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Managing salinity stress in Eucalyptus spp.: trait variation, mechanistic 
insights, and implications for salt-affected landscapes
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Salinity is a growing global concern, aggravated by climate change and human 
activities, with severe impacts on forests and biodiversity. This review criti-
cally examines the following key points: (1) the systematic impacts of salinity 
on  forestry  and  ecosystem  functioning;  (2)  the  multilevel  mechanistic  re-
sponses of Eucalyptus species, clones, and genotypes, emphasizing their oper-
ational deployment in salt-affected landscapes; and (3) the potential of con-
temporary genetic technologies and environmental strategies to enhance plant 
resistance. Although responses vary among taxa, salinity tolerance is generally 
mediated through an integrated physiological and molecular framework, and 
substantial intra- and interspecific variation offers a solid foundation for tar-
geted selection, hybridization, and genetic improvement. While genetic trans-
formation and large-scale application of omics approaches remain technically 
challenging, recent advancements in breeding and management practices pro-
vide effective pathways for developing salt-tolerant planting material. Impor-
tantly, most current knowledge comes from controlled studies on juvenile ma-
terial, highlighting the need for long-term field validation. Despite this limita-
tion, the  Eucalyptus genus represents a strategic resource for afforestation, 
reforestation, and ecological  restoration of  salinity-affected regions.  Future 
research should prioritize field-level validation, genotype-environment inter-
actions, and translating molecular insights into scalable silvicultural practices 
that strengthen forest resilience under increasing salinity stress.

Keywords:  Eucalyptus  genus, Salinity Stress, Salt-tolerance Mechanisms, Ion 
Homeostasis

Introduction
Native  forests  and  forest  plantations 

worldwide  are  currently  threatened  by 
multiple natural and anthropogenic stress 
factors (Wang et al.  2023).  Among these, 
soil salinity has become an increasingly crit-
ical  abiotic  challenge that hampers forest 
development and alters plant physiological 
processes, with far-reaching consequences 
for  forest  yield,  biodiversity,  carbon  stor-
age,  and soil  stabilization (Yanhong et al. 
2025).  Recent  estimates  indicated  that 
about 1100 Mha (approximately 7% of the 
world’s land surface) is affected by salinity, 
underscoring  the  global  urgency  of  ad-
dressing  this  environmental  constraint 

(Roy & Chowdhury 2020, Kholi et al. 2024). 
According to FAO (2021), based on ~73% of 
the land mapped, global salt-affected soils 
cover ~424 Mha of topsoil  (0-30 cm) and 
~833 Mha of subsoil (30-100 cm). It is well 
established  that  some  of  the  worst  af-
fected  areas  are  Africa,  Southwest  Asia, 
Central America, Australia’s Murray-Darling 
Basin,  California’s  San Joaquin  Valley,  the 
Yellow River Basin, and the Aral Sea Basin, 
where salinity has expanded at an alarming 
pace (Balasubramaniam et al. 2023, Kholi et 
al. 2024). This arises from the accumulation 
of soluble salts, mainly sodium (Na+), mag-
nesium  (Mg2+),  and  calcium  (Ca2+),  along 
with anions such as chloride (Cl–), carbon-

ate (CO3²–), and sulfate (SO4²–) (Acosta-Mo-
tos et al. 2017). Among these ions, Na+ and 
Cl- are the dominant contributors to salinity 
stress. Excessive Na+, in particular, drives to 
osmotic and ionic imbalances in plants and 
leads to soil  sodicity (Boorboori  & Lackó-
ová 2025). Soil salinity can be categorized 
by origin as dryland salinity, driven by natu-
ral processes, and irrigation-induced salin-
ity,  resulting  from  unsustainable  human 
agricultural practices (Tang et al. 2015). Its 
severity is commonly assessed by electrical 
conductivity (ECe), and divided into differ-
ent  levels  ranging from normal  (2.74-4.56 
dS  m-1),  slightly  (5.75-9.8  dS  m-1),  moder-
ately (11.10-14.43 dS m-1), and highly salt-af-
fected soils (14.69-36.81 dS m-1 – Ravita et 
al.  2023).  This  phenomenon  is  especially 
pronounced  in  semi-arid  and  arid  areas, 
where  evaporation  exceeds  precipitation, 
thus accelerating salt accumulation in soil 
and  groundwater  (Boorboori  &  Lackóová 
2025). The scarcity of freshwater resources 
for  irrigation  further  amplifies  this  prob-
lem, as reliance on ion-rich irrigation water 
coupled  with  recurrent  drought  episodes 
intensifies salt buildup.

The effects of salinity on trees are both 
immediate and progressive. Short-term ex-
posure primarily triggers osmotic stress, re-
ducing water availability,  disrupting stom-
atal  regulation  and  photosynthesis.  Pro-
longed exposure leads to excessive accu-
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mulation of toxic ions, particularly Na+ and 
Cl-, resulting in ionic toxicity and severe im-
balances in essential nutrients such as Ca2+, 
K+, and NO3

– (Shariat & Assareh 2016, Boor-
boori & Lackóová 2025). Collectively, these 
disturbances compromise metabolic stabil-
ity,  growth  performance,  and  long-term 
forest  viability.  Recognizing  these  chal-
lenges,  global  efforts  to  safeguard forest 
ecosystems have increased in recent years, 
with  numerous  initiatives  focused  on  de-
veloping strategies to mitigate salinity im-
pacts.  In  response,  genetic  breeding pro-
grams  have  been  conducted  since  the 
mid-20th century  to  develop  new  forest 
genotypes  with  enhanced  productivity, 
quality, and stress resilience (Roy & Chow-
dhury  2020).  However,  these  programs 
have  been  constrained  by  the  biological 
complexity, long generation times, and low 
heritability of key adaptive traits in forest 
trees  (Wang  et  al.  2023).  Parallel  efforts 
have increasingly shifted toward exploring 
biotechnological innovations, such as high-
throughput  sequencing,  molecular  genet-
ics,  and genomic-assisted selection  to  ac-
celerate  the  development  of  salt-tolerant 
forest  genotypes.  Simultaneously,  affor-
estation and agroforestry  initiatives using 
deep-rooted,  salt-tolerant,  and  fast-grow-
ing species have emerged as cost-effective 
and environmentally sustainable strategies 
for  saline  and  sodic  land  reclamation 
(Singh et al. 2023). Nevertheless, much of 
the  existing  research  has  disproportion-
ately  focused  on  specific  groups  such  as 
mangroves and halophytes, while econom-
ically  important  forest  taxa such as  Euca-
lyptus remain  comparatively  underexplor-
ed (Yanhong et al. 2025). The genus Euca-
lyptus  is  one of the most strategically im-
portant genera for global forestry because 
of  its  high  economic  value,  pronounced 
ecological plasticity, and notable resistance 
to  drought  and  salinity  (Chemlali  et  al. 
2022). Comprising approximately 900 spe-
cies  and  subspecies,  Eucalyptus exhibits 
broad genetic  diversity  that  underpins  its 
adaptation to diverse environmental condi-
tions, ranging from tropical and oceanic to 
Mediterranean, semi-arid, and arid climates 
(Chemlali et al. 2024). This ecological versa-
tility  has  facilitated  its  large-scale  cultiva-
tion in over 100 countries, with plantations 
exceeding 22.57 Mha (FAO 2021,  Ravita et 
al. 2023). These plantations are largely do-
minated by the “big nine” species, namely: 
Eucalyptus grandis, E. camaldulensis, E. glob-
ulus, E. tereticornis, E. urophylla, E. nitens, E.  
pellita,  E.  dunnii,  E.  saligna, and  their  hy-
brids,  which  together  account  for  more 
than 90% of the planted Eucalyptus forests 
(Oberschelp et al. 2020). Certain Eucalyptus 
species can tolerate extreme salinity, with 
reported  levels  reaching  up  to  18  dS  m-1 

and, in exceptional cases, exceeding 31 dS 
m-1 (Cha-Um et al.  2013,  Kholi et al. 2024). 
This remarkable salt tolerance is mediated 
by  coordinated  morphological,  biochemi-
cal,  physiological,  and  molecular  mecha-
nisms that function synergistically to main-

tain  growth  under  stress.  Successful  salt 
tolerance in eucalypt trees has been mea-
sured in terms of their survival and growth 
responses (Singh et al. 2023), improvement 
of nutrient acquisition, uptake, use, and re-
tention  (Ali  et  al.  2019),  osmotic  adapta-
tion, increased antioxidant metabolism, up-
regulation of salinity-stress-specific genes, 
transcription factors, and endogenous phy-
tohormones (Kholi et al. 2024).

Despite substantial advances, the existing 
body of research remains fragmented, with 
much of the focus limited to several  spe-
cies  or  isolated mechanisms.  Comprehen-
sive and integrative review studies on the 
Eucalyptus genus  are  rare,  if  not  entirely 
absent, highlighting the need for a consoli-
dated  synthesis  that  critically  organizes 
current  findings.  To address this  gap,  the 
present review provides a structured,  up-
to-date  synthesis  of  the  multi-level  re-
sponses  of  Eucalyptus spp.  to  salinity 
stress, encompassing morphological, physi-
ological, biochemical, and molecular mech-
anisms.  This  review  presents  a  strategic 
framework  that  bridges  mechanistic  in-
sights with applied breeding and manage-
ment approaches. By consolidating current 
knowledge,  we provide  a  coherent  refer-
ence to  guide researchers  and practition-
ers in developing and deploying salt-toler-
ant Eucalyptus species in salt-affected land-
scapes. Strengthening the role of  Eucalyp-
tus in saline environments is therefore piv-
otal to advancing sustainable forestry and 
enhancing resilience under climate change.

