG pathways. 

 

ROS contents measurement 

ROS contents in soybean root samples were measured using Amplex® UltraRed reagent 

(Invitrogen, USA). Sodium phosphate buffer (0.5 ml 50 mM pH 7.4) was added to 0.1g soybean 

powder, after mixing and solubilisation, samples were set on ice for 5 min. Then tubes were 

centrifuged at 12 x 1000 g for 20 min. 500 µl supernatant was transferred into new tubes. An 

equal volume of 2:1 (v/v) chloroform : methanol was added and centrifuged at 12 x 1000 g for 

5 min. 50 µl aqueous phase was took from each sample and add into each well of 96-well 

microplate. 50 µl working solution (freshly made) was added into each well. Plate was 
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incubated at 25 °C for 30 min (protect from light). Reactive fluorescence was measure at 

540/590 nm.  

 

Scavenging activity of the superoxide anion (O2
-) assay  

The scavenging activity assay was adapted from Pi et al. (2016) with slight 

modifications. Less root homogenate (0.1 g) was used for measurement. Antioxidant enzymes 

were extracted with 2 ml of 0.05 M phosphate buffer (pH5.5) from 0.1 g root homogenate. The 

extract was then centrifuged at 12,000 x g (4 �) for 10 min. Supernatant (40 ul) was added into 

160 ul reaction buffer, which contains 80 ul phosphate buffer, 40 ul 0.05 M guaiacol (Sigmal, 

US), 40 ul 2% hydrogen peroxide (H2O2). The increased absorbance at 470 nm in 96-well plates 

due to the enzyme-dependent guaiacol oxidation was recorded every 30s until 4 min of reaction.  

 

Real-time quantitative reverse-transcription polymerase chain reaction (RT-qPCR) validation 

for RNA-seq results 

Total RNA was extracted from soybean root tissues using TRIZOL reagent (Ambion, 

http://www.ambion.com). To remove the residual DNA, the extracted RNA was treated with 

RNase-free DNase I (New England Biolabs, https://www.neb.com) for 30 min at 37°C. For 

gene expression, first-strand cDNA synthesis was done with a PrimeScript RT Reagent Kit 

(TaKaRa, Japan, http://www.takara.co.jp/english). Real-time PCR was performed using SYBR 

Premix Ex Taq II (TliRNaseH Plus) (TaKaRa). The level of GmSALT3 transcript was 

normalised using the control gene GmUKN1 (Hu et al., 2009). 
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Figures 

 
Fig 1.  Treatment and sampling strategy. (a) Soybean seedlings were treated with 200 mM 

NaCl (salt treatment) or water (control) at 10 days after sowing (DAS). Arrows mean the 

sampling time points (0h, 6h, 3d), triangle indicated the time point when water or NaCl solution 

was applied. (b) Pictures of soybean that had been treated with NaCl solution for 11 days. (c) 

Mapped-reads to GmSALT3 (bottom) and Gmsalt3 (above). NIL-T, NIL with GmSALT3 allele; 

NIL-S, NIL with Gmsalt3 allele. 
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Fig 2. Overview of DEGs between NIL-T salt-tolerant and NIL-S salt-sensitive soybean 

samples at the 0h, 6h, and 3d timepoints under non-saline conditions. a PCA plot of ten 

groups (g1 – g10). Different colored dots represent replicates in each group, different colored 

circles represent comparisons between groups (g1 vs g2, g3 vs g4, g5 vs g6).  b Venn diagram 

of up- and down-regulated DEGs in NIL-S soybeans at 0h, 6h, and 3d under control conditions. 

c Three up-regulated DEGs in NIL-S soybeans at all 0h, 6h, and 3d under control conditions. 

The cutoffs for DEGs are Log2FC (fold change) ≥ 1, FDR (False Discover Rate) < 0.01.  
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Gene ID Annotation GO terms Arabidopsis homolog Arabidopsis annotation

Glyma.07G196800
BPREDICTED: linoleate 13S-
lipoxygenase 3-1, chloroplastic-like 
[Glycine max]

Biological BProcess: fatty acid biosynthetic process (GO:0006633);             
Cellular Component: chloroplast (GO:0009507);                                                                                
Molecular Function: oxidoreductase activity, acting on single donors with incorporation of molecular 
oxygen, incorporation of two atoms of oxygen (GO:0016702);metal ion binding (GO:0046872).

At1g17420 Lipoxygenase 3

Glyma.10G143600
BPREDICTED: uncharacterized 
protein LOC100780872 [Glycine 
max]

-- At2g37860
BProtein of unknown function. 
Mutants have pale leaves, lower cell 
density

Glyma.20G105500 BPREDICTED: 3-hydroxybenzoate 
6-hydroxylase 1-like [Glycine max]

Molecular Function: monooxygenase activity (GO:0004497);  oxidoreductase activity (GO:0016491);                                                                                                                            
Biological BProcess: response to stress (GO:0006950); response to abiotic stimulus (GO:0009628)
; cellular metabolic process (GO:0044237); single-organism metabolic process (GO:0044710)
; oxidation-reduction process (GO:0055114).                                                                                                                           
Cellular Component: chloroplast (GO:0009507); response to abiotic stimulus (GO:0009628).

At5g05320 FAD/NAD(BP)-binding 
oxidoreductase family protein
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Fig 3. Overview of DEGs (differentially expressed genes) between salt-stressed and 

control samples in NIL-T and NIL-S soybeans at 6h and 3d. (a) PCA plot of ten groups (g1 

– g10). Different colored dots represent replicates in each group, different colored circles 

represent comparisons between groups (g5 vs g9, g6 vs g10, g3 vs g7, g4 vs g8). (b) Numbers 

of DEGs (up- and down-regulated) between groups. Clustering of DEGs in FPKMs (Fragments 

Per Kilobase of transcript per Million) of group 3 to 10 (c-f). The false colour scale from green 

through to red indicates increasing FPKM. (g) Venn diagram of up-regulated DEGs in NIL-T 

and NIL-S soybeans at 6h and 3d under NaCl treatment. (h) Venn diagram of down-regulated 

Control 6h T NaCl 6h T Control 3d S NaCl 3d SControl 6h S NaCl 6h SControl 3d T NaCl 3d T

-2000 

-1500 

-1000 

-500 

0

500

1000

1500

2000

1263

1911

1333 1318

553

1143
1511

1255

up down

3d T          3d S6h T

6h S

g5 vs g9

g6 vs g10

g3 vs g7   
g4 vs g8

8

8

8

6

6

6

9 9

9

3
3

3

77

7

10

10

10

4

4 4

5

5
5

2
2

2
1

1

1

g1  Control 0h T

g2  Control 0h S

g3  Control 3d T

g4   Control 3d S

g5  Control 6h T

g6  Control 6h S

g7  NaCl 3d T

g8  NaCl 3d S

g9  NaCl 6h T

g10 NaCl 6h S
g5 vs g9

g6 vs g10

g3 vs g7   

g4 vs g8

6h T    6h S                  

NaCl vs Control
Up-regulated

6h T    6h S                  

NaCl vs Control
Down-regulated

(a) (b)

(g) (h)

3d S3d T3d S3d T

(c) (d) (e) (f)



	 163	

DEGs in NIL-T and NIL-S soybeans at 6h and 3d under NaCl treatment. The cut-offs for DEGs 

are Log2FC (fold change) ≥ 1, FDR (False Discover Rate) < 0.01.  

 

 

 

 
Fig 4. Significantly enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) of all 

DEGs between salt-stressed and control samples in NIL-T and NIL-S soybeans. a 6h 

KEGG enrichment. b 3d KEGG enrichment. KEGG enrichment P-value cut-off  ≤ 0.05. 
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Fig 5. DEGs between control and salt-treated samples of NIL-T and NIL-S in plant-

pathogen interaction KEGG pathway at 3d. a Diagram of plant-pathogen pathway. b DEGs 

of NIL-T. c DEGs of NIL-S. Green represents down-regulated genes; Red represents Up-

regulated genes; Blue represents mixed-regulated genes.  
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CaMCML

ID log2FC KEGG_annotation nr_annotation

Glyma.13G141000 -1.789326976 K05391|0|gmx:100804375|putative cyclic nucleotide-gated ion channel 
15-like; K05391 cyclic nucleotide gated channel, other eukaryote (A) PREDICTED: putative cyclic nucleotide-gated ion channel 15-like [Glycine max]

ID log2FC KEGG_annotation nr_annotation

Glyma.06G034700 2.642449026K13448|1.35667e-133|gmx:100775336|probable calcium-binding protein 
CML41-like; K13448 calcium-binding protein CML (A) PREDICTED: probable calcium-binding protein CML41-like [Glycine max]

Glyma.16G214500 -1.564534966K02183|0|gmx:100820100|TMV resistance protein N-like; K02183 
calmodulin (A) R 9 protein [Glycine max] 

Glyma.02G245700 -1.260414361K13448|5.94526e-96|gmx:100796491|probable calcium-binding protein 
CML18-like; K13448 calcium-binding protein CML (A) PREDICTED: probable calcium-binding protein CML27-like [Glycine max]

