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Abstract: The increasingly serious trend of soil salinization inhibits the normal growth and de-
velopment of soybeans, leading to reduced yields and a serious threat to global crop production.
Microsomal ω-3 fatty acid desaturase encoded by the FAD3 gene is a plant enzyme that plays a
significant role in α-linolenic acid synthesis via regulating the membrane fluidity to better accommo-
date various abiotic stresses. In this study, PfFAD3a was isolated from perilla and overexpressed in
soybeans driven by CaMV P35S, and the salt tolerance of transgenic plants was then evaluated. The
results showed that overexpression of PfFAD3a increased the expression of PfFAD3a in both the leaves
and seeds of transgenic soybean plants, and α-linolenic acid content also significantly increased;
hence, it was shown to significantly enhance the salt tolerance of transgenic plants. Physiological
and biochemical analysis showed that overexpression of PfFAD3a increased the relative chlorophyll
content and PSII maximum photochemical efficiency of transgenic soybean plants under salt stress;
meanwhile, a decreased accumulation of MDA, H2O2, and O•−2 , increased the activities of superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbic acid peroxidase (APX), as well
as the production of proline and soluble sugar. In summary, the overexpression of PfFAD3a may
enhance the salt tolerance in transgenic soybean plants through enhanced membrane fluidity and
through the antioxidant capacity induced by C18:3.

Keywords: PfFAD3a; α-linolenic acid; soybean; salt tolerance

1. Introduction

Soil salinization is one of the abiotic stresses that severely limits crop yield [1]. Salin-
ization can occur naturally due to groundwater shortage and climate change. Meanwhile,
excessive irrigation can also lead to salinization [2]. Currently, more than 20% of arable land
is under salt stress, and this problem is still intensifying (FAO Land and Plant Nutrition
Management service, http://www.fao.org/nr/aboutnr/nrl/en/ (accessed on 13 July 2019).
High salinity can inhibit the growth and development of most crops, and it ultimately
results in decreased yields [3].

As an important crop for food and feed, soybean (Glycine max (L.) Merr.) is one of
the main sources for plant oil and protein. Soybean seeds contain up to about 40% protein
and 20% oil [4]. Moreover, soybean seeds also contain bioactive substances such as sper-
midine, vitamin E, and isoflavones, which are beneficial to human health [5]. It is worth
noting that the α-linolenic acid in soybean oil is an important precursor of long chainω-3
polyunsaturated fatty acids (ω-3 PUFAs) (e.g., EPA, DHA [6]), which are crucial for human
growth and development, and which can prevent chronic diseases, especially cardiovascu-
lar diseases [7]. However, soybean production is seriously threatened by soil salinization.
Soybean is moderately salt-sensitive, and high salt can inhibit the plant growth in the
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various developmental stages of soybean production, e.g., germination, growth, flowering,
and seed filling [8–10]. Therefore, breeding toward salt tolerance improvement has become
one of the efficient strategies through which to ensure food security. However, traditional
hybrid breeding only utilizes limited gene sources and is time-consuming. The transgenic
technology can directly modify target crops by introducing exogenous genes into, or al-
tering the expression level of, endogenous genes, thereby providing them with various
excellent traits. Therefore, cultivating salt-tolerant soybeans via genetic modification is
becoming a research hotspot.

Physiologically, osmotic stress and ion toxicity are caused by high-salt conditions,
under which the water absorbance ability from the soil surrounding the plant would be
reduced. Under salt stress, the increase in Na+ concentration will change the K+/Na+ ratio,
thereby disrupting the cellular ion balance [11]. Salt stress can also trigger oxidative stress.
Excessive reactive oxygen species (ROS) attacks damage various cellular components, such
as membrane lipids, proteins, and nucleic acids, and these would also consequently cause
cell damage [12]. In order to improve the adaptation to salt stress, plants have also evolved
salt tolerance mechanisms, such as osmotic regulation and Na+/Cl− efflux, as well as
compartmentalization, antioxidant systems, and membrane lipid desaturation [13,14]. As
a key component of plant membrane lipids, polyunsaturated fatty acids (PUFAs) are the
main factor that affect membrane fluidity. There are two main types of polyunsaturated
fatty acids in plant membranes, palmitic acid (C16:3) and α-linolenic acid (C18:3), and these
determine the membrane fluidity [15,16]. The key step converting linoleic acid (C18:2∆9, 12)
into α-linolenic acid (C18:3∆9, 12, 15) is that it is catalyzed by ω-3 fatty acid desaturases
(ω-3 FADs). In terms of structure,ω-3 FADs consist of a cytoplasmic domain and several
transmembrane domains, where the cytoplasmic domain contains three highly conserved
histidine boxes that interact with divalent iron ions and may form the catalytic center of a
desaturase [17]. In higher plants, ω-3 FADs were coded by three different genes, including
FAD3, FAD7, and FAD8, where FAD3 encodes microsomalω-3 FADs, while FAD7 and FAD8
encode plastid ω-3 FADs. FAD3 is preferentially located in the endoplasmic reticulum,
and its substrates are mainly phosphatidylglycerol (PG) and other phospholipids. In
addition, FAD7 and FAD8 are in plastids and mainly act on PG and galactose groups [18].
FAD7 and FAD8 are mainly expressed in vegetative organs such as leaves, while FAD3 is
mainly expressed in seeds [19,20]. In addition to regulating the degree of the unsaturation
of membrane lipids, α-linolenic acid is also the precursor of oxylipin and jasmonic acid
(JA). As we know, JA plays a crucial role in plant growth, development, and the stress
response [21]. It is reported that the overexpression of FAD3, FAD7, and FAD8 genes can
enhance plant resistance to cold, drought, salt, and other abiotic stresses [22]. In summary,
using genetically modified technology to improve α-linolenic acid may be an effective way
through which to improve the salt tolerance of soybeans.

Perilla frutescens (L.) is an annual herbaceous plant that is widely distributed in East
Asia and is often used as food or herbal medicine. The content of unsaturated fatty acid
in perilla seed oil exceeds 90%, and the content of C18:3 is as high as 52.58%~61.98% [23],
which is much higher than that of soybean (3.9%~12.8%) [24]. The FAD3 in perilla is
encoded by two genes, PfFAD3a and PfFAD3b, whose protein sequence are almost the same,
except for one amino acid difference [19]. However, whether this one amino acid difference
between PfFAD3a and PfFAD3b would result in altered physiological characteristics and
catalyzation ability remains undetermined. No matter as to how, the high content of C18:3
in perilla sheds light on the possibility that ω-3 polyunsaturated fatty acid content and salt
tolerance in soybean could be expected to increase if PfFAD3 was ectopically expressed.

