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Abstract
Key message   Woody plants have salt-tolerant mechanisms similar to those developed by non-woody plants. Among 
others, compartmentalization of ions, production of compatible solutes, synthesis of specific proteins and metabo-
lites, and induction of transcriptional factors are the most relevant. Woody plant-associated microbial interactions 
as well as naturally stress-adapted trees are resources that deserve to be deepened to fully understand the tolerance 
mechanisms.
Context  The high variability of salinity responses found in woody plants implies a high potentiality for germplasm selec-
tion and breeding. Salt tolerance mechanisms of plants are regulated by numerous genes, which control ion homeostasis, 
production of compatible solutes and specific proteins, and activation or repression of specific transcription factors. Despite 
the fact that numerous studies have been done on herbaceous model plants, knowledge about salt tolerance mechanisms in 
woody plants is still scarce.
Aims  The present review critically evaluates molecular control of salt tolerance mechanisms of woody plants, focusing on 
the regulation and compartmentalization of ions, production of compatible solutes, activation of transcription factors, and 
differential expression of stress response-related proteins, including omics-based approaches and the role of plant-microbial 
interactions. The potential identification of genes from naturally stress-adapted woody plants and the integration of the mas-
sive omics data are also discussed.
Conclusion  In woody plants, salt tolerance mechanisms seem not to diverge to those identified in non-woody 
plants. More comparative studies between woody and non-woody salt tolerance plants will be relevant to iden-
tify potential molecular mechanisms specifically developed for wood plants. In this sense, the activation of 
metabolic pathways and molecular networks by novel genetic engineering techniques is key to establish strate-
gies to improve the salt tolerance in woody plant species and to contribute to more sustainable agricultural and 
forestry systems.

Keywords  Salt tolerance mechanisms · Omics responses · Salt tolerance stress-related proteins · Transcription factors · 
Naturally stress-adapted woody plants

1  Introduction

New developments in agriculture have allowed obtaining 
higher crop yield and quality, which has optimized the cul-
tivable land area around the world. Soil salinization is a 
widespread environmental constraint for plants, in which 
salts are highly deposited in the soil to an extent that affects 
plant biomass production and agricultural economies (FAO 
2017). Given the growing water scarcity and the increasing 
salt-affected land area, the ability of crop plants to tolerate 
high levels of salinity in the soils is an agriculturally use-
ful trait (Flowers et al. 2015; Khan and Hemalatha 2016; 
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Morton et al. 2019). In general, plants have different levels 
of susceptibility to salinity, which causes osmotic and ionic 
stress (Munns and Tester 2008; Zhang and Shi 2013). Thus, 
plants have evolved intricate tolerance mechanisms for deal-
ing with salt stress. The understanding of these physiological 
and molecular mechanisms of salt tolerance increased in the 
last years. Some of these mechanisms involve genes regulat-
ing different pathways, such as ion regulation and compart-
mentalization and osmotic adjustment by synthesis of com-
patible solutes and redox homeostasis (Hanin et al. 2016; 
Muchate et al. 2016; Martínez-Andújar et al. 2019). Most 
of these studies have been done on herbaceous model plants, 
such as Arabidopsis, barley, rice, and wheat, among others. 
However, the knowledge about salt tolerance mechanisms 
in woody plants is still scarce. Deepening their molecular 
mechanisms of salt tolerance would allow the identification 
of new genes that play a key role in plant salt responses.

Woody plants have long juvenile phases and often repro-
duce over multiple years. These plants have secondary 
growth, which is a major difference with herbaceous plants. 
The ability to generate secondary xylem (dicots) or thick-
ened vascular bundles that accumulate to form wood-like 
tissue (monocots) enables woody plants to increase transport 
capacity when it is needed (Liesche et al. 2017). In addi-
tion, long-lived woody species require complex dynamic 
mechanisms controlling their developmental changes and 
growth, when compared with short-lived herbaceous plants. 
Woody plants have traits, such as high rates of outcross-
ing, long distance pollen and seed dispersal, large effective 
population sizes, arborescent stature, low population density, 
longevity, overlapping generations, more chromosomes, and 
occurrence in late successional communities, as compared to 
herbaceous plants (Petit and Hampe, 2006; Sork et al. 2013; 
Olson et al. 2016). These traits allow woody species to be 
less sensitive to genetic bottlenecks and more tolerant to 
habitat fragmentation or climate changes, such as conditions 
of high salinity. However, both woody and non-woody plants 
share certain basic physiological and biochemical mecha-
nisms of salt tolerance. Following the perception of salin-
ity, multiple cell signaling pathways are activated, which is 
reflected in a gene expression reprogramming salt responses. 
However, plant species differ in their tolerance to salt stress, 
and particularly, most species are salt-sensitive (Munns et al 
2020). Therefore, it is of crucial importance to focus on the 
identification of key genes of salt-tolerant woody plants and 
on the application of molecular approaches that allow to 
elucidate the complex responses to salinity in this type of 
plants.

Many woody species grow under adverse environmental 
conditions, as those present in salinized soils. In this type 
of soils, woody plants have evolved specific mechanisms 
controlling their salt tolerance. Thereby, some woody plants 
might be used as model plants to discover and identify new 

molecular mechanisms underlying salt tolerance of plants. 
In this regard, Populus species have arisen as model trees 
in woody plant studies because, among other reasons, this 
genus contains approximately 30 species inhabiting different 
types of habitats (e.g., Populus euphratica Olivier grows nat-
urally in saline environments); it has relatively small genome 
size (~ 500 Mbp), which has been completely sequenced in 
Populus trichocarpa Torr. & A.Gray ex. Hook. (Tuskan et al 
2006); it has a fast growth in vitro and ex vitro; and it is easy 
to transform genetically.

This review summarizes the recent achievements in 
molecular control of salt tolerance in woody plants, focus-
ing on the regulation and compartmentalization of ions, 
production of compatible solutes, activation of transcrip-
tion factors, and differential expression of salt stress 
response-related proteins, including “omics” approaches 
and the role of plant-microbial interactions. The value of 
naturally stress-adapted woody plants as biological and 
genetic resources for sustainable agriculture and forestry 
to get a better knowledge of salt tolerance mechanisms in 
woody species is also discussed.

2 � Salinity effect on ion regulation 
and compartmentalization in woody 
plants

The salt depends on the ability to regulate uptake, transport, 
and compartmentalization of ions (Munns et al. 2016; Peng 
et al. 2016; Shabala et al. 2019). The regulation of differ-
ent pathways, involving the plasma membrane and tonoplast 
Na + /H + antiporter transporters, membrane-related cation 
channels, and co-transporters, is essential to tolerance to 
salt stress in woody plants (Table 1). Thus, except for some 
halophytes that can successfully maintain low Na + influx 
(Munns and Tester 2008), a crucial plant response to salinity 
is the maintenance of ionic homeostasis in cells through pre-
venting Na + accumulation (Martínez-Alcántara et al. 2015). 
This ionic homeostasis is reached by action of several genes 
encoding plasma membrane and vacuolar H + -ATPases, 
vacuolar H + -pyrophosphatase, cation/proton antiport-
ers on the plasma membrane and vacuolar membrane, and 
other genes involved in salt tolerance mechanisms (Ma et al. 
2016), which allowed to display a set of potential genes to 
be used in breeding programs.

Studies in Populus euphratica, a salt-tolerant tree spe-
cies, allowed to identify genes involved in salt tolerance that 
participate in the control of Na + uptake and extrusion, ion 
compartmentalization into vacuoles, xylem loading of salt 
solution, and simultaneously maintaining potassium levels 
in the cells (Brosché et al. 2005; Chen and Polle 2010). In 
addition, one of the first studies about the transcriptional 
profiles of distinct Populus alba L. genotypes varying in salt 
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tolerance showed differential regulatory patterns of vacuolar 
and plasma membrane H + -ATPase genes, with tonoplast-
ATPase genes up-regulated at an intermediate salinity level 
but down-regulated at high salinity in the more salt-tolerant 
genotypes. In contrast, in the most salt-sensitive genotype, 
no regulation in transcript levels of both plasma membrane-
ATPase and tonoplast-ATPase genes was observed, suggest-
ing the absence of salt-sensitive signal transduction path-
ways in the sensitive genotype, which seems to be necessary 
to trigger an active response to salinity changes (Beritognolo 
et al. 2007). Similarly, studies on the response to salt stress 
in P. euphratica cell suspensions showed an increase of both 
the H + pumping and H + -ATPase hydrolytic activity (Ma 
et al. 2016).

In Citrus species, it has been proposed that the salt 
overly sensitive (SOS) pathway (comprising SOS3, SOS2, 
and SOS1) mediates the signal transduction network for 
ion homeostasis regulation under salinity (Martínez-
Alcántara et al. 2015) as it occurs in close non-woody 
species. The SOS1 gene encodes a putative sodium/proton 
antiporter, it was originally identified in Arabidopsis (Shi 
et al. 2000), and then it was also reported in salt response 
in woody species such as P. euphratica (Wu et al. 2007) 
and Populus trichocarpa (Tang et al. 2010). Overexpres-
sion of SOS2 protein, a calcineurin B-like protein (CBL)-
interacting protein kinase, in apple (Malus domestica 
(Suckow) Borkh.) induced several proteins involved in 
reactive oxygen species (ROS) scavenging, procyanidin 

Table 1   List of genes isolated and characterized from woody plant species linked to ion homeostasis, production of compatible solutes, synthesis 
of specific proteins, and induction of transcriptions factor in the regulation of salt tolerance responses

Gene Species Function References

MaNHX (1–7) Morus atropurpurea L Na + /H + exchanger (NHX) tono-
plast

Cao et al. 2016

PtNHX (1–5) Populus trichocarpa Torr. & 
A.Gray ex. Hook

NHX tonoplast Tian et al. 2017

PtNH6 Populus trichocarpa NHX endo
PtNH8-9 Populus trichocarpa NHX PM
PeNHX3 Populus euphratica Olivier NHX tonoplast Pan et al. 2017
MdNHX1 Malus domestica Borkh NHX tonoplast Li et al. 2010
PtrCCC​ Poncirus trifoliata (L.) Raf Cation-chloride cotransporter Wei et al. 2018
Putative SOS1, HKT1, and NHX1 

genes
Citrus reshni Tan
Poncirus trifoliata (L.) Raf

SOS1, HKT1, and NHX1 exchang-
ers

Martínez-Alcántara et al. 2015

JcProDH Jatropha curcas L Proline dehydrogenase Wang et al. 2015a, b, c
VnPRP Vitis vinifera L Proline-rich cell wall protein like Guan et al. 2018
OeMaT1 Olea europaea L Mannitol transporter Conde et al. 2007
PeMIPS1 Populus euphratica Myo-inositol phosphate synthase Zhang et al. 2018
LcDHAR Liriodendron chinense (Hemsl.) 

Sarg
Dehydrogenase ascorbic reductase Hao et al. 2019

JcDHAR Jatropha curcas L Dehydrogenase ascorbic reductase Chang et al. 2017
PsLEA3 Prosopis strombulifera (Lam.) 

Benth
Late-embryogenesis abundant 

protein
Llanes et al. 2016a, b

PeuPP2C (PP2CA-M families) Populus euphratica Phosphatase 2Cs proteins Li et al. 2018
MnEIL3 Morus notabilis Schneid Ethylene-insensitive3 (EIN3)/EIN3-

like (EIL) protein
Liu et al. 2019a, b

MnACO1, MnACO2, MnACS1, 
and MnACS3

Morus notabilis Ethylene biosynthesis proteins Liu et al. 2015

PtRab (RabA-H families) Populus trichocarpa Small GTP-binding proteins Zhang et al. 2018
MiREM Morus indica L Remorin Checker and Khurana 2013
ThDREB Tamarix hispida Willd Dehydration-responsive element-

binding transcription factor
Yang et al. 2017

BpDREB2 Broussonetia papyrifera (L.) Vent Dehydration-responsive element-
binding transcription factor

Sun et al. 2014

PeNAC Populus euphratica NAC transcription factor Lu et al. 2017
ThNAC13 Tamarix hispida Willd NAC transcription factor Wang et al. 2017
PalNAC002
PalRD26

Populus alba var. pyramidalis L ABA signaling-related genes Jiang et al. 2020



	 Annals of Forest Science           (2021) 78:96 

1 3

   96   Page 4 of 19

biosynthesis and malate metabolism, enhancing its salt 
tolerance (Hu et al. 2015), suggesting that overexpression 
of SOS pathway genes might be an interesting tool for 
breeding of fruit trees or other woody plants.