Glyma.10G178400 -1.36674556K13448|3.10298e-102|gmx:547787|SCAM-4; calmodulin (EC:2.7.11.19); 
K13448 calcium-binding protein CML (A) calmodulin [Glycine max] 

Glyma.13G316100 -1.167992691K13448|1.40322e-131|gmx:100305637|uncharacterized LOC100305637; 
K13448 calcium-binding protein CML (A) uncharacterized protein LOC100305637 [Glycine max] 

Glyma.17G128900 -2.909930613K13448|1.55086e-80|gmx:100816563|putative calcium-binding protein 
CML19-like; K13448 calcium-binding protein CML (A) PREDICTED: probable calcium-binding protein CML31-like [Glycine max]

ID log2FC KEGG_annotation nr_annotation

Glyma.09G168700 1.296094487
K05391|0|gmx:100795955|probable cyclic nucleotide-gated ion channel 
20, chloroplastic-like; K05391 cyclic nucleotide gated channel, other 
eukaryote (A)

PREDICTED: probable cyclic nucleotide-gated ion channel 20, chloroplastic-like 
[Glycine max]

ID log2FC nr_annotation

Glyma.08G019700 1.004584469K13412|0|zma:100286149|calcium-dependent protein kinase, isoform 2; 
K13412 calcium-dependent protein kinase [EC:2.7.11.1] (A)

PREDICTED: LOW QUALITY PROTEIN: calcium-dependent protein kinase 3-
like [Glycine max]

ID log2FC nr_annotation

Glyma.01G222700 1.280334686K13447|0|gmx:100805517|respiratory burst oxidase homolog protein A-
like; K13447 respiratory burst oxidase [EC:1.6.3.- 1.11.1.-] (A)

PREDICTED: respiratory burst oxidase homolog protein F-like isoform 1 
[Glycine max]

CNGCs

CDPK

Rboh

a

b

c
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Fig. 6 Clustering of all DEGs in 30 RNA-seq libraries. Top four hierarchical subclusters 

including cluster 1 (a), cluster 9 (b), cluster 14 (c), and cluster 17 (d). Their heatmaps, average 

gene expression level in each subcluster, and top five enriched GO terms in each subcluster. 

Different samples are shown on the x-axis and the relative expression level is shown on the y-

axis. All subclusters are shown in Supplementary Fig. 8.  
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Fig. 7 H2O2 concentration and enzyme activity of the superoxide anion (O2
-) scavenger 

assay. a H2O2 concentration of NIL-T and NIL-S at three days with or without salt treatment. 

b scavenging activity of the superoxide anion (O2
-) of NIL-T and NIL-S with salt treatment. 

Asterisk indicates a significant difference between NIL-T (brown) and NIL-S (red) at *P <0.05.  
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Table 1. Reads mapping and quality of sequencing for 30 Glycine max root samples.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group Sample Total Reads Mapped Reads Clean reads Clean bases GC Content %≥Q30

g1
Control 0h T1 57,699,406 49,137,608 (85.16%) 28,849,703 7,212,425,750 50.56% 92.05%
Control 0h T2 59,769,628 51,025,677 (85.37%) 29,884,814 7,471,203,500 52.37% 93.30%
Control 0h T3 62,070,060 53,862,681 (86.78%) 31,035,030 7,758,757,500 50.01% 93.35%

g2
Control 0h S1 43,642,298 32,134,039 (73.63%) 21,821,149 5,455,287,250 48.70% 88.44%
Control 0h S2 46,423,344 39,574,288 (85.25%) 23,211,672 5,802,918,000 49.23% 94.08%
Control 0h S3 56,017,714 43,638,938 (77.90%) 28,008,857 7,002,214,250 50.34% 93.88%

g3
Control 3d T1 48,501,908 42,642,939 (87.92%) 24,250,954 6,062,738,500 48.90% 93.69%
Control 3d T2 60,432,732 53,220,906 (88.07%) 30,216,366 7,554,091,500 50.86% 94.28%
Control 3d T3 48,809,732 41,680,164 (85.39%) 24,404,866 6,101,216,500 48.29% 92.51%

g4
Control 3d S1 47,058,528 39,937,443 (84.87%) 23,529,264 5,882,316,000 48.39% 93.58%
Control 3d S2 48,461,144 40,928,669 (84.46%) 24,230,572 6,057,643,000 47.83% 94.18%
Control 3d S3 49,796,814 40,986,303 (82.31%) 24,898,407 6,224,601,750 50.35% 94.30%

g5
Control 6h T1 51,648,018 30,700,905 (59.44%) 25,824,009 6,456,002,250 48.37% 84.72%
Control 6h T2 34,427,522 21,774,315 (63.25%) 17,213,761 4,303,440,250 48.21% 87.04%
Control 6h T3 84,627,144 55,643,274 (65.75%) 42,313,572 10,578,393,000 48.00% 86.74%

g6
Control 6h S1 62,158,510 50,330,267 (80.97%) 31,079,255 7,769,813,750 48.61% 92.06%
Control 6h S2 59,768,732 44,180,997 (73.92%) 29,884,366 7,471,091,500 48.12% 89.44%
Control 6h S3 48,852,622 41,445,404 (84.84%) 24,426,311 6,106,577,750 49.05% 93.76%

g7
NaCl 3d T1 47,478,210 39,318,129 (82.81%) 23,739,105 5,934,776,250 49.12% 93.71%
NaCl 3d T2 49,524,852 42,007,601 (84.82%) 24,762,426 6,190,606,500 50.44% 94.94%
NaCl 3d T3 53,918,342 45,880,121 (85.09%) 26,959,171 6,739,792,750 52.93% 93.81%

g8
NaCl 3d S1 55,228,034 45,771,588 (82.88%) 27,614,017 6,903,504,250 47.24% 92.28%
NaCl 3d S2 57,398,436 46,291,922 (80.65%) 28,699,218 7,174,804,500 48.58% 92.30%
NaCl 3d S3 58,773,304 47,497,496 (80.81%) 29,386,652 7,346,663,000 48.48% 91.31%

g9
NaCl 6h T1 53,174,654 45,735,099 (86.01%) 26,587,327 6,646,831,750 51.47% 93.56%
NaCl 6h T2 52,045,484 43,779,481 (84.12%) 26,022,742 6,505,685,500 50.75% 93.30%
NaCl 6h T3 55,579,826 45,167,976 (81.27%) 27,789,913 6,947,478,250 51.54% 92.62%

g10
NaCl 6h S1 54,197,662 45,095,587 (83.21%) 27,098,831 6,774,707,750 48.34% 92.64%
NaCl 6h S2 53,274,670 45,180,893 (84.81%) 26,637,335 6,659,333,750 50.44% 92.49%
NaCl 6h S3 47,601,546 40,826,998 (85.77%) 23,800,773 5,950,193,250 48.16% 94.75%
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Table 2. GO term analysis of uniquely up- and down-regulated genes under salt treatment 

in soybean roots at 6h. (a) Up-regulated genes in NIL-T soybean roots. (b) Up-regulated genes 

in NIL-S soybean roots. (c) Down-regulated genes in NIL-T soybean roots. (d) Down-regulated 

genes in NIL-S soybean roots. BP, Biological Process; MF, Molecular Function.    

 
 

Table 3. GO term analysis of uniquely up- and down-regulated genes under salt treatment 

in soybean roots at 3d. (a) Up-regulated genes in NIL-T soybean roots. (b) Up-regulated genes 

in NIL-S soybean roots. (c) Down-regulated genes in NIL-T soybean roots. (d) Down-regulated 

genes in NIL-S soybean roots. BP, Biological Process; MF, Molecular Function.    

 
 

 

 

 

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR
GO:0009607 BP response to biotic stimulus 7 64 9.3e-08 2.4e-05
GO:0006952 BP defense response 7 118 4.4e-06 0.00056
GO:0055114 BP oxidation reduction 28 2408 6.1e-05 0.0051
GO:0005507 MF copper ion binding 9 219 3.4e-06 0.00071
GO:0016491 MF oxidoreductase activity 32 2744 1.5e-05 0.0016
GO:0004866 MF endopeptidase inhibitor activity 5 92 0.00016 0.0083

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR
GO:0006355 BP regulation of transcription, DNA-dependent 69 1874 2e-05 0.0016

(a)

(b)

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR
GO:0016021 CC integral to membrane 11 1419 0.00065 0.0058

GO term Ontology Description Number in input list Number in 
BG/Ref p-value FDR

GO:0020037 MF heme binding 23 728 8e-05 0.012
GO:0009055 MF electron carrier activity 21 702 0.00033 0.018
GO:0004190 MF aspartic-type endopeptidase activity 9 169 0.00042 0.018
GO:0015035 MF protein disulfide oxidoreductase activity 7 96 0.00031 0.018

(c)

(d)

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR
GO:0055114 BP oxidation reduction 53 2408 8.9e-06 0.0037
GO:0016491 MF oxidoreductase activity 57 2744 2e-05 0.0073

(a)

(b)

GO:0006355 BP regulation of transcription, DNA-dependent 51 1874 9.8e-08 3.6e-06
GO:0006468 BP protein amino acid phosphorylation 45 2356 0.002 0.023
GO:0048544 BP recognition of pollen 14 135 3.8e-09 3e-07
GO:0015743 BP malate transport 5 34 0.0001 0.0013

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR
GO:0007018 BP microtubule-based movement 17 155 9.8e-09 5.2e-06
GO:0003777 MF microtubule motor activity 17 155 9.8e-09 2.4e-06
GO:0043531 MF ADP binding 27 467 2.1e-07 2e-05
GO:0004565 MF beta-galactosidase activity 6 37 9.5e-05 0.0031
GO:0017171 MF serine hydrolase activity 17 330 0.00014 0.0041
GO:0009341 CC beta-galactosidase complex 6 37 9.5e-05 0.009

GO term Ontology Description Number in input list Number in BG/Ref p-value FDR
GO:0055085 BP transmembrane transport 29 1167 1.9e-05 0.0075
GO:0022857 MF transmembrane transporter activity 24 1020 0.00022 0.036

(c)

(d)
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Table 4. Up-regulated genes in oxidation reduction and oxidoreductase activity GO terms 

of 3 days salt-treated NIL-T roots. Annotations are achieved from 

https://www.soybase.org/genomeannotation/.  