In this study, PfFAD3a was cloned from perilla and overexpressed in soybean. The
content of unsaturated fatty acid, salt tolerance, photosynthetic efficiency, and the antioxi-
dant capacity of transgenic plants were evaluated, which provides a gene resource for salt
tolerance improvement and lays a foundation for further molecular mechanism analysis.
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2. Results
2.1. Overexpression of PfFAD3a in Soybean

The CDS of PfFAD3a (1176 bp) was first isolated from the cDNA of perilla seeds,
and then cloned into pCEP01, which is driven by the CaMV P35S promoter (Figure 1A).
Then, PfFAD3a was transferred into ‘Jack’ by Agrobacterium, which was mediated with the
“half seed method” (Figure 1B). Finally, a total of 12 positive T0 transplants were obtained,
hereafter designated as PG-1~12 (Figure 1C).
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Figure 1. Generation of transgenic soybean plants with an overexpression of PfFAD3a. (A) The vector
structure for soybean genetic transformation. The 1176 bp PfFAD3a CDS fragment was cloned into
the downstream of the P35S promoter of pCEP01. LB/RB, left/right T-DNA boundary; P35S and
NOS, P35S promoter and NOS terminator. The G10-EPSPS gene endows the transgenic plants with
glyphosate resistance. (B) Agrobacterium-mediated soybean genetic transformation procedures:
(a) the ‘half-seed explant’ (left) after 30 min of Agrobacterium infection and the explant (right) after
5 days of infection; (b) recovery for 7 days in a bud induction medium without adding glyphosate;
(c) incubation in bud induction medium with glyphosate for 21 days; (d) shoot extension in a medium
supplemented with glyphosate; (e) rooting; (f) acclimation of transgenic plants; (g) transgenic T0

plants grown in a greenhouse. (C) Transgenic plants identified by G10-EPSPS test strips. ‘+’ and
‘−’ represent positive and negative transgenic plants, respectively. (D) The relative expression level
of PfFAD3a in T1 transgenic plants leaves. The bar indicates the SD of three biological replicates.
‘**’ and ‘***’ represent a significance level of 0.01 and 0.001, respectively, and these were determined
via Student’s t-test when compared with the wild type (WT, blank control).

To determine whether PfFAD3a is stably expressed in transgenic plants, seven T1 single
plants from four transgenic lines (PG-1, PG-3, PG-8, and PG-10) were selected for PfFAD3a
expression level determination via qRT-PCR. The results showed that compared with the
wild type (‘Jack’), the PfFAD3a gene was successfully expressed in the leaves of all seven
T1 individual plants, but its expression level varied between the different lines, with an
increase of 71.84~1032.64-fold compared to the blank control (Figure 1D).
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2.2. Salt Tolerance Evaluation in Transgenic Soybean Plants

To evaluate the salt tolerance capability of plants overexpressing PfFAD3a, a 150 mM
NaCl solution was applied to 10-day-old T2 transgenic soybean seedlings (PG-1 and PG-8)
and wild type (‘Jack’) for 14 days. Results showed that both the transgenic plants and wild
type were at the V2 stage, and there was no difference observed between them in terms of
shoot fresh weight (SFW), root fresh weight (RFW), shoot dry weight (SDW), and root dry
weight (RDW) in the control (Figure 2A,B). Under salt treatment conditions, the growth of
both transgenic soybean seedlings and the wild type was inhibited and stagnated in the V1
stage, and all the leaves of the wild-type seedlings withered, including both true leaves
and the first trifoliate leaves; however, the first trifoliate leaves of the transgenic soybean
seedlings stayed healthy (Figure 2A). In addition, the SFW, RFW, SDW, and RDW of both
transgenic soybean seedlings and wild-type seedlings significantly decreased but differed
in their extent, to the point that the transgenic seedlings showed less reduction (Figure 2B).
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were treated with or without 150 mM of NaCl for 14 days. Bar = 10 cm. (B) The fresh and dry weights
of the shoots and roots of wild-type and transgenic plants after 14 days of treatment with or without
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level of p < 0.05, as per one-way ANOVA.
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2.3. Fatty Acid Composition of PfFAD3a-Overexpressed Plants

To clarify whether PfFAD3a overexpression could influence the fatty acid composition
or not, gas chromatography (GC) was used to distinguish each component of fatty acids in
both the seeds and leaves of transgenic lines (PG-1 and PG-8). The results showed that the
C18:3 content in seeds was significantly increased by 41.64% and 40.51% in PG-1 and PG-8,
respectively (p < 0.05), while the C18:2 content was decreased significantly (Figure 3A).
Similarly, an increment of 21.25% (PG-1) and 22.78% (PG-8) in terms of C18:3, as well in
leaves was observed when compared to the wild type (p < 0.05), while the content of the
other four fatty acids (C16:0, C18:0, C18:1, and C18:2) were all significantly decreased.
Among them, C18:2 showed the largest decrease of 76.41% and 86.77% in PG-1 and PG-8,
respectively (Figure 3C). With regard to the C18:3/C18:2 ratio, it was significantly higher in
both the seeds and leaves of transgenic lines; however, a significant increase, in terms of
the double bond index (DBI), was only observed in the transgenic leaves rather than in the
seeds (Figure 3B,D).
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Figure 3. Fatty acid composition of the T1 seeds and leaves of plants with PfFAD3a overexpression.
(A) The fatty acid composition of seeds; (B) The C18:3/C18:2 ratio and the double bond index (DBI)
of seeds, where DBI = [(C18:1%) + (C18:2%) × 2 + (C18:3%) × 3]/100; (C) Fatty acid composition of
leaves; and (D) The C18:3/C18:2 ratio and the double bond index (DBI) of leaves. Different lowercase
letters above the error bar represent a statistical significance level of p < 0.05, as per one-way ANOVA.

2.4. SPAD and Fv/Fm in PfFAD3a-Overexpressed Plants

To evaluate the impact of the overexpression of PfFAD3a on the photosynthetic system,
the relative chlorophyll content (SPAD) and maximum photochemical efficiency (Fv/Fm)
of photosystem II (PSII) were measured. There was no significant difference in both the
SPAD and Fv/Fm between the transgenic and wild-type plants under salt-free conditions
(Figure 4A,B). After salt treatment, the SPAD values were significantly reduced by 31.02%
(wild type), 12.84% (PG-1), and 8.10% (PG-8), respectively. Moreover, the Fv/Fm values of
transgenic plants were significantly higher than that of the wild-type plants by 1.25 and
1.32 times in PG-1 and PG-8, respectively.
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(B) The Fv/Fm values of the true leaves of wild-type and transgenic plants after 14 days of salt
treatment or under normal growth conditions. (C) The Fv/Fm fluorescence images of the true leaves
of wild-type and transgenic plants treated with or without salt stress for 14 days. Different lowercase
letters above the error bar represent a statistical significance level of p < 0.05, as per one-way ANOVA.

2.5. Antioxidants in PfFAD3a-Overexpressed Lines

To reveal the effect of the overexpression of PfFAD3a on the accumulation of reactive
oxygen species (ROS), we measured the contents of MDA, H2O2, and O•−2 in transgenic
and wild-type plants. Under normal growth conditions, the content of MDA, H2O2, and
O•−2 in transgenic plants is slightly lower than that of wild-type plants. After applying salt
stress, the content of MDA, H2O2, and O•−2 in transgenic plants significantly increased by
1.69, 1.11, and 1.46 times, respectively, which was apparently smaller when compared to
their extent in the wild-type plants, whose MDA, H2O2, and O•−2 content increased by 3.4,
2.13, and 2.93 times, respectively (Figure 5A–C).

In order to further explore whether PfFAD3a overexpression would affect antioxidant
enzyme activity or not, the activities of superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), and ascorbate peroxidase (APX) were determined. Results showed that
there was no significant difference in the SOD and APX activities between transgenic and
wild-type plants under control conditions (Figure 5D,G), but the POD and CAT activities in
transgenic plants were significantly increased compared to wild-type plants (Figure 5E,F).
Under salt treatment conditions, the activity of the above four antioxidant enzymes sig-
nificantly increased in both transgenic and wild-type plants, but the increased extent was
greater in transgenic plants (Figure 5D–G).