Salt tolerance in Eucalyptus: 
genetic variation, mechanisms, 
gaps, and silvicultural implications

Genetic variation: inter- and 
intraspecific levels

Scientists  have  demonstrated  that  the 
severity  of  salinity  effects  varies  dramati-
cally  across  eucalypt  species,  driven  by 
multiple interacting factors including stress 
duration and intensity, climate conditions, 
physicochemical  soil  properties,  plant  de-
velopmental stage, biomass allocation, and 
species-specific  tolerance.  These  factors 
complicate the identification of  clear  pat-
terns  of  variation  (Tang  et  al.  2015).  Cru-
cially,  this  variability  is  fundamentally 
rooted  in  substantial  genetic  divergence 
across  species  (Kholi  et  al.  2024),  which 
supports  a  continuum-based  classification 
from extremely salt-tolerant to more sensi-
tive taxa, as summarized in  Tab. 1 (Marcar 
et al. 1999,  Niknam & McComb 2000,  FAO 
2002, Shariat & Assareh 2016, Suganuma et 
al.  2025).  Eucalyptus species  are  grouped 
into  five  categories  based  on  their  toler-
ance to soil salinity: (1) extremely tolerant 
species, able to resist at ECe >16 dS m-1; (2) 
tolerant species, persisting at ECe 8-16 dS 
m-1; (3) moderately tolerant species, at 4-8 
dS m-1; (4) species with limited tolerance, 2-
4 dS m-1; and (5) highly sensitive species, re-
stricted to ECe <2 dS m-1.

Beyond  categorical  classifications,  a 

range of field trials and controlled experi-
ments  have  shown  interspecific  differ-
ences, although outcomes often vary with 
experimental  conditions.  Mediterranean 
field trails have identified E. gomphocepha-
la (Tuart),  E.  sargentii,  E.  microtheca,  E.  
rudis,  and  E.  occidentalis as  particularly 
promising  for  cultivation  on  saline  soils; 
meanwhile,  studies  conducted  in  South 
Africa have emphasized the salt tolerance 
potential  of  E.  camaldulensis (River  Red 
Gum), E. cladocalyx, E. polyanthemos, E. ro-
busta,  E.  viminalis,  E.  gomphocephala,  E.  
botryoides,  E.  sideroxylon,  and  E.  sieberi 
(FAO  1982).  Consistently,  E.  camaldulensis 
has demonstrated outstanding salt and wa-
terlogging tolerance, with survival rates ex-
ceeding 85% in saline soil conditions, as re-
ported by Singh et al. (2023). Further, Aus-
tralian  field  research  has  provided  a  de-
tailed  breakdown  of  salinity  tolerance 
across  various  Eucalyptus species.  High 
salinity tolerance was observed in  E.  occi-
dentalis, E. spathulata, E. raveretiana, and E.  
rudis,  while  moderate  tolerance  was  ob-
served in E. brassiana, E. citriodora, E. platy-
pus, E. coolabah, and E. robusta. Intermedi-
ate  to  high  tolerance  was  found  in  E.  
camaldulensis,  E.  moluccana,  and  E.  tereti-
cornis, and low to moderate tolerance in E.  
grandis (Marcar et al. 1999). A comparative 
study  between  E.  grandis and  E.  occiden-
talis at  saline  trial  sites  in  southern  Aus-
tralia  showed  significantly  higher  salinity 
tolerance  in  E.  occidentalis,  comparable 
with the most salt-tolerant provenances of 
E.  camaldulensis (Bush  et  al.  2013).  Addi-
tionally,  a  comparison  of  three  globally 
planted species,  E. camaldulensis, E. globu-
lus, and  E. grandis, indicated that while  E.  
globulus performed adequately under mod-
erate salinity conditions (ECe = 4-8 dS m-1), 
E. camaldulensis was superior and more re-
silient  under  moderate  to  severe  salinity 
conditions (ECe = 8-16 dS m-1 – Feikema & 
Baker 2011). Controlled settings using NaCl-
induced salinity further confirmed this vari-
ability.  Shariat & Assareh (2016) evaluated 
salinity  tolerance  in  seedlings  of  eight 
species:  E. kingsmillii,  E. tetragona, E. salu-
bris, E. occidentalis, E. microtheca, E. camal-
dulensis, E. globulus, and E. sargentii under 
NaCl concentrations ranging from 0 to 200 
mM. Their  results  revealed substantial  in-
terspecific  variation,  with  E.  sargentii ex-
hibiting the highest tolerance and E. globu-
lus the lowest. This aligns with earlier find-
ings by  Nasim et al. (2009), who reported 
that  E.  camaldulensis maintained  strong 
performance  under  saline-hypoxic  condi-
tions at 150 mol m-3 NaCl, reinforcing its ro-
bust salt tolerance.

At the population level, intraspecific vari-
ation extends to interclonal differences, as 
shown  in  hybrids  of  E.  grandis  ×  E.  uro-
phylla,  where  three  clones  (VC865,  I144, 
and I224) exhibited distinct tolerance pro-
files ranging from highly sensitive to highly 
tolerant,  even  among  closely  related 
clones (De Andrade et al. 2022). The most 
tolerant  clone,  I144,  maintained  growth 
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through osmotic adjustment, K+ homeosta-
sis,  and robust  antioxidant  defenses with 
minimal  oxidative  damage,  while  I224 
proved highly sensitive and VC865 showed 
intermediate  tolerance.  Similarly,  among 
six elite clones of  E. tereticornis  subjected 
to  in  vitro NaCl  stress (0-500 mM),  geno-
type KE8 emerged as  superior,  exhibiting 
stable water content, elevated antioxidant 
activity,  enhanced  proline  accumulation, 
and  reduced  lipid  peroxidation  (Singh  & 
Kumar  2021).  Interestingly,  hybridization 
may  amplify  protective  mechanisms  be-
yond  those  measured  in  parental  lines. 
When comparing hybrids of  E. camaldulen-
sis × E. urophylla (H4, 58H2, 27A2) with five 
parental  E.  camaldulensis  genotypes  (T5, 
BD4,  1-7-1,  H1,  SH4),  hybrids  consistently 
outperformed  their  parental  lines  in  salt 
tolerance (Cha-Um et al. 2013), suggesting 
that  interspecific  crossing  captures  com-
plementary  tolerance  traits  through  het-
erosis or transgressive segregation.

Numerous  studies  have  documented  in-
ter-  and  intraspecific  variation  in  salinity 
tolerance in  species  belonging to  the ge-
nus  Eucalyptus,  though findings are often 
context-dependent  and  sometimes  incon-
sistent.  Field  trials  capture  environmental 
complexity but are largely restricted to the 
Australian  continent,  while  controlled  ex-
periments may overestimate tolerance by 
neglecting long-term field interactions. In-
traspecific and hybrid studies revealed ge-
netic potential for resilience, yet the stabil-
ity and ecological relevance of these traits 
require further investigation.

Multi-level responses and 
mechanisms underlying 
Eucalyptus tolerance to salinity 
stress

Morphological adjustments: survival 
strategies or growth penalties?

Germination stage responses
At early developmental stages, salt stress 

primarily affects seed germination through 
multiple  interrelated  mechanisms.  Salinity 
impairs  seed  imbibition,  induces  water 
stress,  and  generates  osmotic  pressure, 
thereby limiting water  uptake during this 
stage (De Sá-Martins et al.  2019).  Concur-
rently,  excessive  salt  accumulation  in  the 
soil solution causes ionic imbalances within 
the cell  cytoplasm, which may trigger the 
production  of  reactive  oxygen  species 
(ROS), resulting in cell membrane lipid per-
oxidation, DNA damage, protein denatura-
tion,  carbohydrate  oxidation,  and  de-
creased enzymatic  activity,  collectively  in-
hibiting germination and delaying its onset 
(José et al. 2016). Despite these general ef-
fects, species- and even genotype-specific 
responses in Eucalyptus indicated consider-
able variation in salt tolerance during ger-
mination. As confirmed by De Sá-Martins et 
al.  (2019),  seeds  of  different  Eucalyptus 
species behave distinctly when exposed to 
different osmotic potentials  of  water  and 
salt. Seeds of E. eremophila and E. occiden-
talis tolerated osmotic and ionic stress and 
germinated  successfully  in  200  mM  NaCl, 
while E. robusta, E. sargentii, E. tereticornis, 
and the hybrid  E. gompho-cornuta also de-

monstrated high germination rates  under 
saline  conditions  (Mechergui  et  al.  2019, 
Singh & Kumar 2021). Similarly,  De Sá-Mar-
tins  et  al.  (2019) reported  that  although 
germination of  E.  urophylla,  E.  grandis,  E.  
saligna, E. tereticornis, and E. camaldulensis 
was  not  entirely  inhibited,  their  germina-
tion speed index (GSI) declined, suggesting 
a  delayed  water  uptake  under  salinity. 
However,  contrasting  evidence  empha-
sizes the complexity of salt stress effects. 
Other studies reported that salinity altered 
multiple  germination  parameters  in  Euca-
lyptus,  including  mean  germination  time, 
germination index,  coefficient  of  velocity, 
final germination percentage, and germina-
tion rate, reflecting both osmotic and ionic 
toxicity (Singh & Kumar 2021). In addition, 
José  et  al.  (2016) demonstrated  that  salt 
stress  significantly  reduced  germination 
percentage and speed in  E. urophylla × E.  
grandis and E. urophylla, highlighting inter-
specific differences even among closely re-
lated genotypes.

Biomass allocation and root-to-shoot ratio
Salt  stress  is  perceived  primarily  by  the 

root  system and poses multifaceted chal-
lenges to plant development (Shariat & As-
sareh  2016).  Disrupted  ionic  homeostasis 
compromises  metabolic  performance  and 
inhibits  growth  patterns,  particularly  by 
suppressing meristematic cell  division and 
elongation,  especially  in  rapidly  growing 
tissues (Balasubramaniam et al. 2023, Lu & 
Fricke  2023).  As  stress  persists,  modifica-
tions  in  biomass  allocation  emerge  as  a 
characteristic  adaptive  response  in  Euca-
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Tab. 1 - Classification of salt tolerance in Eucalyptus spp.: Salinity thresholds for mature trees, shrubs, and seedlings based on pub-
lished literature (FAO 2002, Marcar et al. 1999, Niknam & McComb 2000, Shariat & Assareh 2016, Suganuma et al. 2025). Classifica-
tions reflect reported performance under field and controlled experimental conditions.

