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Abstract

Salinization of terrestrial land is a global environmental problem, causing loss in soil fertility.
Cultivation of salt tolerant species counteracts soil degradation and ensures productive
utilization of salt-affected lands. But the tolerance mechanisms of salt-tolerant plants are not
entirely understood. Salt tolerance of a plant involves several adaptations at the physiological,
morphological and molecular levels. Morphological adaptation via increased tissue thickness and
succulence is one of the strategies followed by halophytes (salt tolerant plant) under salinity.
Succulent tissues possess larger cell with higher water content. However, little is known about
morphological acclimation processes to high salinity in non-halophytic plants such as the salt-
tolerant Populus euphratica.

Under salinity, the gradual buildup of salt ions in the plant cells causes toxicity and leads the plant
to death. In addition, salt ions can greatly affect the uptake and supply of macronutrients like
potassium, calcium and magnesium. However, it is not completely known how the root to shoot
translocation of macronutrients is affected by sodium under salinity. In addition, it would be
interesting to check whether the reduction in translocation processes can reduce salt
accumulation in leaves under salinity or not.

In this thesis, | studied the acclimation and tolerance mechanisms in a salt-tolerant, P. euphratica
and in a salt-susceptible poplar species, Populus x canescens. | addressed the following goals: (i)
to characterize root morphology and plant gas exchange under salinity and describe the
underlying molecular regulation, (ii) to investigate whether root thickening under salinity
contributes to enhanced salt tolerance of P. euphratica, and (iii) to dissect the influence of the
transpirational pull and salinity on the distribution of nutrients in the plant.

To characterize the root morphology of P. euphratica under high salinity, | adapted the plants to
increased salinity by gradually increasing NaCl concentrations from 50 mM to 150 mM and
investigated the changes in root morphology after short- (2 days) and long-term (12 days) high
salt (150 mM NaCl) exposure. Gas exchange was measured during the salt exposure period in
salt-stressed plants and controls (grown without NaCl) to observe responses of plant under
salinity. The molecular regulation induced by short- and long-term salt exposure was studied by

transcriptome analysis of roots and leaves. To investigate the impact of auxin in root morphology



under salinity, transgenic P. euphratica plants transformed with auxin-inducible promoter
reporter GH3::GUS construct were used. With increasing NaCl concentration in the medium from
50 mM to 150 mM, gas exchange significantly declined in stressed plants. However, the stressed
plants showed an improved CO; assimilation rate after 11 days of exposure to 150 mM NaCl by
consuming sub-stomatal CO; more efficiently. After long-term salt exposure, main roots showed
two-times and lateral roots 1.5 times greater diameters than control roots. Longitudinal sections
revealed that an increased number of cortex cells was responsible for the increased thickness of
main roots under stress. The dry-to-fresh mass ratio in long-term stressed main and lateral roots
did not differ from controls indicating no changes in water content in thick roots compared to
control thin roots. In contrast, increased dry-to-fresh mass ratio in leaves after short- and long-
term salt exposure suggested that water content decreased in leaves under salinity. Na content
increased significantly in main roots and leaves, but not in lateral roots, after long-term salt
exposure. Among macronutrients, K and Ca decreased significantly in main and lateral roots
under salinity, but nutrient levels were maintained in the leaves. The transgenic plants containing
GH3::GUS construct did not show strong noticeable changes in the GUS staining in main and
lateral roots after long-term salt exposure. This observation suggested that auxin has no apparent
role in the alterations of root morphology under salinity. The salt-induced changes in the
regulation of genes for cell wall organization and biogenesis were studied by transcriptome
analyses. Pectin methylesterase, expansin, expansin-like, cellulose synthase, cellulose synthase-
like, xyloglucan endotransglucosylase/hydrolase, fasciclin-like arabinogalactan, MYB and NAC-
type transcription factors were the most abundant differentially expressed gene families. The
salt-induced regulation of cell wall associated genes was less affected in leaves than in roots
suggesting no stimulation for alteration in leaf morphology. The upregulation of genes involved
in the synthesis of cell wall polysaccharides and cell wall extension in the main roots after short-
term salt exposure indicated that the reactions to modify cell wall were activated. However, most
of these genes were downregulated in thick main roots after long-term salt exposure. The
increase in lateral root thickness was likely a result of up- and down-regulation of these cell wall
associated genes at both times. Therefore, this study shows that P. euphratica adjusted root

morphology by increasing root diameter under high salinity. Increased root thickness in response



to salinity was likely induced by salt accumulation in the tissue and regulated by cell wall
modifying genes to manage ion toxicity through increased volume for salt deposition.

To investigate the second goal, | studied the contribution of physiological root plasticity of P.
euphratica to cope with saline conditions and explored the underlying transcriptional regulation.
To distinguish between Na* present in roots and newly taken up Na*, 22Na* was used as a tracer.
Both Na* uptake from and extrusion into the external solution was strongly reduced in salt-
acclimated thick roots compared with non-acclimated thin roots. Transcriptome analyses showed
high expression of genes required for the control of Na* levels (Na*/H* antiporters: SOS1, NHX,
NhaD and ATPases) in both salt-acclimated and non-acclimated roots. Significant increases in
transcript abundances were found initially (after 2 days of 150 mM NacCl application) for two NHX
family members and many genes with potential functions in Ca?* signaling. But these responses
disappeared in thick, salt-acclimated roots and the majority of differentially expressed genes
related to Ca®* signaling were downregulated. Transcriptional upregulation was observed for
stress signaling via NADPH oxidases, irrespective of short- or long-term salt exposure. Thick roots
showed higher K* retention under salt stress than thin roots, presumably as the result of
transcriptional downregulation of K* transporters and non-selective cation channels. Thick roots
contained elevated P concentrations, which corresponded to enhanced transcript levels of P
transporters. In conclusion, acclimated thick roots have a high ability to control Na* levels without
additional transcriptional activation of the SOS pathway. They are relatively resistant toward
changes in salt levels and maintain a favorable nutrient balance.

Water flow through the xylem is driven by transpiration and this is thought to be the major driving
force for the translocation process. To investigate the third goal, | used the salt-sensitive hybrid
poplar, Populus x canescens. The phytohormone Abscisic acid (ABA) is known to regulate
stomatal openings and consequently affects the transpiration rate. To differentiate between the
effects of transpiration pull from those of salt, we compared salt-stressed, ABA treated, and
combined salt- and ABA treated poplars (P. x canescens) with untreated controls. The root
content of macronutrients like K*, Ca?* and Mg?* was reduced in response to salinity. Decreased
Ca?* levels in roots corresponded to decreased Ca?* levels in leaves. The same was observed for

Mg?* levels in roots and leaves. In contrast, K* levels in leaves increased under salt stress,
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although root K* levels were reduced. However, reduced transpiration in response to salinity did
not decrease Na* accumulation in the leaves. During ABA treatment, leaf Ca%* and leaf Mg?* levels
decreased comparably to the salt treatment, while leaf K* level was unaffected, although
stomatal conductance was reduced by salt or ABA treatment. Thus, these results suggest that
Ca?* and Mg?* levels in leaves were predominantly affected by the transpirational pull, while
loading and retention of K* in leaves are enhanced in response to salt stress, but independently
of the transpirational pull.

In summary, the salt-tolerant poplar P. euphratica employs a morphological adaptation
mechanism in response to high salinity by developing root thickening. Increased root thickness
in P. euphratica is induced by salt. An increase in the number of cortex cells which leads to
enlarged diameter of first order main roots in response to high salinity is likely a strategy to
control ion toxicity via increasing the volume for salt deposition. Moreover, salt-induced thick
roots contribute to the outstanding salt tolerance of P. euphratica by controlling Na* influx from
and efflux into the outside environment as well as enhancing K* retention ability in response to
high salinity. Besides, this species is able to maintain the levels of macronutrients K*, Ca?* and
Mg?* in the leaves, even though root contents of K* and Ca?* is negatively affected due to salinity.
The salt-induced thick roots might be an evolutionary adaptation of P. euphratica to salinity,
which is associated with constant activation rather than over-expression of stress regulatory
pathways. Thus, P. euphratica has an improved strategy to maintain a favourable nutrient

balance, to control ion toxicity and to continue gas exchange efficiently under high salinity.
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Zusammenfassung

Die Versalzung von Ackerland wird immer mehr zum Problem fiir den Anbau von land- und
forstwirtschaftlich genutzten Pflanzen. Erhdhter Salzgehalt im Boden fiihrt zu der Anreicherung
toxischer Natrium lonen im Zellinneren, was ultimativ zum Tod der Pflanze fiihren kann. Dartber
hinaus behindert eine hohe intrazelluldare Natrium-Konzentration die Aufnahme anderer
lebenswichtiger Makrondhrstoffe wie Kalium, Magnesium und Kalzium. Wie genau Natrium bei
der Translokation dieser Nahrstoffe aus den Wurzeln in den Spross interferiert ist jedoch noch
nicht erforscht. Um Salztoleranz auszubilden sind diverse Anpassungen auf molekularer,
physiologischer und anatomischer Ebene nétig. Von salztoleranten Pflanzen, auch Halophyten
genannt, wei man, dass sie sukkulente Gewebe ausbilden kdnnen. Die Zellen in solchen
Geweben sind grolRer, wodurch das Zell-Lumen und damit der Wasseranteil in den Zellen erhoht
wird um die Konzentration an schadlichem Natrium zu verdiinnen. Neben den Halophyten, die
auf salzige Standorte spezialisiert sind, gibt es auch andere Pflanzen, die erhdhten
Salzkonzentrationen standhalten, wie z.B. Populus euphratica, die Euphrat Pappel. Warum P.
euphratica jedoch verglichen mit anderen Pappel Arten eine héhere Salztoleranz zeigt, ist noch

nicht verstanden.

In meiner Doktorarbeit habe ich untersucht, welche Mechanismen die salztolerante Pappel Art
Populus euphratica verwendet um hdohere Salzgehalte zu tolerieren und wie die nicht-
salztolerante Art Populus x canescens auf erhdhte Salzkonzentrationen reagiert. Dabei habe ich
das Augenmerk auf folgende Schwerpunkte gelegt: (i) Die spezielle Wurzelmorphologie von P.
euphratica Wurzeln bei Salzexposition zu untersuchen und die molekularen Mechanismen fir
diese Anpassung zu identifizieren (ii) Zu analysieren, welche Rolle die verdickten Wurzeln von P.
euphratica bei der Salztoleranz spielen (iii) Herauszufinden, welchen Einfluss der
Transpirationssog auf die Translokation von Nahrstoffen unter salinen Bedingungen hat.

Um die Wurzelmorphologie von P. euphratica bei hoher Salinitdt zu untersuchen, wurden
Pflanzen schrittweise erhohten NaCl Konzentrationen ausgesetzt. Dazu wurde die
Salzkonzentration in der Nahrlosung der Pflanzen in 24 h Schritten um je 50 mM NacCl erhoht bis
die Zielkonzentration von 150 mM NacCl erreicht war. P. euphratica bildet nach etwa 5-6 Tagen

bei 150 mM NaCl verdickte Haupt- und Seitenwurzeln. Um die Genese dieser Wurzeln zu
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untersuchen wurden nach 2 Tagen bei 150 mM (vor der Verdickung) Proben zur Analyse der
Wurzelmorpholgie, sowie zur Transkriptom Analyse genommen. Nach 12 Tagen (nach der
Verdickung) wurden erneut Proben genommen. Wahrend des Versuchszeitraums wurde auch
kontinuierlich der Gaswechsel (Photosynthese Rate, Transpiration Rate), sowie die stomatare
Leitfahigkeit der Pflanzen bestimmt. Mit zunehmender Salzexposition schlossen die Pflanzen
vermehrt ihre Stomata, was sich in verringerter stomatarer Leitfahigkeit und daraus resultierend
verringerter CO; Assimilation und Transpiration widerspiegelte. Interessanterweise erholte sie
die Photosyntheserate aber nach 11 Tagen bei 150 mM NaCl obwohl die stomatare Leitfahigkeit
auf konstant niedrigem Level blieb. Dies deutet darauf hin, dass die Pflanzen einen Weg gefunden
haben, das verbleibende CO; in den Interzelluarraumen effektiver zu nutzen als zuvor. Die
auffalligste Anpassung an Salinitdt sind die verdickten Wurzeln. Im Vergleich zu den
Kontrollpflanzen war die Hauptwurzel salzexponierter Pflanzen doppelt so dick, die
Seitenwurzeln 1,5 mal so dick. Die mikroskopische Betrachtung von Langsschnitten der
Hauptwurzel zeigte, dass dieser Zuwachs auf eine erhohte Anzahl an Cortex Zellen
zurlickzufiihren war. Analyse der Trocken- zu Frischgewichtrate ergab keinen Unterschied
zwischen den dicken Wurzeln der salzexponierten Pflanzen vergleichen mit den Kontrollen, was
darauf schlieBen lasst, dass die Pflanzen kein zusatzliches Wasser in ihre Zellen eingelagert
haben, wie es beispielsweise Halophyten machen. In Blattern hingegen war sogar eine Abnahme
des Wassergehalts festzustellen. Lange Salzexposition resultierte in erhéhtem Natrium Gehalt in
Hauptwurzeln und Blattern, jedoch nicht in Seitenwurzeln. Der Kalium- und Kalziumgehalt war in
beiden Wurzeltypen deutlich reduziert, interessanterweise jedoch nicht in den Blattern. Neben
Wildtyp Pflanzen wurden auch Pflanzen, die das Auxin-Reporterkonstrukt GH3:GUS exprimieren,
untersucht um festzustellen, ob das Phytohormon Auxin bei der Salzanpassung der Wurzeln eine
Rolle spielt. Hier wurden allerdings keine Unterschiede in der Auxinverteilung zwischen
salzexponierten und Kontrollwurzeln festgestellt. Analyse der Transkriptionsdaten vor und nach
Wurzelverdickung sollten Aufschluss dariiber geben welche Gene an diesem morphologischen
Akklimatisierungsprozess beteiligt sind. Dabei wurde der Fokus auf folgende Genfamilien gelegt:
Pectin Methylesterasen, Expansine, Expansin-like Gene, Cellulose Synthasen, Cellulose Synthase-

like Gene, Xyloglucan-Endotransglucosylasen/hydrolasen, Fasciclin-like arabinogalactan Gene,
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MYB and NAC-Transcriptionsfaktoren. Zum ersten Zeitpunkt wurde eine erhéhte Transkription
aller oben genannter Zellwandsythese Gene festgestellt, was sehr wahrscheinlich zu der
erhohten Bildung von Cortex-Zellen fihrt. Zum 12 Tage Zeitpunkt waren die Transkription der
meisten dieser Gene wieder herunterreguliert, was darauf schlieRen lasst, dass die Anpassung
auf transkriptioneller Ebene zu diesem Zeitpunkt abgeschlossen war. Dies deckt sich auch mit der
Beobachtung, dass die Wurzeln sich bei langerer Salzexposition nicht kontinuierlich weiter
verdicken. Bei den Seitenwurzeln war zu beiden Zeitpunkten erhéhte Transkription der oben
genannten Gene zu beobachten, was darauf hindeutet, dass die Verdickung der Seitenwurzeln
langsamer und Uber einen langeren Zeitraum stattfindet. Zusammenfassend lasst sich sagen,
dass P. euphratica auf erhohte Salzkonzentrationen mit einer Verdickung der Wurzeln reagiert,
welche auf vermehrte Bildung von Cortex Zellen zurtickzufiihren ist. Dadurch ist es der Pflanze
moglich das Natrium auf mehr Zellen zu verteilen und so die Toxizitat zu senken. Das Signal fir
die Verdickung ist sehr wahrscheinlich eine erhéhte intrazellulare Natrium Konzentration, die zu
erhohter Transkription von Zellwandsynthese-Genen fiihrt.

Um zu analysieren, wie diese verdickten Wurzeln dazu beitragen, dass P. euphratica héhere
Salzkonzentrationen als andere Pappeln tolerieren kann, wurde die Aufnahme und Abgabe von
NaCl in dicken und diinnen Wurzeln untersucht. Der Einsatz von radioaktiv markiertem Natrium
(**Na*) erlaubte es dabei zwischen neu aufgenommenem und bereits in der Pflanze
vorhandenem Natrium zu unterscheiden. Verdickte Wurzeln haben deutlich weniger Natrium
aufgenommen im Vergleich zu diinnen Wurzeln, die der gleichen Natriumkonzentration
ausgesetzt wurden. Umgekehrt mussten diinne Wurzeln mehr Natrium ausschleusen, als das bei
dicken Wurzeln der Fall war. Transkriptomanalysen zeigten, dass die Gene, die fir die Kontrolle
derintrazelluldren Natriumkonzentration verantwortlich sind (Na*/H* Antiporter: NHX, NhaD und
ATPasen), bereits unter Kontrollbedingungen stark exprimiert sind, was darauf schlieRen lasst,
dass die Pflanzen bereits vorangepasst sind an erhdhte Salzkonzentrationen in ihrer Umgebung.
Nach kurzer Salzexposition (2 Tage bei 150 mM) werden zusatzlich zwei weitere NHX Gene
starker transkribiert sowie Gene, deren Genprodukte essentielle Aufgaben in der Kalzium-
Signallbertragung haben. Hier ist insbesondere der SOS Signalweg zu nennen, welcher essentiell

fiir die Regulation das Natrium Gehalts in der Zelle ist. Nach 12 Tagen Salzexposition ist die
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Transkription dieser Gene jedoch wieder herunterreguliert, was den Schluss zulasst, dass Kalzium
als Signalmolekiil besonders in der friihen Anpassung an erhdhte Salzkonzentrationen wichtig ist.
Dartber ist auch die Transkription von NADPH Oxidasen, die reaktive Sauerstoffspezies
produzieren, die wiederum als Signalmolekiile wirken, Gber den gesamten Expositionszeitraum
hochreguliert. Ein weiterer interessanter Punkt ist, dass dicke Wurzeln dazu in der Lage sind dem
Verlust von Kalium lonen entgegenzuwirken, was auf eine verringerte Expression von Kalium
Transportern und nicht-selektiven Kation Kandlen zurickzufihren ist. Es wurde zudem ein
erhohter Phosphor Gehalt in dicken Wurzeln festgestellt. Die Ursache hierfiir ist sehr
wahrscheinlich eine erh6hte Transkription von Phosphor Transporter Genen im Vergleich zu
diinnen Wurzeln. Diese Ergebnisse zeigen, dass P. euphratica bereits unter Kontrollbedingungen
an das Auftreten hoherer Salzkonzentrationen (bis 150 mM NaCl) angepasst ist. Bei
Salzexposition sind dann nur noch kleinere Anpassungen im Transkriptom notwendig um den

toxischen Effekt des Natriums abzumildern und eine gesunde Nahrstoffbalance zu gewahrleisten.

Der Transpirationsstrom durch das Xylem ist hauptverantwortlich fiir die Verteilung von
Nahrstoffen aus den Wurzeln in alle Bereich der Pflanze. Wie bereits zuvor gezeigt hat NaCl einen
Einfluss auf die Verteilung von Nahrstoffen in der Pflanze. Um zu analysieren welchen Einfluss
einerseits das Salz, andererseits der Transpirationsstrom auf die Verteilung von Nahrelementen
hat, wurde die salz-sensitive Pappel Art P. x canescens entweder NaCl, ABA oder einer
Kombination aus beiden Substanzen ausgesetzt. ABA ist das zentrale Trockenstress Hormon im
pflanzlichen Stoffwechsel und bewirkt bei Ausschittung das Schlielen der Stomata und damit
eine Verringerung des Transpirationsstroms. Wahrend fir K*, Ca?* und Mg?* in Wurzeln als auch
in Blattern sowohl unter Salz, als auch unter ABA Gabe, geringere Gehalte gemessen wurden
verglichen mit dem Kontrollpflanzen, wurde in Blattern unter Salzexposition sogar ein héherer K*
Gehalt gefunden, was unter ABA Gabe nicht der Fall war. Dies zeigt, dass die Translokation von
Ca%* und Mg?* vornehmlich durch den Transpirationsstrom bewerkstelligt wird, wihrend die
Regulation des K* Gehalt bei Salzexposition in den Blattern weitestgehend unabhangig von

diesem ist.