In this study, the content of non-enzymatic antioxidant substances, e.g., free proline
and soluble sugar, were also evaluated. Under normal growth conditions, there was no
significant difference in proline and soluble sugar content between transgenic and wild-
type plants. However, salt stress induced a significant increase in proline and soluble sugar
content in both transgenic and wild-type plants, but the contents induced in transgenic
plants were significantly higher than those in the wild-type control (Figure 5H,I).
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Figure 5. Antioxidant indexes in plants with PfFAD3a overexpression under salt stress. (A) Malon-
dialdehyde (MDA) content; (B) H2O2 content; (C) O•−2 content; (D) Superoxide dismutase (SOD)
activity; (E) Peroxidase (POD) activity; (F) Catalase (CAT) activity; (G) Ascorbate peroxidase (APX)
activity; (H) Proline content; and (I) Soluble sugar content. Different lowercase letters above the error
bar represent a statistical significance level of p < 0.05, as per one-way ANOVA.

3. Discussion
3.1. The Salt Tolerance of Soybean Seedlings Could Be Significantly Enhanced via Elevation
of α-Linolenic Acid Content

Unsaturated fatty acids (C18:1, C18:2, and C18:3) play a key role in plant stress re-
sponse [25]. The microsomal enzyme FAD3, and the two plastid enzymes FAD7 and
FAD8 are crucial in catalyzing the desaturation from C18:2 to C18:3 [26]. Unsaturated
fatty acids are important components of membrane lipids and greatly influence cell mem-
brane fluidity, which is essential for maintaining the normal structure and function of cell
membranes [27,28]. It was reported that environmental stresses could induce unsaturated
fatty acid content in plant membrane lipids, thus protecting plants from salt and other
stresses [29]. The transgenic modification of FAD3 transcriptional levels in plants is believed
to be an effective way through which to alter the levels of trienoic acids in response to
environmental stress [30]. In this study, the overexpression of PfFAD3a resulted in a signifi-
cant elevation of α-linolenic acid content and salt tolerance in soybeans (Figures 2 and 3).
This finding is consistent with a previous study in which the overexpression of FAD3
from Solanum lycopersicum L. (LeFAD3) in tomato eliminated the excess ROS by increasing
the level of C18:3; hence, it promoted PSII repairment and the enhanced salt tolerance
of transgenic plants during the seedling stage [31–33]. In addition, it was reported that
overexpression of the FAD gene in plants could increase the content of unsaturated fatty
acids in transgenic plants and could enhance the resistance of transgenic plants to not only
salt, but also to drought and low temperature [16,34,35]. This was possibly because the
α-linolenic acid content increased the degree of unsaturation in the membrane lipid and
enhanced the fluidity, thus reducing the damage of high salt to the membrane [36].
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3.2. Photosynthetic Activity Was Enhanced by the Overexpression of PfFAD3a under Salt
Stress Conditions

The photosynthetic membrane accommodates photosynthetic pigment protein com-
plexes and electron transfer chains [37]. When plants are subjected to abiotic stresses, the
integrity and fluidity of the photosynthetic membrane are easily damaged, which hampers
the normal structure and function of the photosynthetic devices [38,39]. The structure and
fluidity of the membrane are influenced by lipid composition and the extent of desatu-
ration [28]. Chlorophyll content is highly sensitive to salt stress, and it has been shown
that a decrease in chlorophyll content usually occurs under salt stress [40–42]. This study
demonstrated that salt stress resulted in a decrease in the relative chlorophyll content of
both wild-type and transgenic plants (Figure 4A). Salt stress can cause an increase in the
concentration of ROS, such as H2O2 and O•−2 , consequently resulting in chloroplast mem-
brane peroxidation, which may be one of the main reasons for the decrease in chlorophyll
content under salt stress [43]. In this study, the relative chlorophyll content of transgenic
plants under salt stress decreased to a lesser extent than that of wild-type plants. This
is possibly because the overexpression of PfFAD3a augmented the activity of antioxidant
enzymes, thereby reducing the oxidative attack of ROS on membranes, photosynthetic
devices, and chlorophyll molecules.

PSII is believed to play a crucial role in the response of plant photosynthesis to
environmental stresses [44]. In this study, salt stress caused a significant decrease in the
Fv/Fm of both wild-type and transgenic plants (Figure 4B,C). Consistently, Yan et al. [45]
have reported that after 9 days of treatment with 300 mM of NaCl, the Fv/Fm decreased in
both wild-type salt-tolerant and cultivated soybeans. This is probably due to the inhibition
of PSII, which disrupts the antenna pigments and limits electron transfer from PSII to
PSI, as well as finally causes the degradation of chlorophyll [46,47]. A smaller decrease
in the Fv/Fm of transgenic plants under salt stress was observed in this study when
compared to wild-type plants, suggesting that the overexpression of PfFAD3a weakened
the photoinhibition of transgenic plants under salt stress. This is confirmed by a study
in Suaeda salsa, in which the increase in unsaturated fatty acids in the membrane lipids
protected the PSII from damage [48]. Similarly, the combination of light and fatty acid
desaturation was proven to be one of the most effective ways through which to protect the
photosynthetic devices in synechococcus [49]. The D1 protein, located in the reaction center
of PSII, is the most sensitive target in the PSII injury process [50]. When PSII is inhibited
by light, the D1 protein at its reaction center continuously vacillates between damage and
repair [51]. Therefore, the alleviation of photoinhibition in transgenic lines under salt stress
may be explained by the augment of C18:3, which enhances the unsaturation degree of
membrane lipids and hence promotes the repair of the D1 protein in the reaction center.

3.3. Antioxidative Capacity Was Enhanced via Elevation of C18:3 under Salt Stress

In this study, the activities of SOD, POD, CAT, and APX in transgenic and wild-type
plants increased under salt stress (Figure 5D–G), which is consistent with previous research
results [52–54]. However, Sui et al. [55] found that the activities of antioxidant enzymes
such as SOD and APX in peanuts decreased under 250 mM of NaCl treatment. This may be
due to the severe damage caused by the high salt treatment intensity to peanut seedlings,
which made them unable to resist salt stress by increasing enzyme activity.

Salt stress results in the accumulation of ROS (H2O2 and O•−2 etc.) in cells, which could
destroy lipids, proteins, and nucleic acids. MDA is the main product of membrane lipid
peroxidation and is commonly used to indicate the degree of oxidative stress and membrane
structural integrity in plants [56]. Under unstressed conditions, the content of H2O2, O•−2 ,
and MDA in transgenic plants was significantly lower than those in wild-type plants. When
salt stress was applied, the content of these molecules in transgenic plants decreased more
significantly than in wild-type plants (Figure 5A–C), which is consistent with the study by
Shi et al. [36]. However, the mechanism by which the overexpressed PfFAD3a enhanced
antioxidant enzyme activity and reduced H2O2, O•−2 , and MDA content has not yet been
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elucidated. Singh et al. [57] revealed that the overexpression of GmFAD3A in soybeans can
simultaneously improve the salt and drought tolerance of transgenic plants. Not only is
the content of C18:3 increased in transgenic plants, but the content of JA is also, suggesting
a significant role of JA in the soybean salt stress response. Furthermore, its content may
also be related to the increment of C18:3 content. Mata Perez et al. [58] investigated the
relationship between linolenic acid, oxidative stress, and the ROS signal transduction
mediating response to abiotic stress induced by RNA-seq. Compared to the control, some
important differentially expressed genes were associated with the JA biosynthesis pathway
in Arabidopsis cells cultured with linolenic acid, which suggested that linolenic acid regulates
the expression of genes related to the abiotic stress response, especially those mediated
by ROS signal transduction. This provided us with the possibility that elevated C18:3
might improve antioxidative capacity and could reduce the ROS accumulation in PfFAD3a-
overexpressed transgenic soybean plants via the JA regulation pathway; however, this
needs to be further tested.