Salinity classes
Ece

(dS m-1)
Tolerance
Level

Eucalyptus species and subspecies

Extremely saline >16 Extremely 
tolerant

E. halophila, E.kondininensis 

Very saline 8-16 Highly 
tolerant

E. agrophloia, E. cornuta, E. incrassata, E. grossa, E. microtheca, E. moluccana, E. 
raveretiana, E. sargentii, E. tetraptera, E. occidentalis, E. raveretiana, E. sargentii subsp. 
sargentii, E. spathulata subsp. Spathulate

Moderately saline 4-8 Tolerant E. angustissima, E. astringens, E. blakelyi, E. brachycorys, E. camaldulensis, E. campaspe,  
E. diptera, E. famelica, E. foliosa, E. gomphocephala, E. largiflorens, E. lesouefii, E. 
leucoxylon, E. leucoxylon subsp. petiolaris, E. loxophleba, E. melliodora, E. microcarpa, 
E. mimica, E. moluccana, E. platycorys, E. platypus, E. phenax, E. polybractea, E. rigens, 
E. robusta, E. rudis, E. salicola, E. sideroxylon, E. stricklandii, E. tereticornis, E. utilis, E.  
varia subsp. salsuginosa, E. vegrandis, E. xanthonema

Slightly saline 2-4 Moderately 
tolerant

E. aggregata, E. bicostata, E. botryoides, E. brockwayi, E. calycogona subsp. calycogona, 
E. camphora, E. celastroides, E. celastroides subsp. celastroides, E. citriodora, E. cinerea, 
E. cladocalyx, E. clelandiorum, E. concinna, E. conferruminata, E. coolabah, E. cornuta, 
E. crenulata, E. diversifolia, E. elata, E. flocktoniea, E. forrestiana, E. globulus subsp. 
globulus, E. grandis, E. intertexta, E. leucoxylon, E. leucoxylon subsp. petiolaris, E. 
loxophleba, E. loxophleba subsp. lissophloia, E. loxophleba subsp. loxophleba, E. saligna, 
E. griffithsii, E. horistes, E. longicornis, E. macrandra, E. megacornuta, E. merrickiae, E. 
ovata, E. ovularis, E. salmonophloia, E. sieberi, E. torquata, E. tricarpa, E. viminalis, E. 
wandoo, E. yilgarnensis

Non-saline < 2 Sensitive E. accedens, E. aggregata, E. albens, E. caesia, E. cloeziana, E. dundasii, E. goniantha, E. 
intermedia, E. polyanthemos, E. talyuberlup, E. tessellaris
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lyptus under drought and saline conditions. 
However,  the  magnitude  and  nature  of 
these responses depend on species and en-
vironmental context. Based on a literature 
review, De Souza et al. (2015) reported mi-
nor  alterations  in  stem  diameter,  height, 
and total biomass in E. urophylla subjected 
to saline irrigation (> 8 dS m-1), suggesting a 
certain  degree  of  tolerance.  In  contrast, 
Singh et al. (2023) observed that elevated 
salt accumulation on unmulched ridges sig-
nificantly reduced biomass components in-
cluding  roots,  branches,  timber  wood, 
twigs, and leaves in five Eucalyptus clones. 
This decline was attributed to ion toxicity, 
reduced cell division, and impaired cellular 
turgor,  ultimately  decreasing total  above-
ground  biomass  productivity.  Moreover, 
Amrutha  et  al.  (2019) and  Chemlali  et  al. 
(2022) revealed that under salt and water 
stress, the root-to-shoot ratios increase in 
eucalypt  trees.  This  allocation  strategy  is 
thought to help sequester toxic ions in the 
roots,  thereby  reducing  the  salt  load  on 
the foliage (De Sá-Martins et al. 2019).  Eu-
calyptus roots  can  extend  deep  into  the 
soil, sometimes reaching depths of 6-9 me-
ters,  which  maximizes  their  capacity  for 
water and nutrient uptake (Amrutha et al. 
2019).  El-Juhany  et  al.  (2008) observed 
comparable evidence in E. microtheca, and 
Pulavarty et al. (2016) in E. citriodora roots, 
confirming a root-to-shoot dry weight ratio 
increase as a common response to salinity 
and drought stress in eucalypt trees. Addi-
tionally, other observations of  E. camaldu-
lensis trees have shown height stability and 
increased root biomass at salinity levels up 
to 20 dS m-1 (Rasheed et al.  2020).  These 
changes may be attributed to root biophys-
ical  traits that induce structural  reinforce-
ment under saline conditions (Pulavarty et 
al. 2016). Such features as lateral root de-
velopment,  root cortical  senescence, exo-
dermal  thickening,  production  of  aeren-
chyma,  exodermis,  endodermis  with  Cas-
parian  bands,  suberin  lamellae,  thickened 
inner tangential walls, and the sclerification 
of  older  parts  of  the  root  system  act  as 
modular defense strategies in woody trees 
with  salinized  roots  (Shariat  &  Assareh 
2016, Lu & Fricke 2023). Salts also stimulate 
suberisation of the hypodermis and endo-
dermis in woody tree roots, resulting in a 
well-developed  Casparian  strip  closer  to 
the root apex (Pulavarty et al. 2016).

Foliar adjustments
Salt-tolerant  Eucalyptus  species generally 

develop  smaller,  thicker  leaves,  with  re-
duced  specific  leaf  area  (SLA),  matching 
the traits of plants adapted to arid environ-
ments, where high light conditions are of-
ten associated with increased cuticle thick-
ness. Leaves typically exhibit smaller stom-
ata  and  greater  tissue  density,  features 
that  strengthen  the  plant’s  aptitude  to 
manage water loss (Teulières et al. 2007). A 
previous study by  El-Juhany et al.  (2008), 
observed that specific leaf area (SLA) in E.  
microtheca declined  under  high  water 

stress and salinity, a trend consistent with 
reports from other species like E. citriodora 
and hybrids  (E.  camaldulensis ×  E.globulus 
and  E. camaldulensis  ×  E.grandis – Feikema 
et al. 2012,  Pulavarty et al.  2016). Another 
evaluation of  E. kingsmillii, E. tetragona, E.  
salubris,  E.  occidentalis,  E.  microtheca,  E.  
camaldulensis,  E.  globules and  E.  sargentii 
under  salinity  stress  indicated that  E.  sar-
gentii is the most tolerant species, with op-
timal growth up to 200 mM NaCl, driven by 
osmoprotectant  accumulation  and  re-
duced SLA (Shariat  & Assareh 2016).  This 
SLA reduction is often accompanied by in-
creased leaf thickness or tissue density to 
conserve  water  and  mitigate  oxidative 
stress  (Teulières  et  al.  2007).  Yet,  de-
creased SLA and leaf area reflect inhibited 
cell  elongation,  reduced  cell  volume  and 
number, and altered organelle positioning 
(Ramírez-Valiente  et  al.  2014).  Even  so, 
these  structural  adjustments  must  be 
weighed  against  potential  reductions  in 
photosynthetic  efficiency  and  growth  ca-
pacity,  a  balance rarely  tested empirically 
across genotypes. Balti et al. (2021) also re-
ported obvious phenotypic changes under 
severe  salt  exposure,  such  as  necrotic 
spots,  leaf  browning,  and  curling  in  E.  
torquata and  E. gomphocephala, indicating 
severe  cellular  damage.  Similarly,  leaf  ab-
scission is another mechanism observed in 
woody trees, where Cl– accumulation trig-
gers 1-aminocyclopropane-1-carboxylic acid 
(ACC)  synthesis,  inducing  ethylene-medi-
ated shedding (De Sá-Martins et al. 2019). 
Here,  does  foliage loss  really  represent  a 
survival  strategy,  or  is  it  simply  damage 
control  under  ion toxicity?  Evidence from 
E. camaldulensis and E. microtheca suggests 
that reduced leaf number could help con-
serve plant  hydraulic  status  and maintain 
tissue moisture under saline conditions (De 
Souza et al. 2015).

Physiological adjustments: maintained 
function or managed decline?

Photosynthetic machinery responses
Salt exposure initiates a cascade of physi-

ological responses in Eucalyptus, beginning 
with restricted stomatal  conductance and 
a  consequent  decline  in  CO2 assimilation. 
These responses,  largely  mediated by  ab-
scisic acid (ABA) signaling and SnRK-depen-
dent  regulatory  pathways  (Wang  et  al. 
2019, Tadiya et al. 2025), help conserve wa-
ter  but  simultaneously  limit  carbon  fixa-
tion. Under prolonged exposure, Na+ accu-
mulation  in  young  leaves,  excessive  ROS 
production,  and  pigment  concentrations 
further impair  photosynthetic  function by 
disrupting the electron transport chain and 
inhibiting Calvin Cycle enzymes (De Andra-
de  et  al.  2019,  Balasubramaniam  et  al. 
2023).  Photochemical  efficiency,  particu-
larly  the maximum quantum yield  of  PSII 
(Fv/Fm),  is  regarded as  an early  indicator 
for assessing and selecting salt-tolerant Eu-
calyptus species (Acosta-Motos et al. 2017). 
While severe chlorophyll a degradation has 

been  observed  in  sensitive  Eucalyptus 
clones (Cha-Um et al. 2013), tolerant geno-
types often maintain pigment stability and 
photosynthetic  performance  through  en-
hanced non-photochemical quenching and 
energy dissipation, reflecting effective pho-
toprotection (Acosta-Motos et al. 2017,  De 
Andrade et  al.  2019).  This  photosynthetic 
impairment,  however,  is  neither  the  end-
point  nor  the  entirety  of  the  plant’s  re-
sponse;  it  triggers  a  cascade  of  coordi-
nated cellular decisions: how does Eucalyp-
tus then orchestrate ionic balance,  oxida-
tive control, and osmotic adjustment to de-
fend  cellular  integrity  against  a  progres-
sively hostile environment?