Zusammenfassend lasst sich feststellen, dass die salz-tolerante Spezies P. euphratica bei

Salzexposition verdickte Wurzeln ausbildet, indem mehr Cortex-Zellen gebildet werden. Dadurch
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wird das Gesamtzell-Lumen in der Wurzel erhéht um die Konzentration an Natrium lonen in der
Zelle zu senken. Dicke Wurzeln nehmen auch weniger Natrium auf als diinne Wurzeln, was
ebenfalls zu einer geringen intrazellularen Natriumkonzentration beitragt. Darliber hinaus kann
P. euphratica den Kalium Gehalt in den Blattern aufrechterhalten, obwohl in Wurzeln weniger
Kalium detektiert wurde als unter Kontrollbedingungen. Diese Anpassungen sind zurlickzufiihren
auf eine konstant hohe Transkription der beteiligten Gene auch in Abwesenheit von NaCl. So ist
die Pflanze dauerhaft auf die Erhohung der Salzkonzentration an ihrem Standort vorbereitet, was
ihr einen Vorteil gegeniber Spezies bringt, die unter Salzexposition erst ihre

Anpassungsmechanismen aktivieren mussen.
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1. General Introduction

1.1 World population and food demand

High temperatures, cold, scarcity of water and salinization of soils are the environmental factors
that adversely affect the development and distribution of plants (Ahmad & Prasad, 2012; Khalid
et al., 2019; Giordano et al., 2021). Any negative effect on plant growth eventually reduces crop
yield production and threatens the supply of food and non-food products worldwide. The world’s
population was nearly 7.6 billion in the mid-2017 and is projected to reach 9.8 billion by the year
2050 (United Nations, Department of Economic and Social Affairs, Population Division, 2017).

Therefore, the demand for food and non-food products is anticipated to increase immensely.

1.2 Soil salinity

Soil salinity is one of the most devastating abiotic stress factors which reduce the area of
cultivated lands, degrade the fertility of soil and decrease the growth and productivity of plants
(Metternicht & Zinck, 2003; Wicke et al., 2011; Munns & Gilliham, 2015; Sahab et al., 2021).
Recent figures on the worldwide extent of saline soils do not available, however, various
scientists reported different sizes based on different data sources (Shahid et al., 2018b).
According to those reports, between 25% and 30% of irrigated lands are salt-affected and
commercially unproductive (Shahid et al., 2018b; Sahab et al.,, 2021). On a global scale,
salinization is causing loss of about 2000 ha arable land per day, contributing to losses of 1 to 2
% agricultural soil every year (Shahid et al., 2018a; Sahab et al., 2021). Therefore, reduction in
land available for cultivation and increasing human population are throwing great challenges
towards future food safety.

Soil salinity is a measure of all the soluble salts in soil water and is usually expressed as electrical
conductivity (EC) or more precisely as the EC of the saturation extract (ECe). The electrical
conductivity (EC) of a soil extract collected from a water saturated soil paste refers to the EC of
the saturation extract (ECe) (US Salinity Laboratory, 1954; Munns & Tester, 2008; Shahid et al.,
2018a). The major cations in salt-affected soils are: sodium (Na*), calcium (Ca?*), magnesium
(Mg?*), potassium (K*) and the major anions are: chloride (CI), sulfate (SO4%), bicarbonate (HCOs"

), carbonate (CO3%), and nitrate (NO3’) (US Salinity Laboratory, 1954; Shahid et al., 2018a). The
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US Salinity Laboratory (1954) classified the salt-affected soils and termed them as saline, saline-
sodic and sodic soils depending on the major ions present in those soils. Saline soils have an ECe
>4 dS m?, pH values that are usually less than 8.5, and exchangeable sodium percentage (ESP) <
15 (US Salinity Laboratory, 1954; Shahid et al., 2018a). Saline-sodic soils contain high soluble salts
(ECe >4 dS m™), high ESP (= 15) and have pH values less or more than 8.5 (US Salinity Laboratory,
1954; Shahid et al., 2018a). Sodic soils show an ESP > 15, an ECe < 4 dS m* and pH values generally
more than 8.5 (US Salinity Laboratory, 1954; Shahid et al., 2018a).

When the ECe is 4 dS m™ (approximately 40 mM NaCl) or more at 25 °C, this soil is defined as a
saline soil (US Salinity Laboratory, 1954; Munns & Tester, 2008; Shahid et al., 2018a). At the ECe
4 to 8 dS m, the yield of many crop plants is restricted, though many sensitive crops show yield

reduction even at lower ECes (US Salinity Laboratory, 1954; Shahid et al., 2018a).

1.3 Causes of soil salinity

There are many causes of salinization of soils which include both natural and man-made reasons
(Polle & Chen, 2015; C. Li et al., 2020). Naturally, salt accumulations in a region can occur due to
weathering of rocks, intrusion of seawater, displacement of salts from coastal areas via wind, etc.
(Shahid et al., 2018a; C. Li et al., 2020). In arid and semi-arid areas, when evapotranspiration
exceeds precipitation, the salt transported deep soil layers to the land surface by water
evaporation accumulates and increases the salinity since flushing of the accumulated salts is
absent or weak (Polle & Chen, 2015; C. Li et al., 2020). When the drainage of a land is limited due
to an impermeable layer, and when annual shallow-rooted crops are grown in the replacement
of deep-rooted trees, then the water table of that land can rise and salinity can develop through
the evaporation of soil water (Shahid et al., 2018a; Singh, 2018). The salinization of soil due to
human activities such as irrigation leads to so-called secondary soil salinization (Polle & Chen,
2015; Shahid et al., 2018a). Irrigation water may reach the stock of minerals in the soil, dissolve
the salts and transport them back to the surface by evapotranspiration (Polle & Chen, 2015;
Shahid et al., 2018a; C. Li et al., 2020). Therefore, in water-scarce areas, the use of saline water,

industrial saline wastewater, or treated sewage waste for irrigation purpose pose a significant



risk for salinization of soil (Shahid et al., 2018a; C. Li et al., 2020). Other human activities such as

excessive use of fertilizers can also cause soil salinization (Shahid et al., 2018a).

1.4 Model tree family for research: Populus

The species of the genus Populus, collectively known as poplars, are fast-growing trees. The genus
Populus consists of 30 to 35 tree species and they are widely distributed in the Northern
Hemisphere from subtropical to boreal forests (Taylor, 2002; Miiller et al., 2013; Wang et al.,
2020). Poplars are widely cultivated as a source of many economic benefits such as wood, paper
pulp and bioenergy, and also for environmental protection e.g. phytoremediation (Hamzeh &
Dayanandan, 2004; Peuke & Rennenberg, 2006; Chen & Polle, 2010; Polle et al., 2013). In
addition, the genome sequences of several poplar species are available (Tuskan et al., 2006; T.
Ma et al., 2013; W. Yang et al.,, 2017; Z. Zhang et al., 2020). Therefore, Populus has become a

model organism for basic research in trees.

1.5 Salt-tolerant poplar species: Populus euphratica

Populus euphratica is a salt-tolerant poplar species. In comparison with various other poplar
species, P. euphratica was found to show enhanced tolerance to high salinity (Chen, Li, Fritz, et
al., 2002; Chen, Li, Wang, et al., 2002; Chen et al., 2003; Sixto, 2005; Junghans et al., 2006). Being
phreatophytic, P. euphratica needs access to water for survival in the desert environment and its
deep rooting systems support to get access to ground water (Gries et al., 2003; Polle & Chen,
2015). P. euphratica is widely spread and can be found in Eurasia, China, Central Asia, Middle
East and North Africa (Fig. 1.1) (Gries et al., 2003; Brosché et al., 2005; T. Ma et al., 2013; Polle &
Chen, 2015). Some natural habitats of P. euphratica are found near water sources that contain
up to 130 mM of total salt (Feng et al., 2001; Junghans et al., 2006). The reports on the genome
sequence of P. euphratica and the genes associated with salt stress adaptation have established
this species as an extraordinary natural resource for improving salt tolerance in trees (Ottow,
Polle, et al., 2005; Wu et al., 2007; Ye et al., 2009; T. Ma et al., 2013; Y. Ma et al., 2015; Z. Zhang
et al., 2020).



1.6 Salt tolerance mechanisms of P. euphratica

Salt tolerant plants show a range of adaptations in molecular, physiological, and morphological
features to survive in saline environments. In response to high salinity, P. euphratica restricts net
root uptake and transport of Na* to shoot, and shows considerably lower salt accumulation in
leaves than other poplars (Chen, Li, Fritz, et al., 2002; Chen et al., 2003). P. euphratica is more
efficient than salt-sensitive poplars to reduce leaf salt levels by blocking apoplastic ion transport,
thus, limiting salt loading into the xylem and restricting subsequent axial transport (Chen, Li, Fritz,
et al.,, 2002; Chen et al.,, 2003). Besides, P. euphratica controls the ion toxicity in cells by

depositing salt in the apoplast and the vacuole (Chen, Li, Fritz, et al., 2002; Chen et al., 2003;

Ottow, Brinker, et al., 2005; Chen et al., 2014).

Figure 1.1: The photo of P. euphratica forest, located along the upper reaches of the Tarim River at the
northern margin of the Tarim Basin of the Xinjiang Uygur Autonomous Region, China, showing juvenile
forest (A) and small branches of a plant (B). (The figure and figure legend were obtained from Miao et al.
2020).

In addition, P. euphratica exhibits morphological adaptations in leaves in response to increasing
high salt exposure by developing leaf succulence (Ottow, Brinker, et al., 2005). The morphological
leaf plasticity contributes to the salt tolerance of this species (Ottow, Brinker, et al., 2005).
However, adaptations in other tissues such as in the roots of P. euphratica in response to salinity
are not well known and need to be studied.

Adaptation or tolerance to salt stress involves the regulation of the genes for the proteins which
function in the processes of Na* uptake, Na* compartmentalization into vacuoles, and Na*
extrusion out of the cell (Tester & Davenport, 2003; Munns & Tester, 2008; Deinlein et al., 2014;

van Zelm et al., 2020). A salt stress signalling pathway to mediating K*/Na* homeostasis in P.
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euphratica cells under salinity was proposed (Chen & Polle, 2010; Polle & Chen, 2015). A

schematic model for the stress signaling network in P. euphratica adapted from Chen & Polle

(2010) and Polle & Chen (2015) is presented in Figure 1.2.

cF——
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Plasma membrane (PM)
Apoplastic space H*

———— Activation —| Inhibition

Figure 1.2: A schematic model showing the network of signaling of P. euphratica cells in the response to
NaCl stress. In brief, NaCl salinity depolarizes the plasma membrane (PM), causing Na* entry into the cell
and K* loss through depolarization-activated channels such as outward-rectifying K* channels (KORCs) and
non-selective cation channels (NSCCs). The PM H*-coupled ion transporters, for example, an H*-ATPase
(HA) and Na*/H* antiporter (SOS1) sense the ion-specific effect of NaCl and trigger H* fluxes across the
PM. Consequently, the pH at the apoplastic and cytosolic sides alters which activates PM NADPH oxidases
and leads to H,0; production. Superoxide produced by NADPH oxidases is converted to H,0, by
superoxide dismutases (SODs). Increased H,0, levels stimulates Ca?* entry and elevates cytosolic Ca%
([Ca?*]yt) concentrations. Elevated [Ca?*]: stimulates the PM Na*/H* antiporters through the salt overly
sensitive (SOS) signaling pathway where SOS3 senses the calcium signal and then interacts with SOS2, and
finally activates SOS1. Moreover, H,0; induces a Ca**-dependent increase in PM H*-ATPase activity. The
up-regulated H*-pumps can sustain an H* gradient to drive the Na*/H* antiport across the PM and preserve
a less-depolarized membrane potential, restricting K* efflux through depolarization-activated KORCs and
NSCCs. As a result, cellular K*/Na* homeostasis is maintained in salt-stressed P. euphratica cells. (This
figure was adapted and the figure legend was taken from Chen & Polle (2010) and Polle & Chen (2015)).



In P. euphratica, genes encoding putative Na*/H* antiporters, i.e., PeSOS1, PeNHX1-6, and
PeNhaD1 have been characterized (Ottow, Polle, et al., 2005; Wu et al., 2007; Ye et al., 2009).
Under salinity, increased plasma membrane (PM) H*-ATPase activity, the driving force for PM
Na*/H* antiporters was observed in P. euphratica cells (F. Zhang et al., 2007; Y. Yang et al., 2007,
X. Ma et al., 2010; Yao et al., 2020). P. euphratica induced salt stress signaling via H,0, and
[Ca?*]¢yt (F. Zhang et al., 2007; Sun et al., 2009; Sun, Li, et al., 2010; Sun, Wang, et al., 2010; Sun
et al., 2012). In higher plants, several Ca?* signal sensors i.e. calmodulin (CAM), calmodulin-like
proteins (CMLs), calcineurin B-like proteins (CBLs) and calcium-dependent protein kinases
(CDPKs) have been identified which function in signal transduction in response to various stimuli
(Kudla et al., 1999; Cheng et al., 2002; Luan et al., 2002; McCormack et al., 2005). Some P.
euphratica members of these Ca%* sensor families have been characterized and were investigated
for transcriptional responses under salinity, but information about other members is not
available yet (H. Zhang et al., 2013; Lv et al., 2014; H. Zhang et al., 2008; D. Li et al., 2012; Wu et
al., 2007). Moreover, the expression of genes forming the molecular network likely involved in

salt signaling and ion homeostasis in P. euphratica cells under salinity needs to be studied.

1.7 Aim of this study

A better understanding of the mechanisms by which salt-tolerant species cope with high salinity
is important for the improvement of the tolerance levels of economically important plants in salt-
affected lands. In this thesis, | studied the adaptation mechanisms of P. euphratica and the salt
susceptible species Populus x canescens in response to salinity.

In chapter 2, the adaptation of P. euphratica roots to enhanced salinity was investigated. The
molecular actions likely responsible for morphological modifications were explored by
anatomical and transcriptome analysis. The physiological performance and leaf transcriptomes
were also investigated. The goal of this study was to characterize the morphological adaptations

in P. euphratica roots and to investigate the molecular mechanisms regulating the adaptations.

In chapter 3, | investigated whether root morphological flexibility in P. euphratica plays a role in
salt tolerance. Towards this goal, the uptake of Na* by morphologically modified roots under

salinity and also a release of Na* from them were investigated using radioactive Na tracer. The



regulation of genes involved in ion homeostasis and salt signaling in the roots in response to

salinity were studied.

In chapter 4, | experimented with phytohormone applications to improve the salt tolerance of a
salt-susceptible poplar species, P. x canescens. The phytohormone abscisic acid (ABA) was
applied to induce partial stomatal closure and thus to reduce transpiration. The aim was to
investigate the effect of reduced transpiration on nutrient accumulation under salinity in
comparison with ABA treatment. To differentiate between the effects of transpiration and those
of salt, the contents of macronutrients were measured in salt-stressed, ABA treated, and

combined salt- and ABA-treated plants and compared with untreated controls.
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Chapter 2: Populus euphratica plant exhibits salt-induced root

thickening under high salinity

2.1 Introduction

In nature, plants face various biotic and abiotic stress conditions during their life span. Being
sessile organisms, plants, particularly perennials, have to evolve adaptive mechanisms for
survival under stress conditions (Polle & Chen, 2015; Lamalakshmi Devi et al., 2017; Estravis-
Barcala et al., 2020). Soil salinity is one of the major abiotic stress factors that suppress the
normal growth of a plant and will continue to threaten crop yield in the future (Metternicht &
Zinck, 2003; Ahmad & Prasad, 2012; Munns & Gilliham, 2015; van Zelm et al., 2020; C. Zhao et
al., 2020). Salt tolerance is a manifold phenomenon involving a variety of adjustments in the
molecular, physiological, and metabolic processes as well as in the morphological and anatomical
features of the plant body (Hameed et al., 2010; C. Zhao et al., 2020; van Zelm et al., 2020).
Halophytes, which grow well at extremely high salinities, adopt numerous strategies to control
the ion levels in their shoots and leaves (Flowers et al., 1977; Flowers & Colmer, 2008, 2015; Ben
Hamed et al., 2018). Halophytes or any salt-tolerant species provide outstanding materials in the
progression of understanding and improvement of plant salt tolerance.

Poplars, long-lived woody trees from the genus Populus, grow in wild populations with a wide
geographic distribution (Polle & Chen, 2015; M. Wang et al., 2020). They provide both economic
and ecological benefits (S. Chen & Polle, 2010). A salt-tolerant poplar species, Populus euphratica,
can withstand up to 450 mM NaCl in hydroponic culture and tolerate high internal concentrations
of salt ions in tissues (Gu et al., 2004; Ottow et al., 2005; Zeng et al., 2009; Brinker et al., 2010).
Therefore, P. euphratica has already gained scientific attention as a model for the research on
the adaptation strategies of trees under salinity.

P. euphratica’s strategies to maintain Na* levels include restricted root uptake, transport,
apoplastic and vacuolar Na* deposition (S. Chen et al., 2002, 2003; Ottow et al., 2005; Sun et al.,
2009). In addition, the development of leaf succulence via anatomical modification in response
to long-term salt exposure was reported (Ottow et al., 2005). After adaptation to increasing salt,

P. euphratica shows a significant increase in the leaf thickness due to increase in the number and

15



size of cells that were tightly packed (Ottow et al., 2005). This saline-induced alteration leads to
the enlarged cell volume in leaves of P. euphratica available for salt deposition (Ottow et al.,
2005; S. Chen & Polle, 2010). Larger cells with higher water contents result in leaf succulence,
which is defined as water content per unit leaf area (Mantovani, 1999; Suarez & Sobrado, 2000).
Succulence is one of the common adaptative features of halophytes in response to salinity
(Flowers et al., 1977; Flowers & Colmer, 2008, 2015; Ben Hamed et al.,, 2018). An increase in
succulence under salinity is likely a countermeasure to mitigate the toxic effects of salt through
dilution (Albert, 1975). Increased leaf thickness as a consequence of increasing salinity was also
reported in non-halophytes such as Arabidopsis, mulberry, etc. (Burssens et al., 2000; Vijayan et
al., 2008). In halophytes, the thickness and succulence of leaf or stem tissues were found to
increase with growing salinity (Ayala & O’Leary, 1995; Debez et al., 2006; Akcin et al., 2017;
Nguyen et al., 2017; Kherraze et al., 2018). Tissue thickening and succulence are likely induced
by the internal accumulation of salts (Debez et al., 2006; D. Wang et al., 2012).

The molecular basis for the modification in leaves of P. euphratica under salinity needs to be
studied. The understanding of the molecular mechanisms underlying the morphological and
anatomical modifications upon salt exposure is limited. In plants, cell shape and tissue
morphogenesis are regulated by the chemical properties of the cell wall (Chebli & Geitmann,
2017). Besides, the phytohormone auxin is known as a key regulator for many developmental
processes in plants and also plays an important role in abiotic stress response (Woodward &
Bartel, 2005; Korver et al., 2018; van Zelm et al., 2020). Salt-induced anatomical modifications in
tissues are accompanied by the changes in auxin levels (Junghans et al., 2006). Further, the
regulation of cell wall related genes was reported for many different plant species under salt
stress (Janz et al., 2012; H. Li et al., 2014; Byrt et al., 2018; Eckert et al., 2019; Hori et al., 2020).
Notably, not only above-ground tissues but also roots of some species showed thickening in
response to salt (Burssens et al., 2000; H. Li et al., 2014; Tan et al., 2020).

In the present study, we aimed to investigate the morphological adjustment in tissues of P.
euphratica under salinity and to explore the possible molecular network responsible for the
alterations. Toward this goal, we gradually acclimated P. euphratica to high salt concentrations

and studied transcriptomes after short- and long-term acclimation to saline conditions. We
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observed greater thickening of the main roots under long-term salt but not of the lateral roots.
Therefore, both root types were included in our study. The dry to fresh mass ratio of the tissues
was used as an indication of succulence. The tissue accumulation of Na* and essential nutrients
were compared at time points before and after thickening. We report that cell wall modifications
were among the major transcriptional pathways regulated in thickened roots, whereas auxin

signaling reported in transgenic GH3::GUS lines of P. euphratica was not drastically modified.