Antiporters like the NHX-type, which are located in the 
tonoplast of cells, also have an important role in salt tol-
erance of woody plants. Overexpression of the vacuolar 
Na + /H + antiporter gene MdNHX1 in apple rootstocks (M. 
domestica) resulted in increased salt tolerance in transgenic 
plants compared with non-transformed plants, and this was 
correlated with a higher Na + compartmentalization in roots 
and higher K + /Na + ratio in leaves (Li et al. 2010). In addi-
tion, Martínez-Alcántara et al. (2015) analyzed the differ-
ential response to salt stress between two citrus rootstocks 
(“trifoliate orange” and “cleopatra mandarin”) differing in 
their Na + exclusion capacity. They found that salt tolerance 
in Citrus species involved an accumulation of Na + con-
centration in the roots and lower allocation of this ion in 
the shoots through an increased retrieval of Na + from the 
xylem and a reduced translocation to the shoot tissues. These 
mechanisms could be a consequence of the overexpression 
of SOS1, high transcriptional levels of NHX1, and enhanced 
activity of the tonoplast proton pumps in roots, demonstrat-
ing that the mechanism to face ion excess is a complex pro-
cess. Cao et al. (2016) identified and cloned seven NHX 
gene sequences from mulberry (Morus atropurpurea Roxb.), 
based on an analysis of the Morus genome database. These 
NHXs were classified into three groups based on a phyloge-
netic analysis and the exon–intron organization. The expres-
sion profiles of NHX family genes (MaNHXs) from three 
different subgroups were analyzed in response to adverse 
environmental conditions, phytohormones, and plant signal-
ing molecules (abscisic acid (ABA), salicylic acid, hydrogen 
peroxide, and methyl jasmonate). Results of this study dem-
onstrated that these genes could be induced by salt, drought, 
abscisic acid, and other signal molecules. Therefore, the 
NHXs show diverse and complicated expression patterns in 
different tissues under varying conditions (abiotic stresses, 
hormones, and signaling molecules). Recently, García et al. 
(2019) analyzed the expression of a specific gene (NHX1) 
from Eucalyptus grandis W.Hill ex Maiden plants subjected 
to salt, drought, and ABA effects. Results of this study sug-
gested that the expression of NHX1 increases both in shoots 
and roots depending on abscisic acid, confirming the partici-
pation of NHX family genes in the responses to abiotic con-
ditions of E. grandis plants (García et al. 2019). Additional 
characterizations of NHX family genes are necessary to 
provide insights into new and emerging cellular and physi-
ological functions of these exchanger groups in order to be 
used as new tools for forest breeding.

In plants, chloride (Cl–) plays an important micronutri-
ent role, and it acts as co-factor in photosynthesis, stoma-
tal regulation, and regulation of enzyme activities in the 

cytoplasm. However, Cl– ions can be metabolically toxic at 
high concentrations in plants under salinity conditions. The 
voltage-gated chloride channel (CLC) has been implicated in 
transporting chloride and other monovalent anions (Herdean 
et al. 2016). A number of studies have demonstrated that 
the expression of CLC genes increases tolerance to various 
types of stress in non-woody plants (Wang et al. 2015a, b, c). 
The expression of two CLC genes, SaCLCa1 and SaCLCc1, 
in the non-woody euhalophyte Suaeda altissima (L) Pall., 
was altered in response to changes in the anionic composi-
tion of the growth medium, and it might be characterized as 
organ-specific (Nedelyaeva et al. 2019). In woody plants, 
Xing et al. (2020) demonstrated that some CLC genes iso-
lated from tea plants (Camellia sinensis (L.) Kuntze) are 
implicated in the absorption and long distance transport of 
Cl–, probably as a physiological strategy to avoid chloride 
toxicity. All these results suggest that chloride homeosta-
sis involves a fine regulation of several genes, and it might 
be interesting to study the role of chloride transporters in 
woody plants under salinity conditions.

Taken together, these ionic studies demonstrate that ion 
regulation and compartmentalization systems play an essen-
tial role in salt tolerance, with many of these genes being 
conserved among some woody species. Nevertheless, further 
approaches should be carried out in order to understand the 
molecular mechanisms of salt tolerance in woody plants by 
analyzing the role of these membrane proteins in the whole 
process.

3 � Salinity effect on transcription factors

Plants have complex and interconnected mechanisms to 
protect or reduce damage caused by adverse environmental 
conditions. In these mechanisms, transcription factors (TFs) 
play regulatory roles affecting gene expression in response 
to abiotic stress, by binding to cis-elements in the promoters 
of target genes, or other functional modular structures. Plant 
genomes have a high content of TFs, such as dehydration-
responsive element binding (DREB), basic region/leucine 
zipper motif (bZIP), APETALA 2/ethylene-responsive ele-
ment binding factor (AP2/ERF), WRKY, myeloblastosis 
(MYB) family, no apical meristem (NAC), and NAM/ATAF/
CUC family, which directly or indirectly regulate responses 
to different stresses (Alves et al. 2014; Shao et al. 2015; 
Wang et al. 2016; Banerjee and Roychoudhury 2017).

WRKY transcription factors play an important role in 
regulating salt stress responses in plants (Mohanta et al. 
2016; Xu et al. 2018). In recent years, several WRKY genes 
have been reported in non-woody plants, but there are few 
studies on salinity effects on these TFs in woody plants. 
Wang et al. (2019) isolated and functionally characterized 
48 WRKY sequences obtained from the transcriptome of 
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Hippophae rhamnoides L., an important tree to extract 
metabolites with strong antioxidant activity. The evalua-
tion of the expression pattern of eight of these HrWRKYS 
showed that they are involved in abiotic stress responses. 
Therefore, WRKY might be used as a valid TF to improve 
or complement the production of plants tolerant to drought 
and salt stresses. Recently, Jiang et al. (2020) isolated and 
characterized a WRKY gene in Populus alba var. pyrami-
dalis. They found that PalWRKY77 gene was repressed by 
salt stress, decreasing salt tolerance in this tree. Interestingly, 
this transcription factor gene was found to be a repressor of 
ABA response, which unveils ABA regulation mechanism 
that negatively signals the PalWRKY77 pathway, resulting 
in a more sensitive poplar tree to salinity.

Many studies have focused on the structure and func-
tion in stress-associated networks of the NAC family genes 
in herbaceous plants, such as Arabidopsis (Gladman et al. 
2016; Welner et al. 2016), soybean (Hao et al. 2011), tomato 
(Zhu et al. 2014), rice (Nakashima et al. 2012; Hu et al. 
2008), and wheat (Mao et al. 2012; Tang et al. 2012), but 
again, few studies have focused on woody species (Table 1). 
According to high-throughput sequencing data, P. euphra-
tica NAC (PeNAC) genes were confirmed to be involved in 
responses to salt and osmotic stresses (Tang et al. 2013). Lu 
et al. (2017) also demonstrated that salt tolerance is differ-
entially regulated by several stress-responsive PeNAC tran-
scription factors in transgenic plants. In addition, twenty-one 
full-length NAC genes were identified in Tamarix hispida 
Willd., a woody halophyte. Most of these NACs contained 
a complete NAC DNA-binding domain and a variable tran-
scriptional regulation domain. Results of real-time qPCR 
analysis showed that all these ThNAC genes are expressed 
in roots, stems, and leaves of T. hispida in response to salin-
ity, indicating that they play regulatory roles in salt stress 
responses and ABA-dependent stress signaling pathways 
through the whole plant (Wang et  al. 2014). Similarly, 
overexpression of another NAC gene, ThNAC13, induced 
superoxide dismutase and peroxidase activities, chlorophyll 
and proline contents, decreased ROS and malondialdehyde 
levels, and reduced electrolyte leakage rates in both trans-
genic Tamarix and Arabidopsis plants after the exposure 
to salt and drought stress (Wang et al. 2017). In addition, 
overexpression of two ABA signaling related NAC genes, 
PalNAC002 and PalRD26, enhanced salt tolerance in Popu-
lus alba var. pyramidalis (Jiang et al. 2020). Taken together, 
these studies suggest that NAC family genes could improve 
salt tolerance in woody plants by different mechanisms, such 
as enhancing the ROS scavenging capacity, participating in 
ABA signaling and adjusting osmotic potential. More efforts 
should be pursued to include NAC genes in regular breed-
ing programs of trees due to their multiple roles in control-
ling abiotic stresses. A future challenge will be to produce 

cisgenic or transgenic trees overexpressing NAC genes and 
other transcription factors, to corroborate their potential role 
in salt tolerance in woody plants.

4 � Salinity effect on compatible solutes 
in woody plants

Salt tolerance in plants involves the regulation of intracel-
lular Na + homeostasis to reduce the toxicity of ions and to 
achieve osmotic adjustment (Slama et al. 2015; Suprasanna 
et al. 2016; Blum 2017). The osmotic adjustment involves 
the accumulation of compatible solutes that confers protec-
tion against dehydration, maintaining cellular structures and 
functions, even if their concentration is not high enough to 
achieve osmotic adjustment. Compatible solutes such as pro-
line, glycine-betaine, trehalose, fructose, sucrose, glucose, 
and sugar alcohols (e.g., mannitol and sorbitol) are synthe-
tized and accumulated in saline-treated cells and contribute 
significantly to plant salt responses (Méndez-Alonzo et al. 
2016; Negrão et al. 2017).

The role of proline in cellular homeostasis, including 
redox balance and energy status, is widely known (Szaba-
dos and Savoure 2010; Kaur and Asthir 2015; Vives-Peris 
et al. 2017). Notably, the expression of a gene encoding a 
proline-rich protein was strongly reduced by salinity in dif-
ferent Populus alba genotypes (Beritognolo et al. 2011), 
suggesting that in this tree species, the down-regulation of 
metabolic pathways could impair some protection mecha-
nisms. Recently, Guan et al. (2018) proposed four genes as 
candidates to be used as molecular markers for salt stress 
in grapevine; among them, a proline-rich cell wall protein-
like (PRPs) was highlighted. Many studies have been per-
formed on the metabolism of proline in plants growing under 
adverse conditions, and the use of transgenic and mutant 
plants allowed the demonstration that proline metabo-
lism produces a complex effect on development and stress 
responses (Per et al. 2017). Proline catabolism takes place in 
mitochondria via proline dehydrogenase or proline oxidase 
(ProDH or POX); these enzymes produce pyrroline-5-car-
boxylate (P5C), which is further converted to glutamate by 
P5C dehydrogenase (P5CDH; Ribarits et al. 2007; Szabados 
and Savoure 2010). The ProDH enzyme and its complemen-
tary DNA (cDNA) were isolated from Jatropha curcas L., 
a woody oil plant important for biodiesel production (Wang 
et al. 2015a, b, c). The phylogenetic analysis indicated that 
JcProDH showed a high similarity with ProDH from other 
plants, and it was classified as a member of the ProDH fam-
ily. In addition, JcProDH expression was increased in leaves 
of this woody plant growing under stressed conditions such 
as cold (5 °C), heat (42 °C), salt (300 mM), and drought 
(30% PEG 6000), indicating that proline dehydrogenase 
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contributes to regulate the deleterious effect of abiotic stress. 
Due to its promissory role in facing abiotic stress, proline 
needs to be deepened in woody plants.

Knowledge about the role of carbohydrates on osmotic 
adjustment in woody plants under salinity is still scarce 
(Table 1). The role of carbohydrates as compatible sol-
utes may be masked by their multiple functions like direct 
products of photosynthesis and components of primary 
metabolism and signaling and regulatory molecules, mak-
ing it sometimes difficult to analyze specific contribution to 
osmotic adjustment in plants under salt conditions. Among 
the few studies, Conde et al. (2007) showed that the NaCl 
applications to cell suspensions of olive tree (Olea euro-
paea L.) increased the mannitol transporter 1 (OeMaT1) 
transcripts and repressed mannitol dehydrogenase activity 
providing intracellular accumulation of mannitol. Simi-
larly, Populus nigra x P. tomentosa hybrids were genetically 
modified to synthesize mannitol through the introduction 
of an Escherichia coli mannitol-1-phosphate dehydroge-
nase (mtlD), which participates in the conversion of fruc-
tose to mannitol, resulting in mannitol accumulation and 
improved salt tolerance (Lin et al. 2016). Interestingly, an 
increased galactinol synthase gene expression was observed 
in P. euphratica under salt stress. This enzyme catalyzes 
the first step in the synthesis of raffinose family oligosac-
charides (RFOs) which have been demonstrated to have a 
role as osmoprotectants in several plants by stabilization of 
the membranes and protects against oxidative stress (Zhang 
et al. 2017a, b). However, the increase of these oligosaccha-
rides was not related to osmotic adjustment in this species 
(Ottow et al. 2005). In contrast, the transcripts of galactinol 
synthase gene were decreased by salinity in Populus alba 
genotypes (Beritognolo et al. 2011), which indicates that the 
role of galactinol synthase in woody plants needs to be more 
studied. Recently, Lima et al (2021) evaluated whether the 
time of day at the onset of salt stress influences the dynamics 
of leaf Na + content and non-structural carbohydrates accu-
mulation in the foliar tissue of Cenostigma pyramidale (Tul.) 
Gagnon & G.P.Lewis, a woody species of a tropical dry for-
est. Thus, morning-stressed C. pyramidale plants showed a 
reduction in gas exchange and large amounts of Na + reached 
in leaves, and these plants accumulated higher amounts of 
proline and sugars than those plants stressed at night. There-
fore, these authors suggest that details about the stress time 
should be taken into account in salt tolerance studies.

As a conclusion, salt tolerance improvement in woody 
plants could be achieved through accumulation of carbohy-
drates, by mechanisms that protect or reduce cell damage 
caused by salinity, which could be modified depending on 
the time of salt stress. Nevertheless, because certain results 
of gene and enzyme expression of compatible solutes seem 
to be contradictory, more research is needed to understand 

the potential role of carbohydrates in woody plant salt 
tolerance.

5 � Salinity effect on stress response‑related 
proteins

Dehydration-responsive element binding (DREB) are impor-
tant abiotic stress response-related proteins, and many studies 
have been reported on these proteins involved in stress toler-
ance in non-woody species. Although studies on DREB pro-
teins stress response in woody plants are still few (Table 1), 
the role of DREB in abiotic stress tolerance in the woody 
Tamarix hispida was explored, and a ThDREB gene was iso-
lated and cloned. ThDREB expression was highly induced by 
salt, alkali, drought, and heavy metal stress showing various 
transcription patterns. Moreover, transient overexpression of 
ThDREB improved tolerance to NaCl and mannitol in trans-
genic plants of tobacco and T. hispida (Yang et al. 2017). 
Similarly, Sun et al. (2014) cloned a BpDREB2 gene from the 
woody plant Broussonetia papyrifera (L.) LHér. ex Vent. that 
BpDREB2 protein specifically binds to DRE sequence and 
is able to activate the expression of reporter genes and that 
BpDREB2 gene expression is greatly induced by drought and 
salt. Finally, these studies showed that DREB genes represent 
potential candidate genes for molecular breeding to increase 
plant stress tolerance.