Stomatal conductance and water-use 
efficiency

Reduced  gas  exchange  under  salinity, 
characterized by declines in stomatal con-
ductance (gs), photosynthetic rate (A), and 
A/Ci ratios  (Wang  et  al.  2019),  reflects  di-
minished carboxylation efficiency linked to 
impaired  Rubisco  activity  and  broader 
metabolic  constraints  (De  Andrade  et  al. 
2019). It was found in E. citriodora, that rel-
ative water content (RWC) and electrolyte 
leakage increased under salinity, while ca-
rotenoids and total chlorophyll content de-
clined sharply (from 21.37 mg g-1 in control 
conditions to 9.07 mg g-1 at 120 mM NaCl), 
indicating  degradation  of  chlorophyll-pro-
tein  complexes,  which  increases  the  sus-
ceptibility  to  photooxidation  and  de-
creases the effectiveness of  photoprotec-
tive capacity (Pulavarty et al. 2016,  De An-
drade  et  al.  2019).  Maintenance  of  plant 
water  status  is  a  central  component  of 
salinity tolerance in this genus. Studies con-
ducted by De Souza et al. (2015) and Kholi 
et  al.  (2024) reported  that  salt-tolerant 
species  cope  with  salinity  by  reducing 
stomatal  conductance  and  transpiration, 
while  preserving  relative  water  content 
through osmotic adjustment mediated by 
compatible solutes. These adjustments are 
reinforced by the accumulation of proline 
and soluble sugars, which help to alleviate 
ionic  toxicity,  stabilize  cell  membranes, 
maintain  relative  water  content  (RWC), 
and  reduce  electrolyte  leakage  (Acosta-
Motos  et  al.  2017).  Comparative  research 
highlighted  marked  interspecific  variation 
in these responses.  Under prolonged and 
severe salinity (EC ≥ 20 dS m-1), contrasting 
physiological  trajectories  emerged  be-
tween salt-sensitive and salt-tolerant  Euca-
lyptus genotypes (Tadiya et al. 2025). Com-
parative analyses of clones W-12 (sensitive) 
and B-112 (tolerant) revealed that although 
both  experience  reductions  in  transpira-
tion,  stomatal  conductance,  intercellular 
CO2 concentration,  and  net  photosynthe-
sis, these declines remain substantially at-
tenuated  in  B-112,  highlighting  a  superior 
capacity to buffer osmotic and ionic pertur-
bations. This physiological stability reflects 
enhanced  plasticity  supported  by  coordi-
nated  molecular  reprogramming,  associ-
ated with the activation of  osmolyte bio-
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synthesis and hormonal cross-talk, particu-
larly  abscisic acid (ABA) and ethylene sig-
naling pathways, coupled with MAPK cas-
cade induction, antioxidant reinforcement, 
carbohydrate  metabolism,  and  protein-
folding protection. The upregulation of key 
stress-responsive regulators, including Eth-
ylene Response Factors (ERFs), Dehydrins 
(DHN1),  expansins,  and cupredoxins,  illus-
trates an integrated response linking stress 
perception, osmotic adjustment, redox ho-
meostasis, and cell-wall remodeling (Tadiya 
et al. 2025). Observations from Kholi et al. 
(2024) indicated that  E. camaldulensis con-
sistently  preserved  higher  relative  water 
content  (RWC),  chlorophyll,  and  carote-
noid concentrations under NaCl exposure, 
whereas E. pellita, E. tereticornis, and E. cit-
riodora exhibited substantial reductions in 
these  parameters  under  the  same  condi-
tions, reflecting impaired hydration status 
and  pigment  stability.  The  sustained  sur-
vival rates for E. camaldulensis, E. grandis ×  
E. urophylla, and  E. globulus under moder-
ate to severe salinity further reinforce the 
link between pigment preservation, water 
balance regulation, and overall physiologi-
cal robustness (De Andrade et al. 2019).

Biochemical strategies: osmotic 
adjustments

The accumulation of  compatible organic 
solutes is a conserved response to salinity 
across  Eucalyptus species,  yet  the  magni-
tude  and  functional  relevance  of  this  re-
sponse  vary  substantially  among  geno-
types. Proline, glycine betaine (GB), soluble 
sugars, trehalose, and cyclitols consistently 
increase  with  rising  salt  concentrations 
(Shariat & Assareh 2016). These low-molec-
ular-weight  metabolites  contribute  to  os-
motic adjustment by decreasing intracellu-
lar osmotic potential (Ψs), which helps pre-
serve cell  turgor, membrane stability,  and 
metabolic  activity  under  saline  conditions 
(Acosta-Motos  et  al.  2017).  Proline  is  the 
most extensively reported osmolyte and is 
frequently used as a marker of salt  toler-
ance (Cha-Um et al. 2013). Studies by  Sha-
riat  & Assareh (2016) and  Pulavarty et  al. 
(2016) confirmed that proline accumulation 
is  a  ubiquitous  response  to  salt  stress  in 
the  Eucalyptus genus, acting not just as a 
stress marker but also as a multifunctional 
protector.  Its  biosynthesis  via  the  P5CS 
pathway (Balasubramaniam et al.  2023) is 
generally  associated  with  osmotic  adjust-
ment, membrane stabilization, ROS mitiga-
tion, and improved K+/Na+ balance (Kholi et 
al.  2024).  However,  comparative  studies 
suggest  that  proline  accumulation  alone 
does not  uniformly predict  tolerance.  For 
instance, Tavakoli Niya et al. (2016) demon-
strated that among  E. sideroxylon, E. wan-
doo, and E. largiflorens exposed to increas-
ing NaCl concentrations (0 - 200 mM), the 
superior tolerance of E. largiflorens was as-
sociated  not  only  with  elevated  proline, 
but also with increased GB and soluble sug-
ars, higher relative water content, and bet-
ter  biomass maintenance.  Similarly,  in hy-

brids  of  E.  grandis  ×  E.  urophylla,  three 
clones, VC865, I144, and I224, subjected to 
four NaCl concentrations (0, 1,  2,  and 3 g 
NaCl  kg-1 of  soil),  showed  that  enhanced 
proline  accumulation  correlated  with  re-
duced  osmotic  potential  (Ψs)  and  lower 
Na+/K+ ratios  with  increasing  NaCl  levels 
(De  Andrade  et  al.  2022).  Yet  the  clones 
differed in the degree of ionic regulation, 
suggesting that proline functions synergis-
tically  with  ion  homeostasis  mechanisms 
rather than acting as a standalone determi-
nant of tolerance. Glycine betaine (GB) is a 
compound synthesized by plants under salt 
and  drought  stress;  it  is  produced in  the 
chloroplast, where it helps protect the thy-
lakoid membrane and supports photosyn-
thesis by maintaining the cell’s osmotic bal-
ance (Balasubramaniam et al.  2023).  In  E.  
camaldulensis and  E. sargentii, GB accumu-
lation under salinity is associated with be-
taine aldehyde dehydrogenase (BADH) up-
regulation  and  stabilization  of  photosys-
tem II (Shariat & Assareh 2016). Compared 
with  proline,  GB  appears  more  closely 
linked to protein protection, osmotic stabi-
lization,  and  preservation  of  photosyn-
thetic  integrity,  which  may be  critical  for 
sustaining  carbon  assimilation  under  pro-
longed stress. However, its accumulation is 
not universally reported across all species, 
indicating  genotype-specific  biochemical 
strategies.  Trehalose  and  soluble  sugars 
further contribute to cell membrane stabi-
lization.  In  E.  citriodora,  coordinated  in-
creases in trehalose, proline, and GB were 
observed  under  salinity  (Pulavarty  et  al. 
2016),  suggesting that  tolerance may rely 
on  combined  osmolyte  networks  rather 
than individual metabolites. Ali et al. (2019) 
emphasized trehalose’s role in membrane 
protection and inhibition of stress-induced 
damage,  supporting  its  contribution  to 
structural  stability.  Soluble sugars and cy-
clitols,  especially  quercitol,  have  been 
found in high concentrations in salt-toler-
ant species such as  E.  sargentii,  E.  ravere-
tiana,  E.  spathulata,  and  E.  loxophleba 
(Adams et al. 2005).