2.2 Materials and methods

2.2.1 Propagation and cultivation of plant

Plantlets of P. euphratica were multiplied by in vitro micropropagation according to Leplé et al.
(1992). Wild type (clone B2 from Ein Avdat valley in Israel) and transgenic lines transformed with
GH3::GUS construct by Robert Hansch, Technische Universitdt Braunschweig, Braunschweig,
Germany (according to the same protocol published by Paul et al. (2016)) were cultivated. The
stem cuttings (approximately 1 to 2 cm long), each having at least one leaf, were transferred onto
Woody Plant Medium (Lloyd & McCown, 1980) under sterile conditions. Then, they were
incubated in a culture room maintaining controlled conditions [16 h light / 8 h dark, 150 umol m"
2 51 photosynthetically active radiation (PAR) (Lamp: Osram L 18W/840 cool white, Osram,
Munich, Germany), 22 to 25 °C, 40 to 50 % relative air humidity] for six weeks as described by
Midller et al. (2013). Afterwards, rooted plants were shifted into aerated hydroponic culture
system providing Long-Ashton (LA) nutrient solution (Hewitt & Smith, 1975) which was
exchanged weekly. Plants were raised in a greenhouse (Department of Forest Botany and Tree
Physiology, University of Gottingen, Germany). A 16 h photoperiod providing additional light of
150 umol m2 s! PAR (Lamp: 3071/400 HI-1, Adolf Schuch GmbH, Worms, Germany), 21 to 23 °C

air temperature and 60 to 70 % relative air humidity were maintained for growing the plants.

2.2.2 Salt treatment
For the salt treatments, LA solution was prepared with NaCl (with the concentrations indicated
below) and the plants were transferred into the salt-containing solution. Controls were

transferred into LA without additional NaCl. Salt treatments started when plants had mean
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heights of 52 £ 11 cm. Plants were adapted to salt by exposing them to 50 mM NaCl for 1 day
followed by 100 mM NaCl for 2 days, and finally to 150 mM NaCl (Fig. 2.1A). The plants were kept
in LA solution with or without 150 mM NacCl until harvest, exchanging the nutrient solution

weekly (Fig. 2.1A, B).
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Figure 2.1: Schematic presentation of the salt adaptation steps and sample harvests on P. euphratica
plants (A), and control and salt-treated plants on day 14 after salt application (B). During salt treatment
application (A), salt-treated plants (red line) were gradually adapted to 150 mM NaCl by exposing them
to 50 mM NaCl Long-Ashton (LA) solution for 1 day followed by 100 mM NacCl LA solution for 2 days and
finally to 150 mM NaCl LA solution. Control plants (blue line) were grown in LA solution (no NaCl)
simultaneously. After salt adaptation, plants were maintained in LA solution without NaCl (Control: blue
line) or with 150 mM NacCl (Salt: red line) by exchanging the solutions weekly. The leaves, main and lateral
roots were harvested from the plants at two time points. The first harvest was done after 5 days of salt
adaptation, i.e., after 2 days of 150 mM NaCl exposure (time point 1 = short-term salt exposure). The
second harvest was conducted after 15 days of salt adaptation, i.e., after 12 days of 150 mM NacCl

exposure (time point 2 = long-term salt exposure).
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2.2.3 Gas exchange measurements

Net photosynthesis, transpiration, stomatal conductance, and sub-stomatal CO, concentration
of mature leaves (8th to 11th leaf from the shoot apex) were measured between 9:00 h to 16:00
h using LI-6800 portable photosynthesis system (Li-COR Ltd., UK). Measurements were
conducted with a leaf temperature of 25 + 1 °C, at 397 + 0.8 umol mol! ambient atmospheric
CO; concentration and with a photosynthetic photon flux density of 800 pmol PAR m~ s, Gas
exchange measurements were carried out daily at the beginning of salt adaptation starting from
the day before (d-1) until day 4 (d4) of NaCl application and then once a week. On d0, d1 and d3
when NaCl concentrations were increased from 50 mM to 150 mM (Fig. 2.1A), gas exchange was

measured after 5 h of salt exposure.

2.2.4 Harvest of samples

Samples were harvested after 2 days (time point 1: Tp1 = short-term exposure) and 12 days (time
point 2: Tp2 = long-term exposure) of 150 mM NaCl exposure (Fig. 2.1A). At each harvest time
point, the main root tips, lateral roots, and leaf tissues were collected from wild-type plants (n =
10 per treatment and time point). The roots were cut off and submerged immediately in RNAlater
solution (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) to prevent any loss due to RNase
activity. Thereafter, main root tips (approx. 5 cm long starting at the apex) and lateral roots were
separated and RNAlater was washed off using distilled water. Excessive water was removed with
a paper towel and samples were stored in the plastic tubes (Tube 5 ml, Sarstedt, Nimbrecht,
Germany) and frozen immediately in liquid nitrogen. After short-term salt exposure (Tp1), three
leaves (4th, 6th and 8th leaf from the apex) per plant were pooled in an aluminum bag and frozen
in liquid nitrogen. After long-term salt exposure (Tp2), leaves of the same age were harvested.
For this purpose, we marked the height at the time point when the salt application started and
harvested leaves which were at the apex at this time point. The collection of leaves at Tp2 was
done that way since controls had many new leaves at the apex but salt-treated plants did not
form many leaves during salt exposure. The harvested tissues were stored at -80 °C until use for

either RNA analyses or elements measurement. To perform GUS staining, the main and lateral
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roots were harvested from the transgenic lines (n = 5 per treatment and time point) and placed

immediately in the GUS buffer (according to Teichmann et al. 2008).

2.2.5 Measurement of biomass and element content of the tissues

Fresh and dry mass of main root tips, lateral roots and leaf tissues (n = 4 to 5 per treatment and
time point) were measured on a microbalance (Cubis MCA225S-2S00-1, Sartorius Lab Instruments
GmbH & Co. KG, Géttingen, Germany). Samples were dried at 60 °C for 7 days before measuring
the dry mass. The dry-to-fresh mass ratio of the tissue was calculated by dividing the dry mass by
fresh mass of the tissue. The dry samples were used to quantify elements (Na, K, Ca, Mg, S, Mn,
Fe, and P) in the tissue. The dried root and leaf samples (in the range of 6 to 50 mg) were crushed
manually into small parts and then digested with 2 ml of 65 % HNOs in a microwave digestion
system (ETHOS.start, MLS GmbH, Leutkirch, Germany). The microwave program used for the
digestion was as follows: 2.5 min at 90 °C (power 1000 W), 5 min at 150 °C (power 1000 W), 2.5
min at 210 °C (power 1400 W) and 20 min at 210 °C (power 1600 W) (Sharmin et al., 2021). The
resulting suspension was cooled and adjusted to 25 ml with ultrapure water obtained from a
Sartorius Arium Pro Ultrapure Water System (Sartorius, Gottingen, Germany). The diluted
suspension was filtered (MN 280 %, Macherey-Nagel GmbH & Co. KG, Diren, Germany) and the
elements were measured in the filtered extracts by inductively coupled plasma-optical emission
spectrometry (ICP-OES) (iCAP 7000 series ICP-OES, Thermo Fisher Scientific, Dreieich, Germany).
The element concentrations (mg g dry mass) were calculated using calibration standards (Single-
element standards, Bernd Kraft GmbH, Duisburg, Germany) and the sample weight used for

extraction.

2.2.6 GUS staining

GUS staining procedure was performed according to Jefferson et al. (1987) as modified by
Teichmann et al. (2008). During harvest, the main and lateral root tissues were kept in freshly
prepared GUS buffer (100 mM Na-phosphate buffer, pH 7.0, 10 mM Na4EDTA, 0.05% Triton X-
100) containing 1 mM 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid (Duchefa, Haarlem, The

Netherlands) immediately after collection. Plastic tubes (Tube 10 ml, Sarstedt, Nimbrecht,

20



Germany) containing harvested tissues in GUS buffer were stored inside a styrofoam box filled
with ice to keep the samples cool and in darkness until the harvest was done (approximately 1h).
Afterwards, vacuume-infiltration of tissues was peformed twice for 15 min each and then the
samples were incubated in the dark at 37 °C for 24 h. After incubation, destaining was performed
in 50 % (v/v) ethanol for 2 hours followed by several steps of washing in 70 % (v/v) ethanol.
Finally, tissues were fixed in FAE solution consisting of 2% formaldehyde, 5% acetic acid and 63%
ethanol. Stained root samples were viewed and their images were taken at 8x magnification with
the aid of a stereo microscope Stemi 305 (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped
with an integrated camera (Stemi 305 cam, Carl Zeiss Microscopy GmbH, Jena, Germany). The
diameter of root tips (main and lateral roots) was measured from their images using Image)

software.

2.2.7 Anatomy

To observe the changes in root anatomy due to salt exposure, main root tip tissues (n = 3 per
treatment and time point) were embedded in plastic and thin sections were prepared. For this
purpose, main root tip tissues (already fixed in FAE after GUS staining) were dehydrated in a
series of ethanol solutions [70, 80, 90 and 96 % (v/v) ethanol] for 2 h each at room temperature.
The embedding of tissues in Technovit 7100 resin (Heraeus Kulzer GmbH & Co. KG, Hanau,
Germany) was done according to instructions from the manufacturer as modified by Paul et al.
(2016). Dehydrated samples were infiltrated in 1:1, 1:2 and 1:3 (v/v) solutions of 96 % ethanol
and Technovit 7100 basic solution for 5 h, 12 h and 5 h, respectively. Then, the samples were
kept for 24 h in Technovit 7100 infiltration medium comprising 1 g Hardner | in 100 ml Technovit
7100 basic solution (Heraeus Kulzer GmbH & Co. KG, Hanau, Germany). A vacuum (-90 kPa) for
15 min was applied during each step of infiltration. Finally, the tissues were embedded in the
embedding medium prepared by mixing 15 ml infiltration medium and 1 ml Hardner Il (Heraeus
Kulzer GmbH & Co. KG, Hanau, Germany). A special embedding form called histoform (Histoform
S, Heraeus Kulzer GmbH & Co. KG, Hanau, Germany) made of Teflon with a stainless steel bottom
was used for embedding. Firstly, the embedding cavities of the histoform were filled halfway with
the embedding medium, the tissues were positioned therein and then the cavities were filled up.

The tissues were kept in embedding medium in the histoform for 2 h at room temperature and
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thereafter they were ready to cut. The embedded tissues were sliced at 10 um thickness with a
rotary microtome (Leica RM 2265, Leica Biosystems Nussloch GmbH, Nussloch, Germany). The
sections were stained with 0.05 % toluidine blue O (Merck, Darmstadt, Germany) solution and
mounted on gelatine-coated glass slides by DePex medium (Serva Electrophoresis GmbH,
Heidelberg, Germany). Sections were viewed under a microscope (Axioplan Observer.Z1, Carl
Zeiss GmbH, Oberkochen, Germany) and photographs were taken at 100x magnification with a
digital camera (AxioCam MRC, Carl Zeiss Microlmaging GmbH, Gottingen, Germany) attached to

the microscope.

2.2.8 RNA extraction and analyses

The RNA was extracted from the tissues of main root tips, lateral roots and leaves of the plants
(n =5 per treatment and time point). RNA extraction and library construction were conducted at
Beijing Genomics Institute (BGI, Shenzhen, China). Total RNA was extracted with
hexadecyltrimethylammonium bromide (CTAB)-pBIOZOL reagent and purified by ethanol steps
according to the protocol of Mu et al. (2017). Total RNA was quantified using a NanoDrop
(Thermo Fisher Scientific, Waltham, USA) and Agilent 2100 bioanalyzer (Agilent, Santa Clara,
USA).

Oligo(dT)-attached magnetic beads were used to purify mRNA. Purified mRNA was fragmented,
then first-strand cDNA was generated using random hexamer-primed reverse transcription,
followed by a second-strand cDNA synthesis. After A-Tailing and RNA Index adapter addition,
cDNA fragments were amplified by PCR and purified via Ampure XP Beads (Beckman Coulter).
The products were validated on the Agilent 2100 Bioanalyzer for quality control. The double
stranded PCR products from the previous step were heated, denatured and circularized to get
the final strand circle DNA library. Paired-end reads with a length of 100 bases were sequenced
on a BGlseq-500 (BGI-Shenzhen, China) according to manufacturer's instructions.

Raw sequence data have been deposited in the ArrayExpress database at EMBL-EBI (accession
number E-MTAB-8988). Processing of raw sequence data was performed with fastp (S. Chen et
al., 2018) using default parameters. The processed sequences were mapped against the
transcriptome of Populus euphratica (GCF_000495115.1_PopEup_1.0_rna.fna.gz,
https://www.ncbi.nlm.nih.gov/genome/13265) using Bowtie 2 (Langmead & Salzberg, 2012).
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Depending on the sample, 88 to 92 % of all filtered reads could be mapped to a gene model.
Bowtie mapping files were summarized to count tables of the gene models in R (R Core Team
2018). Identification of differentially expressed transcripts was conducted using the DESeq2
package (Love et al.,, 2014), using a generalized linear model with Benjamini and Hochberg

correction to adjust p-values.

2.2.9 Statistical analyses

Statistical analyses were performed with free statistical software R (version 3.5.2) (R Core Team,
2018). The two-way or three-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test was performed. In the case of element contents in roots, three-way ANOVA was
done with treatment, time and root type as the main factors. In the other cases, two-way ANOVA
was done with treatment and time or day as the main factors. Normal distribution of data was
tested by plotting residuals and square root or log transformation was used, when necessary.
Data shown are means * SE. If not indicated otherwise, 5 biological replicates were investigated.

Means are considered to be significantly different with p-value <0.05.

2.3 Results

2.3.1 Gas exchange declined in response to high salinity, but a significant recovery was
observed only in photosynthetic rate after adaptation

Changes in the gas exchange process in the leaves of P. euphratica under high salinity were
observed (Fig. 2.2A-D). Gas exchange measurements showed that photosynthetic rate, stomatal
conductance and transpiration rate declined significantly in response to salinity and increasing
exposure time (Fig. 2.2A-C, Table 2.1). Compared to controls, a significant decrease in stomatal
conductance under salinity was found after 5 h exposure to 100 mM NaCl (d1, Fig. 2.2B), while
photosynthesis and transpiration rate significantly decreased later, i.e., after 24 h exposure to
100 mM NaCl (d2, Fig 2.2A, C). Sub-stomatal CO, concentration in salt-stressed plants also
decreased significantly compared to controls on d1 after 100 mM NaCl application (Fig 2.2D).
Exposure to higher salinity (150 mM NaCl) on d3 did not cause an additional significant reduction

in gas exchange and sub-stomatal CO; (Fig. 2.2A-D). After 11 days in LA solution with 150 mM
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NaCl (d14), salt-stressed plants showed significant recovery in photosynthetic rate, but not in
stomatal conductance and transpiration (Fig. 2.2A-C). On the contrary, sub-stomatal CO; level

further decreased significantly on d14 (Fig. 2.2D).
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Figure 2.2: Photosynthetic rate (A), stomatal conductance (B), transpiration (C) and sub-stomatal CO,

concentration (D) in P. euphratica leaves in response to salinity. On the day before the start of the
treatments (d-1), plants in the control group (blue open bar) and in the NaCl group (red open bar) were
grown in Long-Ashton (LA) solution without NaCl. On day 0 (d0), plants in the NaCl group (red hatched
bar) were exposed to 50 mM NaCl LA solution. On day 1 (d1), the salt level in NaCl-treated plants (red
striped bar) was increased to 100 mM NaCl and plants were kept in this solution until day 3 (d3). On day
3 (d3), NaCl-treated plants (red crossed bar) were exposed to 150 mM NaCl LA solution and continued to
grow in this solution until end of the experiment. The solutions were exchanged each time with increase
in NaCl concentration and later once a week. Bars indicate means + SE (n = 5 or 7 plants per treatment;
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only on the d-1, n= 26 or 28 plants per treatment). Two-way analysis of variance (ANOVA) was done with
treatment and day as the main factors. Normal distribution of data was tested by plotting residuals and
log transformation was used for stomatal conductance and transpiration data. Different letters obtained
from Tukey’s multiple comparison test indicate significant differences at p <0.05.

2.3.2 The diameter of main and lateral roots enlarged significantly after long-term salt
exposure but dry-to-fresh mass ratio did not differ from controls

The diameter of main and lateral roots from salt-treated plants was compared with that of
controls after short-term (= Tp1) and long-term (= Tp2) salt exposure (Table 2.2). The diameter
of main roots (MRs) and lateral roots (LRs) were measured at a distance of 12 mm and 4 mm
from the apex, respectively, where approximately maximum radial swelling was noticed in long-
Term salt-treated roots. Salt-treated MRs showed no significant difference in diameter in
response to short-term but almost twofold increase after long-term exposure compared with
controls (Fig. 2.3, Table 2.2). Similarly, LRs of salt-treated plants were significantly thicker than

control LRs after long-term exposure, whereas no significant difference in LR diameter was

Table 2.1: Two-way analysis of variance (ANOVA) of photosynthesis, stomatal conductance, transpiration
and sub-stomatal CO, concentration in the leaves of P. euphratica under control and NaCl treatments
measured on several days after treatment application. Two-way ANOVA was done with treatment and
day as the main factors. Normal distribution of data was tested by plotting residuals and log
transformation was used for the stomatal conductance and transpiration data to meet the criteria.

p-value Photosynthesis Stomatal Transpiration Sub-stomatal
conductance CO,
p(treatment) <0.001 <0.001 <0.001 <0.001
p(day) <0.001 <0.001 <0.001 <0.001
p(treatment x day) <0.001 <0.001 <0.001 <0.001

observed between the treatments after short-term exposure (Table 2.2). However, the diameter
increment in LRs after long-term salt exposure was less pronounced (1.48 fold) than that of MRs
(Table 2.2).

To get an overview on the alteration in anatomy which led to increased root diameter under salt
stress, longitudinal sections of MRs of salt-stressed and control plants were observed (Fig. 2.3A-

D). The thin sections revealed that apparently there was no difference in the root anatomy under
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salinity in comparison with control after short-term salt exposure (Fig. 2.3A, B). However, there
were more cell layers in the cortex tissue of salt-stressed MR than that in controls after long-term

salt exposure (Fig. 2.3C, D).

Table 2.2: Diameter (mm) of main and lateral roots of P. euphratica under control and 150 mM NaCl
treatments at the time points after short-term (Tp1l = after 2 days of 150 mM NaCl exposure) and long-
term (Tp2 = after 12 days of 150 mM NaCl exposure) salt exposure. The diameter of main root tips and
lateral roots was measured at a distance of 12 mm and 4 mm from the apex, respectively. Data represent
means + SE (n =5 or 6 plants per treatment and time). Two-way ANOVA was conducted with treatment
and time as the main factors. Normal distribution of data was tested by plotting residuals and log
transformation was used for the main roots to meet the criteria. Homogeneous subsets were obtained
using Post-hoc Tukey’s HSD test. Different lower case letters in a column indicate significant differences
at p <0.05.

Treatment Time Main root Lateral root
Control Tpl 1.11+0.10a 0.55+0.05a
150 mM NaCl Tpl 1.36+0.11a 0.73£0.08 ab
Control Tp2 1.10+0.06 a 0.56 £0.06 a
150 mM NaCl Tp2 2.09+0.24b 0.83+0.05b
p(treatment) <0.001 0.002
p(time) 0.04 0.377
p(treatment x time) 0.028 0.461

The dry-to-fresh mass ratios (DM/FM) of roots as well as of foliar tissues were measured to check
the occurrence of succulence. Neither MRs nor LRs showed a significant difference in DM/FM
under salinity compared with control conditions (Table 2.3). MRs, irrespective of salt treatment,
had significantly lower DM/FM after long-term than short-term salt exposure (Table 2.3). On the
other hand, DM/FM of leaves of salt-treated plants increased significantly compared to controls
after short-term salt exposure (Table 2.3). There was a trend of increase in DM/FM in salt-

stressed leaves compared to controls after long-term salt exposure but not significant (Table 2.3).