The proline and soluble sugar content in wild-type and transgenic plants was also
evaluated in this study, and a significant increment was observed when the transgenic
and wild-type plants were under salt stress; however, the transgenic lines showed much
higher accumulations (Figure 5H,I). Proline and soluble sugars are not only components of
plant non-enzymatic antioxidants, but they are also osmotic regulators maintaining cellular
osmotic balance [59]. Many plants accumulate proline to accommodate drought and salt
stresses [60]. In this study, the PfFAD3a-overexpressed plants accumulated more proline,
suggesting a role for PfFAD3a in promoting the accumulation of non-enzymatic antioxi-
dants that alleviate the oxidative and osmotic stresses induced by salt conditions. This is
consistent with the finding that the proline content in both halophytes and glycophytes
has been augmented (note that the content is much higher in halophytes when under salt
conditions [61]). However, whether hormones such as JA are involved in the induction of
non-enzymic antioxidants under stress needs further investigation. Finally, it should be
advised that, strictly speaking, the sudden application of a relatively high concentration of
a NaCl solution is called salt shock. The effect of gradually increasing the concentration of
a NaCl solution on salt tolerance and its related physiological and biochemical indicators is
also a problem worth researching [62].

4. Materials and Methods
4.1. Vector Construction, Transformation, and Transgenic Lines Identification

A length of 1176 bp CDS was cloned from Perilla frutescens and was based on cloning
primers, which were designed based on the PfFAD3a gene sequence deposited in the
GeneBank database (accession number: KX880387) (forward primer 5′-TCCCCGGGATGCT
TTTCCGGTGC-3′ and reverse primer 5′-AAACTGCAGTGGCAATCAAGAGTCCATCAC-3′).
Then, the cloned fragment was directly cloned into pCEP01 between the SalI and XbaI re-
striction sites and was driven by the CaMV P35S promoter. Subsequently, the vector was
transformed into ‘Jack’ using an Agrobacterium-mediated soybean cotyledon node genetic
transformation method [63]. For transgenic plant identification, the transcription levels of
the PfFAD3a gene in the leaves of four T1 individual lines (PG-1, PG-3, PG-8, and PG-10)
were quantified using qPCR with the forward primer (5′-CCCACCGTTATTCAGCGT-3′)
and reverse primer (5′-GCCGGTTTACTGGGATTGGCTC-3′).

4.2. Plant Materials, Growth Conditions, and Salt Tolerance Evaluation

Three lines (one wild-type and two transgenic T1 lines, PG-1 and PG-8) were planted in
vermiculite with nine plants in each pot. The positive seedlings after 10 days of germination
were screened out using genetically modified organization testing G10-EPSPS strips (Cat
No. AA1132-LS, YouLong Biotech Ltd., Shanghai, China). The transgenic and wild-type
seedlings had relatively consistent growth states and were treated with a NaCl solution
(150 mM) or water (control) every 2 days for 2 weeks (14 days). Physiological evaluation
was performed after a 7- or 14-day treatment. All plants were grown in the incubator
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under 12 h/12 h light/darkness with a light intensity of 500 µM·m−2·s−1, as well as a
daytime/nighttime temperature of 26 ◦C/22 ◦C and a humidity of 70%.

4.3. Phenotype and Biomass Measurement

Plants of both the transgenic lines and wild type were phenotyped after 14 days of
cultivation under salt stress or normal growth conditions. The fresh weights of the roots
and shoots from the wild-type and PfFAD3a-overexpressed soybean plants were scored
after separation and were cleaned carefully with tap water. The dry weight (biomass) of
each plant was recorded after the roots and shoots were dried in an oven at 65 ◦C for 72 h to
a constant weight. Each experiment was performed for three biological replicates, and for
each biological replicate a total of 18 seedlings were tested (three lines and three seedlings
per line).

4.4. Determination of Fatty Acid Composition

The total fatty acid of the leaves and seeds from wild-type and T1 transgenic lines
(PG-1 and PG-8) was extracted by the hydrolysis-extraction variant of the internal standard
method. The fatty acid composition was determined, according to the National food safety
standard-Determination of fatty acid (GB 5009. 168-2016) [64], using the gas chromatog-
raphy (GC) analyzer GC9720Plus (Fuli Instruments Ltd., Taizhou, China). The internal
standard used was triglyceride undecanoate.

4.5. Determination of Relative Chlorophyll Content

The relative chlorophyll content of the leaves in both wild-type and transgenic lines
was evaluated after 7 days of salt stress treatment with the chlorophyll content analyzer
SPAD-502Plus (Minolta Camera Co., Osaka, Japan). The SPAD value was averaged for each
biological replicate.

4.6. Determination of PSII Photochemical Efficiency

The maximum photochemical efficiency QY-max (i.e., Fv/Fm) of the Photosystem II
(PSII) of the true leaves of the wild-type and transgenic plants was measured after 14 days of
salt treatment, and this was achieved using the FluorCam chlorophyll fluorescence imaging
system FluorCam 800MF (Photon Systems Instruments Co., Brno, Czech Republic).

4.7. Measurement of Antioxidant Indexes

The content of MDA, H2O2, O•−2 , and the activity of SOD, POD, CAT, and APX, as well
as the content of proline and soluble sugar, were measured by Beijing Codon Biotechnology
Co., Ltd. Basically, these antioxidant indexes were all measured by spectrophotometry by
monitoring the absorbance of the products produced by different methods of measurement
at specific wavelengths. The MDA content was measured by the thiobarbituric acid (TBA)
method by monitoring the absorbance of the reddish brown 3, 5, 5-trimethyloxazolidine-2,
4-dione at a wavelength of 532 nm [65]. The content of H2O2 was detected by the titanium
sulfate method, and the absorbance of product was detected at 415 nm [66]. The O•−2
content was determined by the hydroxylamine oxidation method, and the absorbance of
the produced pink azo dye was detected at 530 nm [67]. The enzyme activity of SOD was
detected by the nitrogen-blue tetrazolium (NBT) method, and the absorbance of the bule
methyl hydrazone product was detected at a wavelength of 560 nm [68]. The POD enzyme
activity was measured by the guaiacol method, and the absorbance change in dark brown
product was detected at a wavelength of 470 nm [69]. CAT decomposes H2O2 into H2O
and O2 based on which activity was measured, and a change in the absorbance of H2O2
at λ = 240 nm was detected [68]. APX catalyzed the reaction between ascorbic acid (AsA)
and H2O2 based on which activity was measured, and the absorbance change in AsA was
detected at 290 nm [70]. The content of proline was detected by the acid ninhydrin method,
and the absorbance of red product was detected at 520 nm [71]. The content of soluble
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sugar was detected by the concentrated sulfuric acid-anthrone method, and the absorbance
of product produced by sugar and anthrone was detected at 620 nm [72].