Protein tyrosine phosphatases (PTPs) have important 
roles in signaling pathways related to cell differentiation, 
cell division, and cell growth (Hunter 2009). In plants, the 
role of PTP is important in response to abiotic stress, hor-
mone and development, nutrient deficiency, biotic stress, 
and starch metabolism. In relation to salt stress, Lu et al. 
(2020) identified a tyrosine (Tyr)-specific phosphatase 
(PdPTP1) gene from Populus nigra × (P. deltoides × P. 
nigra), which was significantly up-regulated by salt and 
oxidative stress. When this gene was overexpressed (OxP-
dPTP1), the transgenic woody plants showed hypersensi-
tivity to salt, accumulating more Na + in leaves and stems 
but less K + in roots, as well as more oxidative damage 
in leaves and roots. Interestingly, in the OxPdPTP1 trees, 
ROS scavenging enzymes such as CAT and SOD showed 
lower activities than wild-type plants. Taken together, 
these results showed that PdPTP1 gene has an important 
role to maintain a proper antioxidant activity and ion 
homeostasis in this Populus species. Due to PTPs that 
have been involved in the activation of mitogen-activated 
protein kinase (MAPK) cascades signal transduction path-
ways controlling ROS homeostasis and SOS1 antiporter 
activity, further investigation to dissect more precisely the 
role of PTPs in MAPK dephosphorylation in woody plants 
will be required.
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Remorin proteins (REMs) belong to an interesting mul-
tigenic family of plant-specific membrane-bound proteins 
playing an essential role in biotic responses (Gui et al. 
2014; Jamann et al. 2016; Gronnier et al. 2017). Although 
their physiological role in response to abiotic stresses has 
been less characterized in plants, tolerance to water deficit 
and salt stress was improved in transgenic Arabidopsis 
plants overexpressing a remorin gene during germina-
tion and seedling growth (Yue et al. 2014). Regarding 
woody plants, Checker and Khurana (2013) have isolated 
a gene from mulberry tree (Morus indica L) that encodes a 
remorin protein (MiREM). Expression analysis of MiREM 
revealed that its transcript increases under different abi-
otic stress conditions mainly under water deficit and salt 
stress, suggesting a role in the regulation of stress signal-
ing pathways.

6 � Omics approaches in woody plants 
under salt‑stress

Omics-based technologies and approaches are useful for 
deciphering the entire genome, transcriptome, proteome, or 
metabolome of plant species, and thus gaining insights into 
plant molecular responses, which will offer specific strate-
gies for sustained productivity of woody plants, and to incor-
porate genes in suitable species to yield salt-tolerant varie-
ties. Until now, many advances have been achieved through 
the completion of genome sequencing of different species 
of woody plants, such as poplar (Populus trichocarpa; Tus-
kan et al. 2006), peach (Prunus persica (L) Batsch; Verde 
et al. 2013), Eucalyptus grandis (Myburg et al. 2014), Salix 
suchowensis W.C.Cheng (Dai et al. 2014), Chinese chest-
nut (Castanea mollissima Blume; Staton et al. 2015), sweet 
cherry (Prunus avium (L.) L.; Shirasawa et al. 2017), oak 
(Quercus robur L.; Plomion et al. 2018), camphor tree (Cin-
namomum kanehirae Hayata; Chaw et al. 2019), Malania 
oleifera Chung & S.K.Lee (Xu et al. 2019), and different 
citrus species including the diploid sweet orange ridge pine-
apple and the haploid clementine, among others (Wu et al. 
2014; Gmitter et al. 2020).

In connection with this, Ma et al. (2015) developed a 
new database web called salinity tolerant poplar database 
(STPD) (http://​me.​lzu.​edu.​cn/​stpd/) to assist studies of 
salt tolerance in trees and poplar genomics. The database 
incorporates new genome-wide data of related poplar spe-
cies. This database is useful for studies on the molecular 
function of genes, comparative genomics, and evolution in 
closely related species as well as for promoting the develop-
ment of molecular breeding in Populus. Similarly, Makita 
et al. (2018) developed a rubber tree (Hevea brasiliensis 
(Willd. ex A.Juss.) Müll.Arg.) genome and transcriptome 
database web (http://​matsui-​lab.​riken.​jp/​rubber/​home.​html). 

The database provides the whole-genome information of H. 
brasiliense plants, including gene functional annotations and 
multi-transcriptome data of RNA-seq, full-length cDNAs 
including PacBio Isoform sequencing (Iso-Seq), ESTs, and 
genome-wide transcription start sites (TSSs) (Makita et al. 
2018). Recently, Jin et al. (2019) analyzed the genome-
wide expression profiles of tea plant (C. sinensis) under 
three dehydration levels using RNA-Seq and digital gene 
expression (DGE) technologies. They performed de novo 
assembly and obtained a total of 91,925 non-redundant 
genes, of which 58,472 were extensively annotated. Some 
of these genes were involved in ABA biosynthesis and signal 
transduction, transcription factor, antioxidant enzyme, LEA 
protein, and proline metabolism, indicating that they play 
regulatory roles in dehydration situations, which corroborate 
previous studies performed in woody trees using non-omics 
approaches. Thus, this genome-wide study elucidates the 
possible molecular mechanisms associated with dehydration 
tolerance in woody plants, and it may contribute to exploring 
the mechanism of other conditions like salinity. In addition, 
the production of expressed sequence tags (ESTs) from mul-
berry (Morus spp.) has laid the basis for functional genomics 
studies in these plants under abiotic stress conditions (Sarkar 
et al. 2017). Although these expressed sequence tags from 
mulberry sequencing contribute to the knowledge about the 
participation and possible function of genes involved in salt 
tolerance, the functional validation of these expressed genes 
needs to be carried out. The transcriptomic analyses of some 
woody plants investigated by its salt tolerance are presented 
in Table 2.

Integrated approaches with other omics technologies 
could contribute to a better understanding of salt tolerance 
mechanisms in woody plants. Proteomics is the large-scale 
study of proteins in biological systems and constitutes a 
powerful tool for describing the complete proteomes in dif-
ferent organelles, cells, organs, or tissues (Hossain 2020). 
Proteomics is not only used for quantitative profiling, analy-
sis of dynamic post-translational modifications, subcellular 
localization and compartmentalization, protein complexes, 
signaling pathways, and protein–protein interactions (Agar-
wal et al. 2013), but high-throughput proteomics is also 
useful to compare proteomes under different stress condi-
tions such as salinity. Using proteomic technologies, many 
proteins involved in salt tolerance have been identified in 
plants. Salt stress-related proteomic analyses conducted in 
woody plants such as Bruguiera gymnorhiza (L.) Lam. (Zhu 
et al. 2012), Tangut nitraria Maxim. (Cheng et al. 2015), 
Kandelia candel (L.) Druce (Wang et al. 2015a, b, c), and 
Robinia pseudoacacia L. (Meng et al. 216) have allowed to 
identify salt-responsive proteins which are related to osmotic 
and ionic homeostasis, signal transduction, ROS scaveng-
ing activity, photosynthesis, regulation/defense, energy and 
metabolism, and redox homeostasis. These proteomic results 

http://me.lzu.edu.cn/stpd/
http://matsui-lab.riken.jp/rubber/home.html
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could be used to improve plant salt tolerance (Meng et al. 
2016). For instance, Xing et al. (2019) analyzed the root 
proteome of K. candel exposed to 600 mM NaCl, identify-
ing 110 up-regulated and 117 down-regulated differentially 
abundant proteins, which were related to the main biologi-
cal processes affected by salt stress (i.e., carbohydrate and 
energy metabolism, stress response and defense, cell wall 
structure and secondary metabolism). Further, they found 
that this mangrove tree can tolerate high salinity by stabiliza-
tion of the Embden-Meyerhof-Parnas and tricarboxylic acid 
(EMP-TCA) pathway, providing enough energy to sustain 
the higher metabolic activity occurring in plant cells due 

to salt stress. The stabilization of the EMP-TCA pathway 
seems to increase the activity of antioxidant enzymes such 
as peroxidase, catalase, superoxide dismutase, ascorbate 
peroxidase, and glutathione reductase. Overexpression of 
enzymes participating in the EMP-TCA pathway might be an 
interesting approach that deserves to be studied more deeply 
due to its promissory effects to control the pleiotropic impact 
provoked by salt stress in plants.

Recently, a study on proteomic responses of Morus alba 
to both salt and drought stress allowed to identify a total 
of 577 and 270 differentially expressed proteins from the 
salt-stressed leaves and roots, respectively. These proteins 

Table 2   Transcriptomic approaches from different woody plant species describing the main findings linked to salt tolerance responses

Species Omic approach Findings References

Avicennia officinalis L RNA-seq and 
de novo 
assembly and 
annotation

22, 254 transcripts and 613 microsatellite markers. They 
identified different copies and isoforms of three candi-
date genes, AoPIP, AoTIP, and AoDHN1, which might 
be involved in salt excretion via salt glands

Lyu et al. 2018

Camellia sinensis (L.) Kuntze RNA-seq/DEG 3715 differentially salt stress expressed genes were 
identified

Zhang et al. 2017a, b

Picea wilsonii Mast RNA-seq/DEG 3438 (1592 up-regulated and 1706 down-regulated) 
differentially expressed genes were identified under 
salt treatments. qRT-PCR analyses showed that the 
expression of PwNAC genes were induced by salt 
treatment, suggesting that these genes are involved in 
salt stress resistance

Guo et al. 2020

Populus alba × Populus glandulosa and 
Populus simonii × Populus nigra

RNA-seq/DEG A total of 276 up-regulated DEGs and 159 down-
regulated DEGs were identified to be shared in the 
four species. Overexpression of a transcription factor 
(NAC57) gene conferred salt tolerance in transgenic 
Arabidopsis

Yao et al. 2018

Populus pruinosa, Populus euphratica, 
Populus trichocarpa, and Populus 
tomentosa

RNA-seq/DEG On the basis of the 7822 1:1 orthologs between the four 
poplar species, a total of 1335 differentially expressed 
genes were identified

Luo et al. 2017

Populus tomentosa Carrière RNAseq/DEG 3991, 4603, and 4903 genes were up-regulated, and 
1408, 2206, and 3461 genes were down-regulated at 
6, 12, and 24 h under salt treatments, mainly identified 
with ROS and hormone regulatory networks

Zheng et al. 2015

Prosopis juliflora (Sw) DC De novo 
assembly of 
transcrip-
tome/DEG

666 genes were responsive to salt stress in leaf tissue, of 
which 110 were responsive to drought stress too, and 
20 were responsive to salt stress in root tissue also. 
Similarly, 1044 were responsive to salt stress in root 
tissue, of which 832 were responsive to drought stress 
too, and 20 were responsive to salt stress in leaf tissue 
also. More transcriptome changes in root tissue com-
pared to leaf under the stress, drought stress caused 
more differential gene expression than salt stress

George et al. 2017

Vitis vinifera L RNA-seq/DEG 2472 differentially expressed genes in salt-responsive 
grapevine leaves were identified

Guan et al. 2018

Vitis vinifera (Thompson seedless variety) RNA-seq/DEG 714 differentially expressed genes were identified 
under 150 mM salinity stress, where 311 genes were 
down-regulated and 406 genes were up-regulated. 20 
salt stress-induced DEGs were selected for validation 
through qRT-PCR analysis; these genes were involved 
in pathways related to salt tolerance (signaling 
transduction, transcription factor, defense metabolism, 
antioxidant genes, cell wall, and growth)

Das and Majumder 2019
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were associated with different metabolic pathways, includ-
ing carbon metabolism, photosynthesis, redox, secondary 
metabolism, and hormone metabolism. Among these, the 
sucrose metabolism pathway was enriched in both stressed 
leaves and roots, demonstrating the importance of this 
pathway in this woody plant under stress conditions (Liu 
et al. 2019a, b). Taken together, these studies are provid-
ing a comprehensive understanding of plant salt responses 
at protein level and will lead to further studies on the 
development of salt-tolerant plants. It is worth mention-
ing that it is necessary to emphasize that these proteomic 
approaches (in silico) need to be validated in plants.

Metabolomics involves the study of the global profile 
of the low molecular weight metabolites in cells, tissues, 
and even the whole organism (Jorge et  al. 2016). The 
identification of metabolites provides information about 
the metabolic status of an organism, and it is useful to 
evaluate the biological responses to different conditions. 
Therefore, metabolomics constitutes a powerful tool in 
plant research, improving the knowledge of dynamic meta-
bolic networks. However, because of the discrepancy and 
large number of metabolites identified in each study, the 
role of each metabolite in salt stress responses of plants 
may be difficult to interpret (Kumari et al. 2015). Thus, 
the diversity of compounds has to be interpreted as a pic-
ture of the metabolic pathways moving on in the tissue 
under a specific condition. There are few studies of meta-
bolic pathways affected by salinity in woody trees. In this 
aspect, Rao et al. (2017), using an untargeted metabolomic 
profiling approach, highlighted the up-regulation of phe-
nylpropanoid, monolactam, indole alkaloid, and flavonoid 
biosynthetic pathways in young leaves of olive tree (O. 
europaea). Their findings suggest that these metabolites 
could be involved in resistance to abiotic stress. In accord-
ance, several metabolites similar to those reported in olive 
trees were already associated with salt tolerance in the 
halophytic woody species Prosopis strombulifera (Lam.) 
Benth. (Llanes et al. 2016a, b). Indeed, metabolomics pro-
files of P. strombulifera plants, grown hydroponically in 
iso-osmotic solutions of NaCl and Na2SO4, showed that 
several metabolites, such as organic acids, are associated 
with cell damage probably caused by an increased res-
piration induced by the presence of sulfate anion. Spe-
cific amino acids and carbohydrates were induced only 
by NaCl, suggesting that they play an important role in 
osmotic adjustment in P. strombulifera plants during salt 
stress. In Malus halliana Koehne, a metabolomic approach 
combined with a proteome analysis demonstrated that 140 
metabolites were differentially expressed due to saline-
alkali stress, such as enzymes related to photosystem II 
(PSII) repair cycle and chlorophyll metabolism, metabo-
lites triggered by carbohydrates, proteins related to aspar-
tate and glutamate, and flavonoids. All these metabolites 

seem to play a key role in osmotic balance and cell detoxi-
fication due to excess ROS (Jia et al. 2019). Therefore, 
these high-throughput technologies are allowing us to 
unravel more quickly the role of metabolites in salt toler-
ance of woody plants.