2.3.3 Na content of main roots and leaves, but not of lateral roots, increased significantly after
long-term salt exposure, while the nutrient contents were mostly unaffected only in leaves
We measured the contents of Na and nutrient elements (K, Ca, Mg, Mn, Fe, S and P) in the root

and leaf tissues. Na content increased significantly in MRs with increasing salt exposure but did
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not increase significantly in salt-stressed LRs compared to controls at any time point (Fig. 2.4A).

Between the root types, MRs had significantly higher Na content than LRs after long-term salt

1mm 1 mm 1mm 1mm
after short-term salt after long-term salt
exposure exposure

Figure 2.3: Longitudinal sections of main root tips of P. euphratica. Main root tips from control (A) and
NaCl-treated plant (B) were collected after short-term salt exposure (i.e. after 2 days of 150 mM NaCl
exposure). Similarly, main root tips from control (C) and NaCl-treated plant (D) were collected after long-
term salt exposure (i.e. after 12 days of 150 mM NaCl exposure). Sections were stained with toluidine
blue. Representative main root tip sections from n = 3 plants per treatment and time point are shown.
The thickness of the root sections: 10 um. Scale bar: 1 mm. Abbreviations: ep, epidermis; cx, cortex; st,
stele.

exposure (Fig. 2.4A). In the foliar tissues, Na content increased significantly in response to salinity
and extending exposure time (Fig. 2.4B).

The contents of K, Ca and Mn decreased significantly in roots in response to salt compared to
controls (Table 2.4). Mg and S contents did not differ significantly, but Fe and P contents were
increased under salinity compared to controls in the roots. On the contrary, the leaf contents of

nutrients mostly did not fluctuate significantly under salinity (Table 2.5).
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Table 2.3 Dry-to-fresh mass ratio of main root tips, lateral roots and leaf tissues of P. euphratica under
control and 150 mM NacCl treatments at the time points after short-term (Tp1l = after 2 days of 150 mM
NaCl exposure) and long-term (Tp2 = after 12 days of 150 mM NaCl exposure) salt exposure. Data
represent means * SE (n = 4 or 5 plants per treatment and time). Two-way ANOVA was conducted with
treatment and time as the main factors. Normal distribution of data was tested by plotting residuals.
Homogeneous subsets were obtained using Post-hoc Tukey’s HSD test. Different lower case letters in a
column indicate significant differences at p <0.05.

Treatment Time Main root Lateral root Leaf
Control TP1 0.19+0.01b 0.21+0.01a 0.16 £0.00 a
150 mM NaCl TP1 0.19+0.01b 0.23+0.01a 0.19+£0.01b
Control TP2 0.15+0.00 a 0.18+0.05a 0.18+0.01ab
150 mM NaCl TP2 0.13+0.01a 0.21+0.04a 0.21+0.00b
p(treatment) 0.586 0.442 0.002
p(time) <0.001 0.448 0.005
P (treatment x time) 0.265 0.945 0.750

2.3.4 GUS staining was observed mainly near the root's apex with no visible difference in
response to salt stress

To evaluate the changes in auxin distribution of roots under short- and long-term salt exposure,
the localization of GUS staining was observed in the main and lateral roots (Fig. 2.5). Transgenic
lines with GH3::GUS construct showed strong GUS staining only in the root apex region in both
root types and mild staining in the young portion of roots, especially of the lateral roots (Fig.
2.5C-F, I-L). The staining pattern did not show any apparent difference between control and salt-

stressed roots and also between short- and long-term salt-stressed roots (Fig. 2.5C-F, I-L).

2.3.5 Transcriptome analysis exhibited more fluctuations in the regulation of cell wall-
associated genes in the root tissues than in leaves in response to short- and long-term salt
exposure

To get insight into the molecular event associated with the alteration in tissue morphology under
salinity, transcriptome analysis of the roots and leaf tissues from salt treatment as well as control
after short- and long-term salt exposure was performed. Genes that changed transcript

abundances significantly (differentially expressed genes, DEGs) under salinity compared to
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Figure 2.4: The content of Na (mg g_1 dry mass) in the main and lateral roots (A) and leaves (B) of P.
euphratica under control (C1 & C2) condition and salt (S) treatment after short-term (S1: after 2 days of
150 mM NaCl exposure) and long-term (S2: after 12 days of 150 mM NaCl exposure) salt exposure. Bars
represent means = SE (n =4 or 5 plants per treatment and time). Three-way ANOVA was conducted for
roots with treatment (tr), time (tm) and root type (rt) as the main factors. Two-way ANOVA was conducted
for leaves with treatment (tr) and time (tm) as the main factors. Normal distribution of data was tested
by plotting residuals and square root (for roots) and log transformation (for leaves) were used to meet
the criteria. Homogeneous subsets were obtained using Post-hoc Tukey’s HSD test. Different lower case
letters in a graph indicate significant differences at p <0.05.

control conditions were determined for each time point (Supplement table S2.1). Since cell and
tissue morphogenesis in plants are regulated by the chemical properties of cell walls (Chebli &
Geitmann, 2017), the study of the regulation of cell wall related genes was of particular interest.
Therefore, the list of Arabidopsis genes annotated to GO (Gene Ontology) category “Cell wall
organization or biogenesis (GO:0071554)” which contains 558 genes, was obtained from GO
database (http://www. geneontology.org/, accessed 8 August, 2021, (Gene Ontology
Consortium, 2004)). Then our transcriptome data (Supplement table S2.1) were screened based
on this gene list and we got a total of 536 P. euphratica genes expressed in different tissues
(Supplement table S2.2). After short-term salt exposure, 84, 78 and 23 cell wall related genes out

of 536 were differentially expressed in LRs, MRs and leaves, respectively, (Supplement table
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Figure 2.5: GUS staining in the main root tips (A-F) and lateral roots (G-L) of transgenic GH3::GUS lines
(TG) and wild-type (WT) plants of P. euphratica after short- and long-term salt (150 mM NacCl) exposure
and under control condition. Panels (A-B) and (G-H) represent main root tips and lateral roots of WT
plants, respectively. Panels (C-F) and (I-L) represent main root tips and lateral roots of GH3::GUS
transformed lines (TG), respectively. Panels (C-D) represent main root tips and (I-J) represent lateral roots
under control condition and 150 mM NaCl treatment after short-term exposure (i.e. after 2 days of 150
mM NaCl exposure). Panels (E-F) represent main root tips and (K-L) represent lateral roots under control
condition and 150 mM NaCl treatment after long-term exposure (i.e. after 12 days of 150 mM NaCl
exposure). Representative pictures of n=5 transgenic plants per treatment and time are shown. Scale bar:
2 mm.
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S2.3). After long-term salt exposure, the number of DEGs related to cell wall reactions in LRs, MRs
and leaves were 205, 66 and 8, respectively (Supplement table S2.4).

Among the DEGs in a particular tissue, members of the following gene families were abundant:
pectin methylesterase (PME), expansin (EXP), expansin-like (EXL), cellulose synthase (CesA),
cellulose synthase-like (Csl), xyloglucan endotransglucosylase/hydrolase (XTH), fasciclin-like
arabinogalactan (FLA), MYB and NAC-type transcription factor (TF). Therefore, the regulation of
these gene families in different tissues in response to salt stress was summarized (Fig. 2.6, 2.7
and 2.8). In MRs, out of DEGs encoding PME, EXP & EXL, CesA & Csl, FLA, XTH, MYB and NAC-type
TFs after short-term salt exposure, the majority were upregulated (Fig. 2.6, Supplement table
S2.3). However, differentially expressed members of these gene families after long-time salt
exposure largely showed downregulation except for some genes encoding PME, EXP, EXL and TFs
(Fig. 2.6, Supplement table S2.4).

In LRs, after short-term salt exposure, almost all DEGs from PME, EXP, EXL, MYB and NAC-type TF
families showed upregulation, while DEGs from CesA, Csl, FLA and XTH families mostly exhibited
downregulation (Fig. 2.7, Supplement table S2.3). More members of these gene families were
differentially regulated after long-term than short-term salt exposure in the LRs (Fig. 2.7,
Supplement tables S2.3 & S2.4). After long-term salt exposure, in LRs, all DEGs from MYB TF and
many DEGs from PME, EXP, EXL, XTH and NAC-type TF families were upregulated, but the
majority of DEGs encoding PME, EXP, EXL, CesA, Csl and FLA and many from XTH and NAC-type
TF family showed downregulation (Fig. 2.7, Supplement table S2.4).

In the leaf tissues, only a few out of these gene families showed regulation in response to salt
(Fig. 2.8, Supplement tables S2.3 & S2.4). After short-term salt exposure, DEGs for MYB TF
showed upregulation, while DEGs from PME, CesA & Csl gene families showed both up- and down
regulation in the leaf tissues (Fig. 2.8, Supplement table S2.3). After long-term salt exposure, one
member from PME, Csl and FLA gene families each was downregulated in the leaves, but
members from any of these gene families did not show significant upregulation (Fig. 2.8,

Supplement table S2.4).
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Table 2. 4: The content of elements (mg g* dry mass) in the main and lateral roots of P. euphratica under control and 150 mM NaCl treatments at

the time points after short-term (Tp1 = after 2 days of 150 mM NaCl exposure) and long-term (Tp2 = after 12 days of 150 mM NaCl exposure) salt

exposure. Data represent means + SE (n = 4 or 5 plants per treatment and time). Three-way ANOVA was conducted with treatment, time and root

type as the main factors. Normal distribution of data was tested by plotting residuals. To meet the criteria, square root (for Ca, Mg, Fe, S and P)

and log transformation (for K and Mn) were used. Homogeneous subsets were obtained using Post-hoc Tukey’s HSD test. Different lower case

letters in a column indicate significant differences at p <0.05.

Treatment Time Root type K Ca Mg Mn Fe S P
Control Tpl Main root 445+097c 0.36 £ 0.03 bc 0.31+0.04b 0.03+0.01 ac 0.02+0.03a 66.58 + 10.92 a 1.84+0.48 ab
150 mM NaCl  Tpl Main root 1.68+0.26 bc  0.18+0.03 ac 0.29+0.03 b 0.06 +0.02bc  0.13+0.06 ac 64.10+5.10a 2.04+0.15ab
Control Tp2  Main root 4.22+0.74c 0.36+0.03 ¢ 0.37+0.05b 0.05+0.01bc  0.03+0.01ab 72.60+£9.18 a 1.66 £ 0.34 ab
150 mM NaCl  Tp2  Main root 2.18+0.39bc  0.22+0.03 ac 0.31+0.05b 0.01+0.00a 0.04 £0.01 ab 65.21+6.35a 2.93+0.48b
Control Tpl Lateralroot 2.10+0.71bc 0.26+0.08ac 0.27+0.09ab 0.16+0.08bc 0.23+0.09bc 118.25+44.28a 1.62+0.51ab
150 mM NaCl  Tpl Lateralroot 1.02+0.15ab 0.17+0.02ab 0.22+0.03 ab 0.11+0.01c 0.30+0.09 ¢ 101.51+5.86a 1.94 £0.27 ab
Control Tp2 Lateralroot 1.03+0.15ab 0.23+0.06ac 0.17+£0.02ab 0.09%£0.02bc 0.07+0.01ac 114.50+5.08 a 0.89+0.13a
150 mM NaCl  Tp2 Llateralroot 0.45+0.08a 0.16+0.03a 0.10+0.02a 0.03+0.01ab  0.25+0.05bc 104.81+3.82a 0.97+0.17 a
p(treatment) <0.001 <0.001 0.149 0.011 0.012 0.570 0.037
p(root type) <0.001 0.011 <0.001 <0.001 <0.001 <0.001 0.001
p(time) 0.102 0.877 0.160 0.002 0.199 0.612 0.193
p(treatment x root type) 0.631 0.179 0.777 0.778 0.479 0.967 0.376
p(treatment x time) 0.856 0.741 0.472 <0.001 0.958 0.758 0.608
p(root type x time) 0.022 0.524 0.017 0.894 0.311 0.911 0.013
p(treatment x root type x time) 0.311 0.727 0.722 0.491 0.086 0.997 0.211
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Table 2.5: The content of elements (mg g dry mass) in the leaves of P. euphratica under control and 150 mM NaCl treatments at the time points
after short-term (Tp1 = after 2 days of 150 mM NaCl exposure) and long-term (Tp2 = after 12 days of 150 mM NaCl exposure) salt exposure. Data
represent means * SE (n = 4 or 5 plants per treatment and time). Two-way ANOVA was conducted with treatment and time as the main factors.
Normal distribution of data was tested by plotting residuals and log transformation (for Mg) was used. Homogeneous subsets were obtained using
Post-hoc Tukey’s HSD test. Different lower case letters in a column indicate significant differences at p <0.05.

Treatment Time K Ca Mg Mn Fe S P
Control Tpl 16.92+096a 13.16+0.80ab 4.71+0.26a 0.12+0.01a 0.06+0.01a 10.77+0.66a 5.55+0.26a
150 mM NaCl  Tpl 18.65+0.75a 13.63+0.27ab 4.98+0.13a 0.14+0.01a 0.04+0.00a 12.16+033a 5.71+0.46a
Control Tp2 17.80+0.63a 16.03+1.08b 572+0.32a 0.16+0.01a 0.06+x0.01a 12.13+095a 5.71+0.40a
150 mM NaCl  Tp2 17.51+138a 11.64+151a 4.74+039a 0.13+0.01a 0.04+0.00a 10.76+1.12a 593+0.32a
p(treatment) 0.506 0.062 0.204 0.428 0.004 0.939 0.636
p(time) 0.853 0.782 0.343 0.431 0.888 0.906 0.618
p(treatment x time) 0.322 0.036 0.048 0.070 0.838 0.125 0.942
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2.4 Discussion

2.4.1 P. euphratica restores carbon dioxide assimilation under high salinity

Stomatal opening is required for CO; to enter the leaf for assimilation and at the same time
results in water loss due to transpiration (Farquhar & Sharkey, 1982). After 5 hours of exposure
to 100 mM NaCl LA solution (d1), salt-stressed P. euphratica significantly reduced the opening of
stomata which resulted in a reduction in transpirational water loss (Fig. 2.2B, C). At that time, the
uptake rate of CO, was not reduced greatly (d1, Fig 2.2A), but the sub-stomatal CO, level
decreased significantly (d1, Fig. 2.2D). The concentration of CO outside the leaf and stomatal
conductance control the supply of CO; to the leaf intercellular air spaces (Moss & Rawlins, 1963;
Farquhar & Sharkey, 1982; Tominaga et al., 2018). After 5 hours of exposure to 100 mM Nacl, P.
euphratica maintained a high assimilation rate by consuming intercellular CO;, whose
replenishment was decreased because of reduced stomatal conductance. This ultimately
resulted in decreased sub-stomatal CO; levels. After one day of exposure to 100 mM NaCl, CO;
assimilation rate was significantly decreased due to less available CO; inside the leaves (d2, Fig.
2.2A, D). P. euphratica was then able to maintain a steady level of stomatal conductance and and
gas exchanges (150 mM NaCl) (Fig. 2.2B, C). However, after 12 days of exposure to 150 mM NaCl
(d14), salt-stressed plants recovered photosynthetic rates, even though stomatal conductance
was low, by utilizing more CO; from the intercellular air spaces. Consequently, CO;
concentrations in the sub-stomatal spaces further decreased (d14, Fig. 2.2D). The recovery in the
net photosynthesis rate of P. euphratica under higher salinity (200 mM NaCl) was also reported
earlier (Ma et al., 1997). Therefore, P. euphratica has ability to maintain gas exchange efficiently

under extended exposure to salinity.

2.4.2 P. euphratica shows a morphological modification in roots in response to high salt
exposure
The characteristic morphological adaptations in leaves or stems of numerous halophytes under

increasing salinity are associated with an increase in cell size, or increase in cell size and numbers,
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Figure 2.6: A schematic chart showing the regulation of few gene families, annotated to GO term “cell wall
organization or biogenesis”, in the main root tissues of P. euphratica after short-term (i.e. 2 days of 150
mM NaCl exposure) and long-term (i.e. after 12 days of 150 mM NaCl exposure) salt exposure. Red lined
box includes upregulated and blue lined box includes downregulated gene families. The number indicates
the number of genes out of total number of DEGs from the respective gene family at that time. 1" indicates
upregulation and | indicates downregulation.
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Figure 2.7: A schematic chart showing the regulation of few gene families, annotated to GO term “cell wall
organization or biogenesis”, in the lateral roots of P. euphratica after short-term (i.e. 2 days of 150 mM
NaCl exposure) and long-term (i.e. after 12 days of 150 mM NaCl exposure) salt exposure. Red lined box
includes upregulated and blue lined box includes downregulated gene families. The number indicates the
number of genes out of total number of DEGs from the respective gene family at that time. 1 indicates
upregulation and | indicates downregulation.
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Figure 2.8: A schematic chart showing the regulation of few gene families, annotated to GO term “cell wall
organization or biogenesis”, in the leaf tissues of P. euphratica after short-term (i.e. 2 days of 150 mM
NaCl exposure) and long-term (i.e. after 12 days of 150 mM NaCl exposure) salt exposure. Red lined box
includes upregulated and blue lined box includes downregulated gene families. The number indicates the
number of genes out of total number of DEGs from the respective gene family at that time. 1 indicates
upregulation and {  indicates downregulation.

and an increase in water content per unit surface area (Ayala & O’Leary, 1995; Debez et al., 2006;
Akcin et al., 2017; Nguyen et al., 2017; Kherraze et al., 2018). The increase in water content per
area or an increased fresh-to-dry mass ratio is considered as a hallmark of succulence. After 12
days of exposure to 150 mM NaCl, main roots (MRs) and lateral roots (LRs) of P. euphratica
showed thickening, though thickening was much more pronounced in MRs than in LRs (Table
2.2). Longitudinal sections showed that the increased thickness in the MRs of salt-treated plants

was the result of enhanced production of cortex cells (Fig 2.3D). The dry-to-fresh mass ratio
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(DM/FM) indicated that thick roots of P. euphratica after long-term salt exposure did not develop
succulence (Table 2.3). Therefore, P. euphratica adjusts root morphology under high salinity likely
to increase the volume for deposition of salt and balancing out ion toxicity (Ottow et al., 2005; S.
Chen & Polle, 2010; Hameed et al., 2010).

On the other hand, in the current study, no succulence formation in the leaf under salinity was
indicated by the DM/FM of leaves (Table 2.3). The increased leaf thickness in P. euphratica was
previously observed after 9 weeks of exposure to 150 mM NaCl (Ottow et al., 2005). Therefore,
it is possible that morphological adjustments in the leaves, as a measure of protection from ion
toxicity, within the period of 150 mM NaCl exposure were still too subtle to be visually detected

in the present study.

2.4.3 The tissue accumulation of salt causes the morphological modifications in P. euphratica
roots under high salinity

With increasing salinity, halophytes perform adaptations by increasing the thickness and
succulence of the leaf or stem tissues (Ayala & O’Leary, 1995; Akcin et al., 2017; Nguyen et al.,
2017; Kherraze et al., 2018). Debez et al. (2006) showed that higher leaf salt content in the
halophyte Cakile maritima is associated with increased leaf thickness and succulence. The
halophyte Sesuvium portulacastrum accumulated large amounts of sodium in both leaf and stem
and showed increased leaf and shoot succulence in presence of high external Na* compared to
other ions (D. Wang et al., 2012).

In the present study, salt-stressed MRs of P. euphratica was accumulating more Na with
increasing exposure to 150 mM NaCl (Fig. 2.4A). This result suggested that long-term salt
exposure caused alterations in root morphology in P. euphratica due to increasing internal Na
content. In the LRs, there was a trend of increasing Na content with increasing exposure, but the
Na level in LRs was not that high like MRs under salinity (Fig. 2.4A). This comparatively low Na
level might be a reason why LRs did not show pronounce thickness in diameter as in MRs.