4.8. Total RNA Extraction and qPCR Analysis

The total RNA was extracted from the leaves of the wild-type and transgenic lines
via the SV Total RNA Isolation System (Cat No. Z3100, Promega, Madison, WI, USA).
The concentration and purity of the extracted RNA were detected using NanoDrop 2000
(Thermo Scientific, Waltham, MA, USA). The first strand of cDNA was synthesized using
the FastKing RT Kit (Cat No. KR116, Tiangen, Beijing, China), the DNase of which also
removed the putative remnants of the genomic DNA. A qPCR (quantitative polymerase
chain reaction) was performed with a real-time fluorescence quantitative PCR instrument,
i.e., the Applied Biosystems 7500 Real-Time PCR System (Thermo Scientific, Waltham,
MA, USA), and by using a ChamQ Universal SYBR qPCR Master Mix (Cat No. Q711-02,
Novozan, Nanjing, China). The qPCR reaction system consists of 10 µL of Master Mix,
0.4 µL of forward and reverse primers (10 µM), 2 µL of cDNA as the template, and 7.2 µL
of H2O. The reaction program was set at pre-denaturation at 95 ◦C for 30 s, followed by
40 amplification cycles, including denaturation at 95 ◦C for 10 s, as well as annealing and
extension at 60 ◦C for 30 s. The GmACTIN gene was used as an internal reference and
relative expression level of PfFAD3a, and was calculated using the 2−∆∆Ct method [73].

4.9. Statistical Analysis

Statistical analyses were performed using the DPS data processing system 7.0 [74].
Students’ t-test was used to identify the differences between two groups, and one-way
ANOVA was used for multiple comparisons. All data are expressed in the form of the
mean ± standard deviation of the three replicates.

Author Contributions: L.Q., J.W. and Z.L. conceived and designed the research. Z.L., Y.W. and L.Y.
conducted the experiments. Z.L. analyzed the data. L.Q., Y.G. and L.Z. contributed reagents/materials.
L.Q., J.W. and Z.L. wrote and revised the manuscript. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This research was funded by the Agricultural Science and Technology Innovation Program
of Chinese Academy of Agricultural Sciences(grant number CAAS-ASTIP).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article. For other information, please
contact the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gao, J.-P.; Chao, D.-Y.; Lin, H.-X. Understanding abiotic stress tolerance mechanisms: Recent studies on stress response in rice.

J. Integr. Plant Biol. 2007, 49, 742–750. [CrossRef]
2. Munns, R.; Gilliham, M. Salinity tolerance of crops—What is the cost? New Phytol. 2015, 208, 668–673. [CrossRef] [PubMed]
3. Muscolo, A.; Junker, A.; Klukas, C.; Weigelt-Fischer, K.; Riewe, D.; Altmann, T. Phenotypic and metabolic responses to drought

and salinity of four contrasting lentil accessions. J. Exp. Bot. 2015, 66, 5467–5480. [CrossRef]
4. Toorchi, M.; Yukawa, K.; Nouri, M.-Z.; Komatsu, S. Proteomics approach for identifying osmotic-stress-related proteins in soybean

roots. Peptides 2009, 30, 2108–2117. [CrossRef]
5. Medic, J.; Atkinson, C.; Hurburgh, C.R., Jr. Current Knowledge in Soybean Composition. J. Am. Oil Chem. Soc. 2014, 91, 363–384.

[CrossRef]
6. Liu, H.L.; Yin, Z.J.; Xiao, L.; Xu, Y.N.; Qu, L.Q. Identification and evaluation ofω-3 fatty acid desaturase genes for hyperfortifying

α-linolenic acid in transgenic rice seed. J. Exp. Bot. 2012, 63, 3279–3287. [CrossRef] [PubMed]
7. Lee, J.H.; O’keefe, J.H.; Lavie, C.J.; Harris, W.S. Omega-3 fatty acids: Cardiovascular benefits, sources and sustainability. Nat. Rev.

Cardiol. 2009, 6, 753–758. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1744-7909.2007.00495.x
https://doi.org/10.1111/nph.13519
https://www.ncbi.nlm.nih.gov/pubmed/26108441
https://doi.org/10.1093/jxb/erv208
https://doi.org/10.1016/j.peptides.2009.09.006
https://doi.org/10.1007/s11746-013-2407-9
https://doi.org/10.1093/jxb/ers051
https://www.ncbi.nlm.nih.gov/pubmed/22378946
https://doi.org/10.1038/nrcardio.2009.188
https://www.ncbi.nlm.nih.gov/pubmed/19859067


Int. J. Mol. Sci. 2023, 24, 10533 12 of 14

8. Tuyen Duc, D.; Chen, H.; Hien Thi Thu, V.; Hamwieh, A.; Yamada, T.; Sato, T.; Yan, Y.; Cong, H.; Shono, M.; Suenaga, K.; et al. Ncl
Synchronously Regulates Na+, K+, and Cl- in Soybean and Greatly Increases the Grain Yield in Saline Field Conditions. Sci. Rep.
2016, 6, 19147. [CrossRef]

9. Katerji, N.; van Hoorn, J.W.; Hamdy, A.; Mastrorilli, M. Salt tolerance classification of crops according to soil salinity and to water
stress day index. Agric. Water Manag. 2000, 43, 99–109. [CrossRef]

10. Abel, G.H.; MacKenzie, A.J. Salt Tolerance of soybean varieties (Glycine max L. Merrill) during germination and later growth 1.
Crop Sci. 1964, 4, 157–161. [CrossRef]

11. Parihar, P.; Singh, S.; Singh, R.; Singh, V.P.; Prasad, S.M. Effect of salinity stress on plants and its tolerance strategies: A review.
Environ. Sci. Pollut. Res. 2015, 22, 4056–4075. [CrossRef]

12. Mittova, V.; Guy, M.; Tal, M.; Volokita, M. Salinity up-regulates the antioxidative system in root mitochondria and peroxisomes of
the wild salt-tolerant tomato species Lycopersicon pennellii. J. Exp. Bot. 2004, 55, 1105–1113. [CrossRef] [PubMed]

13. Gupta, B.; Huang, B. Mechanism of salinity tolerance in plants: Physiological, biochemical, and molecular characterization. Int. J.
Genom. 2014, 2014, 701596. [CrossRef] [PubMed]

14. Petrov, K.A.; Dudareva, L.V.; Nokhsorov, V.V.; Perk, A.A.; Chepalov, V.A.; Sophronova, V.E.; Voinikov, V.K.; Zulfugarov, I.S.; Lee,
C.-H. The role of plant fatty acids in regulation of the adaptation of organisms to the cold climate in cryolithic zone of Yakutia.
J. Life Sci. 2016, 26, 519–530. [CrossRef]

15. Wang, G.P.; Li, F.; Zhang, J.; Zhao, M.R.; Hui, Z.; Wang, W. Overaccumulation of glycine betaine enhances tolerance of the
photosynthetic apparatus to drought and heat stress in wheat. Photosynthetica 2010, 48, 30–41. [CrossRef]

16. Zhang, M.; Barg, R.; Yin, M.G.; Gueta-Dahan, Y.; Leikin-Frenkel, A.; Salts, Y.; Shabtai, S.; Ben-Hayyim, G. Modulated fatty acid
desaturation via overexpression of two distinct omega-3 desaturases differentially alters tolerance to various abiotic stresses in
transgenic tobacco cells and plants. Plant J. 2005, 44, 361–371. [CrossRef]