Oxidative stress and antioxidant defense
Salinity triggers oxidative stress through 

excessive  production  of  reactive  oxygen 
species (ROS), like hydroxyl radicals (OH–), 
hydrogen  peroxide  (H2O2),  superoxide 
(O2

•–), and singlet oxygen (1O2), which dis-
rupt cellular structures and functions (Roy 
&  Chowdhury  2020).  Increased  malondi-
aldehyde (MDA) is  another  sign  of  mem-
brane damage induced by salt stress (Bala-
subramaniam  et  al.  2023).  To  neutralize 
ROS,  Eucalyptus species  activate  an  inte-
grated antioxidant defense system, includ-
ing enzymes such as superoxide dismutase 
(SOD), catalase (CAT),  and ascorbate per-
oxidase  (APX),  along  with  non-enzymatic 
antioxidants  like  ascorbate  (ASC),  carote-
noids,  glutathione (GSH),  flavonoids,  phe-
nolic compounds, and proline (Chen et al. 
2016).  Tolerant  Eucalyptus genotypes con-
sistently exhibit stronger coordination be-

tween  ROS  detoxification  and  growth 
maintenance, characterized by higher SOD, 
CAT, and POX/APX activities, reduced H2O2 

and MDA accumulation,  and sustained K+ 

uptake, as observed with E. tereticornis, E.  
grandis, and  E.  urophylla (Singh  &  Kumar 
2021,  De Andrade et al. 2022). In this con-
text, proline appears to contribute both to 
osmotic  balance  and  redox  stabilization 
(De Andrade et  al.  2022).  Singh & Kumar 
(2021) indicated that salinity significantly in-
creases the activity of SOD, CAT, and POX 
to assist ROS detoxification in species, and 
these enzyme activities were found to be 
higher  in  salt-resistant  genotypes  of  E.  
tereticornis than in sensitive ones. In  Euca-
lyptus clones  resulting  from  hybridization 
between E. grandis and E. urophylla, De An-
drade et al. (2022) showed that increased 
proline  levels  were  closely  linked  to  en-
hanced antioxidant activity, lower lipid per-
oxidation,  and  improved  K+ uptake.  The 
most  tolerant  clone  also  had the  highest 
SOD,  CAT,  and  APX  activity,  the  greatest 
relative growth increments, and the lowest 
H2O2  levels,  indicating  a  robust  oxidative 
defense  system.  Maintaining  equilibrium 
between ROS production and their detoxi-
fication is critical for Eucalyptus to tolerate 
salt  stress (Pulavarty et  al.  2016).  In addi-
tion, hormonal regulation further strength-
ens  this  coordination.  Brassinosteroids 
(BRs), notably 24-epibrassinolide (EBR) are 
key regulators of plant growth and devel-
opment, influencing processes such as cell 
division  and expansion,  xylem  differentia-
tion,  stem  elongation,  and  root  architec-
ture, and their activation enhances plants’ 
tolerance  to  abiotic  stresses,  mainly 
drought,  soil  acidity,  waterlogging,  heat, 
heavy metal  toxicity,  and salinity  (Otie  et 
al.  2021). In  E. urophylla,  exogenous appli-
cation of EBR has been shown to promote 
stomatal  density,  improve  gas  exchange, 
enhance  differentiation  of  palisade  and 
spongy parenchyma tissues, and stimulate 
overall  biomass  accumulation.  These  ef-
fects are primarily attributed to enhanced 
ionic  homeostasis,  particularly  a  more  fa-
vorable K+/Na+ ratio and increased nutrient 
acquisition and assimilation (De Oliveira et 
al. 2019). All these studies highlighted the 
protective  role  of  many  molecules,  en-
zymes,  and pigments  in  alleviating  oxida-
tive damage and strengthening plant  salt 
tolerance.

Ion homeostasis and 
compartmentalization/exclusion process

Ion toxicity represents a major constraint 
to plant performance under salinity. In sa-
line  environments,  the  Non-Selective  Cat-
ion Channels (NSCCs) located in the plasma 
membrane  facilitate  Na+ influx  into  root 
cells,  resulting in excessive Na+ accumula-
tion  in  both  roots  and  shoot  tissues  and 
leading to unfavorable K+/Na+ and Ca2

+/Na+ 

ratios (Roy & Chowdhury 2020,  Boorboori 
& Lackóová 2025). Because Na+ competes 
with essential  cations,  mainly K+ and Ca2+, 
for  membrane  transport  sites,  mainte-
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nance of high cytosolic K+/Na+ and Ca2+/Na+ 

is  essential  for  enzymatic  activity,  mem-
brane integrity, and metabolic stability (Ba-
lasubramaniam  et  al.  2023).  Increased  Cl– 

concentrations further restrict nitrogen as-
similation in shoots due to antagonistic in-
teractions  between  chloride  and  nitrate 
(Cl–/NO3

2– – Shariat & Assareh 2016). To mit-
igate  these  effects,  several  gene  tran-
scripts homologous to known Na+/H+ anti-
porter genes, membrane-associated cation 
channels, and co-transporters were found 
to  be up-regulated in  woody trees  under 
saline conditions; their activity was further 
amplified in the presence of NaCl (Acosta-
Motos et al. 2017). These genes have been 
detected  in  different  eucalypt  tissues,  in-
cluding roots,  shoots, leaves,  and flowers 
(Teulières et al. 2007,  Feikema et al. 2012). 
Accordingly,  Pulavarty  et  al.  (2016) re-
ported that higher plants cope with salinity 
primarily through exclusion, whereas toler-
ant genotypes can tolerate and even accu-
mulate substantial amounts of salt in their 
tissues, functioning sequentially as exclud-
ers and later as accumulators.  Within the 
Eucalyptus genus, species display two strat-
egies  to  tolerate  salt  stress:  (i)  compart-
mentalization  of  excess  ions,  mainly  Na+, 
into vacuoles to prevent cytosolic toxicity, 
and (ii) exclusion of Na+ and Cl– ions via ac-
tive or passive transport processes (Roy & 
Chowdhury  2020).  Eucalyptus  species  na-
tive to the salt-affected, nutrient-poor soils 
of Australia have evolved efficient ion ex-
clusion and partitioning mechanisms to tol-
erate toxic concentrations of Na+ and Cl– in 
the  rhizosphere  (Feikema  et  al.  2012). 
These  mechanisms  include  sequestering 
salts  into  bark,  tracheids,  ray  cells,  cell 
walls,  and  older  senescent  leaves,  which 
are subsequently shed to eliminate excess 
ions  from  the  plant  system  (Feikema  & 
Baker 2011,  Feikema et al. 2012). Genotypic 
variation in ion accumulation patterns has 
been widely reported in Eucalyptus spp. In 
fact,  progressive increases in Na+ concen-
trations occur in both roots and shoots of 
E. camaldulensis and its hybrids under rising 
NaCl  levels  (Pulavarty  et  al.  2016).  Mean-
while, K+ and P tend to be preferentially re-
tained  in  young,  upper-canopy  leaves, 
whereas  Na+,  Ca2+,  and  Mg2+ accumulate 
predominantly in older leaves of E. camald-
ulensis and  E.  rudis clones  (Grieve  et  al. 
1999).  In  E.  gracilis,  Na+ accumulation  in-
creases with salinity and irrigation Na+ lev-
els, suggesting a reliance on compartmen-
talization rather than exclusion (Barrett et 
al. 2005). Hybrid  Eucalyptus genotypes ex-
hibited distinct strategies for Cl– ion parti-
tioning to minimize toxicity.  For  instance, 
E. camaldulensis × globulus allocated more 
biomass to foliage, whereas E. camaldulen-
sis  ×  grandis directed  more  Cl– ions  to 
branch  tissues  and  sequestered  them  in 
branch bark, thereby protecting photosyn-
thetically  active  tissues  (Feikema  et  al. 
2012).  Additionally,  salt  exclusion capacity 
in  Eucalyptus species  appears  to  develop 
with plant age and ontogeny, suggesting a 

dynamic,  developmental  component  of 
ionic tolerance (Barrett et al. 2005). Over-
all, salinity tolerance in Eucalyptus relies on 
the coordinated regulation of ion uptake, 
transport,  sequestration,  and  exclusion. 
The  diversity  of  these  ionic  management 
strategies across species and genotypes re-
flects  adaptive  specialization  and  consti-
tutes a key determinant of long-term per-
formance under saline conditions.

Molecular responses and most 
identified gene families 

Although transcriptomic resources in  Eu-
calyptus have expanded considerably over 
the past two decades, the molecular basis 
of  salinity  tolerance  remains  unclear  and 
still  lacks  comprehensive  high-resolution 
transcriptome datasets, particularly in rela-
tion to long-term functional outcomes (Ta-
diya et al. 2025). This gap is particularly crit-
ical  because environmental  signal  percep-
tion in woody plants involves a complex in-
terplay of local and long-distance pathways 
that mediate the transport of diverse sig-
naling  molecules,  including  elicitors,  hor-
mones, sugars, proteins, and RNAs. These 
inputs converge on signaling cascades that 
activate transcription factors, which in turn 
bind cis-regulatory elements of target gene 
promoters, coordinating the expression of 
stress-resistant  genes  (Wang  et  al.  2019). 
Genome  sequencing  of  E.  grandis  estab-
lished  a  reference  framework  in  woody 
plants (Myburg et al. 2014). The remarkable 
diversity of specialized transcriptional and 
metabolic regulators in E. grandis reveals a 
rich and functionally diversified repertoire 
of gene families (WRKY, NF-YB, SnRK, NAC, 
SPL,  FAR1/FHY3,  HD-Zip,  and SWEET) that 
collectively  interconnect  regulatory  net-
works  linking  developmental  growth  and 
salinity tolerance (Dai et al. 2022,  Wang et 
al. 2024).

WRKY, NF-YB transcription factors: 
coordinated regulatory roles in salinity 
stress and vascular development

WRKY transcription factors (TFs) are cen-
tral  regulators  of  signal  transduction  and 
hormone-mediated  pathways  in  Eucalyp-
tus, integrating  environmental  cues  with 
developmental processes (Fan et al. 2018). 
In  E. grandis,  79 WRKY genes (EgrWRKY1-
79)  have  been  identified,  many  of  which 
are implicated in tolerance to salt and cold 
stresses as well as in phytohormone-medi-
ated  signaling  pathways.  Functionally, 
WRKY proteins act as central regulators of 
signal  transduction  processes,  frequently 
interacting with  salicylic  acid  (SA),  brassi-
nosteroids  (BR),  and  methyl  jasmonate 
(MeJA).  Similarly,  the  NF-YB  transcription 
factor family adds a complementary layer 
of regulation in Eucalyptus, regulating both 
plant growth and development (Dai et al. 
2021).  In particular,  overexpression of NF-
YB genes has been shown to enhance tol-
erance  to  salinity,  alkalinity,  and  drought 
while  also  boosting  antioxidant  activity, 
emphasizing their role as dual mediators of 

stress resilience and metabolic homeosta-
sis (Sato et al. 2019). In E. grandis, 23 EgNF-
YB genes have been identified and classi-
fied as LEC1-type or non-LEC1-type, with tis-
sue-specific  expression:  EgNF-YB20  was 
most active in immature xylem, EgNF-YB10 
in  xylem,  and  EgNF-YB2/23  in  phloem, 
demonstrating their crucial roles in vascu-
lar differentiation and assimilate transport 
(Dai et al. 2021). Several EgNF-YB members, 
including EgNF-YB4, EgNF-YB6, EgNF-YB13, 
EgNF-YB19, and EgNF-YB23, were strongly 
activated  under  salinity,  heat,  and  cold 
stresses, underscoring their central role in 
orchestrating  both  developmental  and 
adaptive responses in Eucalyptus.