Salt treatment decreased K and Ca contents in the roots which can be the result of reduced root
uptake under high Na* concentration in the medium (Table 2.4). However, the content of

nutrients in the leaves was nearly unaffected under salinity (Table 2.5). Less negative effects of
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salinity on the leaf nutrient levels of P. euphratica were observed earlier compared to a hybrid
poplar (S. Chen et al., 2001). In a salt-susceptible poplar, the leaf levels of Ca?* and Mg?* were
decreased under salinity and this was partially produced by a reduction in stomatal conductance
and transpiration (Sharmin et al., 2021). In this study, P. euphratica showed the competence to
maintain the nutrient levels in the leaves under higher salinity, although transpiration was

decreased greatly in salt-treated plants.

2.4.4 GH3::GUS activity reveals that auxin has no evident influence on the morphological
alterations of P. euphratica roots in response to salinity

Auxin plays a critical role in root growth and development under abiotic stresses including salinity
(Korver et al., 2018; van Zelm et al., 2020). The GH3 promoter (named after the discoverer,
Gretchen Hagen), first identified in soybean Glycine max (L.) Merr., regulates the expression of
an auxin-inducible gene (Hagen et al., 1984; Hagen & Guilfoyle, 2002). Genes related to soybean
(Glycine max) GH3 encode enzymes that catalyze the conjugation of amino acids with the auxin
indole-3-acetic acid (IAA) (Staswick et al., 2005; Q. Chen et al., 2010). Thereby, the active IAA
levels are modulated and auxin homeostasis is maintained (Staswick et al., 2005; Q. Chen et al.,
2010). In our study, we used P. euphratica transformed with the promoter-reporter construct
GH3::GUS containing the B-glucuronidase (GUS) reporter gene and the promoter and 5' UTR of
soybean GH3 gene. The B-glucuronidase (GUS) gene is widely used as a gene fusion marker for
analysis of gene expression in transformed plants (Jefferson, 1987; Jefferson et al., 1987;
Guivarc’h et al., 1996). B-glucuronidase (GUS) functions in the hydrolysis of a wide variety of B-
glucuronides such as 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid (X-Gluc) which is a
commercially available histochemical substrate (Jefferson, 1987; Jefferson et al., 1987; Guivarc’h
et al., 1996). The substrate X-Gluc is hydrolyzed in the presence of GUS to yield a blue color as
the product (Jefferson, 1987; Jefferson et al., 1987; Guivarc’h et al., 1996). GH3::GUS construct
has been used to study auxin physiology in many plants including poplar (Bierfreund et al., 2003;
Pacios-Bras et al., 2003; Teichmann et al., 2008; Takanashi et al., 2011; Elobeid et al., 2012).

In the present study, GUS staining pattern in MRs and LRs indicated high free auxin levels in the
root cap and root meristematic region supporting the role of auxin in promotion of the elongation

of roots (Fig. 2.5). Obvious strong differences in the GUS staining pattern in response to salt stress
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were not observed, suggesting that the main and lateral root development by the regulation of
auxin was not affected in P. euphratica under higher salinity. In addition, increased root thickness
after long-term salt exposure did not exhibit any changes in the GUS staining (Fig. 2.5). This result
suggested no obvious role of auxin for the process of morpho-anatomical modifications of P.

euphratica roots under salinity.

2.4.5 The regulation of several cell wall associated genes during root thickening reveals their
influence in the morphological alterations in P. euphratica roots under salinity

During plant growth and development, the cell wall has several biological functions including
regulation of cell expansion (Popper, 2008; Chebli & Geitmann, 2017). Each cell is surrounded by
a primary cell wall, a structural layer composed of polysaccharides (approx. 90%) and some
proteins (approx. 10%) (Doblin et al., 2010; Y. Zhao et al., 2019). The major polysaccharides in the
primary cell wall are cellulose, hemicellulose and pectin. In a primary cell wall, cellulose
microfibrils are linked with hemicellulose to form the cellulose-hemicellulose network which is
embedded in the pectin matrix (Popper, 2008; Chebli & Geitmann, 2017; Y. Zhao et al., 2019).
The polysaccharide synthases and glycosyltransferases (GlyTs) are the key enzymes in wall
biogenesis (Doblin et al., 2010). The polysaccharide synthases catalyze the transfer of glycosyl
residues from a sugar nucleotide donor to construct the main backbone of wall polysaccharides
such as cellulose, hemicellulose, etc. (Doblin et al., 2010). The GlyTs transfer single glycosyl
residues from the donor to a polysaccharide backbone (Doblin et al., 2010). Proteins involved in
cellulose synthesis are encoded by a large family of cellulose synthase (CesA) genes (Popper,
2008; Doblin et al., 2010). Cellulose synthase-like (Csl) genes encode proteins that are responsible
for the synthesis of hemicelluloses (Popper, 2008; Doblin et al., 2010). The xyloglucan
endotransglucosylase/hydrolases (XTHs) are enzymes involved in cell wall expansion and re-
modeling, cleaving and re-joining xyloglucan (hemicellulose) chains in the xyloglucan—cellulose
network (Doblin et al., 2010; Stratilova et al., 2020; De Caroli et al., 2021). Pectin mediated cell
wall loosening is as an important factor during cell and tissue morphogenesis (Chebli & Geitmann,
2017). Pectin methyl-esterase (PME) removes ester bond, leading to cell wall loosening (Pelloux

et al., 2007; Chebli & Geitmann, 2017).
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Cell wall proteins include several enzymes, expansins, wall-associated kinases, glycoproteins etc.
(Popper, 2008; Doblin et al., 2010). Expansins are wall proteins that play role in increasing cell
wall extensibility (Popper, 2008; Byrt et al., 2018; Lohoff et al., 2021). Genes responsible for
expansins can be grouped into four families; EXLA (expansin-like A), EXLB (expansin-like B), EXPA
(a-expansins) and EXPB (B-expansins) (Popper, 2008; Lohoff et al., 2021). No enzymatic activity
has been assigned to expansins and their functioning mechanism remains elusive (Byrt et al.,
2018; Lohoff et al., 2021). Fasciclin-like arabinogalactan proteins (FLAs) are a subclass of
arabinogalactan proteins (AGPs), have cell adhesion domains known as fasciclin domains, play
role in cell adhesion, shoot development and secondary cell wall synthesis (Johnson et al., 2003;
Zang et al., 2015; Hossain et al., 2020).

Moreover, several transcription factors in the NAC and MYB families act as master regulators for
modulating the biosynthetic pathways of the secondary wall components cellulose, xylan and
lignin, etc. (Zhong & Ye, 2007; C. Li et al., 2014; S. Wang et al., 2014; Eckert et al., 2019; Geng et
al., 2020). In the current study, members from PME, EXP, EXL, CesA, Csl, XTH, FLA, MYB and NAC-
type transcription factor gene families exhibited differential expressions frequently in the root
and leaf tissues under salinity. After short-term salt exposure, PME, EXP, EXL, CesA, Csl, XTH, FLA,
MYB and NAC-type transcription factor related genes were predominantly upregulated in MRs
indicating the involvement of cell wall remodeling reactions in the modification of main root
morphology (Fig. 2.6). The upregulation of cell wall related genes in the short-term salt-stressed
MRs suggested that the reactions for new cell wall formation and cell wall extension were
stimulated via increased gene expression to modify the root morphology. Plants likely started to
increase the production of proteins responsible for manufacturing cell wall components such as
cellulose, hemicellulose and regulating cell wall extensibility. However, after long-term salt
exposure, genes from all these families exhibited reduced transcript levels in MRs, particularly
genes related to cellulose, hemicellulose synthesis, and cellulose-hemicellulose network
remodeling (Fig. 2.6). This result suggested that plants initiated adjustment in the synthesis of
proteins for cell wall reactions by decreasing gene expressions as thickening of main root already

happened to a good extent after long-term salt exposure.
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In LRs, the cell wall associated genes showed up- and downregulation after short- and long-term
salt exposure (Fig. 2.7). At both time points, genes related to MYB and NAC-type transcription
factors were mostly upregulated and genes encoding CesA, Csl, XTH and FLA were mainly
downregulated in the salt-stressed LRs (Fig. 2.7). The regulations of many members of all these
gene families at both times suggested that modifications in LR morphology by regulating the cell
wall modifying reactions was ongoing.

The regulations of the cell wall-related gene families under salinity were less affected in leaves
than in roots (Fig. 2.8). This result suggested that the alteration of tissue morphology by the

regulation of cell wall modifications was not activated in the leaves.

2.5 Conclusion

P. euphratica responses to higher salinity via an adjustment in root morphology. P. euphratica
roots become thicker in diameter in response to high salinity. This study indicated that an
increase in root thickness was likely stimulated by the internal tissue accumulation of Na*. The
enlarged diameter in the main roots under salinity was shaped by the increased number of cortex
cells. The more cell volume in thick roots under salinity than control thin roots may help P.
euphratica to control salt levels accumulated into the root tissues. Transcriptome analyses
indicated the involvement of cell wall modifying genes in the regulation of root morphology
adjustment under salinity. P. euphratica showed efficiency to deal with negative effects of salinity
on gas exchange and repaired photosynthesis rate after salt adaptation. Though root uptake of
macronutrients was reduced by salt stress, P. euphratica preserved the nutrient contents in the
foliar tissues. Therefore, P. euphratica exhibits salt tolerance by adapting root morphology and
retaining nutrient balance under high salinity. However, it would be interesting to investigate the
contribution of this root thickening in the salt tolerance strategy of P. euphratica which was not

possible in this study.
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2.8 Supplementary materials — chapter 2

Supplementary Table S2.1: Table showing the changes in expressions (Fold change =
NaCl/Control) of all genes obtained from transcriptome analysis of root tips (main roots), lateral
roots and leaves of P. euphratica after short term (Tp1l = after 2 days of 150 mM NacCl exposure)

and long-term (Tp2 = after 12 days of 150 mM NaCl exposure) salt exposure.

Supplementary Table S2.2: A list of all genes involved in plant "cell wall organization or
biogenesis" expressed in different tissues of P. euphratica plant. This list was obtained after
screening our study data set (Table S2.1) based on the complete gene list of the GO term "Cell

Wall Organization or Biogenesis" (Accession: GO:0071554).
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Supplementary Table S2.3: A list of differentially expressed genes (DEGs) involved in plant "cell
wall organization or biogenesis" expressed in different tissues of P. euphratica plant under salt

stress compared to control after short-term salt exposure (time point 1).

Supplementary Table S2.4: A list of differentially expressed genes (DEGs) involved in plant "cell
wall organization or biogenesis" expressed in different tissues of P. euphratica plant under salt

stress compared to control after long-term salt exposure (time point 2).
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Chapter 3: Salt-induced root thickening contributes to salt tolerance of
Populus euphratica by limiting Na* accumulation and maintaining ion

homeostasis

3.1 Introduction

Soil salinity is a worldwide environmental challenge for agriculture and forestry because of
detrimental effects on plant growth (Chen and Polle, 2010; Polle and Chen, 2015). The salt-
affected areas are still expanding due to natural causes like rock weathering and human induced
salinization (Rengasamy, 2006; Hassani et al., 2020). To combat land loss, the cultivation of salt-
tolerant plants is crucial. Among woody species, Populus euphratica is equipped with a number
of molecular and physiological features that enable this species to survive higher levels of salinity
than many other tree species (Gu et al., 2004; Ma et al., 2013, 2015; Zhang et al., 2020b).
Therefore, P. euphratica is widely used as model for salt tolerance in woody species.

Coping with salinity principally depends on the plants” ability to protect their cytosol from Na*
toxicity by maintaining favorable ion balances (Munns and Tester, 2008). The strategies to
manage Na* levels include limiting Na* uptake, promoting Na* compartmentalization into
vacuoles, extruding Na* out of the cell (Tester and Davenport, 2003; Munns and Tester, 2008;
Deinlein et al., 2014) and salt dilution by development of succulent leaves (Ottow et al., 2005a).
P. euphratica exhibits a greater restriction on the root uptake and transport of Na* than salt-
sensitive poplars (Chen et al., 2002, 2003). In addition, this species keeps Na* preferentially in the
apoplast rather than the vacuole, although vacuolar sequestration increases with extended salt
exposure (Chen et al., 2002, 2003; Ottow et al., 2005a). A highly active Na* extrusion system in
the plasma membrane (PM) benefits P. euphratica cells to avoid excess Na* levels (Sun et al.,
2009). Na* efflux from the cell and sequestration into vacuoles are performed by SOS1 and NHX
type Na*/H* antiporters, respectively (Apse et al., 1999; Shi et al., 2002; Yokoi et al., 2002). Genes
encoding Na*/H* antiporters i.e. PeSOS1, PeNHX1-6 and PeNhaD1 were characterized in P.

euphratica and function in salt tolerance (Ottow et al., 2005b; Wu et al., 2007; Ye et al., 2009).
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Na* extrusion is an energy-dependent process, as ions have to move against their electrochemical
gradient, and the proton-motive force generated by the H*-ATPases or pyrophosphatases (H*-
PPiase) powers the action of Na*/H* antiporters (Yang et al., 2007a; Zhang et al., 2020a; Blumwald
et al., 2000; van Zelm et al., 2020). Increased PM H*-ATPase activity and protein abundance were
observed in P. euphratica in response to salt exposure (Zhang et al., 2007; Yang et al., 2007b; Ma
et al., 2010; Yao et al., 2020).

Salt acclimation, which requires the stimulation of salt-induced PM H*-coupled transport systems
(H*-ATPase and Na*/H* antiporter), occurs via a stress signal transduction pathway involving
increases in H,0, production by stimulating NADPH oxidase activity (Sun et al., 2010b). NADPH
oxidases, also known in plants as respiratory burst oxidase homolog (RBOH) proteins, catalyze
the formation of superoxide, which is then converted to H,0; by superoxide dismutase (SOD)
(McCord and Fridovich, 1969; Sagi and Fluhr, 2006). Increased endogenous H;0, levels
subsequently mediate elevation in cytosolic Ca* concentration ([Ca*]et) in salt-stressed P.
euphratica cells (Sun et al., 2010b). The salt-induced H,0; and [Ca?*].: signaling contribute to salt
resistance of P. euphratica by stimulating PM H*-ATPase and Na*/H* antiporter activity, and by
triggering K*/Na* homeostasis (Zhang et al., 2007; Sun et al., 2009, 2010a, 2010b, 2012). The
stimulated PM H*-ATPase activity facilitates K*/Na* homeostasis by reducing NaCl-induced K* loss
via depolarization-activated channels, i.e. the outward-rectifying K* channels (KORCs) and the
nonselective cation channels (NSCCs) (Sun et al., 2009; Zhang et al., 2020a). Elevated [Ca%*]q: is
also known to stimulate Na* extrusion through the SOS signaling pathway, where SOS3 senses
the calcium signal and then interacts with SOS2, and finally activates SOS1, an Na*/H* antiporter
(zhu, 2001, 2002, 2003; Quintero et al., 2011). Furthermore, the tonoplast Na*/H* exchanger is
regulated by the SOS pathway (Qiu et al., 2004). Collectively, the cellular regulation of these
systems mediates K*/Na* homeostasis in P. euphratica cells (Polle and Chen, 2015).

In higher plants, the Ca?* signal can be sensed by proteins from different families: Calmodulin
(CAM) (Luan et al., 2002; McCormack et al., 2005), Calmodulin-like proteins (CMLs) (McCormack
et al., 2005), Calcineurin B-like proteins (CBLs) (Kudla et al., 1999; Luan et al., 2002), and calcium-
dependent protein kinases (CDPKs) (Cheng et al., 2002). CBL family sensors decode the Ca?* signal
by interacting with CBL-interacting protein kinases (CIPKs) (Shi et al., 1999; Tang et al., 2020;
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Weinl and Kudla, 2009). A well-characterized CBL-CIPK interaction complex is the SOS signaling
network, formed by the SOS3/CBL4-S0S2/CIPK24 complex. CBL and CIPK candidate genes were
identified in P. trichocarpa (Yu et al., 2007; Zhang et al., 2008). CBLs from P. euphratica (PeCBLs)
were isolated as well and their upregulation under multiple abiotic stresses including salinity
suggested an important role in stress resistance (Zhang et al., 2008; Li et al., 2012, 2013). Each
component of the SOS pathway was functionally characterized in P. trichocarpa (Tang et al., 2010,
2014). SOS1 and SOS2/PeCIPK26 have also been functionally characterized in P. euphratica,
showing interaction of PeCIPK26 with PeCBL4 (Zhang et al.,, 2013; Lv et al.,, 2014). The
transcriptional responses of PeCBLs to salinity stress were studied in leaves (Zhang et al., 2013;
Lv et al., 2014) but not in other tissues of P. euphratica. Very little is known about the expression
patterns of other Ca?* sensors, e.g., CAMs, under salt stress (Gu et al., 2004; Chang et al., 2006).
Information on the expression patterns of CMLs and CDPKs in P. euphratica acclimated to high
salinity is not available. Overall, comprehensive expression analyses for components involved in
the pathways for salt sensing, signaling, uptake and extrusion in combination with salt uptake
under acute and long-term stress are still lacking.

In the present study, we aimed to characterize salt uptake in roots after short- and long-term
acclimation to high salinity in combination with the transcriptional regulation of genes involved
in mediating salt tolerance of P. euphratica. Long-term acclimation resulted in morphological
changes in root anatomy leading to pronounced root thickening of the main root. We
hypothesized that thick roots accumulate less salt than thin roots. We measured the enrichment
of Na* in the thick and thin roots under salinity using the radioactive 22Na* tracer. Extrusion of
Na* from both types of roots was also studied to distinguish the strategy applied by thick roots
between either less Na* uptake orimmediate discharge. The expression patterns of the molecular
networks likely involved in salt signaling and ion homeostasis of P. euphratica cells were explored
by RNA sequencing in the control and salt-exposed roots before and after thickening. We found
that salt-induced thick roots contribute to Na* homeostasis in P. euphratica under salinity

requiring only moderate stress regulation for stress adaptation.
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3.2. Materials and methods

3.2.1 Propagation and cultivation of plant

Plantlets of P. euphratica (clone B2 from Ein Avdat valley in Israel) were multiplied by in vitro
micropropagation according to Leplé et al. (1992). The stem cuttings (approximately 1 to 2 cm
long), each having at least one leaf, were transferred onto Woody Plant Medium (Lloyd and
McCown, 1980) under sterile conditions and incubated in a culture room under controlled
conditions [16 h light / 8 h dark, 150 umol m2 s'! photosynthetically active radiation (PAR) (Lamp:
L 18W/840 cool white, Osram, Munich, Germany), 22 to 25 °C, 40 to 50 % relative air humidity]
for five or six weeks as described by Miller et al. (2013). Afterwards, rooted plants were
transferred into an aerated hydroponic culture system with Long-Ashton (LA) nutrient solution

(Hewitt and Smith, 1975), which was exchanged weekly.

3.2.2 Salt treatments

For the salt treatments, LA solution was prepared with NaCl (with the concentrations indicated
below) and the plants were transferred into the salt-containing solution. Controls were
transferred into LA without NaCl addition. Plants (mean heights: 19 + 3 cm) were adapted to salt
by exposing them to 50 mM NaCl for 1 day followed by 100 mM NaCl for 2 days, and finally to
150 mM NaCl (Fig. 3.1A). The plants were kept in LA solution with or without 150 mM NacCl until
the 22Na* labelling experiments, exchanging the nutrient solution weekly (Fig. 3.1A). A total of 40
plants per treatment was used. The root system produced thin and thick root tips under elevated

salinity, while the controls had only thin root tips (Fig. 3.2A, B).