7 � Salinity effect on the woody 
plant‑microbial interactions

Beyond inherent plant salt tolerance mechanisms, the 
plant-associated microbial communities play a key role in 
the adaptation of plants to extreme environments (Lumibao 
et al. 2020; Sharma et al. 2021). Plant growth-promoting 
rhizobacteria (PGPR), endophytes, and arbuscular mycor-
rhizal fungi (AMF) can interact and mediate plant tolerance 
to environmental stressors such as salinity (Zhang et al. 
2021b) by interacting and colonizing plant roots, root tissue, 
and plant endosphere (Thiem et al. 2018). Root-mediated 
changes in the soil environment provide soil microorganisms 
with oxygen or other substrates, altering microbial commu-
nity structure (Lipson et al. 2015). Recently, Barreto et al. 
(2018) investigated the bacterial community composition in 
soils from plots dominated by either woody mangroves or 
herbaceous salt marshes and positioned across a mangrove-
marsh ecotone. They found that both woody and herbaceous 
plants have different sediment microbial communities and 
that future mangrove encroachment into salt marshes could 
alter soil microbial communities with potential implications 
for soil carbon storage.

Woody plant-microbial interactions can promote salt tol-
erance by enhancing several mechanisms in plants such as 
the accumulation of compatible solutes and the reduction 
of sodium uptake in plant tissues (Fig. 1). In some woody 
species symbiotic associations with AMF, such as Hebeloma 
crustuliniforme, Laccaria bicolor, Paxillus involutus, Pisoli-
thus tinctorius, Scleroderma bermudense, and Suillus tomen-
tosus, that enhanced tolerance to salinity by the accumula-
tion of osmolytes has been identified (Muhsin and Zwiazek 
2002a, b; Bandou et al. 2006; Bois et al. 2006; Nguyen et al. 
2006; Calvo-Polanco et al. 2008a, b; Yi et al. 2008; Luo 
et al. 2009). In Cenostigma pyramidale, the use of AMF 
Acaulospora longula and Claroideoglomus etunicatum com-
bined with application of superphosphate (P2O5) partially 
alleviates salinity effects on stomatal conductance, photo-
synthesis, and biomass parameters. When only AMF was 
applied, C. pyramidale showed an increased shoot biomass 
and high net photosynthesis under non-saline and saline con-
ditions (Frosi et al. 2017). On the other hand, PGPR, such as 
Pseudomonas putida and Novosphingobium sp., can increase 
the accumulation of proline in plants under salinity, which 
reduces sodium uptake and enhances potassium assimila-
tion as observed in Citrus macrophylla (Numan et al. 2018; 
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Vives-Peris et al. 2018; El Moukhtari et al. 2020; Sharma 
et al. 2021). The sodium uptake regulation in plants might 
include a strong extrusion by fungi and bacteria to protect 
the roots (Guerrero-Galán et al. 2019); however, the specific 
mechanisms for reducing sodium uptake are still unclear.

PGPR can increase the accumulation of compatible sol-
utes by allowing plants to absorb them through their roots, 
which aids in balancing osmolarity and protecting against 
oxidative damage (Casanovas et al. 2003; Zarea et al. 2012; 
Akhtar 2019; Yadav et al., 2020). The capacity of rhizo-
bia to confer osmoprotectant mechanisms to woody plants 
was observed in Acacia gummifera Willd., Acacia raddiana 
Savi, Ceratonia siliqua L., and Adenocarpus decorticans 
Boiss. (Abdelmoumen et al. 1999; Essendoubi et al. 2007). 

Besides, PGPR (Rhizobacterium and Bacillus subtilis) and 
AMF (Claroideoglomus etunicatum, Rhizophagus intrara-
dices, and Funneliformis mosseae) increased osmoprotect-
ants in Acacia gerrardii (Hashem et al. 2016). Production 
of phytohormones by plant-microbial communities such as 
indole-3-acetic acid (IAA), cytokinins, and abscisic acid 
(ABA) is involved in changes in root morphology and trans-
portation activity in response to saline conditions. In root 
endophytes, production of IAA, zeatin, gibberellic acid, 
and ABA was observed as a protective mechanism of salt 
tolerance in woody plants such as P. strombulifera, C. sin-
ensis, Persea americana Mill., and Populus sp. (Xin et al. 
2009; Trivedi et al. 2011; Barra et al. 2016; Sgroy et al. 
2009; Kushwaha et al. 2020). Specifically, IAA produced 

Regulation and compartmentalization of ions

Production of compatible solutes

Induction of stress response-
related proteins

Transcription factors as regulatory signals

Induction of specific metabolites

Plant-microbial 
Interactions

METABOLIC 
PATHWAYS

MOLECULAR 
NETWORKS

Na+ Na+

Cl-
Cl-

SALT-TOLERANCE 

AMF

AMF

Cl-
Na+

Plant 
exudates

Microbial 
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Fig. 1   Overview of salinity effects on roots of woody plants. Salin-
ity generates a regulation and compartmentalization of ions, produc-
tion of compatible solutes, specific proteins and metabolites at the 
rizhosphere level. The plant-microbial interactions promote some 
physiological and molecular responses by microbial elicitors, such 
as reactive oxygen species scavengers (i.e., catalases, superoxide dis-
mutase, peroxidase), hormone-related compounds (i.e., abscisic acid, 
1-aminocyclopropane-1-carboxylate (ACC) deaminase, cytokinins, 
zeatin, gibberellic acid). On the other hand, roots exude mainly car-

bohydrates, amino acids, and other organic acids that are used by 
microbial communities for its development. In the plant, a group of 
transcription factors play regulatory roles of these salinity responses, 
activating metabolic and molecular networks for the salt tolerance. 
Therefore, understanding metabolic pathways and molecular net-
works are key players to establish strategies to improve the salt-tol-
erance in plant species. AMF, arbuscular mycorrhizal fungi; PGPR, 
plant growth-promoting rhizobacteria
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by PGPR and endophytes from genera Bacillus, Marino-
bacterium, Sinorhizobium, Paenibacillus, Rhizobium, Steno-
trophomonas, Pseudomonas, and Pantoea, among others, 
can promote root proliferation and root architecture changes, 
which are required when plants need to cope with salt stress 
(Rodríguez-Llorente et  al. 2019). ABA is produced by 
several endophytic bacteria (e.g., Achromobacter, Bacil-
lus, Brevibacterium, Lysinibacillus, and Pseudomonas) in 
P. strombulifera as well as gibberellic acid in saline-rich 
environments (Sgroy et al. 2009; Gerhardt et al. 2017). The 
decrease in ethylene levels by regulation of 1-aminocyclo-
propane-1-carboxylate (ACC) deaminase has been observed 
in plant-microbial interactions. The ACC deaminase enzyme 
can cleave ethylene precursor ACC, producing ammonia and 
α-keto butyrate, which contributes to enhance salinity toler-
ance (Ha-Tran et al. 2021). Examples of ACC deaminase 
activity have been observed in root endophytic bacteria of 
the halophyte P. strombulifera and rhizosphere bacteria from 
Cocos nucifera under salinity (Sgroy et al. 2009; Glick 2014; 
Pandey and Gupta 2020). The effects of ACC deaminase 
(Glick et al. 2007; Glick 2014) and phytohormones produc-
tion by microbial communities (Akhtar 2019) have been 
widely studied.

Another salt tolerance mechanism involving plant-micro-
bial interactions is the production of antioxidant enzymes 
that counteract oxidative stress as result of increased reac-
tive oxygen species (ROS) (El Moukhtari et al. 2020). Some 
PGPR, endophytes from genera Enterobacter, Serratia, 
Microbacterium, Pseudomonas, and Achromobacter, and 
AMF species, such as Funneliformis mosseae, Rhizophagus 
intraradices, and Claroideoglomus etunicatum, can produce 
several antioxidant enzymes such as superoxide dismutase 
(SOD), peroxidase (POX), and catalase (CAT) in response 
to salinity as observed in the woody plants Phoenix dactyl-
ifera L., Persea americana, and Panicum turgidum Forssk. 
(Hashem et al. 2015; Barra et al. 2016; El Moukhtari et al. 
2020). The ROS mechanisms are shared among microbes, 
which involve enhancing enzymatic activity for ROS scav-
enging as well as stimulating plant antioxidant production 
(Bharti and Barnawal 2019).

Formerly, to know the composition, function, and inter-
action of all these microorganism communities, labori-
ous methods of isolation and culture were required (Shen 
and Fulthorpe 2015; Szymanska et al. 2016; Yaish et al. 
2016). Nevertheless, massive analysis and characterization 
of all these organisms can now be possible thanks to the 
metagenomic approach, a molecular technique that eludes 
the unculturability of microbiomes, the most significant bar-
rier to advance in environmental microbiology. It involves 
DNA sequencing directly from soil or plant tissues, which 
has opened the gate for current plant microbiome research 
(Jansson and Hofmockel 2018). Metagenomic studies of 
rhizosphere and endosphere microorganisms in salt tolerance 

woody plants are limited. Among the few metagenomic stud-
ies, differential microbial communities can be observed 
from the endosphere of roots and rhizosphere under salin-
ity (Thiem et al. 2018; Vanegas et al. 2019; Lumibao et al. 
2020). These metagenomics studies showed enriched meta-
bolic capabilities related to stress tolerance such as signaling 
transduction turnover and post-translational modification of 
proteins. Besides, known salinity tolerance genes encoding 
for glycerol transporter and glycine betaine metabolism, as 
well as proton pump, have been observed from hypersaline 
rhizosphere. Microbial communities, comprising fungi and 
bacteria, associated with roots of woody plants have dem-
onstrated protection capabilities in salt-rich environments 
(Min et al. 2014; González-Teuber et al. 2019; Pandey and 
Gupta 2020).

Taken together, there is no doubt that studies of salin-
ity effects on the woody plant-microbial interactions are 
accelerating our understanding of the molecular strategies 
developed by plants to deal with adverse environmental con-
ditions. The limitations for cultivation of woody plants in 
laboratories are now being overcome by high-throughput 
screening of their genes, proteins, metabolites, or microbi-
omes. Nevertheless, even with these important advances, 
the complex salt tolerance mechanisms in woody plants 
still need to be deepened as well as plant-microbial interac-
tions should be included in these omics approaches in order 
to capture the entire genetic diversity displayed by woody 
plants to deal with salinity.

8 � Naturally stress‑adapted woody plants 
(NSAW) as a source for stress‑adapted 
gene discovery

Naturally stress-adapted woody plants (NSAW) are able to 
survive and reproduce in environments with low resource 
availability (Pantha and Dassanayake, 2020). NSAW inhabit-
ing extreme environments on Earth are called extremophiles, 
which according to the environmental conditions can be clas-
sified a 476 cryophytes and thermophytes (adapted to very 
low or very high temperatures, respectively), hydrophytes 
and xerophytes (adapted to high or low water level, respec-
tively), and halophytes (adapted to high salinity), including 
the interesting subgroup of secretohalophytes which have 
glandular structures that secrete salt, among other catego-
ries (Zhang et al. 2019). In this regard, mangroves species 
are an interesting group of extremely NSAW found in tropi-
cal coastline environments with tolerance to high salinity, 
hypoxia, daily fluctuating tides, strong UV light, high tem-
perature, high sedimentation, and muddy anaerobic soils. 
Their morphological and physiological features can be 
accounted for the exceptional salt adaptations such as thick-
ening of leaves with increased water content, leaves with salt 
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glands for Na + efflux, aerial roots, viviparous sexual repro-
duction, and a high concentration of mucilage in roots and 
stem that prevents water loss and improves the efficiency of 
water usage (Zhang et al., 2004; Liang et al., 2008). Among 
molecular adaptation, the salinity tolerance of mangroves 
species is associated with secretion, exclusion, and salt 
accumulation by the gathering of compatible solutes, uti-
lization of antioxidant enzymes, and salt induce genes in 
high salinity conditions (Parida and Jha, 2010; Zhang et al., 
2021a). Regulation of gene expression under saline stress 
can be related to up-regulation of betaine/proline metabo-
lism genes, ethylene and auxin signaling genes, and down-
regulation of ABA signaling genes, among others (Xu et al., 
2017). Understanding these highly specialized characters of 
mangrove plants offers the opportunity to expand the toler-
ance mechanisms possessed by some of the more salt-toler-
ant woody plant species on earth (Liang et al., 2008; Parida 
and Jha, 2010; Palmgren et al. 2015; Krishnamurthy et al., 
2017). In this sense, native populations of mangroves, as 
well as others NSAW, would be valuable to discover stress-
related genes, which combined with new omics technolo-
gies and genetic engineering approaches, such as CRISPR-
Cas9-sgRNA ribonucleoprotein complex fused to magnetic 
nanoparticles (MNPs) (Zhao et al. 2017; Cunningham et al. 
2018; Zhang et al. 2015), and would improve and acceler-
ate domestication of woody species, including those with 
important economic and ecological impacts (e.g., Fabaceae 
family; Castro et al. 2017; Watson et al. 2018).