  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

100

200

200100

Gmax	2.0	Protein	ID	 Control	3d	T	(FPKM) NaCl	3d	T	(FPKM) PFAM_Descriptions Panther_Descriptions KOG_Desctiptions
Glyma.13G104100 0.003926 1.178719 Flavin	containing	amine	oxidoreductase AMINE	OXIDASE Flavin-containing_amine_oxidase		

Glyma.01G210400 0.200688 2.578006 alpha/beta	C-terminal	domain;	"lactate/malate	dehydrogenase,	NAD	binding	domain" MALATE	AND	LACTATE	DEHYDROGENASE Lactate_dehydrogenase		

Glyma.11G024100 0.040890 1.424517 Glutathione	peroxidase GLUTATHIONE	PEROXIDASE Glutathione_peroxidase		

Glyma.13G173500 71.332430 279.415321 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.02G202500 0.297011 0.974227 Aldehyde	dehydrogenase	family ALDEHYDE	DEHYDROGENASE-RELATED Aldehyde_dehydrogenase		

Glyma.18G211000 1.800717 5.575660 Peroxidase NA NA

Glyma.16G179200 1.461360 2.027147 CobQ/CobB/MinD/ParA	nucleotide	binding	domain FAMILY	NOT	NAMED Predicted_ATPase,_nucleotide-binding		

Glyma.06G137000 0.370632 1.164678 2OG-Fe(II)	oxygenase	superfamily OXIDOREDUCTASE,	2OG-FE(II)	OXYGENASE	FAMILY	 Iron/ascorbate_family_oxidoreductases		

Glyma.14G099000 3.113720 7.206253 Cytokinin	dehydrogenase	1,	FAD	and	cytokinin	binding;	"FAD	binding	domain	" D-LACTATE	DEHYDROGENASE Proteins_containing_the_FAD_binding_domain		

Glyma.16G021200 6.619380 14.499433 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.05G214000 27.504467 64.849500 NAD	binding	domain	of	6-phosphogluconate	dehydrogenase 6-PHOSPHOGLUCONATE	DEHYDROGENASE 6-phosphogluconate_dehydrogenase		

Glyma.11G175900 6.988560 13.550913 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP4/CYP19/CYP26_subfamilies		

Glyma.17G225700 1.988862 5.125209 FAD	binding	domain	;	"Cytokinin	dehydrogenase	1,	FAD	and	cytokinin	binding" D-LACTATE	DEHYDROGENASE Proteins_containing_the_FAD_binding_domain		

Glyma.04G123800 1.602680 3.730430 Alternative	oxidase NA NA

Glyma.19G123800 0.464332 1.785490 Rubrerythrin NA NA

Glyma.08G303800 6.717425 16.957918 Flavin	containing	amine	oxidoreductase AMINE	OXIDASE Amine_oxidase		

Glyma.07G168500 10.873917 21.774467 2OG-Fe(II)	oxygenase	superfamily OXIDOREDUCTASE,	2OG-FE(II)	OXYGENASE	FAMILY	 Iron/ascorbate_family_oxidoreductases		

Glyma.09G132300 0.903153 1.607179 CobQ/CobB/MinD/ParA	nucleotide	binding	domain FAMILY	NOT	NAMED Predicted_ATPase,_nucleotide-binding		

Glyma.01G056100 0.352736 0.825042 2OG-Fe(II)	oxygenase	superfamily OXIDOREDUCTASE,	2OG-FE(II)	OXYGENASE	FAMILY	 Iron/ascorbate_family_oxidoreductases		

Glyma.18G177000 3.020740 6.342210 Zinc-binding	dehydrogenase;	"Alcohol	dehydrogenase	GroES-like	domain" ALCOHOL	DEHYDROGENASE	RELATED Alcohol_dehydrogenase,_class_V		

Glyma.03G008100 0.296423 0.491798 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP4/CYP19/CYP26_subfamilies		

Glyma.05G041200 0.140178 0.587665 Ferric	reductase	NAD	binding	domain;	"FAD-binding	domain" NADPH	OXIDASE NA

Glyma.03G098600 3.067300 7.794463 Zinc-binding	dehydrogenase ALCOHOL	DEHYDROGENASE	RELATED Predicted_NAD-dependent_oxidoreductase		

Glyma.17G167200 3.871524 8.781803 FAD	dependent	oxidoreductase FAD	NAD	BINDING	OXIDOREDUCTASES Possible_oxidoreductase		

Glyma.17G054500 0.337715 0.774757 FAD	binding	domain	;	"Cytokinin	dehydrogenase	1,	FAD	and	cytokinin	binding" GULONOLACTONE	OXIDASE Proteins_containing_the_FAD_binding_domain		

Glyma.03G122000 26.622283 34.891684 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.20G169200 30.460700 53.630300 Peroxidase NA NA

Glyma.11G185700 6.940457 9.682720 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP4/CYP19/CYP26_subfamilies		

Glyma.06G113500 0.626838 1.859539 Pheophorbide	a	oxygenase;	"Rieske	[2Fe-2S]	domain" IRON-SULFUR	DOMAIN	CONTAINING	PROTEIN NA

Glyma.15G071000 14.283107 37.916700 Polyphenol	oxidase	middle	domain;	"Common	central	domain	of	tyrosinase" TYROSINASE NA

Glyma.10G231200 6.984682 16.091238 Fatty	acid	hydroxylase	superfamily NA NA

Glyma.10G200800 1.980207 2.714897 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.15G129200 8.068280 20.633733 Peroxidase NA NA

Glyma.13G168700 4.586266 11.779662 catalytic	domain;	"D-isomer	specific	2-hydroxyacid	dehydrogenase,	NAD	binding	 2-HYDROXYACID	DEHYDROGENASE-RELATED Glyoxylate/hydroxypyruvate_reductase_(D-isomer-

Glyma.10G041800 0.537806 1.160858 Flavin-binding	monooxygenase-like DIMETHYLANILINE	MONOOXYGENASE Flavin-containing_monooxygenase		

Glyma.17G015400 4.400850 6.387743 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.19G126000 35.728733 48.534900 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.02G052700 14.152725 29.022591 Peroxidase NA NA

Glyma.09G218700 1.588015 2.484951 High-affinity	nickel-transport	protein NA NA

Glyma.06G017900 12.309302 24.021127 Catalase;	"Catalase-related	immune-responsive" CATALASE Catalase		

Glyma.12G107000 7.262499 15.171104 Pyridine	nucleotide-disulphide	oxidoreductase;	"Pyridine	nucleotide-disulphide	 NADH	DEHYDROGENASE-RELATED NADH-dehydrogenase_(ubiquinone)		

Glyma.11G149100 0.525827 1.166289 FAD	binding	domain	;	"Cytokinin	dehydrogenase	1,	FAD	and	cytokinin	binding" GULONOLACTONE	OXIDASE Proteins_containing_the_FAD_binding_domain		

Glyma.20G192200 0.856669 1.672531 lactate/malate	dehydrogenase,	alpha/beta	C-terminal	domain;	"lactate/malate	 MALATE	DEHYDROGENASE Malate_dehydrogenase		

Glyma.18G009700 43.848325 60.982450 Glyceraldehyde	3-phosphate	dehydrogenase,	NAD	binding	domain GLYCERALDEHYDE	3-PHOSPHATE	 Glyceraldehyde_3-phosphate_dehydrogenase		

Glyma.06G302700 12.621392 25.677667 Peroxidase NA NA

Glyma.11G122700 29.647954 50.738974 Cytochrome	P450 NA Cytochrome_P450_CYP4/CYP19/CYP26_subfamilies		

Glyma.05G207100 36.391806 79.784041 Glutathione	peroxidase GLUTATHIONE	PEROXIDASE Glutathione_peroxidase		