17. Los, D.A.; Murata, N. Structure and expression of fatty acid desaturases. Biochim. Biophys. Acta-Lipids Lipid Metab. 1998, 1394,
3–15. [CrossRef]

18. Wang, G.; Cai, G.; Kong, F.; Deng, Y.; Ma, N.; Meng, Q. Overexpression of tomato chloroplast-targeted DnaJ protein enhances
tolerance to drought stress and resistance to Pseudomonas solanacearum in transgenic tobacco. Plant Physiol. Biochem. 2014, 82,
95–104. [CrossRef]

19. Xue, Y.; Chen, B.; Win, A.N.; Fu, C.; Lian, J.; Liu, X.; Wang, R.; Zhang, X.; Chai, Y. Omega-3 fatty acid desaturase gene family from
twoω-3 sources, Salvia hispanica and Perilla frutescens: Cloning, characterization and expression. PLoS ONE 2018, 13, e0191432.
[CrossRef]

20. Bilyeu, K.; Palavalli, L.; Sleper, D.; Beuselinck, P.R. Three microsomal omega-3 fatty-acid desaturase genes contribute to soybean
linolenic acid levels. Crop Sci. 2003, 43, 1833–1838. [CrossRef]

21. Sanchez-Martin, J.; Canales, F.J.; Tweed, J.K.S.; Lee, M.R.F.; Rubiales, D.; Gomez-Cadenas, A.; Arbona, V.; Mur, L.A.J.; Prats, E.
Fatty acid profile changes during gradual soil water depletion in oats suggests a role for jasmonates in coping with drought.
Front. Plant Sci. 2018, 9, 1077. [CrossRef]

22. He, M.; Ding, N.-Z. Plant unsaturated fatty acids: Multiple roles in stress response. Front. Plant Sci. 2020, 11, 562785. [CrossRef]
[PubMed]

23. Ding, Y.; Mokgolodi, N.; Hu, Y.; Shi, L.; Ma, C.; Liu, Y. Characterization of fatty acid composition from five perilla seed oils in
China and its relationship to annual growth temperature. J. Med. Plants Res. 2012, 6, 1645–1651.

24. Abdelghany, A.M.; Zhang, S.; Azam, M.; Shaibu, A.S.; Feng, Y.; Li, Y.; Tian, Y.; Hong, H.; Li, B.; Sun, J. Profiling of seed fatty acid
composition in 1025 Chinese soybean accessions from diverse ecoregions. Crop J. 2020, 8, 635–644. [CrossRef]

25. Gondor, O.K.; Szalai, G.; Kovacs, V.; Janda, T.; Pal, M. Impact of UV-B on drought- or cadmium-induced changes in the fatty acid
composition of membrane lipid fractions in wheat. Ecotoxicol. Environ. Saf. 2014, 108, 129–134. [CrossRef] [PubMed]

26. Avila, C.A.; Arevalo-Soliz, L.M.; Jia, L.; Navarre, D.A.; Chen, Z.; Howe, G.A.; Meng, Q.-W.; Smith, J.E.; Goggin, F.L. Loss of
function of fatty acid desaturase7 in tomato enhances basal aphid resistance in a salicylate-dependent manner. Plant Physiol. 2012,
158, 2028–2041. [CrossRef] [PubMed]

27. Weber, H. Fatty acid-derived signals in plants. Trends Plant Sci. 2002, 7, 217–224. [CrossRef] [PubMed]
28. Mikami, K.; Murata, N. Membrane fluidity and the perception of environmental signals in cyanobacteria and plants. Prog. Lipid

Res. 2003, 42, 527–543. [CrossRef]
29. Sui, N.; Han, G. Salt-induced photoinhibition of PSII is alleviated in halophyte Thellungiella halophila by increases of unsaturated

fatty acids in membrane lipids. Acta Physiol. Plant. 2014, 36, 983–992. [CrossRef]
30. Matos, A.R.; Hourton-Cabassa, C.; Cicek, D.; Reze, N.; Arrabaca, J.D.; Zachowski, A.; Moreau, F. Alternative oxidase involvement

in cold stress response of Arabidopsis thaliana fad2 and FAD3+ cell suspensions altered in membrane lipid composition. Plant Cell
Physiol. 2007, 48, 856–865. [CrossRef]

31. Wang, H.-S.; Yu, C.; Tang, X.-F.; Zhu, Z.-J.; Ma, N.-N.; Meng, Q.-W. A tomato endoplasmic reticulum (ER)-type omega-3 fatty acid
desaturase (LeFAD3) functions in early seedling tolerance to salinity stress. Plant Cell Rep. 2014, 33, 131–142. [CrossRef] [PubMed]

32. Yu, C.; Wang, H.-S.; Yang, S.; Tang, X.-F.; Duan, M.; Meng, Q.-W. Overexpression of endoplasmic reticulum omega-3 fatty acid
desaturase gene improves chilling tolerance in tomato. Plant Physiol. Biochem. 2009, 47, 1102–1112. [CrossRef]

33. Wang, H.-S.; Yu, C.; Tang, X.-F.; Wang, L.-Y.; Dong, X.-C.; Meng, Q.-W. Antisense-mediated depletion of tomato endoplasmic
reticulum omega-3 fatty acid desaturase enhances thermal tolerance. J. Integr. Plant Biol. 2010, 52, 568–577. [CrossRef]

https://doi.org/10.1038/srep19147
https://doi.org/10.1016/S0378-3774(99)00048-7
https://doi.org/10.2135/cropsci1964.0011183X000400020010x
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1093/jxb/erh113
https://www.ncbi.nlm.nih.gov/pubmed/15047761
https://doi.org/10.1155/2014/701596
https://www.ncbi.nlm.nih.gov/pubmed/24804192
https://doi.org/10.5352/JLS.2016.26.5.519
https://doi.org/10.1007/s11099-010-0006-7
https://doi.org/10.1111/j.1365-313X.2005.02536.x
https://doi.org/10.1016/S0005-2760(98)00091-5
https://doi.org/10.1016/j.plaphy.2014.05.011
https://doi.org/10.1371/journal.pone.0191432
https://doi.org/10.2135/cropsci2003.1833
https://doi.org/10.3389/fpls.2018.01077
https://doi.org/10.3389/fpls.2020.562785
https://www.ncbi.nlm.nih.gov/pubmed/33013981
https://doi.org/10.1016/j.cj.2019.11.002
https://doi.org/10.1016/j.ecoenv.2014.07.002
https://www.ncbi.nlm.nih.gov/pubmed/25062444
https://doi.org/10.1104/pp.111.191262
https://www.ncbi.nlm.nih.gov/pubmed/22291202
https://doi.org/10.1016/S1360-1385(02)02250-1
https://www.ncbi.nlm.nih.gov/pubmed/11992827
https://doi.org/10.1016/S0163-7827(03)00036-5
https://doi.org/10.1007/s11738-013-1477-5
https://doi.org/10.1093/pcp/pcm061
https://doi.org/10.1007/s00299-013-1517-z
https://www.ncbi.nlm.nih.gov/pubmed/24129846
https://doi.org/10.1016/j.plaphy.2009.07.008
https://doi.org/10.1111/j.1744-7909.2010.00957.x


Int. J. Mol. Sci. 2023, 24, 10533 13 of 14

34. Kodama, H.; Horiguchi, G.; Nishiuchi, T.; Nishimura, M.; Iba, K. Fatty-acid desaturation during chilling acclimation is one of the
factors involved in conferring low-temperature tolerance to young tobacco-leaves. Plant Physiol. 1995, 107, 1177–1185. [CrossRef]