SnRK and NAC transcriptional networks
The  SnRK  (sucrose  non-fermentation-re-

lated protein kinase) constitutes a central 
signaling  hub  in  plant  abiotic  stress  re-
sponses,  primarily  through  phosphoryla-
tion of target proteins, and mediates cross-
talk among ABA-dependent signaling path-
ways and developmental regulation (Wang 
et al. 2019). Thus, in E. grandis, 34 EgrSnRK 
genes have been identified, with EgrSnRK2 
and EgrSnRK3 being particularly important 
in mediating salt tolerance, particularly un-
der high salinity (200 mM NaCl  – Wang et 
al.  2019). Their activation underscores the 
importance  of  kinase-mediated  signaling 
cascades  in  translating  osmotic  and  ionic 
stress cues into adaptive physiological  re-
sponses. NAC transcription factors operate 
at  the  transcriptional  level  to  reinforce 
stress resilience. NACs contribute to salin-
ity tolerance by modulating ABA signaling, 
reactive  oxygen species  (ROS)  detoxifica-
tion, and osmotic adjustment mechanisms 
(Wang et al. 2017). In woody species such 
as Populus tomentosa, NAC overexpression 
enhances  salt  tolerance,  supporting  their 
conserved  functional  relevance  in  peren-
nial plants (An et al. 2024). In E. grandis, the 
identification of  189 EgrNAC genes  classi-
fied  into  22  subfamilies,  with  notable  ex-
pansion  in  stress-associated  clades,  sug-
gests  that  gene  duplication  and  subse-
quent  functional  diversification have rein-
forced  the  genus’s  adaptive  capacity.  To-
gether,  SnRK  kinases  and  NAC  transcrip-
tion  factors  form  interconnected  regula-
tory modules that integrate signal percep-
tion,  transcriptional  reprogramming,  and 
physiological  adjustment  under  salinity 
stress.

SPL, FAR1/FHY3, HD-Zip, and SWEET: 
integration of growth and stress 
responses

The  SQUAMOSA  promoter-binding  pro-
tein-like  (SPL)  transcription  factors 
(EgSPLs,  miR156-regulated)  are  plant-spe-
cific transcription factors that regulate sig-
nal  transduction,  development,  growth, 
and responses to environmental  stresses, 
including salinity (Bu et al. 2025). 23 EgSPL 
genes have been identified with tissue-spe-
cific expression in vascular and meristem-
atic  tissues  in  E.  grandis (An  et  al.  2024), 
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supporting their role in structural differen-
tiation. Functional  evidence indicates that 
SPL members also participate in oxidative 
stress modulation under salinity (Ning et al. 
2017).  Comparative  genomic  studies  indi-
cated  variation  in  SPL  number  among 
other woody species; for example, 21 SPL 
genes  were  reported  in  hybrid  poplar 
(Zhou  et  al.  2018)  and  18  in  Betula  lumi-
nifera (Li et al. 2018), suggesting evolution-
ary diversification aligned with species-spe-
cific  adaptive  strategies.  In  contrast  to 
SPLs, the FAR1/FHY3 gene family, compris-
ing FAR-RED IMPAIRED RESPONSE1 (FAR1) 
and  its  homolog  FAR-RED  ELONGATED 
HYPOCOTYLS3 (FHY3), extends light-signal-
ing  pathways  into  abiotic  stress  adapta-
tion.  In  E.  grandis,  FAR1  and  FHY3  ho-
mologs coordinate photomorphogenic reg-
ulation  with  salinity  and  temperature  re-
sponses (Dai et al. 2022), illustrating cross-
talk  between  environmental  sensing  and 
growth  control.  HD-Zip  transcription  fac-
tors further reinforce this developmental-
environmental  interface.  Particularly, 
EgHD-Zip27  and  EgHD-Zip37  have  been 
found  to  contribute  to  leaf  anatomical 
traits  and  salinity  resilience  (Zhang  et  al. 
2020).  At  the metabolic  level,  the SWEET 
(Sugars Will Eventually be Exported Trans-
porter) family is pivotal to carbohydrate al-
location,  supporting  osmotic  and  meta-
bolic  balance  under  salinity  stress.  In  E.  
grandis, among 52 SWEET genes identified, 
nearly  half  were  transcriptionally  respon-
sive to NaCl treatment (200 mmol L-1); no-
tably,  EgSWEET9  and  EgSWEET17  were 
downregulated  under  stress  (Yin  et  al. 

2020).  This  dynamic  modulation  of  sugar 
transport reflects a shift from growth-ori-
ented  carbon  distribution  toward  stress-
adjusted metabolic balance.

Ion transporters and QTLs: molecular 
basis of ionic homeostasis

Molecular  mechanisms  underpin  physio-
logical observations of favorable K+/Na+ ra-
tios  in  tolerant  species.  High-affinity  K+ 

transporters  genes  such  as  EcHKT1  and 
EcHKT2  have  been  isolated  from  roots, 
stems,  and  leaves  of  E.  camaldulensis, 
found to play crucial to maintain ionic bal-
ance (K+ homeostasis), osmolyte accumula-
tion, antioxidant defense, and support pro-
cesses like stomatal regulation, enzyme ac-
tivity,  and  cell  expansion  (Fairbairn  et  al. 
2000). Complementing these findings, Sub-
ashini et al. (2018) mapped 33 quantitative 
trait  loci  (QTLs)  in  E.  camaldulensis  ×  E.  
tereticornis hybrids under both control and 
field  saline  conditions,  several  of  which 
were specific to salinity stress and loci co-
localized  with  Na+/K+ transport  traits,  un-
derscoring  the  genetic  control  of  these 
physiological  mechanisms.  A  previous 
study by  Teulières et  al.  (2007) also high-
lighted  the  pivotal  role  of  Na+/H+ an-
tiporters in Eucalyptus trees in relation to 
sodium  accumulation  in  the  leaves;  it 
showed that the eucalypt antiporter gene 
EcgNaH becomes hyperactive when Na+ ac-
cumulation levels increase.

For  clarity,  Fig.  1 schematically  summa-
rizes these mechanisms.

Strategies and biotechnological 
approaches for enhancing salt 
tolerance in the Eucalyptus genus

Genetic, genomics and breeding in 
Eucalyptus

Tree genetic transformation has emerged 
as  a  pivotal  strategy  to  enhance  abiotic 
stress tolerance in Eucalyptus, enabling the 
targeted  introduction  of  genes  that  im-
prove growth and survival  under  adverse 
conditions  (Rezende  et  al.  2014).  Despite 
the intrinsic challenges posed by genetic di-
versity,  long  life  cycles,  interspecific  vari-
ability, and complex regeneration systems, 
considerable advances have been made in 
tree gene editing, transgenic technologies, 
and  methods  for  delivering  exogenous 
molecules (Wang et al. 2021, 2023). Despite 
the well-documented recalcitrance of Euca-
lyptus genotypes  to  genetic  transforma-
tion  (Madhibha  et  al.  2013),  many  strate-
gies have been developed. Broadly, trans-
formation approaches in eucalypts fall into 
two  categories:  direct  and  indirect  meth-
ods. Direct genetic transformation involves 
transferring the gene of interest using ex-
ternal  forces,  such  as  particle  bombard-
ment, microinjection, electroporation, and 
pollen tube mediation. In contrast, indirect 
transformation  relies  on  Agrobacterium-
mediated gene transfer, which exploits the 
bacterium’s natural ability to integrate ex-
ogenous DNA into the plant genome (Mad-
hibha et al. 2013, Wang et al. 2024). Gener-
ally,  Agrobacterium-mediated  transforma-
tion  is  one  of  the  most  commonly  used 
methods of genetic transformation for the 
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Fig. 1 - Summary of salinity-induced effects and adaptive tolerance strategies in Eucalyptus spp. (ABA): abscisic acid; (FAR1/FHY3): 
Far-Red Impaired Response 1 / Far-Red Elongated Hypocotyl 3; (HD-Zip): Homeodomain-Leucine Zipper; (NAC): transcription factors;  
(NF-YB): Nuclear Transcription Factor Y subunit B; (PSII): photosystem II;  (QTLs): quantitative trait loci;  (ROS): reactive oxygen  
species; (SLA): Specific Leaf Area; (SnRK): sucrose non-fermentation-related protein kinase; (SPL): QUAMOSA promoter-binding  
protein-like, (SWEET): Sugars Will Eventually be Exported Transporter; (WRKY TFs): Transcription Factors.
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Eucalyptus  genus:  A.  tumefaciens and  A. 
rhizogenes are  most  frequently  employed 
due  to  their  high  efficiency,  good  repro-
ducibility,  and  simplicity  (Oliveira-Cauduro 
et al. 2017, Thanananta et al. 2018, Wang et 
al.  2023).  Functional  studies  consistently 
demonstrated that transgenic approaches 
targeting osmoprotectants, ion homeosta-
sis,  and vascular  traits  confer  measurable 
improvements  in  salt  tolerance,  growth, 
and root development across multiple spe-
cies  and  hybrids,  including  E.  globulus,  E.  
camaldulensis  ×  E.  tereticornis,  and  E.  sali-
gna (Dibax et al. 2010, Yu et al. 2013, Than-
ananta et al.  2018).  Empirical  studies con-
sistently  demonstrated  functional  gains 
from these transformations.  For instance, 
E.  globulus hypocotyls  transformed  with 
the bacterial  choline oxidase (codA) gene 
accumulated 12-fold higher glycine betaine 
and tolerated NaCl up to 300 mM (Matsu-
naga et al. 2012). Similarly, using the EgCCR 
promoter  to  drive  both  β-glucuronidase 
(GUS)  and  GFP  reporter  genes  in  trans-
formed  E.  globulus plantlets  highlighted 
vascular  tissue-targeted  traits,  suggesting 
the  potential  to  reinforce  lignin  content 
and  stress  resilience  (De  la  Torre  et  al. 
2014). Other Transformation in  E. camaldu-
lensis × E. tereticornis F1 hybrids using yeast 
HAL2 showed that, out of 35, 11 transgenic 
plantlets  had  increased  salt  tolerance  ca-
pacity,  enhanced  growth  potential,  and 
root  development  under  300  mM  NaCl 
(Thanananta  et  al.  2018).  While  E.  saligna 
cotyledons  transformed  with  P5CSF129A 
and uidA genes via A. tumefaciens EHA105, 
increased  proline  accumulation  fourfold, 
improving osmotic stress tolerance (Dibax 
et  al.  2010).  Similarly,  introduction of  the 
mangrin gene (which encodes an allene ox-
ide cyclase and contains a core protein do-
main that enhances salt stress tolerance of 
its  host) in  E.  camaldulensis conferred im-
proved  salt  tolerance  without  detectable 
biosafety risks (Yu et al. 2013), demonstrat-
ing  the  potential  of  targeted  gene  intro-
duction  for  developing  transgenic  stress-
resilient  Eucalyptus species.  Reviews  of 
previous research revealed several success-
ful  transformation  efforts  across  species 
and  hybrids,  including  E.  globulus (Mad-
hibha  et  al.  2013),  E.  saligna cotyledons 
(Oliveira-Cauduro et al. 2017), E. urophylla × 
E. grandis DH32-29 hypocotyls using the hy-
gromycin  phosphate  transferase  (HPT) 
gene (Ouyang & Li 2016),  E. urophylla ×  E.  
grandis DH32-29  Stem  Segments  using 
mCherry gene (Wang et al. 2021).