Glyma.08G033400 19.221367 37.310567 NAD	binding	domain	of	6-phosphogluconate	dehydrogenase 3-HYDROXYISOBUTYRATE	DEHYDROGENASE- Predicted_dehydrogenase		

Glyma.20G183100 0.857535 1.409998 FAD	dependent	oxidoreductase GLYCEROL-3-PHOSPHATE	DEHYDROGENASE Glycerol-3-phosphate_dehydrogenase		

Glyma.02G149900 1.938657 3.676737 2OG-Fe(II)	oxygenase	superfamily NA Uncharacterized_conserved_protein		

Glyma.08G226600 1.010831 1.571265 Complex	I	intermediate-associated	protein	30	(CIA30);	"NmrA-like	family" NAD	DEPENDENT	EPIMERASE/DEHYDRATASE Predicted_dehydrogenase		

Glyma.14G205200 91.015528 123.589510 Cytochrome	P450 FAMILY	NOT	NAMED Cytochrome_P450_CYP2_subfamily		

Glyma.15G019300 25.004079 60.218292 Malic	enzyme,	N-terminal	domain;	"Malic	enzyme,	NAD	binding	domain" MALIC	ENZYME-RELATED NADP+-dependent_malic_enzyme		
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Supplementary materials 

 
 
Supplementary Fig. 1 GO term analysis of unique DEGs under salt treatment in NIL-T roots after 6h 200 mM NaCl treatment.  a Up-regulated GO 

in biological process. b Up-regulated GO in molecular function. c Down-regulated GO in cellular component. Darker hues represent higher significance. 

a b c
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Supplementary Fig. 2 GO term analysis of unique DEGs under salt treatment in NIL-S roots after 6h 200 mM NaCl treatment.  (Continued) a Up-

regulated GO in biological process. b Up-regulated GO in molecular function. c Down-regulated GO in molecular function. Darker hues represent higher 

significance. 

b c
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Supplementary Fig. 3 GO term analysis of unique DEGs under salt treatment in NIL-T roots after 3d 200 mM NaCl treatment. (Continued)  a Up-

regulated GO in biological process. b Up-regulated GO in molecular function. c Down-regulated GO in biological process. d Down-regulated GO in cellular 

component. e Down-regulated GO in molecular function. Darker hues represent higher significance. 

e
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Supplementary Fig. 4 GO term analysis of unique DEGs under salt treatment in NIL-S roots after 3d 200 mM NaCl treatment.  (Continued) a Up-

regulated GO in biological process. b Up-regulated GO in molecular function. c Down-regulated GO in biological process. d Down-regulated GO in 

molecular function. Darker hues represent higher significance.

b c d



	 180	

 
Supplementary Fig. 5 qPCR validation for RNA-seq results of selected genes. Brown bars 

represent the level of transcripts in FPKM (left y-axis); red bars represent the relative expression 

level to GmUKN1 in percentage (right y-axis). Data are means of 3 replicates ± SEM. 
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Supplementary Fig.6 Glyma.13G173500 (GmIFS2) gene expression (FPKM) in all samples. 
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Supplementary Fig. 7 Diagram of DEGs between control and salt-treated samples of NIL-T and NIL-S in plant-pathogen interaction KEGG 

pathway at 6h. Green represents down-regulated genes; Red represents Up-regulated genes; Blue represents mixed-regulated genes. 
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Supplementary Fig. 8 Hierarchical clustering of all DEGs in all individual samples.  
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Supplementary Fig. 9 Conserved motif of heme binding alignment with GmIFS2 protein 

sequence. Protein sequence alignment was done in Geneious. 
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Supplementary Fig. 10 Overview of DEGs (differentially expressed genes) in RNA-seq 

rerun. a Numbers of DEGs (up- and down-regulated) between salt and control treated NIL-T 

and NIL-S at 3d. Venn diagram of up- (b) and down-regulated (c) DEGs in NIL-T against NIL-

S soybeans at 0h and 3d under control conditions.  

NIL-T and NIL-S plants were grown in a growth chamber located in the Plant Research 

Centre, Adelaide, with a day length of 16 h (with a light-emitting diode light source at 400 µmol 

m−2 s−1) at 28 ◦C, and 8 h dark at 25 ◦C, with 60% relative humidity throughout. Soybean 

seedlings were treated with 200 mM NaCl (salt treatment) or water (control) at 14 days after 

sowing (DAS). 200 mM NaCl or water were applied again at 16 DAS. Total RNA was extracted 

from soybean roots using TRIZOL reagent (Ambion, http://www.ambion.com). Root samples 

were harvested from two time points, 0h and 3d of a 200 mM salt-treatment with the 

corresponding non-treatment controls. Eighteen RNA libraries were generated for single-end 

reads using an Illumina HiSeq 1500 sequencer, consisting of 3 biological samples per time 

point per genotype. Raw reads were generated and mapped to the latest soybean genome 

sequence Gmax_275 Wm82.a2.v1 (Glyma 2.0) using CLC Genomics Workbench (Version 

7.0.4); RNA-seq statistics workflow was adopted to generate DEGs list. Again, there were more 

DEGs in NIL-T than NIL-S after 3 days, despite the numbers of DEGs being lower in the re-

run. 
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Supplementary Fig. 11 Venn diagram and GO term analysis of unique up-regulated DEGs under salt treatment in NIL-T roots after 3d 

200 mM NaCl treatment in second RNA-seq. a Venn diagram of up-regulated DEGs in second RNA-seq against first RNA-seq at 3d under NaCl 

treatment. b Biological process enriched GO terms. c Molecular function enriched GO terms. Darker hues represent higher significance. 

a c

b
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Brief conclusion 

Based on our RNA-seq analysis, ROS detoxification has been proposed to be a major 

factor of how GmSALT3 improves salinity tolerance in soybean. All the predicted GmSALT3-

related ROS detoxification mechanisms are through speculation based on RNA-seq analysis, 

they need to be verified. How increased ROS detoxification is achieved through GmSALT3 

needs further investigation; two possible mechanisms, among others, are through reducing the 

conformational change of GmIF2 by mediating NaCl concentration in the ER in soybean roots; 

or through direct interactions with ROS scavenger enzymes. DEGs in the second RNA-seq are 

not entirely the same as first RNA-seq, probably because of differences in growth 

locations/conditions, development state, light conditions/pollution, sample harvest, and RNA 

purification. But ROS management is consistently shown to be an important mechanism in 

contributing to salinity tolerance of NIL-T.  
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Chapter 6 Conclusions and future research directions 

 GmSALT3 is predicted to encode a cation/H+ antiporter 20-like protein in soybean 

(Glycine max) (Schmutz et al., 2010). It shares its highest identity to a predicted K+/H+ 

antiporter gene from Medicago truncatula (Young et al., 2011) and the closest characterised 

relative is a cation/H+ exchanger 20 gene (AtCHX20) from Arabidopsis thaliana which encodes 

an endosomal protein that functions in stomatal guard cells to regulate stomatal opening; most 

likely through regulation of cellular K+ and pH homeostasis (Padmanaban et al., 2007). In plant 

cells, ion and pH homeostasis is vital to adapt to a constantly changing environment such as the 

imposition of salinity, and this homeostasis is regulated in part by solute transporters.  

Members of the monovalent cation/proton antiporter (CPA) superfamily are thought to 

be involved in regulating cation and pH homeostasis by exchanging Na+, Li+, or K+ for H+ 

(Christopher et al., 2005). The CPA superfamily contains two major families; CPA1 includes 

Na+/H+ exchanger (NHX) and Na+/H+ antiporter (NHAP/SOS1) families, and, CPA2 family 

includes K+ efflux antiporter (KEA) and cation/H+ exchanger (CHX) families (Chanroj et al., 

2012). NhaP and NhaA genes from ancestral bacteria are thought to have given rise to eukaryote 

CPA1 and CPA2 families, respectively (Chanroj et al., 2012). The functions and localizations 

of characterized Arabidopsis CHX proteins are summarized in Table 6.1. The AtCHX proteins 

so far characterised seem to be implicated in K+ and pH homeostasis of dynamic 

endomembranes. However, whether CHX proteins in general exert the same functions or have 

other roles needs to be further investigated. 
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Table 6.1 Characterized CHX proteins in Arabidopsis thaliana. Abbreviations: PM (plasma 

membrane); PVC (endosome/prevacuolar compartment); ER (endoplasmic reticulum). 