In arid environments, where woody species such as Popu-
lus spp., Prosopis spp., Atriplex spp., and Eucalyptus spp. 
are naturally found, these plants utilize the scarce rainfall 
inputs very efficiently, either in near real time or with sea-
sonal deferrals. Even during periods when precipitation 
exceeds evapotranspiration, these plants avoid any drainage 
by taking advantage of occasional water surpluses in subse-
quent dry spells due to large water storage capacity and deep 
root development systems. These water flows are less impor-
tant for removing salts, but it can play a relevant role in the 
local positioning of salt accumulating zones and, therefore, 
for the subsequent gaining of salt tolerance. For example, 
Prosopis spp. in the arid region of Argentina (Chaco) is 
considered salt-tolerant (Villagra et al. 2017). Research in 
these species indicates that the ability to regulate and con-
trol Na + uptake and prevent its build-up in metabolically 
active tissues (Meloni et al. 2008) or production of specific 
metabolites (Llanes et al. 2016a, b) is contributing to its 
adaptation. In wild Vitis spp., the search for salt-tolerant 
genotypes showed that the shoot ion exclusion may contrib-
ute to salt tolerance (Vila et al. 2016).

Other benefit of NSAW is that they would contribute 
to mitigate soil erosion and conserve plant–microbe soil 
interactions. It is known that the rhizosphere microbiome is 
essential for plant and animal health (Balestrini et al. 2015). 

Therefore, knowledge of the interactions between native 
NSAW and these microorganisms will offer great oppor-
tunities to improve crop performance. In addition, NSAW 
could be useful for increasing crop diversity and for provid-
ing a better understanding of stress tolerance mechanisms 
in a climate change context. The integrated approaches of 
genomic, transcriptomic, proteomic, and metabolomic data 
of naturally stress-adapted woody plants will allow us to 
identify mechanisms involved in their stress tolerance. In 
addition, the development of basic knowledge of NSAW 
biology (i.e., seed germination, viability and recalcitrance 
of seeds, growth requirements under greenhouse conditions) 
and woody plant DNA, RNA, protein, and metabolite isola-
tion protocols still remains as a challenge. A deep under-
standing of the natural adaptation to salinity in woody plants 
can speed up the integration of suitable genes into crop spe-
cies to produce salt-tolerant varieties and/or to maintain the 
productivity of commercial woody species. However, there 
are debates about the use and regulation of genetically modi-
fied crops in today’s society. Different countries have their 
own regulations and opinions on the use of genome editing 
technologies, which can be delayed or even prohibited in 
their territories. For example, the US Department of Agri-
culture (USDA) announced that there are no regulations for 
genome-edited plants. On the contrary, the European Union 
(EU) considers that genome-edited plants must be subject 
to the same regulation as conventional genetically modified 
plants. The development of new salt-tolerant plants using 
new approaches and technologies will depend on each coun-
try’s laws, which would delay the commercialization of these 
salt-tolerant crops.

In spite of this, we are convinced that studies of woody 
plants growing in salinized soils (and other harsh environ-
ments) should be continued, and it will be desirable that 
NSAW will receive more attention from researchers in the 
coming years, especially because they are valuable biologi-
cal resources for sustainable agroecosystem management 
and as a reservoir of genetic information.

9 � Conclusions

Expanding knowledge on woody plant responses to salin-
ity represents a valuable option to increase the produc-
tive capacity of salt-affected land areas and to reverse the 
degradation trends in different environments. Woody plant 
responses to salinity involve the participation of numerous 
genes which putatively provide stress protection and whose 
expression is not controlled by one specific pathway. Part of 
these salt tolerance mechanisms in woody plants involves 
the maintenance of cellular ion homeostasis, which is associ-
ated with numerous genes encoding the plasma membrane 
and vacuolar transporters, and with a fine and complex 
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regulation of compartmentalization systems (Fig. 1). In 
addition, the osmotic adjustment through synthesis and 
accumulation of compatible solutes contributes significantly 
to salt tolerance mechanisms, protecting subcellular struc-
tures against oxidative stress caused by salinity. Moreover, 
stress response-related proteins and transcription factors play 
key roles in the regulation of gene expression in response 
to salinity in woody plants. Studies of molecular and physi-
ological aspects of these mechanisms are particularly inter-
esting due to their potential contribution to the breeding of 
new salt-tolerant varieties and to accelerate the domestica-
tion of wild salt-tolerant species. Nevertheless, there are 
numerous research gaps on salt tolerance of woody plants 
that need to be fulfilled. The identification of specific genes 
isolated from salt-tolerant woody plants represents a good 
predictor of stress tolerance phenotypes that may lead to 
the development of plants with improved stress tolerance. 
Omics approaches should be included in integral studies of 
salt responses in woody plants. Thus, the combination of 
transcriptomics, proteomics, and metabolomics will pro-
vide a global view of the plant responses to salinity and will 
enable us to develop strategies to enhance salt tolerance in 
different plants (Fig. 2). Nevertheless, this abundant omics 
information is still at the in silico stage, provoking that their 
validation and functional application in woody plants remain 
as an unresolved challenge. In addition, more comparative 
studies are needed between woody and non-woody salt toler-
ance plants in order to identify potential molecular mecha-
nisms specifically developed by woody plants. We believe 
that the development of new techniques for the identification 
of gene networks from naturally stress-adapted woody plants 

and the integration of data from multiple sources will shed 
light on salt tolerance mechanisms particularly developed in 
woody plants. Furthermore, incorporating these salt toler-
ance traits into plant breeding programs is a challenge for 
sustainable agriculture and forestry development during the 
next decades.
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Fig. 2   Model summarizing the 
current understanding of recent 
achievements and perspectives 
about salt tolerance mechanisms 
in woody plants. Naturally 
stress-adapted woody plants 
(NSAW) are proposed as a new  
source for stress-adapted gene 
discovery. AMF, arbuscular 
mycorrhizal fungi; PGPR, plant 
growth-promoting rhizobacteria

Omics
Technologies

Na+

Cl-

Na+

Na+

Cl-

Cl-

Na+

Cl-

SALT-TOLERANT PLANTS

Iden�fica�on by
morphological, 
physiological

and biochemical
features

SALINITY RESPONSES OF WOODY PLANTS

Conven�onal 
approaches (qPCR, 
DNA Libraries, gene 
func�onal analysis)

Iden�fica�on of 
candidate genes 

Transgenic
& Cisgenic

approaches

Genome 
edi�ng

TALENs, 
CRISPR-Cas9

NSAW

AMF



	 Annals of Forest Science           (2021) 78:96 

1 3

   96   Page 14 of 19

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdelmoumen H, Filali-Maltouf A, Neyra M, Belabed A, El Idrissi 
MM (1999) Effect of high salts concentrations on the growth 
of rhizobia and responses to added osmotica. J Appl Microbiol 
86(6):889–898

Agarwal PK, Shukla PS, Gupta K, Jha B (2013) Bioengineering 
for salinity tolerance in plants: state of the art. Mol Biotechn 
54(1):102–123

Akhtar MS (2019) Salt stress, microbes, and plant interactions: causes 
and solution: Volume 1. Springer Nature.

Alves M, Dadalto S, Gonçalves A, de Souza G, Barros V, Fietto L 
(2014) Transcription factor functional protein-protein interac-
tions in plant defense responses. Proteomes 2(1):85–106

Balestrini R, Lumini E, Borriello R, Bianciotto V (2015) Plant-soil 
biota interactions. Soil Microbiol Ecol Biochem 311–338.

Bandou E, Lebailly F, Muller F, Dulormne M, Toribio A, Chabrol J, 
Courtecuisse R, Plenchette C, Prin Y, Duponnois R, Thiao M, 
Sylla S, Dreyfus B, Bâ AM (2006) The ectomycorrhizal fungus 
Scleroderma bermudense alleviates salt stress in seagrape (Coc-
coloba uvifera L.) seedlings. Mycorrhiza 16:559–565

Banerjee A, Roychoudhury A (2017) Abscisic-acid-dependent basic 
leucine zipper (bZIP) transcription factors in plant abiotic stress. 
Protoplasma 254(1):3–16

Barra PJ, Inostroza NG, Acuña JJ, Mora ML, Crowley DE, Jorquera 
MA (2016) Formulation of bacterial consortia from avocado 
(Persea americana Mill.) and their effect on growth, biomass 
and superoxide dismutase activity of wheat seedlings under salt 
stress. Appl Soil Ecol 102:80–91

Barreto CR, Morrissey EM, Wykoff DD, Chapman SK (2018) Co-
occurring mangroves and salt marshes differ in microbial com-
munity composition. Wetlands 38(3):497–508

Beritognolo I, Piazzai M, Benucci S, Kuzminsky E, Sabatti M, Mug-
nozza GS, Muleo R (2007) Functional characterisation of three 
Italian Populus alba L. genotypes under salinity stress. Trees 
21:465–477

Beritognolo I, Harfouche A, Brilli F, Prosperini G, Gaudet M, Brosché 
M, Kangasjärvi J (2011) Comparative study of transcriptional 
and physiological responses to salinity stress in two contrast-
ing Populus alba L. genotypes. Tree Physiol 31(12):1335–1355.

Bharti N, Barnawal D (2019) Amelioration of salinity stress by PGPR: 
ACC deaminase and ROS scavenging enzymes activity. In PGPR 
amelioration in sustainable agriculture, pp. 85–106. Woodhead 
Publishing.

Blum A (2017) Osmotic adjustment is a prime drought stress adap-
tive engine in support of plant production. Plant Cell Environ 
40(1):4–10

Bois G, Bigras F, Bertrand A, Piché Y, Fung M, Khasa D (2006) Ecto-
mycorrhizal fungi affect Picea glauca and Pinus banksiana in 
response to NaCl gradient. Tree Physiol 26:1185–1196

Brosché M, Vinocur B, Alatalo ER, Lamminmäki A, Teichmann T, 
Ottow EA, Polle A (2005) Gene expression and metabolite profil-
ing of Populus euphratica growing in the Negev desert. Genome 
Biol 6(12):R101

Calvo-Polanco M, Zwiazek J, Voicu M (2008a) Responses of ectomyc-
orrhizal American elm (Ulmus americana) seedlings to sa- linity 
and soil compaction. Plant Soil 308:189–200

Calvo-Polanco M, Zwiazek J, Jones M, MacKinnon M (2008b) 
Responses of mycorrhizal jack pine (Pinus banksiana) seedlings 
to NaCl and boron. Trees 22:825–834

Cao B, Long D, Zhang M, Liu C, Xiang Z, Zhao A (2016) Molecular 
characterization and expression analysis of the mulberry Na+/
H+ exchanger gene family. Plant Physiol Biochem 99:49–58

Casanovas EM, Barassi CA, Andrade FH, Sueldo RJ (2003) Azos-
pirillum-inoculated maize plant responses to irrigation restraints 
imposed during flowering. Cereal Res Commun 31:395–402

Castro D, Urzúa J, Rodríguez-Malebrán M, Inostroza-Blanchetaeu C, 
Ibáñez C (2017) Woody leguminous trees: new uses for sustain-
able development of drylands. J Sustain for 36(8):764–786

Chang L, Sun H, Yang H, Wang X, Su Z, Chen F, Wei W (2017) Over-
expression of dehydroascorbate reductase enhances oxidative 
stress tolerance in tobacco. Electronic J Biotechnol 25:1–8

Chaw SM, Liu YC, Wu YW, Wang HY, Lin ChY, Wu ChS, Ke HM, 
Chang LY, Hsu CY, Yang HT, Sudianto E, Hsu MH, Wu KP, 
Wang LN, Leebens-Mack JH, Tsai HJ (2019) Stout camphor tree 
genome fills gaps in understanding of flowering plant genome 
evolution. Nat Plants 5:63–73

Checker VG, Khurana P (2013) Molecular and functional characteriza-
tion of mulberry EST encoding remorin (MiREM) involved in 
abiotic stress. Plant Cell Rep 32(11):1729–1741

Chen S, Polle A (2010) Salinity tolerance of Populus. Plant Biol 
12(2):317–333

Cheng T, Chen J, Zhang J, Shi S, Zhou Y, Lu L et al (2015) Physi-
ological and proteomic analyses of leaves from the halophyte 
Tangut Nitraria reveals diverse response pathways critical for 
high salinity tolerance. Front Plant Sci 6:30

Conde C, Silva P, Agasse A, Lemoine R, Delrot S, Tavares R, Geros 
H (2007) Utilization and transport of mannitol in Olea euro-
paea and implications for salt stress tolerance. Plant Cell Physiol 
48(1):42–53

Cunningham FJ, Goh NS, Demirer GS, Matos JL, Landry MP (2018) 
Nanoparticle-mediated delivery towards advancing plant genetic 
engineering. Trends Biotechnol 36:882–897

Dai X, Hu Q, Cai Q, Feng K, Ye N, Tuskan GA et al (2014) The willow 
genome and divergent evolution from poplar after the common 
genome duplication. Cell Res 24:1274–1277

Das P, Majumder AL (2019) Transcriptome analysis of grapevine under 
salinity and identification of key genes responsible for salt toler-
ance. Funct Integr Genomics 19(1):61–73

El Moukhtari A, Cabassa-Hourton C, Farissi M, Savouré A (2020) 
How does proline treatment promote salt stress tolerance during 
crop plant development? FrontPlant Sci 11:1127

Essendoubi M, Brhada F, Eljamali JE, Filali-Maltouf A, Bonnassie S, 
Georgeault S, Jebbar M (2007) Osmoadaptative responses in the 
rhizobia nodulating Acacia isolated from south-eastern Moroccan 
Sahara. Environ Microbiol 9(3):603–611

FAO (2017) The future of food and agriculture: trends and challenges. 
Rome: Food and Agriculture Organization of the United Nations. 
http://​www.​fao.​org/​stati​stics/​en/. Accessed Feb 2020

Flowers TJ, Munns R, Colmer TD (2015) Sodium chloride toxicity 
and the cellular basis of salt tolerance in halophytes. Annals Bot 
115(3):419–431

Frosi G, Andrade Barros V, Teixeira Oliveira M, Santos M, Gomes 
Ramos D, Costa Maia L, Guida Santos M (2017) Arbuscular 
mycorrhizal fungi and foliar phosphorus inorganic supply allevi-
ate salt stress effects in physiological attributes, but only arbus-
cular mycorrhizal fungi increase biomass in woody species of a 
semiarid environment. Tree Physiol 38:25–36

García X, Gamboa C, Krauskopf E (2019) Molecular expression of 
the NHX1 gene in response to hydric and saline stress in young 
plants of Eucalyptus grandis. Bosque 40(3):249–256

http://creativecommons.org/licenses/by/4.0/
http://www.fao.org/statistics/en/


Annals of Forest Science           (2021) 78:96 	

1 3

Page 15 of 19     96 

George S, Manoharan D, Li J, Britton M, Parida A (2017) Transcrip-
tomic responses to drought and salt stress in desert tree Prosopis 
juliflora. Plant Gene 12:114–122

Gerhardt KE, Macneill GJ, Gerwing PD, Greenberg BM (2017) Phy-
toremediation of salt-impacted soils and use of plant growth-
promoting rhizobacteria (PGPR) to enhance phytoremediation. 
Phytoremediation.