Complementing  transformation,  high-
throughput omics technologies have great-
ly advanced forest tree breeding, following 
their success in crops. Genomics, transcrip-
tomics,  proteomics,  metabolomics,  and 
epigenomics now allow genome-wide iden-
tification  of  stress-responsive  genes  and 
pathways (Wang et al. 2023). Despite these 
advances, genomic resources in Eucalyptus 
remain relatively limited, with the  E. gran-
dis reference  genome  published  in  2014 
marking a major but still foundational mile-

stone  (Shen  et  al.  2023,  Ferguson  et  al. 
2024).  This  genome  sequencing  enabled 
the  characterization  of  stress-responsive 
genes and regulatory pathways underlying 
morphophysiological adaptation to abiotic 
constraints  (Myburg  et  al.  2014).  Subse-
quent analyses highlighted structural varia-
tions,  including  gene  duplications  and 
translocations,  as  key  drivers  of  genomic 
divergence, complex phenotypes, and local 
adaptation  within  the  Eucalyptus genus 
(Ferguson  et  al.  2024).  Furthermore,  ac-
cording to Wang et al. (2023), comprehen-
sive  proteome  characterization  in  woody 
species remains technically challenging due 
to: (i) the limitations of different proteome 
sequencing methods; (ii) the precision and 
reproducibility  of  proteome  sequencing 
and existing proteomics  pipelines are  un-
satisfactory. Consequently, large-scale pro-
tein  identification  and  quantification  in 
woody trees are still incomplete. Likewise, 
proteomic  investigations  in  Eucalyptus, 
though  limited,  have  largely  centered  on 
drought  stress,  leaving other  abiotic  con-
straints comparatively underexplored.  For 
example,  in  E.  saligna and  E.  tereticornis, 
drought-tolerant  species  showed  higher 
levels  of  glutamine  synthetase,  ATP  syn-
thase,  and vacuolar  proteins,  while  other 
enzymes (RuBisCO, protease ClpA, transke-
tolase,  ferredoxin-NADP  reductase,  iso-
favone reductase,  malate dehydrogenase, 
sedoheptulose-1-bisphosphatase  and 
aminobutyrate  transaminase)  were  in-
duced exclusively in tolerant species under 
water stress (Martins et al. 2020).  Correia 
et al. (2016) analyzed the leaf proteome of 
two  E. globulus accessions under different 
water-stress conditions and identified pro-
teins  especially  related to  photosystem II 
(PSII)  and  the  Calvin  cycle,  such  as  glu-
tamine synthetase, malate dehydrogenase, 
and isoflavone reductase-like protein. Addi-
tionally, metabolomics characterizes small-
molecule metabolites and their concentra-
tion dynamics, which vary with genetic or 
physiological  changes  under  stress  condi-
tions (Wang et al. 2023). Meanwhile, epige-
nomics explores DNA methylation, histone 
modifications,  and  non-coding  RNA-medi-
ated regulation of gene expression, linking 
environmental cues to phenotypic flexibil-
ity  (Wang et al.  2024).  These advances in 
omics  methods  have  shown  several  suc-
cessful applications in crops but remain in-
sufficiently  explored  in  the  Eucalyptus 
genus, particularly under salinity stress.

Hybridization
Species of Eucalyptus are predominantly 

outcrossing,  characterized  by  large  effec-
tive population sizes,  a  broad geographic 
dispersion, and wide pollen and seed distri-
butions,  factors that naturally favor inter-
specific gene flow and genetic recombina-
tion (Wang et al.  2024). Hybridization has 
been used as a central silvicultural strategy 
to  combine desirable  traits  such  as  rapid 
growth performance,  adaptability  to mar-
ginal  environments,  tolerance  to  abiotic 

stress, and high reproductive and process-
ing  characteristics  (Subashini  et  al.  2018). 
Operational  hybrid  programs have largely 
focused on controlled F1 hybrids or sponta-
neous first-generation (F1) composite pop-
ulations,  primarily  within  the  subgenus 
Symphyomyrtus (Potts  &  Dungey  2004). 
Most  commercial  populations  originate 
from taxa within  the sections  Maidenaria 
(E.  globulus Labill.,  E.  nitens [Deane  and 
Maiden]  Maiden),  Exsertaria  (E.  camaldu-
lensis  Dehnh.,  E.  tereticornis Sm.),  and 
Transversaria (E. pellita F.Muell., E. grandis,  
E.  urophylla)  (Eldridge  et  al.  1994).  Com-
mercial  forestry  has  particularly  relied  on 
combinations  such  as  E.  grandis  ×  E.  uro-
phylla, E. grandis × E. camaldulensis, and re-
lated crosses involving E. saligna, E. pellita,  
E.  exserta,  and  E.  tereticornis,  reflecting 
their consistent productivity and adaptabil-
ity  across  diverse  environments  (Potts  & 
Dungey  2004,  Thanananta  et  al.  2018). 
While inter-subgeneric hybridization is rare, 
gene exchange is relatively common within 
sections, reflecting phylogenetic proximity 
and partial reproductive compatibility (Re-
zende et al. 2014). Hybrid vigor under salin-
ity  is  consistently documented in  Eucalyp-
tus (Madhibha et  al.  2013).  Evidence indi-
cated that crosses involving the salt-toler-
ant E. camaldulensis often exhibit enhanced 
tolerance when combined with fast-grow-
ing  species  such  as  E.  grandis or  E.  uro-
phylla.  For  instance, E.  camaldulensis  ×  E.  
grandis displayed greater salinity tolerance 
than E. camaldulensis × E. globulus, the lat-
ter  reflecting  intermediate  performance 
likely associated with the salt sensitivity of 
E. globulus  (Feikema et al. 2012). Similarly, 
E.  camaldulensis  ×  E.  urophylla demon-
strated superior tolerance compared with 
pure E. camaldulensis genotypes under high 
NaCl concentrations (200 mM NaCl), main-
tained higher proline accumulation, better 
pigment  retention,  reduced  photosyn-
thetic  inhibition,  and  less  pronounced 
growth suppression (Cha-Um et  al.  2013). 
Consistent trends were also observed for 
E. camaldulensis × E. tereticornis, where im-
proved tolerance was associated with effi-
cient  ion  homeostasis,  particularly  favor-
able  K+/Na+ ratios,  and sustained biomass 
production  (Dale  &  Dieters  2007).  To-
gether,  these  findings  converge  on  im-
proved  osmotic  regulation  and  ionic  bal-
ance as central mechanisms underlying hy-
brid advantage. Further research by  Ober-
schelp et al. (2020) mentioned that the  E.  
grandis × E. urophylla hybrid, widely recog-
nized  as  “E.  urograndis”,  developed  in 
Brazil during the 1980s, is used as a world-
class benchmark for clonal forest produc-
tivity.  This hybrid combines rapid growth, 
excellent  rooting  ability,  versatile  wood 
quality,  and  high  tolerance  to  biotic  and 
abiotic  stresses.  Germination  studies  fur-
ther corroborate the resilience of  hybrids 
under  combined  salinity  and  osmotic 
stress.  Importantly,  this  trend  is  not  re-
stricted to vegetative growth. Germination 
studies under combined high salinity (NaCl 
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15% at 12 g L-1) and osmotic stress (61% at 
-1.6 MPa) showed that E. gomphocephala ×  
E. cornuta maintained higher viability than 
several pure taxa, including  E. torquata, E.  
sargentii,  and  E.  gillii (Mechergui  et  al. 
2019),  suggesting  that  hybrid  advantage 
may extend across developmental stages. 
Overall,  the  literature  consistently  sup-
ports the superior performance of hybrids 
over pure species under salinity stress. This 
advantage is primarily attributed to hetero-
sis  (hybrid  vigor)  and  to  exploiting  in-
creased  allelic  diversity  through  recombi-
nation and selection in backcrossed or ad-
vanced-generation  (composite)  hybrids 
(Potts  &  Dungey  2004,  Madhibha  et  al. 
2013).