CHX Tissue localization Membrane localization Main functions 
AtCHX13 

(Zhao et al., 
2008) 

Pollen PM in plant K+ uptake 

AtCHX17 
(Cellier et al., 

2004) 

Pollen (microspore), 
root epidermis, root 

cortex, leaf 

PVC in plant, PM in plant, 
endomembrane in yeast 

K+ transport and pH 
homeostasis 

AtCHX20 
(Padmanaban 
et al., 2007) 

Guard cells, root 
tip/cap Reticulate endomembrane 

K+ transport and pH 
homeostasis, guard cell 

movement and osmoregulation 
AtCHX23 
(Sze et al., 

2004) 

Pollen grain, pollen 
tube 

Reticulate endomembrane: 
ER in pollen tube K+ transport (E. coli) 

 

In this thesis, we examined a gene that encodes a soybean CHX protein, GmSALT3, 

from its identification and physiological benefits under saline conditions, to functional 

characterisation and transcriptomic analysis. We localized GmSALT3 to the endoplasmic 

reticulum (ER) and observed it is predominantly expressed in Tiefeng 8 (salt-tolerant parent) 

within root phloem and xylem -associated cells (Chapter 2). GmSALT3 contributes to Na+, K+, 

and Cl− exclusion from leaves (Chapter 3). We proposed that in NIL-T the presence of full-

length GmSALT3 mediates Na+ and Cl– exclusion from shoots (Chapter 3), through restricting 

xylem loading of Na+ and retranslocating Cl– in the phloem (Chapter 4). Using a combination 

of heterologous expression systems (E. coli and Xenopus laevis oocytes), GmSALT3 was found 

to be involved in Na+, K+, and Cl− transport (Chapter 4). Further, RNA-seq analysis indicated 

that ROS detoxification was proposed to be a major factor of how GmSALT3 improves salinity 

tolerance in soybean (Chapter 5). However, based on questions raised by the findings of this 

thesis several further investigations into the physiological and molecular functions of 

GmSALT3 are now warranted. 

Firstly, it needs to be established whether GmSALT3 encodes a co-transporter that 

transports Na+, K+ and Cl–, a cation/proton exchanger or a Cl–/proton exchanger that somehow 

facilitates the transport of the other ions in Xenopus laevis oocytes. For instance, GmSALT3 

could also be interacting with other intrinsic transporters or channels in oocytes, whether the 
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protein also transports H+ would also be important to measure. Electrophysiological 

experiments have been initiated and preliminary results are shown in Appendix IV. 

Mutagenesis of the transporters, further pH dependency relations and expression in alternative 

systems would help determine the transport properties of GmSALT3. Intriguingly, in plants, 

GmSALT3 was shown to regulate K+ accumulation under salt stress (Do et al., 2016), and also 

in our research, it was able to contribute to K+ concentration difference between NIL-T and 

NIL-S leaves (Chapter 4). However, this difference could not be detected in Chapter 3 (Liu et 

al., 2016). Soybean NIL plants from Chapter 3 were grown in China, and that were grown in 

Australia in Chapter 4, different growth location and water source could contribute to the 

differences observed between studies.   

Initial analysis using RNA-seq data identified that GmSALT3 expression is associated 

with improving ROS detoxification in NIL-T roots (Chapter 5). The link between the clear 

transport capacity of GmSALT3 and how this leads to a change in ROS status of the plant needs 

to be further explored. By disturbing the ionic environment of the ER or transport across the 

ER membrane how does this lead to the generation of ROS in the NIL-S roots? This leads to 

the question of how GmSALT3 confers salinity tolerance in the NIL-T? It is our working model 

that GmSALT3 does not directly confer salt exclusion to the soybean shoot, but rather 

disturbance in ER function leads to ROS generation, leading to a breakdown in exclusion 

processes such as those confirmed by HKT or CLC proteins (Munns and Gilliham, 2015). In 

addition, as there is a phloem phenotype, again the distruption of ER processes in NIL-S could 

lead to less Cl being recirculated back to the roots. This again needs to be further tested.  

Interestingly, when H2O2 concentrations were measured in roots they showed no 

significant differences between NIL-T and NIL-S under saline conditions. As H2O2 is only one 

ROS, more ROS content could be measured, such as superoxide, hydroxyl radical, and singlet 

oxygen. Nitric Oxide (NO) production was hypothesised to be restricted in NIL-T, its content 

in NIL-T roots is also of interest. ROS scavenger activity was measured on enzymes scavenging 

superoxide anion, other antioxidants should also be investigated, such as phenylpropanoid and 
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isoflavonoid that were predicted to be more highly synthesised in NIL-T roots if it relates to 

expression.  

The ER localisation of GmSALT3 needs to be validated though immunolabelling; a 

GmSALT3 specific antibody was designed and appeared to be specific in heterologous systems 

but was not specific when used in soybean tissue (Appendix III); new monoclonal antibodies 

are under investigation. If GmSALT3 was confirmed to be on the ER it may be prudent to 

investigate whether the protein interacts with GmIFS2. GmIFS2 belongs to Cytochrome P450 

(CYP) family and is predicted to be vital in synthesising phenylpropanoid and isoflavonoids in 

soybeans on ER (Dastmalchi et al., 2016). Whether NaCl could induce conformational change 

of GmIFS2 in soybean roots should be investigated. A considerable hurdle in the functional 

analysis is that the model organism in which this gene is expressed is soybean. Transgenic 

soybean plants were attempted during the course of this study to overexpress or knock out 

GmSALT3 but no transgenic lines were successfully recovered. Such transgenics would also 

help with functional analysis. Currently another round of transgenics, with the parents 

containing the Gmsalt3 allele transformed with a GmSALT3-YFP construct are in preparation. 

Compared to plants such as Arabidopsis there is a dearth of resources available to study in vivo 

function in soybean. However, if ecotopic expression of GmSALT3 in Arabidopsis successfully 

complemented knockouts of Atchx20 plants, it would indicate that it had a complementary 

mode of action, which would open many avenues for in vivo functional analysis. Examples 

would include the use of endomembrane pH sensors, or vehicle trafficking mutants that have 

been used to successfully study NHX proteins (Bassil et al., 2012). Furthermore, if a 

fluorescently tagged version complemented the function of CHX20 then the localisation of that 

protein in the ER or other membranes would confirm GmSALT3's likely localisation. 

It appears that natural selection and/or domestication in low saline soil selected for 

multiple and common mutations within GmSALT3 and its promoter that leads to soybean plants 

being more salt-susceptible to soil salinity (Chapter 2). This observation leads to the assumption 

that a functional GmSALT3 leads to a yield penalty under non-saline conditions. However, in 
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the field, GmSALT3 was found to have no penalty on soybean yield under non-saline condition 

(Chapter 3). It is possible that under the conditions examined we could not detect the advantage 

conferred to the plants that might coincide with loss of a functional GmSALT3. A common 

pressure in natural and cultivated environments is disease pressure. Testing the NILs under 

different biotic stresses may give further insights into the possible reasons that loss of 

GmSALT3 is so common. Alternatively, the loss of functional GmSALT3 may be a natural 

consequence of standard mutation rates and the lack of selection pressure when soybean is 

cultivated in non-saline soil. This may be able to be determined by examining genomic 

sequences of successive soybean populations for mutation rates and the pedigree information 

of soybean with the various haplotypes. However, a more extensive field study examining the 

yield of the NILs in multiple environments would be the more cost-effective and sensible option 

to determine whether the loss of GmSALT3 does confer an advantage in any environments. 

Such a study would also determine whether GmSALT3 confers an advantage in environmental 

conditions other than salinity, where it contributes to improving soybean yields through 

increasing seed weight. 

 As well as further field studies, further examination of the NILs under tightly controlled 

environmental conditions is also warranted. This would allow a closer examination of the 

effects of GmSALT3 on the salinity tolerance of soybean at the reproductive phases than 

possible in the field. In addition, we have already gathered preliminary data that suggests that 

the salt-tolerant NILs of GmSALT3 also have improved tolerance to other abiotic stresses (e.g. 

drought), compared to salt-sensitive NILs, greater gas exchange rates and more nitrate in leaves. 

However, these observations have been difficult to quantify. RNA-seq analysis of NILs under 

control and salt treatment also show that GmSALT3 appears to contribute towards reactive 

oxygen detoxification activity in roots, which indicates the possibility that the protein could 

increase general stress tolerance to the plant. A phenotyping study has been initiated in The 

Plant Accelerator ® (The Australian Plant Phenomics Facility, Adelaide, Australia), to properly 

quantify the differential reduction in plant growth between NIL under a physiologically relevant 
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salt treatment (i.e. one that would be found in the field, 100 mM); to quantify whether there are 

subtle growth differences in NIL-GmSALT3 and NIL-Gmsalt3 under control conditions; and to 

investigate whether GmSALT3 can contribute to tolerance to drought. Associating GmSALT3 

with such a trait would greatly increase its utility to breeders. In conclusion, this project 

provides physiological and genetic evidence for a role of GmSALT3 in contributing to salinity 

tolerance in soybean plants. Phenotyping and genotyping of twelve Australian commercial 

soybean cultivars show variations in GmSALT3 haplotypes and salinity tolerance (Appendix 

V), expands the significance of this study to the Australian soybean industry building on the 

American and Chinese varieties that were studied in Chapter 2, which prompted soybean 

breeders from North and South America to contact us for using molecular markers associated 

with salinity tolerance in their breeding programs. 
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Improving the Salinity Tolerance of  Soybean 

Yue Qu, Rongxia Guan, Lijuan Qiu, Matthew Gilliham

Introduction
Soil salinity reduces crop yield. The extent and severity 
of salt-affected agricultural land around the globe is 
predicted to worsen due to the use of poor quality irrigation 
water, rising water tables, and climate change. The growth 
and yield of the majority of crop species is adversely 
affected by soil salinity, but varied adaptations can allow 
some crop cultivars to continue to grow and produce a 
harvestable yield under moderate soil salinity. Soybean, 
which is ranked as the fourth largest crop in terms of 
global yield, is a major food, fuel and feed crop, and has 
been classified as sensitive to salinity. Identification of 
genes that improve soybean salt tolerance would be useful 
for extending the agricultural range of soybean into soils 
with moderate salinity and therefore would be of use for 
meeting the challenging global food security targets set 
for 2050. Here, we summarize our recent research finding 
that GmSALT3 (Glycine max Salt Tolerance-associated 
gene on chromosome 3) is a major gene involved in 
tolerance of soil salinity by soybean. 