3.2.3 Na* enrichment after short-term 2>Na* labeling

To determine short-term Na* enrichment in thick and thin roots, radioactive tracer experiments
with 22Na* were performed after four weeks of growth with salt-acclimated and control plants
(Fig. 3.1B). The poplar plants were transferred in a climatized room [20 to 23 °C air temperature,
40 to 50 % relative air humidity, 150 umol m2 s* PAR (Lamp: 3071/400 HI-I, Adolf Schuch GmbH,
Worms, Germany), 16h light per day]. Control and salt-acclimated plants were exposed to low

(10 mM) or high (150 mM) NaCl in hydroponic LA solution, resulting in four treatment groups:
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low salt control (thin roots), high salt-shock (thin roots), high salt-acclimated (thick roots), high
salt release (plants transferred from high to low salt, thick roots) (n = 20 plants per treatment
group). Inclusion of low NaCl (10 mM) concentrations in the LA solution was necessary for the
22Na labelling experiments since the specific activity of Na* cannot be accurately determined in

the absence of sodium. Immediately after exposure of a plant to the treatment, an attached root

A B
175 175
150 150
s s
% 125 E 125
s 100 s 100
S s
2 2
s 75 = 75
g g
L= =3
= 1=
5 S
Y 5o 50
N T '
: I : ————
2 -1 0 1 2 3 4 5 6 24 25 26 27 -5 0 5 10 15 20
Days after treatment application Time (min) after exposure to *Na labeled solution

Figure 3.1: Schematic presentation of the steps of salt adaptation (A) and radioactive tracer experiment
(B). During salt treatment application (A), salt-treated P. euphratica plants (red line) were gradually
adapted to higher NaCl concentration by exposing them to 50 mM NaCl Long-Ashton (LA) solution for 1
day followed by 100 mM NaCl LA solution for 2 days and finally to 150 mM NaCl LA solution. Control plants
(blue line) were grown in LA solution (no NaCl) simultaneously. After gradual salt adaptation, plants were
maintained in LA solution without NaCl (Control: blue line) or with 150 mM NaCl (Salt: red line) by
exchanging solution weekly (A). Radioactive tracer experiment was performed on the 27th day of salt
adaptation (B). For this experiment, plants from salt and control groups were divided into two sub-groups
(B). The whole root system of each plant (except a single root) from one sub-group of control (blue line)
and one sub-group of salt (red line) was exposed to 10 mM NaCl LA solution (B). Similarly, the second sub-
group of control (blue line) and salt (red line) was exposed to 150 mM NacCl LA solution (B). Concurrently,
a single root from each plant (attached to the plant) was placed into a vessel containing 10 mM or 150
mM NaCl LA solution supplemented with 22Na* (labeled solution). Root tips were exposed in the labeled
solution for 0 min, 5 min, 10 min and 20 min. At the end of every exposure period, the root tip was cut off

from the plant, washed with non-labeled exposure solution and collected for the radioactivity
measurement.
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was placed with the tip to a length of about 2 cm in a vessel (Micro tube 1.5 ml, Sarstedt,
Numbrecht, Germany) containing the treatment solution supplemented with 29 to 27 KBq 2’Na*
ml! (PerkinElmer, Waltham, USA), referred to as labeled solution. The exposed roots were
harvested after 0 min, 5 min, 10 min and 20 min (arrows in Fig 3.1B). The exposure for 0 min was
performed by taking roots out of labeled solution immediately after dipping. The harvested roots
(length ca 5 cm) were briefly washed with non-labeled exposure solution to remove surface-
bound 2’Na* and separated into three parts, i.e., the ??Na* exposed part, the adjacent
“intermediate” part (2 cm) and a further 2-cm-long adjacent upper part of the root. Fresh and
dry mass (after drying at 60 °C for 7 days) of each root piece was measured. The dried root

segments were used to quantify the radioactivity of 22Na in the root tissue.

Figure 3.2: Thick and thin root tips from P. euphratica plants grown in Long-Ashton solution supplied with
150 mM NaCl (A; thick root) and 10 mM NaCl (B; thin root), respectively. The black bar indicates 1 cm.

3.2.4 Short term sodium extrusion analysis using 22Na* labeling

Poplar plants were grown for six weeks in 150 mM or 10 mM NacCl LA solution (n = 15 per
treatment). The extrusion experiment was performed with thick and thin roots in two steps: 1%
salt loading into the roots, 2"¥ Na* extrusion into LA nutrient solution (Fig 3.3). For salt loading, a
thick (from 150 mM NaCl treated plants) or thin root (from 10 mM NaCl treated plants), was
attached to the plant, was placed for 30 min in a vessel (Tube 5 ml, Sarstedt, Nliimbrecht,

Germany) containing 300 mM NaCl LA solution supplemented with 26 KBq 2’2Na* ml*! (loading
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solution) (Fig 3.3). Control loading (0 min loading) of single roots (n = 5 per treatment) was
performed separately by removing the roots immediately after dipping into the loading solution.
After loading, the exposed portion of root tip (approximately 5 cm length) was immediately cut
off from the plant, washed with non-labeled 300 mM NaCl LA solution and collected to determine
the Na concentration after loading.

To investigate Na* extrusion, five plants per treatment was used to determine Na* unloading (Fig
3.3). Loaded, attached roots were quickly washed with non-labeled 300 mM NaCl LA solution and
then placed in a vessel (Tube 5 ml, Sarstedt, Nimbrecht, Germany) containing 4 ml of non-labeled
LA solution without NaCl (collecting-solution) (Fig 3.3). Unloading was studied after exposure of
loaded roots for time intervals of O (quick dipping), 5 min, 10 min, and 20 min in fresh unloading
solution. Then, the root (approximately 5 cm length) was cut and used for Na determination.
Fresh and dry mass (60 °C, 7 days) of harvested roots was determined und used to determine the
relative water content as the fresh-to-dry mass ratio. Roots were used to measure element

contents. The activity of 22Na was determined in the collecting-solution.

Step 1: Loading of salt into root tip over 30 min Step 2: Unloading (extrusion) of salt over 40 min
Loading solution: _— -
300 mM Nacl
i 22 +
solution + (22Na*) Tube 1 Tube 2 Tube 3 Tube 4
/ (0 min) (0-10 min)  (10-20 min) (20-40 min)

Extruded ions within mentioned time period was collected into
non-labeled LA solution (no NaCl) by replacing tube with new
_ 10 mM NaCl or one having fresh solution

150 mM NaCl solution

Figure 3.3: A schematic model showing steps of Na* extrusion experiment. This experiment had two
steps:- 1) loading of salt into root and 2) observation of Na* extrusion. In salt loading step, single root from
a P. euphratica plant was immersed into a small tube containing 300 mM NaCl LA solution provided with
26 KBqg #Na ml? (loading solution). The incubation of single roots into labeled loading solution was done
for 30 min. After loading, one group of plants were proceeded to next step (step 2). Loaded root was
quickly washed with non-labeled 300 mM NaCl LA solution and then dipped into small tube holding non-
labeled LA solution with no NaCl (collecting-solution). The collection of ions releasing from loaded root
was done over 40 min with 10 or 20 min interval starting from 0 min (quick dipping). Tube holding
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collecting-solution was replaced at each interval with new tube having fresh LA solution. Root tips after
salt loading and also after unloading were cut and processed for further analyses.

3.2.5 Determination of 22Na in roots and exposure solutions

The signals of 22Na (CPM, counts per minute) in exposure (*?Na labeled) solutions and dried root
segments were measured in a gamma counter (Hidex Automatic Gamma Counter, Turku,
Finland). A background correction value (CPM) was subtracted from all sample values, which was
obtained by measuring empty vials (in case of dried root segments) or vials containing the
exposure solutions without 2’Na. For the calculation of 22Na activity (Bg) in the sample, the

following formula was used:

CPM

0 x efficiency of measurement

The activity of 22Na (Bq) = c

The activity of 2?Na in different root parts were expressed based on dry mass of the root segment:

Activity of Na (Bq)
Dry mass of root part (g)

Activity of 22Na in root part (Bq g* dry weight) =

The enrichment of Na* in root segment over the exposure period was calculated based on the
activity of 22Na (Bq g dry weight) in root part and the specific activity of the *’Na labeled
exposure solution. The specific activity of labeled solution (Bq mg* Na) was calculated from the
activity of 22Na (Bq L) and Na content (mg L) of that solution as follows:

Activity of 22Na in solution (Bq L?)

Specific activity (Bq mg™ Na) of labeled solution =
P y (Bame ) Na content of solution (mg L?)

Activity of 2Na in root part (Bq g* dry weight)

Na* enrichment (mg g* dry weight) =
(mg g y ght) Specific activity (Bq mg™ Na) of labeled solution

To determine the actual enrichment of Na* over the exposure period, the mean value of Na*
enrichment at control exposure (0 min; Tp) was subtracted from all values obtained at different
exposure periods (Tx).

The actual Na* enrichment (mg g dry weight) at T, = Na* enrichment at Tx - Mean of Na*
enrichment at Towhere T denotes time and x denotes 0, 5, 10 and 20 min.

In the Na* extrusion experiments, the activity of 22Na in collecting-solution was quantified in 4 ml

of collecting-solution used at each interval. The amount of Na released from a root within a

61



specific period was calculated based on the 22Na activity (Bq) in the respective aliquot. Specific
activity was calculated as follows:
Specific activity of collecting-solution (Bq mg* Na) =

Activity of 22Na in collecting-solution (Bq L%)

Total Na content of collecting-solution (mg L) - Na content of LA solution (mg L?)
Extrusion of Na* from a root tip (mg g* dry weight) at a given period (tx) was calculated as
follows:

Extrusion of Na* (mg g dry weight) at t,=

Activity of 22Na (Bq) in the aliquot of collecting-solution used at t

Specific activity of collecting-solution (Bq mg* Na) x dry mass of root (g)

where t denotes time and x denotes 0, 0—-10, 10-20 and 20-40 min.

3.2.6 Measurement of elements

Elements (Na, K, Ca, Mg, S, Mn, Fe and P) were determined in roots before loading, and after
loading and unloading. Since the root samples were small (in the range of 4 to 21 mg), the dry
tissue was extracted without further pretreatment in 2 ml of 65 % HNOs overnight and then
digested in a microwave digestion system (ETHOS.start, MLS GmbH, Leutkirch, Germany). The
microwave program used for the digestion was as follows: 2.5 min at 90 °C (power 1000 W), 5
min at 150 °C (1000 W), 2.5 min at 210 °C (1400 W) and 20 min at 210 °C (1600 W) (Sharmin et
al., 2021). The resulting suspension was cooled and adjusted to 25 ml with ultrapure water
(Sartorius Arium Pro, Sartorius, Gottingen, Germany). The diluted suspension was filtered (MN
640 w, 90 mm, Macherey-Nagel GmbH & Co. KG, Diiren, Germany). The elements were measured
in the liquid samples or the filtered root extracts by inductively coupled plasma-optical emission
spectrometry (ICP-OES) (iCAP 7000 series ICP-OES, Thermo Fisher Scientific, Dreieich, Germany).
The element concentrations were calculated using calibration standards (Single-element

standards, Bernd Kraft GmbH, Duisburg, Germany).

3.2.7 Collection of samples for RNA analysis
P. euphratica plants were cultivated in hydroponic LA solution in a greenhouse (21 to 23 °C air

temperature, 60 to 70 % relative air humidity, ambient light that was supplemented with
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additional light of 150 pmol m?2 s PAR (Lamp: 3071/400 HI-I, Adolf Schuch GmbH, Worms,
Germany) for 16h per day). When they had reached a height of 52 + 11 cm, they were adapted
to 150 mM NaCl within 3 days are described above (Fig. 3.1A). Preliminary experiments showed
that P. euphratica roots started thickening after 3 to 4 days of exposure to 150 mM NacCl.
Therefore, we harvested roots after 2 days (time point 1 = short-term) and 12 days (time point 2
= long-term) of 150 mM NaCl exposure. The main root (approximately 5 cm long starting at the
apex) was harvested from controls (no NaCl) and salt-stressed plants. The root samples (n=5 per

time point and treatment) were immediately frozen in liquid N2 and stored at -80 °C until use.

3.2.8 RNA extraction and analyses

RNA extraction and library construction were conducted at Beijing Genomics Institute (BGl,
Shenzhen, China). Total RNA was extracted with cetyltrimethylammonium bromide (CTAB)-
pBIOZOL reagent (Plant media, Dublin, Ireland) and purified by ethanol steps according to the
protocol of Mu et al. (2017). Total RNA was quantified using a NanoDrop (Thermo Fisher
Scientific, Waltham, USA) and Agilent 2100 bioanalyzer (Agilent, Santa Clara, USA).
Oligo(dT)-attached magnetic beads were used to purify mRNA. Purified mRNA was fragmented,
then first-strand cDNA was generated using random hexamer-primed reverse transcription,
followed by a second-strand cDNA synthesis. After A-Tailing and RNA Index adapter addition,
cDNA fragments were amplified by PCC and purified via Ampure XP Beads. The product was
validated on the Agilent 2100 Bioanalyzer for quality control. The double stranded PCR products
from the previous step were heated, denatured and circularized to get the final strand circle DNA
library. Paired-end reads with a length of 100 bases were sequenced on a BGlseq-500 (BGlI-
Shenzhen, China) according to manufacturer's instructions.

Raw sequence data have been deposited in the ArrayExpress database at EMBL-EBI (accession
number E-MTAB-8988). Processing of raw sequence data was performed with fastp (Chen et al.
2018) using default parameters. The processed sequences were mapped against the
transcriptome of Populus euphratica (GCF_000495115.1_PopEup_1.0_rna.fna.gz,
https://www.ncbi.nlm.nih.gov/genome/13265) using Bowtie 2 (Langmead and Salzberg, 2012).

Depending on the sample, 88 to 92 % of all filtered reads could be mapped to a gene model.
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Bowtie mapping files were summarized to count tables of the gene models in R (R Core Team
2018) (Supplemental Table S3.1). Identification of differentially expressed transcripts was
conducted using the DESeq2 package (Love et al., 2014), using a generalized linear model with
Benjamini and Hochberg correction to adjust p-values.

We searched the complete count table for all genes potentially related to salt stress signaling and
ion homeostasis used the following categories: sodium transport, potassium transport, H*-
ATPase, cyclic nucleotide gated channel (CNGC), glutamate receptor (GLR), CAM, CAM-like, CBL,
CIPK, CDPK, Respiratory burst, and SOD on the basis of literature (Chen and Polle, 2010; Polle and
Chen, 2015). The Arabidopsis IDs of these genes were identified in the ARAMEMNON database
(http://aramemnon.uni-koeln.de, accessed 17. July 2021, (Schwacke et al., 2003)). Using the
function all “Cluster”, all members of the gene family were identified. Then, the RNA seq count
table with P. euphratica IDs and their best Arabidopsis matches was searched with the list of
identified AGls, potentially involved in stress responses. We identified the number of significantly
differentially expressed genes (DEGs) in each category and visualized the expression of those
genes in a heatmap (settings: rows centered, unit variance scaling applied) using ClustVis

(https://biit.cs.ut.ee/clustvis/, accessed 21 September, 2021 (Metsalu and Vilo, 2015)).

3.2.9 Statistical analyses

Statistical analyses were performed with free statistical software R (version 3.5.2) and with
Statgraphics XVIII (Statgraphics Technologies, Inc., The Plains, Virginia, USA). Data were analysed
with General Linear Models followed by Tukey’s multiple comparison test. When the same
sample was used for repeated analyses, repeated measures ANOVA was employed. Normal
distribution of data was tested by the plotting residuals. Data were normal distributed with few
exceptions (2 or 3 outliers in the data sets of the time course experiment were included) and
therefore no transformation was applied. Data shown are means + SE. If not indicated otherwise,
5 biological replicates were investigated. Means were considered to be significantly different

with p-values < 0.05.
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3.3 Results

3.3.1 Thick root tips showed less Na* enrichment under high salinity than thin root

P. euphratica grown in hydroponic solution supplemented with 150 mM NaCl developed thick
roots (Fig. 3.2A). Plants without or with addition of 10 mM NaCl did not show root thickening
(Fig. 3.2B) and contained significantly less water than thick roots (Fresh-to-dry ratio of thin versus
thick roots: 6.6 £ 0.1 vs 7.9 £ 0.5 (n =5 £ SE), p < 0.05). The time course of Na* accumulation in
thin (non-acclimated) and thick (salt-acclimated) roots was analyzed under high salt (150 mM
NaCl) and low salt (10 mM NaCl) treatments in three root segments, the root tip, an intermediate
and an upper part (Fig 3.4A-C) using 2?Na* to trace newly taken up sodium. The accumulation of
Na*in root tips, which were in contact with the tracer solution and in the intermediate (non-
exposed part) showed significant time-dependent Na accumulation, whereas only very little new
Na appeared in the upper root part in the time course of our study (Figure 3.4A-C, Table 3.1).
Non-acclimated, thin root tips showed significantly higher Na uptake than the acclimated thick
root tips, if exposed to high salt (Fig. 3.4A). Under low salt and in the intermediate root parts, no
difference between thick and thin roots was observed (Fig. 3.4B, Table 3.1). Under high salt, the
upper part of thin roots showed significant salt enrichment at the end of the exposure period

compared with thick roots or roots exposed to low salt (Fig. 3.4C, Table 3.1).

3.3.2 Thin and thick roots show immediate Na* release and Ca?* replenishment in response to
low salinity

We determined Na* extrusion from both root types for a 40 min period. For this purpose, P.
euphratica plants acclimated to 150 mM or 10 mM NaCl were used. The high salt-acclimated
roots contained approximately 3-fold greater Na contents than the low salt roots (Fig. 3.5A).
Attached roots of both types were loaded with 300 mM NaCl for 30 minutes. This treatment
resulted in a significant increment in salt contents in the thin roots, whereas the Na* increase in
thick roots was small and not significant on the background of the high Na contents in these roots
(Fig. 3.5A). After 40 min of salt release in nutrient solution without NaCl, the root Na contents
were decreased and similar to those of the roots before salt loading (Fig. 3.5A). The time course

of salt accumulation in the exudation medium revealed that both thin and thick roots showed
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significant Na release, which was however much greater for thin than for thick roots (Fig. 3.5B,

Table 3.2).
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Figure 3.4: Time course of Na* enrichment (mg g weight) in the root tip (A), the intermediate (B) and
upper root part (C) of P. euphratica under low (10 mM NaCl) or high (150 mM) NaCl. Acclimated plants
with thick root roots were tested under low (light blue), or high (black) salt conditions. Non-acclimated
controls with thin roots were tested under low (pink) or high salt (red). Attached roots were exposed to
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22Na solution with the tip (approximately 2 cm) and the translocation into the upper parts was analyzed.
Data show means (n = 3 or 5, + SE). Different letters refer differences in Na enrichment at the end of the
exposure period at p < 0.05.
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Figure 3.5: The content of Na (mg g dry weight) in the root tips at different time points (A) and release
of Na* (mg g* dry weight) from root tips during salt unloading (B). Graph A represents the content of Na
(mg g dry weight) in the thick root tips (black bars) and thin root tips (red bars) harvested after 0 min salt
loading (before), after 30 min loading (loaded) and after 30 min loading followed by 40 min unloading
(unloaded). For salt loading, a single thick root (from 150 mM NaCl adapted plant) or a single thin root
(from 10 mM NaCl adapted plant), still attached to the plant, was placed in a vessel containing 300 mM
NaCl LA solution supplemented with 22Na*. Bar represents means + SE (n = 5). For Na content (A), two-
way ANOVA was conducted with root type and incubation time as the main factors and homogeneous
subsets were obtained using Post-hoc Tukey’s HSD test. Different lower case letters in graph A indicate
significant differences at p <0.05. Graph B represents the extrusion (release) of Na* (mg g dry weight)
from salt loaded thin roots (red line) and thick roots (black line) over 0 min, 10 min, 20 min and 40 min of
salt unloading. Data represent means + SE (n = 5). In case of Na* release (B), repeated measures ANOVA
was performed.

We also measured the responses of other nutrient elements to loading and unloading of NaCl. In
thin roots, Ca?* contents decreased in response to salt loading and increased in response to
unloading (Table 3.3). In thick roots, salt loading did not influence Ca?* contents, but unloading
also caused increased Ca®* contents (Table 3.3). Thick roots contained lower contents of
potassium and higher contents of iron and phosphorus than the thin roots, but the loading and
unloading treatments had no significant effect on any of these nutrient elements (Table 3.3).