Gladman NP, Marshall RS, Lee KH, Vierstra RD (2016) The protea-
some stress regulon is controlled by a pair of NAC transcription 
factors in Arabidopsis. Plant Cell 28(6):1279–1296

Glick BR (2014) Bacteria with ACC deaminase can promote plant 
growth and help to feed the world. Microbiol Res 169(1):30–39

Glick B, Todorovic B, Czarny J, Cheng Z, Duan J, McConkey B (2007) 
Promotion of plant growth by bacterial ACC deaminase. Crit Rev 
Plant Sci 26:227–242

Gmitter FG, Wu GA, Rokhsar DS, Talon M (2020) The citrus genome. 
In The Genus Citrus (pp. 1–8) Woodhead Publishing.

González-Teuber M, Urzúa A, Morales A, Ibáñez C, Bascuñán-Godoy 
L (2019) Benefits of a root fungal endophyte on physiological 
processes and growth of the vulnerable legume tree Prosopis 
chilensis (Fabaceae). Jplant Ecol 12(2):264–271

Gronnier J, Crowet JM, Habenstein B, Nasir MN, Bayle V, Hosy E 
et al (2017) Structural basis for plant plasma membrane protein 
dynamics and organization into functional nanodomains. Elife 
6:e26404

Guan L, Haider MS, Khan N, Nasim M, Jiu S, Fiaz M, Zhu X, Zhang 
K, Fang J (2018) Transcriptome sequence analysis elaborates a 
complex defensive mechanism of grapevine (Vitis vinifera L.) in 
response to salt stress. Int J Mol Sci 19:4019

Guerrero-Galán C, Calvo-Polanco M, Zimmermann SD (2019) Ecto-
mycorrhizal symbiosis helps plants to challenge salt stress condi-
tions. Mycorrhiza 29(4):291–301

Gui J, Liu C, Shen J, Li L (2014) Grain setting defect1, encod-
ing a remorin protein, affects the grain setting in rice through 
regulating plasmodesmatal conductance. Plant Physiol 
166(3):1463–1471

Guo Y, Zhang H, Yuan Y, Cui X, Zhang L (2020) Identification and 
characterization of NAC genes in response to abiotic stress con-
ditions in Picea wilsonii using transcriptome sequencing. Bio-
technol Equipment 34(1):93–103

Hanin M, Ebel C, Ngom M, Laplaze L, Masmoudi K (2016) New 
insights on plant salt tolerance mechanisms and their potential 
use for breeding. Front Plant Sci 7:1787

Hao YJ, Wei W, Song QX, Chen HW, Zhang YQ, Wang F, Ma B 
(2011) Soybean NAC transcription factors promote abiotic stress 
tolerance and lateral root formation in transgenic plants. The 
Plant J 68(2):302–313

Hao Z, Wang X, Zong Y, Wen S, Cheng Y, Li H (2019) Enzymatic 
activity and functional analysis under multiple abiotic stress 
conditions of a dehydroascorbate reductase gene derived from 
Liriodendron Chinense. Environ Exp Bot 167:103850

Hashem A, AbdˍAllah EF, Alqarawi AA, Aldubise A, Egamberdieva 
D (2015) Arbuscular mycorrhizal fungi enhances salinity toler-
ance of Panicum turgidum Forssk by altering photosynthetic and 
antioxidant pathways. J Plant Interact 10(1):230–242

Hashem A, Abd_Allah EF, Alqarawi AA, Al-Huqail AA, Shah MA 
(2016) Induction of osmoregulation and modulation of salt stress 
in Acacia gerrardii Benth. by arbuscular mycorrhizal fungi and 
Bacillus subtilis (BERA 71). BioMed Res Int 2016.

Ha-Tran DM, Nguyen TTM, Hung SH, Huang E, Huang CC (2021) 
Roles of plant growth-promoting rhizobacteria (PGPR) in stimu-
lating salinity stress defense in plants: a review. Int J Mol Sci 
22(6):3154

Herdean A, Nziengui H, Zsiros O, Solymosi K, Garab G, Lundin B, 
Spetea C (2016) The Arabidopsis thylakoid chloride channel 

AtCLCe functions in chloride homeostasis and regulation of 
photosynthetic electron transport. Front Plant Sci 7:115

Hossain MS (2020) Proteomic studies: contribution to understanding 
plant salinity stress response. Glob J Bot Sci 8:1–10

Hu H, You J, Fang Y, Zhu X, Qi Z, Xiong L (2008) Characterization of 
transcription factor gene SNAC2 conferring cold and salt toler-
ance in rice. Plant Mol Biol 67(1–2):169–181

Hu DG, Sun MH, Sun CH, Liu X, Zhang QY, Zhao J, Hao YJ (2015) 
Conserved vacuolar H+-ATPase subunit B1 improves salt 
stress tolerance in apple calli and tomato plants. Sci Hortic 
197:107–116

Hunter T (2009) Tyrosine phosphorylation: thirty years and counting. 
Curr Opin Cell Biol 21(2):140–146

Jamann TM, Luo X, Morales L, Kolkman JM, Chung CL, Nelson 
RJ (2016) A remorin gene is implicated in quantitative disease 
resistance in maize. Theor Appl Genet 129(3):591–602

Jansson JK, Hofmockel KS (2018) The soil microbiome—from 
metagenomics to metaphenomics. Curr Opin Microbiol 
43:162–168

Jia XM, Zhu YF, Hu Y, Zhang R, Cheng L, Zhu ZL, Wang YX 
(2019) Integrated physiologic, proteomic, and metabolomic 
analyses of Malus halliana adaptation to saline–alkali stress. 
Horticulture Res 6(1):1–19

Jiang Y, Tong S, Chen N, Liu B, Bai Q, Chen Y, Bi H, Zhang Z, Lou 
S, Tang H, Liu J, Ma T, Liu H (2020) The PalWRKY77 tran-
scription factor negatively regulates salt tolerance and abscisic 
acid signaling in Populus. Plant J 105(5):1258–1273

Jin X, Cao D, Wang Z, Ma L, Tian K, Liu Y et al (2019) Genome-
wide identification and expression analyses of the LEA protein 
gene family in tea plant reveal their involvement in seed devel-
opment and abiotic stress responses. Sci Reports 9(1):1–15

Jorge TF, Rodrigues JA, Caldana C, Schmidt R, van Dongen JT, 
Thomas-Oates J, António C (2016) Mass spectrometry-based 
plant metabolomics: metabolite responses to abiotic stress. 
Mass Spect Rev 35(5):620–649

Kaur G, Asthir B (2015) Proline: a key player in plant abiotic stress 
tolerance. Biol Plant 59(4):609–619

Khan MS, Hemalatha S (2016) Biochemical and molecular changes 
induced by salinity stress in Oryza sativa L. Acta Physiol Plant 
38(7):167

Krishnamurthy P, Mohanty B, Wijaya E, Lee DY, Lim TM, Lin Q, 
Kumar PP (2017) Transcriptomics analysis of salt stress toler-
ance in the roots of the mangrove Avicennia officinalis. Sci 
Rep 7(1):1–19

Kumari A, Das P, Parida AK, Agarwal PK (2015) Proteomics, 
metabolomics, and ionomics perspectives of salinity tolerance 
in halophytes. Front Plant Sci 6:537

Kushwaha P, Kashyap PL, Bhardwaj AK, Kuppusamy P, Srivastava 
AK, Tiwari RK (2020) Bacterial endophyte mediated plant tol-
erance to salinity: growth responses and mechanisms of action. 
World J Microbiol and Biotechn 36(2):1–16

Li Y, Zhang Y, Feng F, Liang D, Cheng L, Ma F, Shi S (2010) 
Overexpression of a Malus vacuolar Na+/H+ antiporter gene 
(MdNHX1) in apple rootstock M.26 and its influence on salt 
tolerance. PCTOC 102(3):337–345

Li J, Jia H, Zhang J, Sun J, Zhang Y, Hu LuM, J, (2018) Genome-
wide characterization of protein phosphatase 2C genes in Pop-
ulus euphratica and their expression profiling under multiple 
abiotic stresses. Tree Genet Genomes 14(6):1–13

Liang S, Zhou R, Dong S, Shi S (2008) Adaptation to salinity in 
mangroves: implication on the evolution of salt-tolerance. Chin 
Sci Bull 53(11):1708–1715

Liesche J, Pace MR, Xu Q, Li Y, Chen S (2017) Height-related scal-
ing of phloem anatomy and the evolution of sieve element end 
wall types in woody plants. New Phytol 214(1):245–256



	 Annals of Forest Science           (2021) 78:96 

1 3

   96   Page 16 of 19

Lima L, Frosi G, Lopes R, Santos MG (2021) Remobilization of 
leaf Na+ content and use of nonstructural carbohydrates vary 
depending on the time when salt stress begins in woody spe-
cies. Plant Physiol Biochem 158:385–395

Lin KH, Lin MY, Wang TC, Wu YS (2016) Efficient agrobacterium-
mediated transformation of Populus nigra x Populus tomentosa 
expressing the MtlD gene improves salt tolerance. Taiwan J 
Forest Sci 31:19–35

Lipson DA, Raab TK, Parker M, Kelley ST, Brislawn CJ, Jansson J 
(2015) Changes in microbial communities along redox gradi-
ents in polygonized Arctic wet tundra soils. Environ Microbiol 
Reports 7(4):649–657

Liu C, Zhao A, Zhu P, Li J, Han L, Wang X et al (2015) Characteri-
zation and expression of genes involved in the ethylene bio-
synthesis and signal transduction during ripening of mulberry 
fruit. PloS one 10(3):e0122081

Liu J, Han X, Yang T, Cui WH, Wu AM, Fu CX, Wang BC, Liu LJ 
(2019a) Genome-wide transcriptional adaptation to salt stress 
in Populus. BMC Plant Biol 19:367

Liu Y, Ji D, Turgeon R, Chen J, Lin T, Huang J et al (2019b) Physi-
ological and proteomic responses of mulberry trees (Morus 
alba L.) to combined salt and drought stress. Int J Mol Sci 
20(10):2486

Llanes A, Arbona V, Gómez-Cadenas A, Luna V (2016a) Metabolomic 
profiling of the halophyte Prosopis strombulifera shows sodium 
salt-specific response. Plant Physiol Biochem 108:145–157

Llanes A, Devinar G, Macchi SV, Luna V (2016b) Isolation of a gene 
encoding a novel atypical LEA protein from the halophyte Pros-
opis strombulifera with a sodium salt-specific expression. Plant 
Growth Regul 78(1):93–103

Lu X, Zhang X, Duan H, Lian C, Liu C, Yin W, Xia X (2017) Three 
stress-responsive NAC transcription factors from Populus 
euphratica differentially regulate salt and drought tolerance in 
transgenic plants. Physiol Plant 162(1):73–97

Lu Y, Su W, Bao Y, Wang S, He F, Wang D, Xia X (2020) Poplar 
PdPTP1 gene negativelyregulates salt tolerance by affecting ion 
and ROS homeostasis in Populus. Int J Mol Sci 1(3):1065

Lumibao CY, Kimbrough E, Formel S, Day RH, From AS, Conner 
WH, Van Bael SA (2020) Salinity, water level, and forest struc-
ture contribute to baldcypress (Taxodium distichum) rhizosphere 
and endosphere community structure. Wetlands 40(6):2179–2188

Luo Z, Janz D, Jiang X, Gö C, Wildhagen H, Tan Y et al (2009) 
Upgrading root physiology for stress tolerance by ectomycor-
rhizas: insights from metabolite and transcriptional profiling into 
reprogramming for stress anticipation. Plant Physiol 151:1902–
1917. https://​doi.​org/​10.​1104/​pp.​109.​143735

Luo W, Zhang C, Zhang J, Jiang D, Guo W, Wan D (2017) Tran-
scriptome analysis of four poplars exposed to continuous salinity 
stress. Biochem Syst Ecol 70:311–319

Lyu H, Li X, Guo Z, He Z, Shi S (2018) De novo assembly and anno-
tation of the Avicennia officinalis L. transcriptome. Marine Gen 
39:3–6