GmSALT3, a dominant gene responsible for salt 
tolerance in soybean
Soybean germplasm displays a spectrum of salt-tolerance 
phenotypes. We used this natural variation in salt tolerance 
to identify genes that increase soybean production under 
saline conditions. In 1969, a major quantitative trait locus 
(QTL) for salt tolerance was discovered in soybean that 
was predicted to be conferred by a single gene. Many 
research groups have since mapped this QTL to the 
same region on soybean linkage group N (chromosome 
3), despite using distinct soybean parents and crosses 
between cultivated soybeans or crosses between wild 
and cultivated soybeans. These consistent results for the 
presence of a salt tolerance QTL indicate that this region 
on chromosome 3 might play an essential role in salt 
tolerance of soybean. Furthermore, the same region has 
been highlighted using different genetic backgrounds, 
which has led some to hypothesize that a conserved gene 
or several genes control salt tolerance in diverse soybean 
germplasm. We used map-based cloning within a soybean 
population derived from the salt-tolerant variety Tiefeng 
8 and the salt-sensitive variety 85-140 to identify the 
salt-tolerance associated gene GmSALT3 underlying this 
major QTL. RNA sequencing (RNA-seq) indicated that 
the GmSALT3 coding sequence obtained from Tiefeng 8 
was over twice the length of that from 85-140, with the 

sequence from 85-140 likely to result in a truncated and 
non-functional protein.  

To understand the function of a candidate gene, 
it is useful to explore where it is expressed in the 
plant. Expression analysis demonstrated GmSALT3 
was in greater abundance in roots compared to shoots 
of Tiefeng 8 (the salt tolerant parent), and although 
the transcript decreased transiently when initially 
challenged with 200 mM NaCl, it gradually recovered 
within three days. Using in situ PCR, a technique that 
allows the localization of transcripts within tissue, we 
detected the expression of GmSALT3 predominantly 
within endodermal cells and cells associated with 
phloem and xylem of salt-tolerant Tiefeng 8 soybean 
roots; the localization was unchanged under salinity 
treatment. We used a genetic engineering technique 
(using the fusion of a fluorescent marker protein 
with our protein of interest and its expression in 
cells isolated from tobacco and Arabidopsis) to 
detect to which membrane the GmSALT3 protein 
localized. We observed that GmSALT3 localized 
to an endomembrane, the endoplasmic reticulum 
(ER), and so shares this localization with the nearest 
characterized homolog to GmSALT3, CHX20 from 
the brassica Arabidopsis thaliana.

To investigate the role of GmSALT3, sodium ion 
(Na+) accumulation within the two soybean parents 
was compared. The Na+ content in roots of the parents 
was similar, but following NaCl treatment (200 mM) 
Tiefeng 8 accumulated significantly less Na+ than 85-
140 in both stems (after 5 days) and leaves (after 7 
days). To compare the function of the two GmSALT3/
Gmsalt3 alleles, we developed a pair of near isogenic 
lines (NILs) NIL-T (GmSALT3 from Tiefeng 8) 
and NIL-S (Gmsalt3 from 85-140). Under control 
conditions, the NILs had no significant difference in 
agronomic traits, such as 100-seed weight, and protein 
and oil content, but had differential salt tolerance. The 
Na+ content in stems and leaves of self-grafted NIL-S 
was much higher than that in NIL-T when the NIL-S 
scion was grafted on the NIL-T rootstock. The Na+ 
content in the NIL-S scion was 49% lower in stems 
and 71% lower in leaves when grafted to NIL-T roots. 
In contrast, the Na+ content in stems and leaves of the 
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NIL-T  scion  grafted  to  the  NIL-S  root  increased 
by 79  and 139%,  respectively,  compared  with  self-
grafted NIL-T. 

Collectively, these results suggest that GmSALT3 
is likely to function in the root (and stem), which is 
consistent with the predominant expression pattern of 
GmSALT3 in Tiefeng 8 in roots and stem, and that this 
ER-localized protein constrains Na+ translocation to 
the leaves.

The salt tolerant haplotype (H1) of GmSALT3 is 
likely to be the ancestral allele and a target of 
natural and artificial selection
By screening 172 landraces and 57 wild soybean, we 
identified a total of nine haplotypes (i.e., versions of 
this gene, H1-H9), five from landraces and eight from 
wild soybean. Two of these alleles were associated 
with conferring salt tolerance and seven resulted in salt 
sensitivity. Furthermore, our study identified minimal 
genetic variation between the two salt-tolerant alleles 
(H1/H7) compared with the more extensive variation 
in the seven salt-sensitive alleles (H2–H6, H8, H9), 
with H6–H9 only found in wild soybean. The salt-
tolerant H1 (which is the version of the gene found in 
Tiefeng 8) is the most frequently found haplotype in 
both wild soybean and landraces, and it has the widest 
geographical range. By integrating genotype and 
phenotype information, we found a clear relationship 
between H1 and salt tolerance. The high frequency of 
H1, its co-occurrence with salt-affected soils, the low 
genetic diversity of salt-tolerant alleles, and the high 
genetic diversity in the salt-sensitive alleles are all 
hallmarks that the H1 allele is likely to be the ancestral 
allele and has been strongly favored during natural and/
or artificial selection around salinity affected areas. 

Hypothesized model of salt tolerance in soybean 
related to GmSALT3
Based on the data we have gathered so far, we 
hypothesize that once the salinity selection pressure 
was released on soybean (i.e., when the plants 
encountered low concentrations of salt in the soil) 
GmSALT3 was no longer sensitive to acquiring genetic 
change, including insertions and deletions, as it 
resulted in no detrimental effect on the plant phenotype 
in the low-salt environment. However, the resulting 
mutations have led to a loss, or reduced function, of 
the gene product, resulting in a loss of salt tolerance. 
This greater mutation rate in the salt-sensitive alleles 

may indicate that the loss of function of GmSALT3 
confers a growth advantage for these plants on non-
saline soils. However, we find no evidence that this 
is the case, as we have not detected any growth or 
yield advantage in the NIL-S lines compared with the 
NIL-T line when grown under control conditions for 
the agronomic traits we tested. Interestingly, there is a 
small subset of soybean cultivars, such as Peking and 
Baipihuangdou, that contains H1 but is salt sensitive. 
They are likely to contain recent mutations in other 
key salt-tolerance genes such as SOS1 or HKT1, or 
contain genetic elements that are yet to be identified 
that may be a useful source for discovering novel 
genes involved in salt tolerance in soybean.
GmSALT3 is expressed in root stelar cells, 

which are cell types already known to have a role in 
limiting salt transport to the shoot. For instance, the 
Na+ transporters (HKT1;5-like proteins) expressed 
in these cells directly retrieve Na+ from the root 
xylem. In plants expressing the correct HKT1;5-like 
allele, this is associated with reduced Na+ content in 
shoots and superior salt tolerance in rice, wheat, and 
Arabidopsis. A similar lower Na+ content in the shoots 
of salt stressed H1-containing plants compared with 
H2 suggests that this gene may also affect transport 
of Na+ from root to shoot, and the grafting of NIL-T 
and NIL-S lines showed that the root and stems were 
sufficient to limit the accumulation of Na+ in the shoot. 
However, the GmSALT3 transcript level was first 
down-regulated and then gradually recovered in roots; 
this is different from the pattern of other salt-tolerance 
genes, indicating a distinct salt response in soybean or 
a different role for this gene. Consistent with this is the 
ER localization we observed for GmSALT3 compared 
with the plasma membrane localization of HKT or 
SOS1 proteins. Therefore, GmSALT3 is unlikely to 
play a direct role in the retrieval of salt from the xylem 
but instead may have a role in sensing or responding 
to salt.
Conclusions and implications for agri-
biotechnology
The identification of the gene underlying this important 
soybean salt-tolerance allele has provided an insight 
into the molecular basis of both natural and human 
selection of salt tolerance in soybean. In light of the 
predicted 70–110% increase in food production that 
will be needed by 2050 to feed the global population 
over the same period, and with no current option for 
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expanding the area of agricultural land, an increase 
in the salt tolerance of conventional crops will be 
required to assist in improving crop productivity and 
food security. To achieve this goal, both traditional 
plant breeding programs using marker-assisted 
selection and genetic engineering (GE) technologies 
can contribute. We have previously bred durum wheat 
to contain an ancestral HKT1;5-like gene and this led 
to a 25% increase in grain yield under saline field 
conditions. We expect GmSALT3 to confer an even 
larger increase in yield in soybean—these experiments 
are underway. Our most recent study in soybean can 

now provide markers to breeders for targeting the 
salt resistance traits into new soybean germplasm, 
which should facilitate the rapid development of 
new elite salt-tolerant soybean cultivars by marker-
assistant selection. Alternatively this gene can also 
be introduced via GE technology. Whilst the exact 
mechanism of how GmSALT3 imparts salt tolerance is 
still unknown, this protein also offers the opportunity 
for improving salt tolerance in other crop species. To 
this end, the role of homologs of GmSALT3 is being 
currently investigated—as is the exact mechanism by 
which GmSALT3 impart salt tolerance. 