Effective and sustainable methods 
to minimize salinity’s impact

Beyond genetic and biotechnological ap-
proaches,  the natural  regenerative capac-
ity of Eucalyptus, particularly the formation 
of lignotubers, plays a critical role in toler-
ance  to  abiotic  stress.  Lignotubers,  basal 
woody structures containing dormant buds 
and  stored  nutrients,  are  present  in  ap-
proximately 95% of  Eucalyptus species and 
support regeneration under drought, salin-
ity,  or  fire (Bortoloto et  al.  2020).  Impor-
tantly, genes associated with abiotic stress 
responses  are  localized  near  the  ELig  re-
gion of the lignotuber, highlighting its po-
tential  as a molecular target for breeding 
programs  aimed  at  improving  stress  re-
silience. Symbiotic interactions with benefi-
cial  soil  microbes,  particularly  arbuscular 
mycorrhizal fungi (AMF), offer another ef-
fective strategy. AMF are ubiquitous root-
colonizing soil fungi associated with most 
terrestrial plants; they enhance host plant 
tolerance  to  environmental  stresses,  par-
ticularly to salinity (Evelin et al. 2019). AMF 
improve  salt  resistance  through  several 
biochemical and physiological mechanisms: 
(i) improve water absorption and nutrient 
uptake while maintaining osmotic and ionic 
balance; (ii)  regulate plant hormones and 
activate  antioxidant  defenses  to  mitigate 
ROS damage;  and (iii)  increase photosyn-
thetic efficiency and protect the photosyn-
thetic machinery (Tavarini et al. 2018, Evelin 
et al. 2019). Recent studies illustrated these 
benefits.  Boorboori  &  Lackóová  (2025) 
showed  that  AMF  enhanced  saline  soil 
structure (increasing N, P, K pools, organic 
matter  content,  and  pH  balance),  im-
proved plants’ water and nutrient uptake, 
and promoted root growth and conductiv-
ity by forming a wide hyphal network and 
spreading  mycelium  outside  the  rhizo-
sphere.  Similarly,  ECM fungi  such as  Piso-
lithus albus isolate PA33 and Pisolithus tinc-
torius significantly  improved  growth 
(height and root collar diameter, fresh and 
dry  biomass),  root  development,  and 
stress tolerance in hybrids (E. camaldulen-
sis × E. pellita) and E. globulus seedlings un-
der high salinity  compared to non-mycor-
rhizal controls (Wanroon et al. 2024, Zayed 
et al. 2025). Mechanistically, AMF coloniza-

tion  increases  K+ ion  absorption  in  roots 
and their accumulation in shoots by upreg-
ulating SKOR channels, enhances K+/Na+ ra-
tios,  supports  enzymatic  activity,  and  re-
duces protein degradation, while also regu-
lating aquaporins  (PIP),  H+-ATPases  (VHA-
B),  and  Na+/H+ antiporters  (NHX1,  SOS1), 
which collectively regulate ion homeostasis 
and  water  potential  (Evelin  et  al.  2019, 
Wang et al. 2021, Diao et al. 2021). Another 
approach is chemical and nanotechnologi-
cal interventions, which have shown prom-
ise  in  mitigating  salinity  stress.  Selenium 
(Se) application has gained attention for its 
potential  role  in  enhancing  Eucalyptus 
seedlings’ resilience to stressors. Selenium 
alleviated salinity-induced stress in Eucalyp-
tus  genotypes (VCC 865 and AEC 0144) by 
enhancing  photosynthetic  efficiency,  in-
creasing  energy  connectivity  with  Photo-
system  II  reaction  centers,  promoting 
greater clustering of Light Harvesting Com-
plex II, reducing oxidative damage, boost-
ing  chlorophyll  content,  and  improving 
growth (Junior et al. 2025). Soil condition-
ers and hydrophilic  polymers,  such as Su-
per-AB-A-200,  a  tripolymer  of  acrylamide, 
acrylic  acid,  and  potassium  acrylate,  im-
proved  soil  water  retention,  reduced 
sodium uptake,  and maintained favorable 
K+/Na+ ratios  in  E.  globulus under  salinity 
stress (Khodadadi 2017). Likewise, iron ox-
ide  nanoparticles  (IONPs)  triggered  bio-
chemical  defenses  in  E.  tereticornis,  in-
creased antioxidant enzyme activities, pro-
line  and  soluble  sugar  accumulation,  and 
reduced lipid peroxidation (Singh & Kumar 
2021).  Collectively,  these  studies  high-
lighted that Eucalyptus resilience to salinity 
can be enhanced through integrated strat-
egies:  leveraging  intrinsic  regenerative 
traits, harnessing beneficial microbial asso-
ciations, and applying targeted chemical or 
nanotechnological interventions. These ap-
proaches  not  only  improve  physiological 
and  biochemical  responses  but  also  pro-
vide practical tools for reclaiming and man-
aging saline-affected landscapes.

Literature limitations, mechanistic 
implications, and forestry 
relevance

The  body  of  literature  reviewed  herein 
has  considerably  advanced  our  under-
standing of  salinity  tolerance in  the  Euca-
lyptus genus across multiple levels of bio-
logical  organization.  Nonetheless,  impor-
tant limitations must be critically acknowl-
edged.  Most  available  studies  relied  on 
short-term pot or hydroponic experiments 
conducted  under  controlled  conditions. 
While  these designs  are methodologically 
indispensable for isolating specific mecha-
nisms, they inherently simplify the ecologi-
cal complexity of saline environments. Con-
sequently, extrapolating early-stage mech-
anistic  responses  to  long-term stand pro-
ductivity, ecosystem stability, or carbon se-
questration under field conditions requires 
caution.  Bridging  this  gap  between  con-
trolled experimentation and field-scale vali-

dation  therefore  constitutes  a  major  re-
search  priority  for  advancing  predictive 
and  operational  salinity-adaptive  forestry. 
Despite these constraints, this review pro-
vides  an  integrative  and  strategically  ori-
ented synthesis of the available evidence, 
positioning  Eucalyptus as  a  key  biological 
resource  for  forestry  development  under 
increasing  soil  salinization.  The  accumu-
lated  research  identified  a  core  group  of 
several  salt-tolerant  species,  including  E.  
sargentii, E. microtheca, E. rudis, E. occiden-
talis,  E.  gomphocephala,  E.  tereticornis,  E.  
camaldulensis,  E.  robusta,  E.  moluccana,  E.  
platypus,  E.  raveretiana,  E.  spathulata,  E.  
sideroxylon, E. loxophleba; together with in-
terspecific hybrids mainly E.camaldulensis × 
E. grandis, E. camaldulensis × E. urophylla, E.  
camaldulensis ×  E. tereticornis, E. grandis × 
E. urophylla, and E. gomphocephala × E.cor-
nuta  as  operationally  relevant  genetic  re-
sources for salt-affected territories. From a 
strategic forestry perspective, the targeted 
deployment  of  empirically  validated  salt-
tolerant  taxa  represents  a  scientifically 
grounded  approach  to  afforestation  and 
ecological  restoration,  particularly  under 
escalating climatic variability  and progres-
sive  soil  salinization.  Their  documented 
physiological  plasticity,  the  capacity  to 
maintain  biomass  production  under  ionic 
stress, and their superior salt tolerance po-
sition them as ideal candidates for climate-
resilient forestry systems (Pulavarty et  al. 
2016,  Shariat & Assareh 2016,  De Andrade 
et al. 2022, Singh et al. 2023).

Accordingly, this mechanistic framework, 
which moves beyond descriptive reporting, 
provides a  structured basis  for  predicting 
genotype  performance  and  optimizing 
genotype selection and management strat-
egies under salinity stress. In this context, 
Eucalyptus spp.  offer several  fundamental 
advantages. (i) Physiological plasticity and 
genetic variability:  facilitate the identifica-
tion or breeding of genotypes adapted to 
moderate-to-high  salinity  gradients,  en-
abling targeted and effective improvement 
programs.  (ii)  High  biomass  productivity 
and economic viability: exceptional growth 
rates  and  carbon  sequestration  capacity 
sustain  both ecological  function and eco-
nomic  returns  under  suboptimal  edaphic 
conditions.  (iii)  Ecosystem  rehabilitation 
potential:  root  systems and symbiotic  mi-
crobial  interactions promote soil  stabiliza-
tion, enhance soil structure, and drive the 
progressive  recovery  of  degraded  saline 
landscapes.

Conclusion
By integrating insights across multiple bi-

ological scales, this review critically synthe-
sizes recent advances in understanding Eu-
calyptus spp. responses to soil salinity, en-
compassing morphological and physiologi-
cal  adjustments  as  well  as  molecular  and 
genomic  regulatory  networks  that  under-
pin salt  tolerance. Documented intra- and 
interspecific  variability  has  facilitated  the 
identification  and  selection  of  promising 
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salt-tolerant  genotypes,  providing  a  solid 
foundation  for  targeted  genetic  improve-
ment.  Nevertheless,  translating  these  ad-
vances into operational forestry remains a 
critical  frontier.  Key  tolerance-associated 
traits  identified  under  controlled  condi-
tions require robust validation across long-
term,  heterogeneous  plantation  environ-
ments  and  developmental  stages.  Signifi-
cant gaps persist in multi-year and ecosys-
tem-scale studies evaluating growth stabil-
ity,  productivity,  and  ecological  resilience 
under chronic salinity. Future progress will 
depend on a tighter integration of physio-
logical performance, genomic architecture, 
and environmental  context  within  predic-
tive  breeding  and  management  frame-
works.  Advancing toward such a  field-an-
chored, systems-level strategy will be deci-
sive for unlocking the full potential of Euca-
lyptus in  sustainable  afforestation  and 
restoration of salt-affected landscapes.
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