Ma Y, Xu T, Wan D, Ma T, Shi S, Liu J, Hu Q (2015) The salinity 
tolerant poplar database(STPD): a comprehensive database for 
studying tree salt-tolerant adaption and poplar genomics. BMC 
Genomics 16(1):1–7

Ma Q, Bao AK, Chai WW, Wang WY, Zhang JL, Li YX, Wang SM 
(2016) Transcriptomic analysis of the succulent xerophyte Zygo-
phyllum xanthoxylum in response to salt treatment and osmotic 
stress. Plant Soil 402(1–2):343–361

Makita Y, Kawashima M, Lau NS, Othman AS, Matsui M (2018) 
Construction of Pará rubber tree genome and multi-transcrip-
tome database accelerates rubber researches. BMC Genomics 
19(1):922

Mao X, Zhang H, Qian X, Li A, Zhao G, Jing R (2012) TaNAC2, 
a NAC-type wheat transcription factor conferring enhanced 

multiple abiotic stress tolerances in Arabidopsis. J Exp Bot 
63(8):2933–2946

Martínez-Alcántara B, Martínez-Cuenca MR, Quiñones A, Iglesias DJ, 
Primo-Millo E, Forner-Giner MA (2015) Comparative expres-
sion of candidate genes involved in sodium transport and com-
partmentation in citrus. Environ Exp Bot 111:2–62

Martínez-Andújar C, Martínez-Pérez A, Ferrández-Ayela A, Albac-
eteA., Martínez-Melgarejo PA, Dodd I C et al (2019) Impact of 
overexpression of 9-cis-epoxycarotenoid dioxygenase on growth 
and gene expression under salinity stress. Plant Sci 110268

Meloni DA, Gulotta MR, Martínez CA (2008) Prosopis ruscifolia 
Griseb. (vinal) tolera concentraciones salinas equivalentes al 
agua de mar y excluye iones tóxicos de la parte aérea. Quebra-
cho-Revista De Ciencias Forestales 16:32–40

Méndez-Alonzo R, López-Portillo J, Moctezuma C, Bartlett MK, Sack 
L (2016) Osmotic and hydraulic adjustment of mangrove sap-
lings to extreme salinity. Tree Physiol 36(12):1562–1572

Meng F, Luo Q, Wang Q, Zhang X, Qi Z, Xu F, Sun G (2016) Physi-
ological and proteomic responses to salt stress in chloroplasts of 
diploid and tetraploid black locust (Robinia pseudoacacia L.). 
Sci Reports 6:23098

Min YJ, Park MS, Fong JJ, Quan Y, Jung S, Lim YW (2014) Diversity 
and saline resistance of endophytic fungi associated with Pinus 
thunbergii in coastal shelterbelts of Korea. J Microbiol Biotechn 
24(3):324–333

Mohanta TK, Park YH, Bae H (2016) Novel genomic and evolution-
ary insight of WRKY transcription factors in plant lineage. Sci 
Reports 6(1):1–22

Morton MJ, Awlia M, Al-Tamimi N, Saade S, Pailles Y, Negrão S, 
Tester M (2019) Salt stress under the scalpel–dissecting the 
genetics of salt tolerance. Plant J 97(1):148–163

Muchate NS, Nikalje GC, Rajurkar NS, Suprasanna P, Nikam TD 
(2016) Plant salt stress: adaptive responses, tolerance mecha-
nism and bioengineering for salt tolerance. The Bot Rev 
82(4):371–406

Muhsin TM, Zwiazek JJ (2002a) Colonization with Hebeloma crustu-
liniforme increases water conductance and limits shoot sodium 
uptake in white spruce (Picea glauca) seedlings. Plant Soil 
238:217–225

Muhsin TM, Zwiazek JJ (2002b) Ectomycorrhizas increase apoplastic 
water transport and hydraulic conductivity in Ulmus americana 
seedlings. New Phytol 153:153–158

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu 
Rev Plant Biol 59:651–681

Munns R, James RA, Gilliham M, Flowers TJ, Colmer TD (2016) Tis-
sue tolerance: an essential but elusive trait for salt-tolerant crops. 
Funct Plant Biol 43:1103–1113

Munns R, Day DA, Fricke W, Watt M, Arsova B, Barkla BJ, Tyerman 
SD (2020) Energy costs of salt tolerance in crop plants. New 
Phytol 225(3):1072–1090

Nakashima K, Takasaki H, Mizoi J, Shinozaki K, Yamaguchi-Shino-
zaki K (2012) NAC transcription factors in plant abiotic stress 
responses. BBA-Gene Regulatory Mechanisms 1819(2):97–103

Nedelyaeva OI, Shuvalov AV, Karpichev IV, Beliaev DV, Myasoedov 
NA, Khalilova LA et al. (2019) Molecular cloning and charac-
terisation of SaCLCa1, a novel protein of the chloride channel 
(CLC) family from the halophyte Suaeda altissima (L.) Pall. J 
Plant Physiol 240:152995.

Negrão S, Schmöckel SM, Tester M (2017) Evaluating physiological 
responses of plants to salinity stress. Ann Bot 119(1):1–11

Nguyen H, Calvo-Polanco M, Zwiazek JJ (2006) Gas exchange and 
growth responses of ectomycorrhizal Picea mariana, Picea 
glauca, and Pinus banksiana seedlings to NaCl and Na2SO4. 
Plant Biol 8:646–652

Numan M, Bashir S, Khan Y, Mumtaz R, Shinwari ZK, Khan AL, 
Ahmed AH (2018) Plant growth promoting bacteria as an 

https://doi.org/10.1104/pp.109.143735


Annals of Forest Science           (2021) 78:96 	

1 3

Page 17 of 19     96 

alternative strategy for salt tolerance in plants: a review. Micro-
biol Res 209:21–32

Olson MS, Hamrick JL, Moore RC (2016) Breeding systems, mat-
ing systems, and gender determination in angiosperm trees. 
In: Groover A, Cronk Q (eds) Comparative and evolutionary 
genomics of angiosperm trees. Springer, Cham, Switzerland, pp 
139–158

Ottow EA, Brinker M, Teichmann T, Fritz E, Kaiser W, Brosché M, 
Kangasjärvi J, Jiang XN, Polle A (2005) Populus euphratica 
displays apoplastic sodium accumulation, osmotic adjustment 
by decreases in calcium and soluble carbohydrates, and develops 
leaf succulence under salt stress. Plant Physiol 139:1762–1772

Palmgren MG, Edenbrandt AK, Vedel SE, Andersen MM, Landes X, 
Østerberg JT, Gamborg C (2015) Are we ready for back-to-nature 
crop breeding? Trends Plant Sci 20(3):155–164

Pan T, Liu Y, Su X, An L, Qiu QS (2017) Domain-switch analysis of 
PeNHX3 from Populus euphratica reveals the critical role of 
the transmembrane domain 11 in Na+ and Li+ transport. J Plant 
Physiol 219:1–11

Pandey S, Gupta S (2020) Diversity analysis of ACC deaminase 
producing bacteria associated with rhizosphere of coconut tree 
(Cocos nucifera L.) grown in Lakshadweep islands of India and 
their ability to promote plant growth under saline conditions. 
J Biotechn 324:183–197

Pantha P, Dassanayake M (2020) Living with Salt. The. Innovation 
1(3):100050

Parida AK, Jha B (2010) Salt tolerance mechanisms in mangroves: a 
review. Trees 24(2):199–217

Peng Z, He S, Sun J, Pan Z, Gong W, Lu Y, Du X (2016) Na+ compart-
mentalization related to salinity stress tolerance in upland cotton 
(Gossypium hirsutum) seedlings. Sci Reports 6:34548

Per TS, Khan NA, Reddy PS, Masood A, Hasanuzzaman M, Khan 
MIR, Anjum NA (2017) Approaches in modulating proline 
metabolism in plants for salt and drought stress tolerance: phy-
tohormones, mineral nutrients and transgenics. Plant Physiol 
Biochem 115:126–140

Petit R, Hampe A (2006) Some evolutionary consequences of being a 
tree. Annu Rev Ecol Evol Syst 37:187–214

Plomion C, Aury JM, Amselem J, Leroy T, Murat F, Duplessis S et al 
(2018) Oak genome reveals facets of long lifespan. Nat Plants 
4:440–452

Rao G, Liu X, Zha W, Wu W, Zhang J (2017) Metabolomics reveals 
variation and correlation among different tissues of olive (Olea 
europaea L.). Biol Open 6:1317–1323

Ribarits A, Abdullaev A, Tashpulatov A, Richter A, Heberle-Bors E, 
Touraev A (2007) Two tobacco proline dehydrogenases are dif-
ferentially regulated and play a role in early plant development. 
Planta 225(5):1313–1324

Rodríguez-Llorente ID, Pajuelo E, Navarro-Torre S, Mesa-Marín J, 
Caviedes MA (2019) Bacterial endophytes from halophytes: 
how do they help plants to alleviate salt stress?. In saline soil-
based agriculture by halotolerant microorganisms (pp. 147–160). 
Springer, Singapore.

Sarkar T, Mogili T, Sivaprasad V (2017) Improvement of abiotic stress 
adaptive traits in mulberry (Morus spp.): an update on biotech-
nological interventions. Biotech 7(3):214

Sgroy V, Cassán F, Masciarelli O, Del Papa MF, Lagares A, Luna V 
(2009) Isolation and characterization of endophytic plant growth-
promoting (PGPB) or stress homeostasis-regulating (PSHB) bac-
teria associated to the halophyte Prosopis strombulifera. Appl 
Microbiol Biotechn 85(2):371–381

Shabala S, Chen G, Chen ZH, Pottosin I (2019) The energy cost of 
the tonoplast futile sodium leak. New Phytol. https://​doi.​org/​10.​
1111/​nph.​15758

Shao H, Wang H, Tang X (2015) NAC transcription factors in plant 
multiple abiotic stress responses: progress and prospects. Front 
Plant Sci 6:902

Sharma S, Chandra D, Sharma AK (2021) Rhizosphere plant–microbe 
interactions under abiotic stress. In Rhizosphere Biology: Inter-
actions Between Microbes and Plants (pp. 195–216). Springer, 
Singapore.

Shen SY, Fulthorpe R (2015) Seasonal variation of bacterial endo-
phytes in urban trees. Front Microbiol 6:427

Shi H, Ishitani M, Kim C, Zhu JK (2000) The Arabidopsis thaliana 
salt tolerance gene SOS1 encodes a putative Na+/H+ antiporter. 
PNAS 97(12):6896–6901

Shirasawa K, Isuzugawa K, Ikenaga M, Saito Y, Yamamoto T, 
Hirakawa H, Isobe S (2017) The genome sequence of sweet 
cherry (Prunus avium) for use in genomics-assisted breeding. 
DNA Res 24(5):499–508

Slama I, Abdelly C, Bouchereau A, Flowers T, Savoure A (2015) 
Diversity, distribution and roles of osmoprotective compounds 
accumulated in halophytes under abiotic stress. Ann Bot 
115(3):433–447

Sork VL, Aitken SN, Dyer RJ, Eckert AJ, Legendre P, Neale DB (2013) 
Putting the landscape into the genomics of trees: approaches for 
understanding local adaptation and population responses to 
changing climate. Tree Gen Genomes 9:901–911

Staton M, Zhebentyayeva T, Olukolu B, Fang GC, Nelson D, Carlson 
JE, Abbott AG (2015) Substantial genome system preservation 
among woody angiosperm species: comparative genomics of 
Chinese chestnut (Castanea mollissima) and plant reference 
genomes. BMC Genomics 16(1):744

Sun L, Wang Y, Yan X, Cheng T, Ma K, Yang W, Wu R (2014) Genetic 
control of juvenile growth and botanical architecture in an orna-
mental woody plant, Prunus mume Sieb. et Zucc. as revealed by 
a high-density linkage map. BMC Genet 15:1-S1

Suprasanna P, Nikalje GC, Rai AN (2016) Osmolyte accumulation 
and implications in plant abiotic stress tolerance. In osmolytes 
and plants acclimation to changing environment: emerging omics 
technologies (pp. 1–12) Springer, New Delhi.