Figure 1. Identification of genes that improve 
crop salt tolerance is essential for the effective 
utilization of saline soils by agriculture. Here, 
we use fine mapping in a soybean [Glycine 
max (L.) Merr.] population derived from the 
commercial cultivars Tiefeng 8 and 85-140, 
to identify GmSALT3 (Glycine max Salt Toler-
ance-associated gene on chromosome 3), a 
dominant gene associated with sodium (Na+) 
exclusion from the shoot and soybean salt 
tolerance. The above montage describes the 
phenotypic variation between Tiefeng 8 and 
85-140 treated with 200 mM NaCl for 18 d (top 
left); the tissue localization of GmSALT3 within 
root phloem- and xylem-associated cells in the 
salt-tolerant parent Tiefeng 8, as indicated by 
blue colour (top right); the subcellular localiza-
tion of GmSALT3 to the endoplasmic reticulum 
(ER) in Nicotiana benthamiana protoplasts 
(bottom left); distribution of different haplo-
types of GmSALT3 gene in China, indicated 
by different color dots (bottom right). Source: 
Guan et al. 2014.

More detailed information about GmSALT3 can be found in the open access publication on the Plant Journal: “Salinity tolerance in 
soybean is modulated by natural variation in GmSALT3." Markers and additional information are available on request.
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Appendix II Functional characterisation of GmSALT3 in a yeast mutant 

The characterisation of transport function of GmSALT3 was attempted in a yeast mutant. 

The yeast strain used in this experiment was donated by Dr. Heven Sze, University of Maryland, 

USA, which was KTA40-2 (MATαade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 mall0 

ena1Δ::his3::ena4Δ nha1Δ::lew2 nhx1Δ::trp1 kha1Δ::kanMX) (Maresova and Sychrova, 2005). 

The yeast was transformed using the LiAc/SS carrier DNA/PEG method (Gietz and Schiestl, 

2007). The resulting transformants were selected on SC medium minus Ura (0.67% YNB, 2% 

Glucose, 2% drop-out mix minus Ura, 2% agar). 

For liquid yeast culture experiments, cells were first grown in standard SC minus Ura 

medium (0.67% YNB, 2% Glucose, 2% drop-out mix minus Ura) overnight, and were adjusted 

to OD600 of 0.04 before adding into 96-well plate with appropriate SC minus Ura medium 

(0.67% YNB, 2% Glucose or galactose, 2% drop-out mix minus Ura) or with salt (100 mM 

NaCl) at pH 6.5. MES (20 mM) was added into each solution to stabilize the pH (Maresova and 

Sychrova, 2005). pH was adjusted using Tris. OD600 was measured using FLUOstar Omega 

Fluorescence microplate reader (BMG LABTECH) every 15 min over 42 h. 
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Appendix Fig. 2.1 Functional characterisation of GmSALT3 in a yeast mutant. a Glucose 

control. b Galactose control. c 100 mM NaCl treatment with Glucose. d 100 mM NaCl 

treatment with Galactose. 20 mM MES was added into all samples to stabilize the pH at 6.5. 

Yeast cells were normalised to 0.04 OD600 before adding into 96-well plate. OD600 was 

measure by an interval of 15 mins from 0 h to 42 h at 30°C. Four technical replicates for each 

transformant were included. Different colours showing different transformant as indicated in 

graphs. This figure is reproduced from my Master’s thesis (Qu, 2013). 

Glucose controls were used to make sure yeast cells containing the different vectors show the 

same growth without gene expression; galactose was used to induce gene expression; 100 mM 

NaCl treatment with glucose was used to detect the growth condition of yeast containing 4 

vectors with salt treatment but without gene expression; 100 mM NaCl treatment with galactose 

was used to detect the growth condition of yeast containing 4 vectors with salt treatment and 

gene expression. AtCHX20 had previously been characterised in this system and is used as a 
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positive control (Padmanaban et al., 2007). In both Appendix Figure 2.1 and 2.2 AtCHX20 

reduces the growth rate of the yeast on galactose, especially in the presence of salt, consistent 

with previous findings (Padmanaban et al., 2007). The improvement in growth seen by 

GmSALT3 expressing yeast in Appendix Fig. 2.1d indicated that GmSALT3 may have a role in 

sodium detoxification to the salt-sensitive yeast mutant. However, while trying to reproduce 

the phenotypic variation shown in Appendix Fig. 2.1, GmSALT3 failed to confer consistent salt 

tolerance to yeast mutant in all subsequent experiments. Appendix Fig. 2.2 is one of those 

repetitions. Many modifications were performed to improve the consistency, such as changing 

growth conditions, such as incubation period and temperature; incubation methods, such as 

grow overnight in Galactose media rather than Glucose media; and pH maintenance, such as 

adding buffering agent (MES). However, these never produced consistent results; therefore, 

GmSALT3 was transformed into other heterologous systems, such as E.coli (Chapter 4).  

 

Appendix Fig. 2.2 Functional characterisation of GmSALT3 in yeast mutant. a Glucose 

control. b Galactose control. c 100 mM NaCl treatment with Glucose. d 100 mM NaCl 

treatment with Galactose.  
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Appendix III - Antibodies and western blot analysis 

 

Appendix Fig. 3.1 Antibodies and western blot analysis. Western blot against crude protein 

extract from GmSALT3-expressing oocytes, H2O-injected and non-injected oocytes (a), and 

soybean NIL-T plant root and leaves (b). The arrow indicates the band of interest. 

GmSALT3 was localised to ER in Arabidopsis mesophyll and Tobacco protoplasts 

(Chapter 2). To further confirm GmSALT3’s ER subcellular localisation, a primary antibody 

(Rabbit polyclonal antibody) was designed and ordered from the peptide company Mimotopes, 

Australia, the peptide sequence was H-CSYTEVGDEGPKYNSP-OH. Secondary antibody was 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP conjugate (InvitrogenTM, USA). The 

western Blotting protocol was adopted from Bio-Rad V3 Western Workflow (Bio-Rad, USA). 

Mini-PROTEAN® TGX Stain-Free™ Precast Gels (12% gel percentage, any kD) and used to 

separate proteins. Separated proteins were transferred to membrane through the Trans-Blot® 

Turbo™ Transfer System. Membrane was then soaked in 5% skimmed milk for 1 h, followed 

by fresh 5% skimmed milk with 1:1000 primary antibody incubation with slight shaking for 20 

mins at room temperature and 4 oC overnight and 2 h at room temperature. Membrane was 

washed in 1xPBS for 10 mins and repeated 3 times. The membrane was transferred to fresh 5% 

skimmed milk with 1:1000 secondary antibody for 1.5 h at room temperature. After washing 

with 1xPBS again, the membrane was incubated in Clarity™ Western ECL Blotting Substrate 
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for 5 mins. Chemiluminescent signals on the membrane were visualized by ChemiDoc™ Touch 

Imaging System. All the 5% skimmed milk solution was made in 1xPBS. 

According to GmSALT3’s amino acids sequence, its molecular weight is 89.44 kDa. 

Designed GmSALT3-sepecific was able to target GmSALT3 protein in Xenopus Oocytes 

expression system (Appendix Fig. 3.1a), but failed to specifically target the desired protein in 

plant tissues (Appendix Fig. 3.1b). New monoclonal antibodies are under investigation.  
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Appendix IV - Additional electrophysiological characterisation of GmSALT3 in 

Xenopus  laevis oocytes 

 

Appendix Fig. 4.1 GmSALT3 expression in Xenopus laevis oocytes with 10 mM KNO3 and 

10 mM NaCl containing solution. a Current-voltage (I - V) curves for GmSALT3 (blue) and 

Gmsalt3 (green) expressing, and H2O injected oocytes. Data are means ± SEM of currents in n 

= 4 - 8. Voltage clamp traces of oocytes expressing GmSALT3 (b), Gmsalt3 (c), and H2O (d). 

e Schematic voltage protocol in millivolts (mV). 