Magnesium, manganese and sulfur were unaffected by the treatments in thick and thin roots.
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Table 3.1: Analyses of variance for Na enrichment in the tips, intermediate (inter) and upper parts (top) of P. euphratica roots. Results of GLM
are shown. SoS = Sum of squares, Df = degrees of freedom, MS = Mean squares

Analysis of Variance for Tip

Analysis of Variance for Inter

Analysis of Variance for Top

Source SoS Df MS F-Ratio P-Value SoS Df MS F-Ratio P-Value SoS Df MS F-Ratio P-Value
Model 215.0 15 143 126 0.000 5.2 15 0.3 6.0 0.000 0.011 15 0.0007 2.1 0.022
Root type 6.5 1 65 57 0.020 00 1 0.0 0.2 0.637 0.001 1 0.0007 19 0.176
Time 39.3 3 13.1 115 0.000 14 3 05 7.8 0.000 0.001 3 0.0004 1.2 0.307
Salt 1076 1 107.6 94.3 0.000 28 1 2.8 48.4 0.000 0.003 1 0.0034 9.6 0.003
Root type*Time 8.3 3 28 24 0.075 0.1 3 0.0 0.7 0.551 0.001 3 0.0004 1.1 0.370
Root type*Salt 6.8 1 6.8 6.0 0.018 00 1 0.0 0.0 0.939 0.000 1 0.0004 1.0 0.314
Time*Salt 196 3 6.5 5.7 0.002 09 3 03 50 0.004 0.001 3 0.0005 1.4 0.266
RT*Time*Salt 7.4 3 25 2.2 0.104 0.1 3 0.0 05 0.682 0.001 3 0.0005 1.3 0.275
Residual 62.8 55 1.1 3.2 55 0.1 0.019 55 0.0004

Total (corrected) 277.8 70 8.4 70 0.030 70
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Table 3.2: Repeated measures ANOVA for the time dependence of salt release (mg g* dry weight) from
thick and thin roots of P. euphratica. The Greenhouse-Geisser (GG) correction was applied because
sphericity was rejected at p <0.001 (Mauchly's Sphericity Test) and epsilon was <0.75. SoS = Sum of
squares, Df = degrees of freedom, MS = Mean squares

Source SoS Df MS F-Ratio P-Value
Model 13953 15 93.0 23.0 <0.001
Root type 2709 1 270.9 6.3 0.036
ERROR (subject) 3428 8 42.8 10.6 <0.001
Time (corrected GG) 696.9 1.03 675.6 57.4 <0.001
Time*Root type (corrected GG) 84.8 1.03 82.3 7.0 0.028
ERROR (Time) 97.1 24 4.0

Total (corrected) 1492.4 39

3.3.3 Regulation of genes related to salt stress signaling and Na*/K* homeostasis in thin and
thick roots under salinity

We searched genes involved in salt stress signaling and ion homeostasis in the whole RNA-seq
count table (Supplement Table S3.1). This approach resulted in 257 genes, which we assigned to
12 functional categories, potentially mediating salt responses (Fig. 3.6, Supplement Table S3.2).
We found that the majority of the selected genes showed no significant changes in transcript
abundances under short- or long-term exposure to salinity (Figure 3.6, Supplement Table S3.2).
This result included the genes known from Arabidopsis to mediate the SOS pathway, SOS1, SOS2
and SOS3 (Supplement Table S3.2). Among the DEGs, down-regulated genes were mainly found
in the categories CBLs, CIPKs and for potassium transport (Fig. 3.6). In the other categories, down-
regulated DEGs were less abundant than upregulated DEGs (Fig. 3.6). The pathways for ROS
production, salt sensing and signal transduction via Calmodulin, CMLs and CDPKs as well as
sodium transport and ATPases were characterized by various upregulated DEGs (Fig. 3.6,
Supplement Table S3.2).

Analyses of DEGs that were responsive to salt treatments showed a significant temporal
differentiation among the DEG categories (Fig. 3.7). After short-term salt exposure for 2 days, all
but 1 DEG were transcriptionally upregulated, including genes putatively representing
calmodulin-like (CMLs) and CDPKs, NADPH oxidases and SODs, transporters (CNGCs, potassium

and sodium) and H* ATPases in the plasma and vacuolar membrane (Fig. 3.7). The salt responses
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Table 3.3: Nutrient element contents in P. euphratica roots before loading with 300 mM NaCl, after loading and after unloading. Thin roots were
collected from control plants grown with 10 mM NaCl and thick roots from salt acclimated plants grown with 150 mM NaCl. Data show means (n
=5, + SE). Two-way ANOVA was conducted with root type and incubation time (incub.) as the main factors. Normal distribution of data was tested
by plotting residuals and log transformation (for K and Fe) was used. Different letters in a column indicate significant difference among the means
at p < 0.05 (post hoc Tukey HSD test).

Treatment K Ca Mg Mn Fe S P

Thin root_(before) 8.28+0.92b 1.23+0.14b 0.69+0.08a 0.02+0.00a 0.04+0.0l1ab 1.69+t0.14a 4.34+041a
Thin root_(loaded) 7.17+0.64ab 064+0.12a 051+006a 0.01+0.00a 0.03+0.00a 1.52+0.05a 3.81+0.33a
Thin root_(unloaded) 8.46+091b 1.231+0.14b 0.67+0.07a 0.02+0.00a 0.03+0.00a 1.57+0.07a 4.89x0.35ab
Thick root_(before) 5.01+0.32a 0.72+0.05a 0.62+0.07a 0.02+0.00a 0.11+0.02¢ 1.77+0.09a 7.08+0.37 bc
Thick root_(loaded) 5.36+0.24 a 0.72+0.06a 0.74+0.06a 0.02+0.01a 0.16%x0.05c 156+0.11a 7.74+0.78c
Thick root_(unloaded) 5.18 +0.45 a 1.22+0.12b 0.80+0.08a 0.03+0.00a 0.09+0.02bc 1.74+0.14a 7.49%0.76¢c
p(incub.) 0.810 <0.001 0.283 0.192 0.464 0.208 0.631

p(root type) <0.001 0.117 0.112 0.075 <0.001 0.267 <0.001
p(incub. x root type) 0.396 0.029 0.112 0.382 0.419 0.818 0.409

70



were more heterogeneous after 12d than after 2d of-salt exposure. After 12d of salt acclimation,
most DEGs were down-regulated and included the main categories: signal transduction (CBLs and
CIPKs), potassium transport and vacuolar H*-ATPases (Fig. 3.7). Only few DEGs were salt
responsive at both time points (2 and 12 days after salt exposure): two NADPH oxidases (up), two

K* transporters (down) and a CML (up) (Fig. 3.7).

Number of Gene Loci

Figure 3.6: Number of genes potentially involved in salt signaling and ion homeostasis present in the
transcriptomes of control and salt-exposed P. euphratica roots. Grey = genes which are not significantly
differentially expressed, red = up and blue = down-regulated differentially expressed genes (DEGs).

3.4 Discussion

3.4.1 Thick roots limit Na* in- and efflux under high salinity

In this study we exploited the ability of P. euphratica to form thick roots under saline conditions
to investigate the importance of root features for salt tolerance. Previous studies showed that P.
euphratica forms thick leaves under high salt, which contribute to store excess Na* in the vacuole
and apoplast (Ottow et al., 2005a). The formation of succulent organs such as leaf or stem

succulence is well known as an adaptation to store water in arid conditions (Ogburn and Edwards,
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2010; Grace, 2019) and has also been found in halophytes (Ogburn and Edwards, 2010; Flowers

et al., 2015). Succulence accompanied by enhanced salt tolerance is induced by overexpression
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Figure 3.7: Relative expression levels of salt-responsive genes in P. euphratica roots in controls (C1, C2)
and after salt treatment (S1, S2). C1, S1 = short-term exposure to 150 mM Na* for 2 days and C2, S2 = long
term exposure for 12 days to 150 mM Na*. Genes showing significant responses after short term (p(time)
=1), long term (p(time = 2) and at both time points (p(time = 12)) are shown. The original data are shown
in Supplement Table S3.2.

of a cell wall loosing gene in tobacco leaves (Han et al., 2013) or by overexpression of a bZIP
transcription factor in Arabidopsis roots (Lim et al., 2020). Examples for root succulence induced
by salinity, as in our study, have rarely be found. An example are olive trees (Olea europeae L.),

which show increases in diameter in response to salinity (Tan et al., 2020). Scanning electron
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microscopy in combination with element analyses (EDX-TEM) revealed that salt accumulation in
first order salt-exposed olive roots was lower than in higher order root branches (Tan et al.,
2020). In our study we compared salt-acclimated and unacclimated first order roots and found
significantly higher accumulation of Na* in unacclimated than in acclimated roots. EDX-TEM
analyses of unacclimated P. euphratica plants to 300 mM NaCl showed high Na* accumulation in
vacuoles as well as in the apoplast of roots cells (Chen et al., 2014), thus supporting the present
results. The EDX-TEM study of high salt-exposed P. euphratica also localized high contents of Na*
and CI" in the root xylem vessels, pointing to an upward transport of the ions (Chen et al., 2014).
In agreement with those results, we demonstrate that upward transport of Na* was traceable
already after short-term Na* exposure in unacclimated, thin roots. However, our tracer study did
not reveal significant upward translocation in the acclimated thick roots. Notably, both Na*
uptake and extrusion into the external solution were strongly reduced in the acclimated thick
roots. These results underpin that acclimated roots have a higher ability to control root Na* levels
and are relatively resistant towards changes in salt conditions.

An important question is whether these physiological results concur with transcriptional changes
in pathways known to mediate salt tolerance (as outlined in the introduction). In salt sensitive
plant species, activation of the SOS pathway composed of Na*/H* antiporters (NHXs) and proton
pumps (ATPase) drive Na* outward across the membrane and thus central components for plant
resistance (Zhu, 2002, 2016). In addition, PeNhaD1 mediates Na* translocation across
membranes (Ottow et al., 2005b), most likely protecting plastids from excess sodium (Miiller et
al.,, 2014). In Arabidopsis, SOS1 and HKT1;1 have been shown to function in controlling Na*
transport by retrieving Na* from the xylem sap under severe salt stress (Shi et al., 2002;
Davenport et al., 2007). Here, we found significant downregulation of HKT1;1 after long-term salt
stress, suggesting less Na* recovery from xylem loading in thick roots. We further detected high
expression levels of PM H*-ATPases and the Na*/H* antiporters SOS1 and NhaD1 but notably no
significant change under short- or long-term salinity of the most highly expressed genes of the
NHX (including SOS1) and NhaD families. This result supports that the Na*/H* antiport system is
constitutively overexpressed in P. euphratica (Janz et al., 2010) but cannot explain higher Na*

fluxes in unacclimated thin than in acclimated thick roots. One reason could be
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posttranscriptional regulation of the SOS protein, similar as for other components of the SOS
pathway (Haruta et al., 2015). Furthermore, it is possible that other members of the NHX family
with lower basal expression levels than the aforementioned could be involved in mediating
acclimatory salt responses since we found significantly increased transcript levels of NHX6 and
NHX1 homologs after short-term and downregulation of an NHX7 homolog after long-term salt
exposure. Additionally, non-selective cation channels (NSCCs) such as cyclic nucleotide-gated
channels (CNGCs) and glutamate receptors (GLRs) have been proposed as a major entry route of
Na* into the roots (Demidchik and Tester, 2002; Tester and Davenport, 2003; Demidchik and
Maathuis, 2007; Shabala and Cuin, 2008; Kronzucker and Britto, 2011). Here, upregulation of
CNGCs after short-term and decreases of CNGCs after long-term salt exposure, together with the
modulation of the antiporter system on top of high activities for high basal Na protection may be

responsible for adjusting Na* handling during salt acclimation.

3.4.2 Salt sensing and signaling show divergent transcriptional patterns in unacclimated and
acclimated roots

An essential facet of salt acclimation is Na* sensing and signaling via H,0, and Ca?* (Zhu, 2016).
Our study shows transcriptional upregulation of NADH oxidases and SOD, which encode the
proteins required for ROS (reactive oxygen species) production, under both short- and long-term
exposure. This finding complies with accumulation of ROS, which was found in P. euphratica as
well as in salt sensitive poplar roots under high salinity (Langenfeld-Heyser et al., 2007; Sun et al.,
2010b). Here, the persistent transcriptional upregulation of ROS pathway, though initially
involving more genes in acclimated roots, suggests that ROS are required to maintain sensing of
elevated salinity.

In salt-stressed P. euphratica, increased H,0; levels are facilitating Ca?*-signaling by mediating a
rise in cytosolic Ca®* levels (Sun et al., 2010b). Ca?*sensor proteins, i.e., CAMs, CMLs, CBLs and
CDPKs perceive the signal by binding Ca?* and trigger downstream salt stress responses (Cheng
et al., 2002; Luan et al., 2002; McCormack et al., 2005). In leaves of some poplar genotypes, a
correlation between CaM levels and salt resistance was found (Chang et al., 2006). In our study

the DEGs, potentially required for signal transmission via Ca?*, suggest a switch from strong
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dominance of transcriptional activation (nine CML and five CPKs family members) after short-
term salt exposure to decreases or suppression of these pathways under long salt exposure
where only few members of those families remained upregulated but many showed significant
reductions in transcriptional abundances, including among others eight CIPKs, two CBLs, and one

CML.

3.4.3 Salinity acclimated roots keep K* levels and accumulate P

K* retention and homeostasis capacity are key determinants of plant salinity tolerance (Wu et al.,
2018). P. euphratica usually maintains higher K* levels under salinity than salt-sensitive species
(Chen et al., 2001, 2003; Ding et al., 2010). For example, roots of the salt-sensitive P. x canescens
lost approximately 80% of K* after acclimation to 100 mM Na* (Sharmin et al., 2021), whereas
here, the K* levels of 150 mM Na*-acclimated thick roots were approximately 35% lower than in
unstressed P. euphratica roots. The greater K* retention ability of P. euphratica is correlated with
the transcript abundance of K* transporters and channels (Ding et al., 2010) and has also been
assigned to reduction in K* loss through depolarization-activated outward rectifying K* channels
(DA-KORCs) (Shabala and Cuin, 2008; Wu et al., 2018). In the current study, SKOR, a gene
enconding a DA-KOR channel, maintained high transcript levels in the salt-treated roots before
thickening and was downregulated in thick roots. SKOR is localized in the root stelar tissues and
involved in K* release into xylem sap toward the shoots (Gaymard et al., 1998). Thus, the
expression data in our study suggest that depolarization-activated K* efflux from the root stelar
cells and loading into xylem via SKOR occurred at the early phase. However, in thick roots SKOR
transcription was suppressed, possibly to reduce K* loss from the root cells and preserve K*
homeostasis in the root tissue. The transcriptional regulation of K* uptake (KUP/HAK)
transporters and channels (AKT1 and KAT3) support this suggestion because high transcript
abundances of these genes were found under salt stress, irrespective of short- or long-term salt
exposure. In the present study, salt-stressed roots maintained high expressions for tonoplast
outward-rectifiers (TPK1 and TPK5) and K* efflux antiporters (KEA1, KEA5 and KEAG) after short-
term salt exposure. Among these transport systems, PeTPK1 has been shown to maintain K*

homeostasis under salt stress by transferring K* from vacuole to cytosol (Wang et al., 2013), while
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K* efflux antiporters (KEA) function in K* release from plastids and the Golgi apparatus into the
cytosol (Tsujii et al., 2019). K* re-distribution among subcellular compartments was observed by
EDX-TEM in P. euphratica leaves (Ottow et al., 2005a). Collectively, our data support that roots
also maintained cytosolic K* levels in the face of salinity by intracellular redistribution of K* from
internal storage pools and reducing K* efflux by downregulation of DA-KORC, TPK5 and KEA1 after
long-acclimation.

An unexpected observation was that thick roots contained higher P and Fe contents than thin
roots. The physiological significance of these results is unknown. Under salt stress, we found
highly upregulated orthologs to the Arabidopsis P transporters PHT1;5 and PHT1;7, which play
major roles in P homeostasis (Smith et al., 2011). In poplar, PHT1;5 and PHT1;7 transcript
abundances increase under P starvation and enhance P uptake (Kavka and Polle, 2016, 2017).
Hence, our findings imply an enhanced P demand under salt stress. We speculate that high P
contents could be required to support ATP regeneration, which may be necessary to satisfy an
enhanced energy demand. However, other explanations, such as membrane restructuring to
cope with high salinity (Luo et al., 2011; Sarabia et al., 2020), may also be envisaged since P is

needed for the production of phospholipids.

3.5 Conclusion and outlook

P. euphratica avoids excessive Na* accumulation by limiting uptake and release. Among the genes
encoding the classical constituents of the SOS pathway very little or no transcriptional changes
were observed. Janz and colleagues suggested that high SOS1 activities and loss of transcriptional
regulation might be associated with the evolutionary adaptation of P. euphratica to salt stress
(Janz et al., 2010). Genome sequencing of P. euphratica revealed an expansion of this gene family
(Ma et al., 2013). Our results show surprising plasticity of root morphology with production of
thick roots under high salinity able to buffer fluctuating Na* levels. Consequently, once
restructured, only little transcriptional acclimation of the SOS pathway is required since higher
cellular water contents enables dilution of excess Na*. Hence, P. euphratica employs a specialized
strategy for stress anticipation. This mechanism is probably more efficient in the natural habitats

of this species, where the salt levels can rapidly change due to flooding and drying (Polle and
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Chen, 2015) than up- and downregulation of protective systems, which can only follow but not

anticipate stress protection.
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Abstract

Increasing salinity is one of the major drawbacks for plant growth. Besides the ion itself
being toxic to plant cells, it greatly interferes with the supply of other macronutrients like
potassium, calcium and magnesium. However, little is known about how sodium affects the
translocation of these nutrients from the root to the shoot. The major driving force of this
translocation process is thought to be the water flow through the xylem driven by transpira-
tion. To dissect the effects of transpiration from those of salinity we compared salt stressed,
ABA treated and combined salt- and ABA treated poplars with untreated controls. Salinity
reduced the root content of major nutrients like K*, Ca®* and Mg?*. Less Ca®* and Mg®* in
the roots resulted in reduced leaf Ca®* and leaf Mg?* levels due to reduced stomatal conduc-
tance and reduced transpiration. Interestingly, leaf K* levels were positively affected in
leaves under salt stress although there was less K* in the roots under salt. In response to
ABA, transpiration was also decreased and Mg?* and Ca®* levels decreased comparably to
the salt stress treatment, while K* levels were not affected. Thus, our results suggest that
loading and retention of leaf K* is enhanced under salt stress compared to merely transpira-
tion driven cation supply.

Introduction

Soil salinity is one of the most severe abiotic stress that limits the distribution and productivity
of crops worldwide. Salinization of arable soils can have natural causes but is mostly the conse-
quence of unsuitable cultivation practices [1, 2]. Soils are generally classified as saline when the
electrical conductivity of the saturated soil extract is 4 dS m™" or more [3], equivalent to
approximately 40 mM NaCl [4]. The presence of soluble salts at higher concentrations in the
soil reduces water availability to roots and causes ion toxicity and nutrient deficiency in plants
[1, 5, 6].

Plants acquire nutrients from the environment surrounding their root system. Under salin-
ity, Na* and Cl can disrupt nutrient uptake of glycophytes through competitive interactions
or by affecting the membrane selectivity for ions [7]. The presence of NaCl under saline condi-
tions results in nutritional imbalances inside the plant evident as high ratios of Na*/Ca**, Na*/
K" and Na*/Mg*" [8-10]. After uptake by the roots, the delivery of ions from roots to leaves
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occurs through the vascular system of the xylem with the transpiration stream as the transport
vehicle [11]. Since the movement of ions from root to shoot is influenced by the transpiration-
driven water flow [12], shoot ion uptake is affected by both the ion concentration and the rate
of transpiration.

Among woody plants, poplars (Populus spp.) have often been used to investigate the responses
to salt stress [2]. These studies suggested a role of abscisic acid (ABA) in restricting salt uptake
[13, 14]. It is well known that ABA is a central regulator of plant adaptation to osmotic stress
[15]. ABA regulates stomatal opening [16, 17]. The levels of ABA in poplars increase in response
to salinity [18-21]. Overall, higher levels of ABA in salt-tolerant compared to salt-sensitive hybrid
[(P. euphratica versus P. talassica Kom x (P. euphratica + Salix alba L.)] under stress conditions
suggested that ABA-induced stomatal closure may reduce root-to-shoot xylem water flow and
consequently limit the total amount of salt ions transported to leaves [13]. However, enhanced
salt accumulation in roots and elevated xylem loading may counteract the anticipated ameliorat-
ing effect of a reduced transpirational pull on foliar salt accumulation. It is thus still unclear,
whether ABA contributes to decreasing tissue salt enrichment.