35. Klinkenberg, J.; Faist, H.; Saupe, S.; Lambertz, S.; Krischke, M.; Stingl, N.; Fekete, A.; Mueller, M.J.; Feussner, I.; Hedrich, R.; et al.
Two fatty acid desaturases, stearoyl-acyl carrier protein delta(9)-desaturase6 and fatty acid desaturase3, are involved in drought
and hypoxia stress signaling in arabidopsis crown galls. Plant Physiol. 2014, 164, 570–583. [CrossRef] [PubMed]

36. Shi, Y.; Yue, X.; An, L. Integrated regulation triggered by a cryophyte omega-3 desaturase gene confers multiple-stress tolerance
in tobacco. J. Exp. Bot. 2018, 69, 2131–2148. [CrossRef]

37. Liu, L.-N. Distribution and dynamics of electron transport complexes in cyanobacterial thylakoid membranes. Biochim. Biophys.
Acta-Bioenerg. 2016, 1857, 256–265. [CrossRef] [PubMed]

38. Chaves, M.M.; Flexas, J.; Pinheiro, C. Photosynthesis under drought and salt stress: Regulation mechanisms from whole plant to
cell. Ann. Bot. 2009, 103, 551–560. [CrossRef]

39. Peng, X.; Teng, L.; Yan, X.; Zhao, M.; Shen, S. The cold responsive mechanism of the paper mulberry: Decreased photosynthesis
capacity and increased starch accumulation. BMC Genom. 2015, 16, 898. [CrossRef]

40. Jamil, M.; Rehman, S.u.; Lee, K.J.; Kim, J.M.; Kim, H.-S.; Rha, E.S. Salinity reduced growth PS2 photochemistry and chlorophyll
content in radish. Sci. Agric. 2007, 64, 111–118. [CrossRef]

41. Agarwal, P.; Dabi, M.; Sapara, K.K.; Joshi, P.S.; Agarwal, P.K. Ectopic expression of JcWRKY transcription factor confers salinity
tolerance via salicylic acid signaling. Front. Plant Sci. 2016, 7, 1541. [CrossRef] [PubMed]

42. Zheng, L.; Liu, G.; Meng, X.; Liu, Y.; Ji, X.; Li, Y.; Nie, X.; Wang, Y. A WRKY gene from Tamarix hispida, ThWRKY4, mediates abiotic
stress responses by modulating reactive oxygen species and expression of stress-responsive genes. Plant Mol. Biol. 2013, 82,
303–320. [CrossRef]

43. Al-Aghabary, K.; Zhu, Z.; Shi, Q.H. Influence of silicon supply on chlorophyll content, chlorophyll fluorescence, and antioxidative
enzyme activities in tomato plants under salt stress. J. Plant Nutr. 2004, 27, 2101–2115. [CrossRef]

44. Baker, N.R. A possible role for photosystem-II in environmental perturbations of photosynthesis. Physiol. Plant. 1991, 81, 563–570.
[CrossRef]

45. Yan, K.; He, W.; Bian, L.; Zhang, Z.; Tang, X.; An, M.; Li, L.; Han, G. Salt adaptability in a halophytic soybean (Glycine soja)
involves photosystems coordination. BMC Plant Biol. 2020, 20, 155. [CrossRef] [PubMed]

46. Mallick, N.; Mohn, F.H. Use of chlorophyll fluorescence in metal-stress research: A case study with the green microalga
Scenedesmus. Ecotoxicol. Environ. Saf. 2003, 55, 64–69. [CrossRef]

47. Kumar, M.; Govindasamy, V.; Rane, J.; Singh, A.K.; Choudhary, R.L.; Raina, S.K.; George, P.; Aher, L.K.; Singh, N.P. Canopy
temperature depression (CTD) and canopy greenness associated with variation in seed yield of soybean genotypes grown in
semi-arid environment. S. Afr. J. Bot. 2017, 113, 230–238. [CrossRef]

48. Sui, N.; Li, M.; Li, K.; Song, J.; Wang, B.S. Increase in unsaturated fatty acids in membrane lipids of Suaeda salsa L. enhances
protection of photosystem II under high salinity. Photosynthetica 2010, 48, 623–629. [CrossRef]

49. Allakhverdiev, S.I.; Kinoshita, M.; Inaba, M.; Suzuki, I.; Murata, N. Unsaturated fatty acids in membrane lipids protect the
photosynthetic machinery against salt-induced damage in Synechococcus. Plant Physiol. 2001, 125, 1842–1853. [CrossRef]

50. Li, H.; Gao, M.Q.; Xue, R.L.; Wang, D.; Zhao, H.J. Effect of hydrogen sulfide on D1 protein in wheat under drought stress. Acta
Physiol. Plant. 2015, 37, 225. [CrossRef]

51. Liu, X.X.; Fu, C.; Yang, W.W.; Zhang, Q.; Fan, H.; Liu, J. The involvement of TsFtsH8 in Thellungiella salsuginea tolerance to cold
and high light stresses. Acta Physiol. Plant. 2016, 38, 62. [CrossRef]

52. Hernandez, J.A.; Jimenez, A.; Mullineaux, P.; Sevilla, F. Tolerance of pea (Pisum sativum L.) to long-term salt stress is associated
with induction of antioxidant defences. Plant Cell Environ. 2000, 23, 853–862. [CrossRef]

53. Rubio, M.C.; Bustos-Sanmamed, P.; Clemente, M.R.; Becana, M. Effects of salt stress on the expression of antioxidant genes and
proteins in the model legume Lotus japonicus. New Phytol. 2009, 181, 851–859. [CrossRef] [PubMed]

54. Begara-Morales, J.C.; Sanchez-Calvo, B.; Chaki, M.; Valderrama, R.; Mata-Perez, C.; Lopez-Jaramillo, J.; Padilla, M.N.; Carreras, A.;
Corpas, F.J.; Barroso, J.B. Dual regulation of cytosolic ascorbate peroxidase (APX) by tyrosine nitration and S-nitrosylation. J. Exp.
Bot. 2014, 65, 527–538. [CrossRef]

55. Sui, N.; Wang, Y.; Liu, S.; Yang, Z.; Wang, F.; Wan, S. Transcriptomic and physiological evidence for the relationship between
unsaturated fatty acid and salt stress in peanut. Front. Plant Sci. 2018, 9, 7. [CrossRef]

56. Ahmad, P.; Sarwat, M.; Bhat, N.A.; Wani, M.R.; Kazi, A.G.; Lam-Son Phan, T. Alleviation of cadmium toxicity in Brassica Juncea L.
(czern. & coss.) by calcium application involves various physiological and biochemical strategies. PLoS ONE 2015, 10, e0114571.
[CrossRef]

57. Singh, A.K.; Raina, S.K.; Kumar, M.; Aher, L.; Ratnaparkhe, M.B.; Rane, J.; Kachroo, A. Modulation of GmFAD3 expression alters
abiotic stress responses in soybean. Plant Mol. Biol. 2022, 110, 199–218. [CrossRef]

58. Mata-Perez, C.; Sanchez-Calvo, B.; Begara-Morales, J.C.; Luque, F.; Jimenez-Ruiz, J.; Padilla, M.N.; Fierro-Risco, J.; Valderrama, R.;
Fernandez-Ocana, A.; Corpas, F.J.; et al. Transcriptomic profiling of linolenic acid-responsive genes in ROS signaling from
RNA-seq data in Arabidopsis. Front. Plant Sci. 2015, 6, 122. [CrossRef]