Szabados L, Savoure A (2010) Proline: a multifunctional amino acid. 
Trends Plant Sci 15(2):89–97

Szymanska S, Płociniczak T, Piotrowska-Seget Z, Hrynkiewicz K 
(2016) Endophytic and rhizosphere bacteria associated with 
the roots of the halophyte Salicornia europaea L. – community 
structure and metabolic potential. Microbiol Res 192:37–51

Tang RJ, Liu H, Bao Y, Lv QD, Yang L, Zhang HX (2010) The 
woody plant poplar has a functionally conserved salt overly 
sensitive pathway in response to salinity stress. Plant Mol Biol 
74(4–5):367–380

Tang Y, Liu M, Gao S, Zhang Z, Zhao X, Zhao C et al (2012) Molecu-
lar characterization of novel TaNAC genes in wheat and over-
expression of TaNAC2a confers drought tolerance in tobacco. 
Physiol Plant 144(3):210–224

Tang S, Liang H, Yan D, Zhao Y, Han X, Carlson JE et al (2013) Popu-
lus euphratica: the transcriptomic response to drought stress. 
Plant Mol Biol 83(6):539–557

Thiem D, Gołębiewski M, Hulisz P, Piernik A, Hrynkiewicz K (2018) 
How does salinity shape bacterial and fungal microbiomes of 
Alnus glutinosa roots? Front Microbiol 9:651

Tian F, Chang E, Li Y, Sun P, Hu J, Zhang J (2017) Expression and 
integrated network analyses revealed functional divergence of 
NHX-type Na+/H+ exchanger genes in poplar. Sci Reports 
7(1):1–17

Trivedi P, Spann T, Wang N (2011) Isolation and characterization of 
beneficial bacteria associated with citrus roots in Florida. Micro-
bial Ecol 62(2):324–336

https://doi.org/10.1111/nph.15758
https://doi.org/10.1111/nph.15758


	 Annals of Forest Science           (2021) 78:96 

1 3

   96   Page 18 of 19

Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten 
U, Rokhsar D (2006) The genome of black cottonwood, Populus 
trichocarpa (Torr. Gray). Sci 313:1596–1604

Vanegas J, Muñoz-García A, Pérez-Parra KA, Figueroa-Galvis I, Mes-
tanza O, Polanía J (2019) Effect of salinity on fungal diversity 
in the rhizosphere of the halophyte Avicennia germinans from a 
semi-arid mangrove. Fungal Ecology 42:100855

Verde I, Abbott AG, Scalabrin S, Jung S, Shu S, Marroni F, Zuccolo A 
(2013) The high-quality draft genome of peach (Prunus persica) 
identifies unique patterns of genetic diversity, domestication and 
genome evolution. Nat Genetics 45(5):487

Vila HF, Di Filippo ML, Venier M, Filippini MF (2016) How root-
stocks influence salt tolerance in grapevine? The roles of con-
ferred vigor and ionic exclusion. Acta Hortic 1136:145–154

Villagra P, Passera C, Greco S, Sartor C, Naranibar J, Meglioli P, Alva-
rez J, Allegretti L, Fernández N, Cony M, Kozub P, Vega Riveros 
C (2017) Uso de plantas nativas en la restauración y recuper-
ación productiva de ambientes salinos de las zonas áridas de la 
región del Monte, Argentina. In: Taleisnik E, Lavado RS (eds) 
Ambientes salinos y alcalinos de la Argentina. Orientación Grá-
fica Editora y Universidad Católica de Córdoba, Buenos Aires, 
Recursos y aprovechamiento productivo, pp 419–444

Vives-Peris V, Gómez-Cadenas A, Pérez-Clemente RM (2017) Citrus 
plants exude proline and phytohormones under abiotic stress 
conditions. Plant Cell Rep 36(12):1971–1984

Vives-Peris V, Gómez-Cadenas A, Pérez-Clemente RM (2018) Salt 
stress alleviation in citrus plants by plant growth-promoting 
rhizobacteria Pseudomonas putida and Novosphingobium sp. 
Plant Cell Rep 37(11):1557–1569

Wang L, Wang C, Wang D, Wang Y (2014) Molecular characterization 
and transcript profiling of NAC genes in response to abiotic stress 
in Tamarix hispida. Tree Genetics Genomes 10(1):157–171

Wang H, Ao P, Yang S, Zou Z, Wang S, Gong M (2015a) Molecular 
cloning and expression analysis of the gene encoding proline 
dehydrogenase from Jatropha curcas L. App Biochem Biotech 
175(5):2413–2426

Wang L, Pan D, Li J, Tan F, Hoffmann-Benning S, Liang W, Chen W 
(2015b) Proteomic analysis of changes in the Kandelia candel 
chloroplast proteins reveals pathways associated with salt toler-
ance. Plant Sci 231:159–172

Wang S, Su SZ, Wu Y, Li SP, Shan XH, Liu HK, Wang S, Yuan YP 
(2015c) Overexpression of maize chloride channel gene ZmCLC-
d in Arabidopsis thaliana improved its stress resistance. Biol 
Plant 59:55–64

Wang H, Wang H, Shao H, Tang X (2016) Recent advances in utilizing 
transcription factors to improve plant abiotic stress tolerance by 
transgenic technology. Front Plant Sci 7:67

Wang L, Li Z, Lu M, Wang Y (2017) ThNAC13, a NAC transcrip-
tion factor from Tamarix hispida, confers salt and osmotic stress 
tolerance to transgenic Tamarix and Arabidopsis. Front Plant 
Sci 8:635

Wang Z, Feng R, Zhang X, Su Z, Wei J, Liu J (2019) Characterization 
of the Hippophae rhamnoides WRKY gene family and functional 
analysis of the role of the HrWRKY21 gene in resistance to abi-
otic stresses. Genome 62(10):689–703

Watson A et al (2018) Speed breeding is a powerful tool to accelerate 
crop research and breeding. Nat Plants 4:23–29

Wei Q, Ma Q, Ning S, Su S, Gu Q (2018) Molecular characteriza-
tion and functional analysis of a cation-chloride cotransporter 
gene from trifoliate orange (Poncirus trifoliata L.). Trees 
32(1):165–173

Welner DH, Deeba F, Leggio LL, Skriver K (2016) NAC transcription 
factors: from structure to function in stress-associated networks. 
In Plant Transcription Factors (pp. 199–212) Academic Press.

Wu Y, Ding N, Zhao X, Zhao M, Chang Z, Liu J, Zhang L (2007) 
Molecular characterization of PeSOS1: the putative Na+/H+ 
antiporter of Populus euphratica. Plant Mol Biol 65(1–2):1

Wu GA, Prochnik S, Jenkins J, Salse J, Hellsten U, Murat F et al (2014) 
Sequencing of diverse mandarin, pummelo and orange genomes 
reveals complex history of admixture during citrus domestica-
tion. Nat Biotechn 32(7):656–662

Xin G, Glawe D, Doty SL (2009) Characterization of three endophytic, 
indole-3-acetic acid-producing yeasts occurring in Populus trees. 
Mycological Res 113(9):973–980

Xing J, Pan D, Wang L, Tan F, Chen W (2019) Proteomic and physi-
ological responses in mangrove Kandelia candel roots under 
short-term high salinity stress. Turkish J Biol 43:314–325

Xing A, Ma Y, Wu Z, Nong S, Zhu J, Sun H et al (2020) Genome-wide 
identification and expression analysis of the CLC superfamily 
genes in tea plants (Camellia sinensis) Funct Int Genomics 1–12.

Xu S, He Z, Guo Z, Zhang Z, Wyckoff GJ, Greenberg A (2017) 
Genome-wide convergence during evolution of mangroves from 
woody plants. Mol Biol Evol 34(4):1008–1015

Xu Z, Raza Q, Xu L, He X, Huang Y, Yi J, Ali Z (2018) GmWRKY49, 
a salt-responsive nuclear protein, improved root length and gov-
erned better salinity tolerance in transgenic Arabidopsis. Front 
Plant Sci 9:809

Xu CQ, Liu H, Zhou S, Zhang DX, Zhao W, Wang S, Chen F, Sun Y, 
Nie S, Jia K, Jiao S, Zhang R, Yun Q, Guan W, Wang X et al. 
(2019) Genome sequence of Malania oleifera, a tree with great 
value for nervonic acid production. Giga Sci 8(2):giy164.

Yadav AN, Singh J, Rastegari AA, Yadav N (2020) Plant microbiomes 
for sustainable agriculture, vol 25. Springer, Cham

Yaish MW, Al-Lawati A, Jana GA, Vishwas Patankar H, Glick BR 
(2016) Impact of soil salinity on the structure of the bacterial 
endophytic community identified from the roots of Caliph medic 
(Medicago truncatula). PLoS One 11:e0159007

Yang G, Yu L, Zhang K, ZhaoY GY, Gao C (2017) A ThDREB gene 
from Tamarix hispida improved the salt and drought tolerance 
of transgenic tobacco and T. hispida. Plant Physiol Biochem 
113:187–197

Yao W, Zhao K, Cheng Z, Li X, Zhou B, Jiang T (2018) Transcriptome 
analysis of poplar under salt stress and over-expression of tran-
scription factor NAC57 gene confers salt tolerance in transgenic 
Arabidopsis. Front Plant Sci 9:1121

Yi H, Calvo-Polanco M, MacKinnon MD, Zwiazek JJ (2008) 
Responses of ectomycorrhizal Populus tremuloides and Betula 
papyrifera seed- lings to salinity. Environ Exp Bot 62:357–363

Yue J, Li C, Liu Y, Yu J (2014) A remorin gene SiREM6, the tar-
get gene of SiARDP, from foxtail millet (Setaria italica) pro-
motes high salt tolerance in transgenic Arabidopsis. PLoS One 
9:e100772

Zarea MJ, Hajinia S, Karimi N, Goltapeh EM, Rejali F, Varma A 
(2012) Effect of Piriformospora indica and Azospirillum strains 
from saline or non-saline soil on mitigation of the effects of 
NaCl. Soil Biol Biochem 45:139–146

Zhang JL, Sh H (2013) Physiological and molecular mechanisms of 
plant salt tolerance. Photosynth Res 115(1):1–22

Zhang K, Douglas BC, Leatherman SP (2004) Global warming and 
coastal erosion. Clim Change 64:41

Zhang X, Liu X, Wu L, Yu G, Wang X, Ma H (2015) The SsDREB 
transcription factor from the succulent halophyte Suaeda salsa 
enhances abiotic stress tolerance in transgenic tobacco. Int J 
Genomics 2015:1–13

Zhang Q, Cai M, Yu X, Wang L, Guo C, Ming R, Zhang J (2017a) 
Transcriptome dynamics of Camellia sinensis in response to 
continuous salinity and drought stress. Tree Genetics Genomes 
13(4):78



Annals of Forest Science           (2021) 78:96 	

1 3

Page 19 of 19     96 

Zhang RX, Qin LJ, Zhao DG (2017b) Overexpression of the OsIMP 
gene increases the accumulation of inositol and confers enhanced 
cold tolerance in tobacco through modulation of the antioxidant 
enzymes’ activities. Genes 8(7):179

Zhang C, Durgan SD, Lagomasino D (2019) Modeling risk of man-
groves to tropical cyclones: a case study of Hurricane Irma. 
Estuarine, Coastal and Shelf Sci 224:108–116

Zhang M, Liu Y, Han G, Zhang Y, Wang B, Chen M (2021a) Salt 
tolerance mechanisms in trees: research progress. Trees 
35(3):717–730

Zhang J, Cook J, Nearing JT, Zhang J, Raudonis R, Glick BR, Langille 
MGI, Cheng Z (2021) Harnessing the plant microbiome to pro-
mote the growth of agricultural crops. Microbiol Res 245:126690

Zheng L, Meng Y, Ma J, Zhao X, Cheng T, Ji J, Jiang Z (2015) Tran-
scriptomic analysis reveals importance of ROS and phytohor-
mones in response to short-term salinity stress in Populus tomen-
tosa. Front Plant Sci 6:678

Zhao X et al (2017) Pollen magnetofection for genetic modifica-
tion with magnetic nanoparticles as gene carriers. Nat Plants 
3:956–964

Zhu M, Chen G, Zhang J, Zhang Y, Xie Q, Zhao Z et  al (2014) 
The abiotic stress-responsive NAC-type transcription factor 
SlNAC4 regulates salt and drought tolerance and stress-related 
genes in tomato (Solanum lycopersicum). Plant Cell Reports 
33(11):1851–1863

Zhu Z, Chen J, Zheng HL (2012) Physiological and proteomic charac-
terization of salt tolerance in a mangrove plant, Bruguiera gym-
norrhiza (L.) Lam. Tree Physiol 32(11):1378–1388.

Zhang J, Yang N, Li Y, Zhu S, Zhang S, Sun Y, Su H (2018) Overex-
pression of PeMIPS1 confers tolerance to salt and copper stresses 
by scavenging reactive oxygen species in transgenic poplar. Tree 
Physiol 38(10):566–1577

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Analia Llanes1,2   · María Virginia Palchetti3   · Claudia Vilo4,5   · Cristian Ibañez4 

 *	 Analia Llanes 
	 allanes@exa.unrc.edu.ar

 *	 Cristian Ibañez 
	 cibanez@userena.cl

	 María Virginia Palchetti 
	 vpalchetti@imbiv.unc.edu.ar

	 Claudia Vilo 
	 claudia.vilo@uantof.cl

1	 Laboratorio de Fisiología Vegetal‑Interacción 
Planta‑Ambiente, Departamento de Ciencias Naturales, 
Facultad de Ciencias Exactas, Físico-Químicas Y Naturales, 
Universidad Nacional de Río Cuarto (UNRC), Río Cuarto, 
Argentina

2	 Instituto de Investigaciones Agrobiotecnológicas 
(INIAB)-Consejo Nacional de Investigaciones Científicas Y 
Técnicas (CONICET), Universidad Nacional de Río Cuarto, 
CPX5804BYA Río Cuarto, Argentina

3	 CONICET, Instituto Multidisciplinario de Biología Vegetal 
(IMBIV), Universidad Nacional de Córdoba, CC 495, 
CP 5000 Córdoba, Argentina

4	 Laboratorio de Biología, Departamento de Biología, Facultad 
de Ciencias, Universidad de La Serena (ULS), Avenida Raúl 
Bitrán 1305, 1700000 La Serena, CP, Chile

5	 Laboratorio de Bioquímica, Departamento Biomédico, 
Facultad Ciencias de La Salud and Centre for Biotechnology 
and Bioengineering (CeBiB), Universidad de Antofagasta, 
Avenida Angamos 601, Antofagasta, Chile

http://orcid.org/0000-0003-2187-6311
http://orcid.org/0000-0002-0442-8640
http://orcid.org/0000-0003-0021-9398
http://orcid.org/0000-0001-7767-6488

	Molecular control to salt tolerance mechanisms of woody plants: recent achievements and perspectives
	Abstract
	Key message  
	Context 
	Aims 
	Conclusion 

	1 Introduction
	2 Salinity effect on ion regulation and compartmentalization in woody plants
	3 Salinity effect on transcription factors
	4 Salinity effect on compatible solutes in woody plants
	5 Salinity effect on stress response-related proteins
	6 Omics approaches in woody plants under salt-stress
	7 Salinity effect on the woody plant-microbial interactions
	8 Naturally stress-adapted woody plants (NSAW) as a source for stress-adapted gene discovery
	9 Conclusions
	Acknowledgements 
	References