GmSALT3 was expressed in X. laevis oocytes, and was shown to facilitate Na+, K+, and 

Cl– transport (Chapter 4). To further investigate GmSALT3’s transport properties, GmSALT3 

cRNA, Gmsalt3 cRNA and water-injected oocytes were incubated for 48 h and two-electrode 

voltage-clamp electrophysiology done following Roy et al. (2008). Membrane currents were 

recorded in solution containing 10 mM KNO3, 10 mM NaCl, 5mM HEPES, and 0.6mM CaCl2 

at pH 7.5. Appendix Fig. 4.1 indicates that significant inward currents could be detected for 

GmSALT3 expressing oocytes in the presence of Na+, K+, Cl-, and NO3
-. 
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Appendix Fig. 4.1 GmSALT3 expression in Xenopus laevis oocytes with different solutions 

results in currents variation. Currents of GmSALT3 (T) or H2O injected oocytes at -120 mV 

in different solutions, including mannitol, 10 mM KNO3 and 10 mM NaCl, 20 mM Na-

gluconate, 20 mM NaCl, 20 mM NaNO3, and 20 mM NMDG-NO3. Values are means ± SEM 

(n = 4-14). Asterisks indicate a significant difference between GmSALT3-injected and H2O-

injected oocytes at *P <0.05. 

To determine ion transport selectivity in GmSALT3-expressed oocytes, membrane 

currents were assayed in different solutions (Appendix Fig. 4.1). There were no currents in 

mannitol and NMDG-NO3, which indicates that GmSALT3 is not involved in transporting NO3
-. 

Significant inward currents could be detected in solutions containing 10 mM KNO3 and 10 mM 

NaCl, 20 mM Na-gluconate, 20 mM NaCl, and 20 mM NaNO3, and currents in 10 mM KNO3 

and 10 mM NaCl were significantly higher compared to other solutions. This indicates that a 

permeable cation is needed for currents to be shown and that a combination of NO3
- and Cl- 

results in larger currents than when only one of the anions is present. This experiment needs 

more repetition, with different solutions, to determine its significance and its relation to 
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GmSALT3 function. It is curious that a predicted electroneutral transporter should facilitate an 

increase in currents in oocytes; however, this is not the first example of a protein from the NHE 

family carrying currents (Chintapalli et al., 2015). 
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Appendix V - Australian commercial soybeans phenotyping and genotyping  

Twelve Australian commercial soybean cultivars were kindly provided by Dr. Natalie 

Moore and Dr. Andrew James, NSW Department of Primary Industries, Australia. Shoot ion 

contents (Na+ and K+) were measured using flame photometry (Sherwood 420), and Cl– was 

also measured using chloride analyser (Sherwood 926S). Salt tolerance of these soybean 

accessions was evaluated based on the level of leaf chlorosis after 2 weeks of growth under 

saline conditions (100 mM NaCl), the salt-tolerance ratings ranged from 1 (normal green leaves) 

to 5 (complete death) (Guan et al., 2014). Genomic DNA was isolated from soybean leaves as 

described by Edwards et al. (1991). The insertion/deletion in the promoter (148/150 bp insertion) 

and coding region (3.78 kb insertion) were screened by using specific primers for the indels. 

Primer sequences were designed according to Guan et al. (2014).  

Appendix Fig. 5.1 Ion content in leaves of 12 Australian commercial soybean cultivars, 
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NIL-T and NIL-S, Tiefeng 8 and 85-140. a Na+ content. b K+ content. c Cl– content. d K+ 

content to Na+ content ratio. Data are means of 3-4 replicates ± SEM.  

Shoot Na+ and Cl– contents showed a big variation in the 12 Australian commercial 

soybean cultivars, using NIL-T and NIL-S, TF8 (Tiefeng 8, salt tolerant parent) and 85-140 

(salt sensitive parent) as controls (Appendix Fig. 5.1). Cowrie, Manta, Soya791, Moonbi, 

Warrigal, A6785, Bunya, and Zeus accumulated significantly less Na+ compared to Poseidon, 

Surf, Richmond and Hayman (Appendix Fig. 5.1a); as for Cl–, Surf, Soya791, Moonbi, A6785, 

Bunya, and Zeus had lower leaf Cl– content compared to other varieties (Appendix Fig. 5.1c).  

 

Appendix Fig. 5.2 Phenotyping of 12 Australian commercial soybean cultivars in salinity 

tolerance. Differences in salt tolerance levels of soybean varieties. The salt-tolerance ratings 

ranged on a scale from 1 (normal green leaves) to 5 (complete death). Accessions showing a 

leaf scorch score of 1 and 2 were defined as salt tolerant, and those from 3 to 5 were salt 

sensitive. 

According to Appendix Fig. 5.2, salt-tolerant cultivars are Cowrie, Moonbi, Warrigal, 

A6785, Bunya, Zeus, NIL-T and TF8.  
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Appendix Fig. 5.3 Genotyping of 12 Australian commercial soybean cultivars. Different 

haplotypes of GmSALT3 in soybean varieties based on insertion/deletion/SNPs in promoter and 

coding regions.  

Haplotype analysis indicated that Soya791, Moonbi, A6785, Bunya have GmSALT3 

haplotype 1 (H1); Manta, Poseidon, Hayman, and Zeus have GmSALT3 haplotype 2 (H2); Surf, 

Warrigal, and Richmond have GmSALT3 haplotype 4 (H4) (Appendix Fig. 5.3). In our previous 

study, a collection of Chinese soybean landraces showed that H1 is mainly salt tolerant (73 out 

of 76 cultivars; NIL-T has H1); H2 is mainly salt sensitive (14 out of 15 cultivars; NIL-S has 

H2); H4 is mainly salt sensitive (25 out of 28 cultivars).  

A summary of salinity tolerance based on Na+ content, Cl– content, and leaf chlorosis is 

shown in Appendix Table 5.1. To conclude, there are dramatic variations of salinity tolerance 

ability among current Australian commercial soybean cultivars; and they contain three 

GmSALT3 haplotypes (1, 2 and 4). Salt tolerance evaluation based on leaf chlorosis should be 

repeated with larger sample sizes; cultivar Zeus possess H2 but was extremely salt tolerant in 
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terms of shoot Na+ and Cl– exclusion and should be further investigated, other dominant salt-

tolerant genes must be compensating for the loss of full-length GmSALT3.  

Appendix Table 5.1 Summary of phenotyping and genotyping of 12 Australian 

commercial soybean cultivars. “+” represents salt tolerant; “-” represents salt sensitive.  

Cultivar Na+ tolerance 
(Na+ content)  

Cl– tolerance 
(Cl– content)  

Salt tolerance 
(based on leaf 

chlorosis) 
Haplotype 

Cowrie + - + N/A 
Manta + - - H2 

Poseidon - - - H2 
Surf - + - H4 

Soya791 + + - H1 
Moonbi + + + H1 

Warrigal + - + H4 
A6785 + + + H1 

Richmond - - - H4 
Bunya + + + H1 

Hayman - - - H2 
Zeus + + + H2 

NIL-T + + + H1 
NIL-S - - - H2 

 

 

 

 

 

 

 

 

 

 

 

 



	 211	

References 

 Chintapalli, V. R., Kato, A., Henderson, L., Hirata, T., Woods, D. J., Overend, G., 
Davies, S. A., Romero, M. F. and Dow, J. A. (2015). Transport proteins NHA1 and NHA2 
are essential for survival, but have distinct transport modalities. Proceedings of the National 
Academy of Sciences 112, 11720-11725. 
            Edwards, K., Johnstone, C. and Thompson, C. (1991). A simple and rapid method 
for the preparation of plant genomic DNA for PCR analysis. Nucleic acids research 19, 1349. 
 Gietz, R. D. and Schiestl, R. H. (2007). High-efficiency yeast transformation using the 
LiAc/SS carrier DNA/PEG method. Nature protocols 2, 35. 
 Guan, R., Qu, Y., Guo, Y., Yu, L., Liu, Y., Jiang, J., Chen, J., Ren, Y., Liu, G. and 
Tian, L. (2014). Salinity tolerance in soybean is modulated by natural variation in GmSALT3. 
The Plant Journal.	80, 937-950. 
 Maresova, L. and Sychrova, H. (2005). Physiological characterization of 
Saccharomyces cerevisiae kha1 deletion mutants. Molecular microbiology 55, 588-600. 
 Padmanaban, S., Chanroj, S., Kwak, J. M., Li, X., Ward, J. M. and Sze, H. (2007). 
Participation of endomembrane cation/H+ exchanger AtCHX20 in osmoregulation of guard cells. 
Plant Physiology 144, 82-93. 
 Qu, Y. (2013). Functional analysis of GmNClT, a candidate gene for conferring salt 
tolerance in soybean [Glycine max (L.) Merr.]. In School of Agriculture, Food & Wine: The 
University of Adelaide. 
 Roy, S., Gilliham, M., Berger, B., Essah, P., Cheffings, C., Miller, A., Davenport, 
R., LIU, L. H., Skynner, M. and Davies, J. (2008). Investigating glutamate receptor-like gene 
co-expression in Arabidopsis thaliana. Plant, Cell & Environment 31, 861-871. 
 

 

 