59. Fougere, F.; Lerudulier, D.; Streeter, J.G. Effects of salt stress on amino-acid, organic-acid, and carbohydrate-composition of roots,
bacteroids, and cytosol of alfalfa (Medicago-sativa L.). Plant Physiol. 1991, 96, 1228–1236. [CrossRef]

https://doi.org/10.1104/pp.107.4.1177
https://doi.org/10.1104/pp.113.230326
https://www.ncbi.nlm.nih.gov/pubmed/24368335
https://doi.org/10.1093/jxb/ery050
https://doi.org/10.1016/j.bbabio.2015.11.010
https://www.ncbi.nlm.nih.gov/pubmed/26619924
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1186/s12864-015-2047-6
https://doi.org/10.1590/S0103-90162007000200002
https://doi.org/10.3389/fpls.2016.01541
https://www.ncbi.nlm.nih.gov/pubmed/27799936
https://doi.org/10.1007/s11103-013-0063-y
https://doi.org/10.1081/PLN-200034641
https://doi.org/10.1111/j.1399-3054.1991.tb05101.x
https://doi.org/10.1186/s12870-020-02371-x
https://www.ncbi.nlm.nih.gov/pubmed/32276592
https://doi.org/10.1016/S0147-6513(02)00122-7
https://doi.org/10.1016/j.sajb.2017.08.016
https://doi.org/10.1007/s11099-010-0080-x
https://doi.org/10.1104/pp.125.4.1842
https://doi.org/10.1007/s11738-015-1975-8
https://doi.org/10.1007/s11738-016-2080-3
https://doi.org/10.1046/j.1365-3040.2000.00602.x
https://doi.org/10.1111/j.1469-8137.2008.02718.x
https://www.ncbi.nlm.nih.gov/pubmed/19140933
https://doi.org/10.1093/jxb/ert396
https://doi.org/10.3389/fpls.2018.00007
https://doi.org/10.1371/journal.pone.0114571
https://doi.org/10.1007/s11103-022-01295-4
https://doi.org/10.3389/fpls.2015.00122
https://doi.org/10.1104/pp.96.4.1228


Int. J. Mol. Sci. 2023, 24, 10533 14 of 14

60. Trovato, M.; Mattioli, R.; Costantino, P. Multiple roles of proline in plant stress tolerance and development. Rend. Lincei-Sci. Fis. E
Nat. 2008, 19, 325–346. [CrossRef]

61. Kartashov, A.V.; Radyukina, N.L.; Ivanov, Y.V.; Pashkovskii, P.P.; Shevyakova, N.I.; Kuznetsov, V.V. Role of antioxidant systems in
wild plant adaptation to salt stress. Russ. J. Plant Physiol. 2008, 55, 463–468. [CrossRef]

62. Shavrukov, Y. Salt stress or salt shock: Which genes are we studying? J. Exp. Bot. 2013, 64, 119–127. [CrossRef]
63. Wang, Y.; Li, Z.; Chen, X.; Gu, Y.; Zhang, L.; Qiu, L. An efficient soybean transformation protocol for use with elite lines. Plant Cell

Tissue Organ Cult. 2022, 151, 457–466. [CrossRef]
64. GB 5009. 168-2016; National food safety standard: Determination of fatty acid. NHFPC/PRC (National Health and Family

Planning Commission (NFHPC) of PRC): Beijing, China, 2016.
65. Draper, H.H.; Squires, E.J.; Mahmoodi, H.; Wu, J.; Agarwal, S.; Hadley, M. A comparative-evaluation of thiobarbituric acid

methods for the determination of malondialdehyde in biological-materials. Free Radic. Biol. Med. 1993, 15, 353–363. [CrossRef]
[PubMed]

66. Jana, S.; Choudhuri, M.A. Glycolate metabolism of 3 submersed aquatic angiosperms during aging. Aquat. Bot. 1982, 12, 345–354.
[CrossRef]

67. Elstner, E.F.; Heupel, A. Inhibition of nitrite formation from hydroxylammonium-chloride—Simple assay for superoxide-
dismutase. Anal. Biochem. 1976, 70, 616–620. [CrossRef]

68. Chen, H.-H.; Xu, X.-L.; Shang, Y.; Jiang, J.-G. Comparative toxic effects of butylparaben sodium, sodium diacetate and potassium
sorbate to Dunaliella tertiolecta and HL7702 cells. Food Funct. 2017, 8, 4478–4486. [CrossRef]

69. Chance, B.; Maehly, A.C. Assay of catalases and peroxidases. Methods Enzymol. 1955, 2, 764–775. [CrossRef]
70. Chen, G.X.; Asada, K. Ascorbate peroxidase in tea leaves—Occurrence of 2 isozymes and the differences in their enzymatic and

molecular-properties. Plant Cell Physiol. 1989, 30, 987–998.
71. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207.

[CrossRef]
72. Thomas, T.A. Automated procedure for determination of soluble carbohydrates in herbage. J. Sci. Food Agric. 1977, 28, 639–642.

[CrossRef]
73. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]

[PubMed]
74. Tang, Q.-Y.; Zhang, C.-X. Data Processing System (DPS) software with experimental design, statistical analysis and data mining

developed for use in entomological research. Insect Sci. 2013, 20, 254–260. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12210-008-0022-8
https://doi.org/10.1134/S1021443708040055
https://doi.org/10.1093/jxb/ers316
https://doi.org/10.1007/s11240-022-02312-6
https://doi.org/10.1016/0891-5849(93)90035-S
https://www.ncbi.nlm.nih.gov/pubmed/8225017
https://doi.org/10.1016/0304-3770(82)90026-2
https://doi.org/10.1016/0003-2697(76)90488-7
https://doi.org/10.1039/C7FO01102D
https://doi.org/10.1016/s0076-6879(55)02300-8
https://doi.org/10.1007/BF00018060
https://doi.org/10.1002/jsfa.2740280711
https://doi.org/10.1093/nar/29.9.e45
https://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1111/j.1744-7917.2012.01519.x
https://www.ncbi.nlm.nih.gov/pubmed/23955865

	Introduction 
	Results 
	Overexpression of PfFAD3a in Soybean 
	Salt Tolerance Evaluation in Transgenic Soybean Plants 
	Fatty Acid Composition of PfFAD3a-Overexpressed Plants 
	SPAD and Fv/Fm in PfFAD3a-Overexpressed Plants 
	Antioxidants in PfFAD3a-Overexpressed Lines 

	Discussion 
	The Salt Tolerance of Soybean Seedlings Could Be Significantly Enhanced via Elevation of -Linolenic Acid Content 
	Photosynthetic Activity Was Enhanced by the Overexpression of PfFAD3a under Salt Stress Conditions 
	Antioxidative Capacity Was Enhanced via Elevation of C18:3 under Salt Stress 

	Materials and Methods 
	Vector Construction, Transformation, and Transgenic Lines Identification 
	Plant Materials, Growth Conditions, and Salt Tolerance Evaluation 
	Phenotype and Biomass Measurement 
	Determination of Fatty Acid Composition 
	Determination of Relative Chlorophyll Content 
	Determination of PSII Photochemical Efficiency 
	Measurement of Antioxidant Indexes 
	Total RNA Extraction and qPCR Analysis 
	Statistical Analysis 

	References