In addition to salt accumulation, exposure to enhanced NaCl causes alteration in tissue
concentrations of cationic nutrients such as K*, Ca** and Mg** [20]. For example, in a poplar
hybrid NaCl treatment caused reductions in Mg>* and Ca®" levels in roots and leaves, while
K" level was unaffected [13]. In some other poplar genotypes, e.g., P. tomentosa and P. x canes-
cens, salinity caused reduction in K* uptake in roots but no reduction in leaves [19, 21]. Salin-
ity induced reduction in the tissue concentrations of K*, Ca®" and Mg*" nutrients was also
reported in other salt-sensitive woody plants e. g. in citrus rootstocks, avocado rootstocks,
cherry etc. [22-25]. These examples show that it is not known if the reduction of nutrients in
tissues under salinity is predominantly due to less uptake by root or if the reduced transport
via the transpiration stream plays role as well.

This study aimed to investigate the effect of reduced transpiration on nutrient accumula-
tion in P. X canescens under salt stress. We hypothesize that reduced transpiration decreases
accumulation of Na" and contributes to a favorable ion balance in leaves, thereby, protecting
poplars against salinity stress. In addition, we hypothesize that accumulation of Na* and other
cations is independent from stomatal opening and therefore, enhanced NaCl content in soils
imposes Na* accumulation independent of transpiration. Gas exchange, growth, ion concen-
trations in leaves and root were measured in P. x canescens and the resultant effect on the
growth of the plants was analyzed as well. Our results suggest that interplay between foliar ion
accumulation and transpiration is moderate.

Materials and methods
Plant material

Plantlets of P. x canescens (clone INRA717 1-B4) were multiplied by in-vitro micropropagation
as described by Leplé and colleagues [26]. Approximately, 1 to 2 cm long stem cuttings having
at least one leaf were placed up-right into glass jars containing half strength Murashige &
Skoog (MS) medium [27] under sterile conditions and incubated in a culture room [16 h light
/ 8 h dark, 150 pumol PAR m™s™ (Osram L 18W/840 cool white, Osram, Munich, Germany),
23 t0 25°C, 40 to 60% relative air humidity] for 5 weeks as described by Miiller and colleagues
[28]. Afterward, rooted plants were moved into a greenhouse (Department of Forest Botany
and Tree Physiology, University of Géttingen, Gottingen, Germany), acclimated to ambient
conditions, and raised in aerated hydroponic culture with Long-Ashton (LA) nutrient solution
[28]. The plants were grown with additional light (150 pumol m™s™ PAR) (Lamp: 3071/400
HI-I, Adolf Schuch GmbH, Worms, Germany) to maintain a 16 h photoperiod and at air
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temperatures from 21 to 24°C and relative air humidity from 70 to 80%. The nutrient solution
was exchanged weekly. After a growth phase of 5 weeks, when the plants had mean height of
29.82 + 4.24 cm, the experimental treatments were started in September 2017. The experiment
was conducted with a total of 94 plants.

Salt and ABA treatment

The total duration of the treatment period was six weeks (S1 Fig). Before applying saline stress,
the plants were divided into three groups: control, low salt and ABA [(+) ABA, Duchefa Bio-
chemie B.V, Haarlem, Netherlands]. The control group was supplied with LA nutrient solution
as before. The low salt (Ls) group was exposed to 25 mM NaCl in the nutrient solution. The
ABA group was exposed to 10 uM ABA for 1 week and then to 50 uM ABA for 2 weeks in the
nutrient solution (S1 Fig).

After three weeks, groups were divided into the following experimental groups (S1 Fig):
The control group was split into two groups, of which one was kept under control conditions
(control) and the second was stressed with 100 mM NaCl (Hs group). The low salt group was
divided into two groups, of which one was kept with 25 mM NaCl [continuous low salt (cLs)
group] and the second was exposed to 100 mM NaCl (Ls+Hs group). The ABA treated group
was split in four treatments, among which one group was returned to control conditions in LA
nutrient solution [discontinuous ABA (dABA) group]; in the second group, 50 uM ABA treat-
ment was continued [continuous ABA (cABA) group]; the third group was exposed to 100
mM NacCl only [discontinuous ABA plus high salt (1ABA+Hs) group] and the fourth group
was exposed to 100 mM NaCl together with 50 uM ABA [continuous ABA plus high salt
(cABA+Hs) group]. This resulted in a total of eight different treatments (S1 Fig). The nutrient
solutions with different salt or ABA amendments as well as the control solutions were
exchanged weekly. The plants were randomized regularly. After three weeks of stress phase, all
plants were harvested (n = 9 to 10 per treatment).

Plant growth measurements

Plant height was recorded twice a week and stem diameter was recorded once a week. The shoot
height was measured from the growing tip to the base of the stem. The stem diameter was mea-
sured by a digital caliper at a marked position approximately 2 cm above from the base of the
plant. Relative height increment and relative diameter increment over the stress phase i.e., last
three weeks of the whole-treatment period were calculated by the following formula:

—H
Relative height increment = —24 s
Hsta,rk
. . . D(’n - DQ Q
Relative diameter increment = %

start

Where Hy,,, and H,,, are the shoot heights, and Dy,,; and D, are the shoot diameters at
the time of start and end of stress phase, respectively.

Shed leaves per individual plant were collected during the six-week-long experimental
period and dried at 60°C for 7 days to determine total leaf loss.

Gas exchange measurement

Net photosynthesis, transpiration, stomatal conductance, sub-stomatal CO, concentration and

atmospheric CO, concentration of mature leaves (using the 8™ -10™ leaf from the apex) were
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measured once a week between 9:00 h and 14:00 h with an LCpro+ portable photosynthesis
system (ADC BioScientific Ltd., Hoddesdon, UK). The measurements were carried out with
constant irradiation of 870 umol PAR m™ s and a temperature of 23.1 + 0.6 °C and at
419.7 + 11.2 pmol mol ' ambient atmospheric CO, concentration.

Harvest

At the end of the experiment, destructive harvest was done. Leaves, stem and root of each
plant were weight separately. The dry mass was determined after drying aliquots from each tis-
sue for 7 days at 60°C. The dry mass of the whole tissue was calculated as:

__total fresh mass of the tissue (g) x dry mass of the aliquot (g)

Total ti d
otal tissue dry mass (g) fresh mass of the aliquot (g)

For leaf area measurement, three leaves from the top, middle and bottom part of the shoot
were collected, weighed, and scanned. The area of each leaf was measured from scanned pic-
tures using Image]J software. Leaf size and whole-plant leaf area were calculated using the fol-
lowing equations:

leaf f le 1 2
Leaf size (cm’ leaf ') = caf area of sample leaves (m”) x 10000
number of sample leaves

Whole—plant leaf area (m® plant ")

_ leaf area of sample leaves (m®) x fresh mass of all leaves of the plant (g)

fresh mass of the sample leaves (g)

Analysis of elements

Different elements were measured in the representative aliquots of leaves and fine roots of
a plant (5 or 10 plants per treatment). Dried aliquots of leaf and root tissues were milled
(Retsch, Haan, Germany) into fine powder before digestion. Approximately 40 to 50 mg
of ground sample was digested with 2 ml of 65% HNO; in a microwave digestion system
(ETHOS.start, MLS GmbH, Leutkirch, Germany). The microwave program used for the
digestion of sample was as follows: 2.5 min at 90°C (power 1000 W), 5 min at 150°C
(power 1000 W), 2.5 min at 210°C (power 1600 W) and 20 min at 210°C (1600 W). The
resulting solutions were cooled and filled up to 25 ml volume with de-ionized water. The
final volumes were filtered by filter paper (MN 640 w, 90 mm, Macherey-Nagel GmbH &
Co. KG, Diiren, Germany) and elements (Na, K, Ca, Mg, S, Mn, Fe and P) were measured
in the filtered extracts by inductively coupled plasma-optical emission spectrometry
(ICP-OES) (iCAP 7000 series ICP-OES, Thermo Fisher Scientific, Dreieich, Germany).
The element concentrations (mg g”' dry mass) were calculated using calibration standards
(Single-element standards, Bernd Kraft GmbH, Duisburg, Germany) and the sample
weight used for extraction.

To determine a hypothetical concentration of ions in the cellular fluid (assuming equal dis-
tribution of the ions throughout the cell), measured elements were expressed on the basis of
water content of the tissue (mM). The water content and ion concentration were calculated as
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follows:

total fresh mass of the tissue — total dry mass of the tissue

Water content (L g~ dry mass) =
(Lg™ dry ) total dry mass of the tissue

Concentration of ion (mM)

concentration of element (mg g~' dry mass) in the tissue

~ atomic mass of that element x water content of the tissue(L g dry mass)

The relative changes in the concentration of major cations (K*, Ca** and Mg’") in response
to different treatments were calculated by comparing with controls as follows:
Change in the concentration of ion (%)

__concentration of ion (mM) — mean concentration in control (mM) « 100

mean concentration in control (mM)

Scanning electron microscope (SEM) and energy-dispersive x-ray
microanalysis (EDXA)

Electron microscopy and X-ray microanalysis were done in root tips from selected treatments
(3 or 4 plants per treatment). Two to three fresh root tips (approx. 1 cm long) per plant were
harvested, wrapped with aluminum foil paper and enclosed in mesh wire bags (Haver and
Boecker, Oelde, Germany). A freezing mixture of propane: isopentane (2:1) was prepared in a
small container at the temperature of liquid nitrogen [29]. The wire bags containing root sam-
ples were immediately dipped into the freezing mixture for 2 to 3 min. Afterwards, the bags
were transferred into liquid nitrogen for further storage.

To prepare a frozen root tip for electron microscopy, a small portion of a root tip (1 mm
above from root apex) was cut off and removed with a thin razor blade, and the cut surface
was fixed firmly using freeze adhesive (Tissue freezing medium, Leica Biosystems, Nussloch,
Germany) on the holder of the electron microscope at the temperature of liquid nitrogen. The
holder and sample were then clamped in the cooling stage of the microscope (-25°C). Samples
were analyzed by a scanning electron microscope (Phenom ProX, Phenom-World B.V., Eind-
hoven, Netherlands) equipped with an energy dispersive spectrometer (EDS) and element
identification (EID) software package. The acceleration voltage of 15 kV and magnifications of
300X, 350X and 2500X were used with an acquisition time of 55 seconds. Element distribution
was analyzed across the root cell layers radially from the center of the vascular cylinder to the
rhizodermis. For this purpose, line scans with 512 pixels resolution were analyzed. To obtain
representative data, at least four line-scan analyses at four separate positions per sample were
recorded. Relative concentration (percentage of weight) of different elements (Na, K, Ca, Mg,
P, Mn, S and Cl) obtained from line scan analyses were separated based on the distribution
within cortex and vascular cells for further comparison.

Statistical analysis

Statistical analyses were performed with the statistical software R (version 3.5.2). One-way and
two-way analysis of variance (ANOVA) was applied followed by Fisher’s test. Normal distribu-
tion of data was tested by plotting residuals and log transformation or square root transforma-
tion was used if data were not normally distributed. Data represent means * standard error
(SE). If not indicated otherwise, n = 5 biological replicates were investigated. Means were con-
sidered to be significantly different when p < 0.05.
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Results

Gas exchange of plants decreases strongly in response to high salt and
moderately in response to ABA

Poplars exposed to high salt (Hs, 100 mM NaCl) showed an about 5-fold decline in stomatal
conductance and transpiration (Fig 1A and 1B) and an about 2-fold decline in net CO, assimi-
lation (Fig 1C) compared to control plants. Low salt treatment (cLs, 25 mM NaCl) resulted in
less pronounced decreases in gas exchange compared to high salt (Fig 1A-1C). When the low
salt pretreated plants were transferred to high salt conditions (Ls+Hs), the negative impact of
salt was even stronger than in absence of low salt pretreatment (Hs, Fig 1A-1C).

Exposure of poplars to 50 UM ABA (cABA) had a negative influence on gas exchange simi-
lar to that observed in response to low salt stress (cLs, Fig 1A-1C). The ABA effect was fully
reversible when the poplars were transferred after an ABA pretreatment phase to control nutri-
ent solution (dABA, Fig 1A-1C). When poplars grown in the presence of ABA were exposed
to high salt (cABA+Hs), the decline in stomatal conductance, transpiration and net photosyn-
thesis was similar to that of plants exposed to high salt after low salt pretreatment (Ls+Hs, Fig
1A-1C). These treatments had the strongest negative effects on gas exchange. Plants, which
were exposed to high salt with the discontinuation of ABA application (1ABA+Hs) showed a
decline in gas exchange similar to that of plants exposed only to high salt (Hs, Fig 1A-1C).
Opverall, exposure to high salt stress resulted in a stronger decline in gas exchange than that to
either low salt stress or ABA treatment.

Shoot growth reduces significantly after salt exposure but leaf area declines
in all stress treatments

The influence of salinity and ABA on the growth of the plants was investigated by examining
relative shoot height increment, stem diameter increment, leaf area and biomass (Fig 2). Rela-
tive shoot height and stem diameter increments were significantly lower under high salt treat-
ments, irrespective of with or without ABA (Fig 2A and 2B). Low salt exposure reduced height
growth and diameter increment significantly (Fig 2A and 2B). ABA treatments caused no sig-
nificant alterations in either height or diameter increment (Fig 2A and 2B). Whole-plant leaf
area decreased significantly in response to salt stress as well as to ABA application (Fig 2C).
The size of individual leaves was also reduced significantly in all stress treatments (S1 Table).
Whole-plant biomass (sum of root, stem and leaves) showed a significant reduction in biomass
for all ABA and high salt treated plants (Fig 2D). Loss of biomass due to leaf shedding was
found in non-stressed and stressed plants and there was no significant difference among the
treatments (S1 Table). However, plants showed tendency towards higher leaf loss in response
to high salt and ABA exposure compared to control conditions (S1 Table). The root to shoot
ratio was increased marginally in the presence of high salt and ABA, though difference was not
significant (S1 Table).

Basic cation concentrations are altered in roots and leaves in response to
salinity and ABA

To obtain information how salt stress or ABA treatments affected the ion balance, we esti-
mated the total cation concentrations on the basis of the water content of root or leaf tissues
(Fig 3). High salt exposure caused approximately 3- to 3.5-fold increases in root cation concen-
trations compared to controls (Fig 3A), whereas the increase in leaves was approximately
1.5-fold (Fig 3B). The increase was caused by substantial accumulation of Na™ and partly coun-
terbalanced by decreases in other cations (Fig 3A and 3B). The contributions of the
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Relative height increment

Leaf area (m2 plant'1)

Fig 1. Stomatal conductance (A), transpiration (B) and photosynthetic rate (C) in the leaf of P. X canescens plants in
response to salinity and ABA treatment. Bars indicate means + SE. Data were obtained by analyzing all measurements
from five independent plants per treatment (once a week over three weeks of stress period). One-way ANOVA was
conducted. Normal distribution of data was tested by plotting residuals. Different letters obtained from Fisher’s test
indicate significant differences among treatments at p <0.05. Control = constantly grown with nutrient solution only;
Hs = high salt i.e. exposed to 100 mM NaCl for three weeks of stress phase; cLs = continuous low salt i.e. applied with
25 mM NaCl constantly for six weeks of whole-treatment phase; Ls + Hs = low salt plus high salt i.e. applied with 25
mM NaCl for three weeks of pretreatment phase and then replaced with 100 mM NaCl for next three weeks of stress
phase; dABA = discontinuous ABA i.e. treated with 50 uM ABA for three weeks of pretreatment phase and then
replaced with only nutrient solution for next three weeks of stress phase; cABA = continuous ABA i.e. treated with

10 uM ABA in first week and then with 50 uM ABA constantly in the next five weeks of whole-treatment period;
dABA + Hs = discontinuous ABA plus high salt i.e. treated with 50 uM ABA for three weeks of pretreatment phase
and then replaced with 100 mM NaCl for next three weeks of stress phase; cABA + Hs = continuous ABA plus high
salt i.e. 50 uM ABA was applied for three weeks of pretreatment phase and then 50 uM ABA plus 100 mM NaCl was
applied for three weeks of stress phase.

https://doi.org/10.1371/journal.pone.0253228.g001
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PLOS ONE | https://doi.org/10.1371/journal.pone.0253228  June 24, 2021 9/18


https://doi.org/10.1371/journal.pone.0253228.g003
https://doi.org/10.1371/journal.pone.0253228

PLOS ONE

Accumulation of nutrients in Populus x canescens under salinity

micronutrient Mn and Fe to these alterations were negligible (Fig 3A and 3B). Details for all
measured elements and their ratios are available in S2 and S3 Tables for root tissue and S4 and
S5 Tables for leaf tissue.

To inspect the influence of salinity and ABA on the major cations K*, Ca®* and Mg** in
greater details, we analyzed the relative changes in comparison to controls conditions (Fig 4).
In roots, salt treatments resulted in almost 80% K loss, regardless of low or high salt stress
(Fig 4A), while the foliar K" level even showed a significant increase (Fig 4B). Interestingly,
ABA treatments also resulted K* reduction in roots, although relatively moderate (Fig 4A),
whereas no increase was observed in leaves (Fig 4B). Combined treatment of ABA und salt
resulted in a K" level comparable to the salt only treatment.

The concentrations of Ca®" were greatly decreased in response to both high salt and low
salt treatments (almost -50%) in roots (Fig 4C), while leaf Ca?* levels were more reduced
under high salt (up to -46%) than under low salt stress (-35%) (Fig 4D). ABA treatment in the
absence of salt stress caused also decline in Ca®* concentrations in leaves, but not in roots (Fig
4C and 4D).

The stress treatments tended to decrease the Mg** levels in roots compared to controls but
the effects were only significant for low salt stress (cLs) and low salt stress followed by high salt
stress (Ls+Hs) (Fig 4E). In leaves, the negative effect of high salt on the Mg2+ level was more
pronounced than in roots and other treatments. The concentrations of Mg>" in leaves were
also decreased significantly in ABA treatments (Fig 4F).

Accumulation, but not radial distribution, of cations in root cells declines
in response to salinity

Restricting the radial movement of ions across the root greatly reduces the amounts loaded
into xylem for delivery to upper tissues. Therefore, distribution of ions radially from outer cor-
tex to the endodermis (denominated cortex) and the inner vascular cells of roots were analyzed
by SEM-EDX (Fig 5). Root samples from salt treated plants as well as control plant were com-
pared (Fig 5). Elemental analysis in cortex and vascular cells of fine roots revealed that relative
levels of Na*, K*, Ca®" and Mg”" did not significantly vary between cortex and vasculature
under any of the observed treatments (Table 1). In contrast, relative concentrations of Cl” were
moderately decreased in vascular cells compared to the cortex in response to salt stress. The
relative accumulation of Na™ and Cl in both cells were increased in the presence of high and
low salt stress and the increases were greater in high salt stress than in low salt stress (Table 1).
In contrast, the relative concentration of K™ decreased significantly in both cortex and vascular
cells in response to high and low salt exposure but the response was less pronounced for low
than for high salt stress (Table 1). Ca®* levels showed similar decreases, regardless of high or
mild salt treatments (Table 1). Mg** levels were unaffected by any salt treatments (Table 1).
The distribution of other elements (S, P and Mn) between the cortex and vascular system and
their responses to salinity are shown in S6 Table.

Discussion

Salinity and ABA decreases gas exchange which eventually exerts negative
effects on the growth of plant

As an immediate response to osmotic stress caused by salinity, stomatal aperture decreases in
salt stressed plants [1]. Decrease in stomatal opening eventually reduces CO, diffusion from
the atmosphere to the site of carboxylation which is an immediate cause for decreased photo-
synthesis under salt stress [30]. In the present study, significant reduction in stomatal
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was calculated. Bar represents means + SE (n = 5 or 10). For statistical analysis, all treatment values got after subtracting mean value of
control were subjected for one-way ANOVA. Different letters obtained from Fisher’s test indicate significant differences among
treatments at p <0.05.

https://doi.org/10.1371/journal.pone.0253228.9004

conductance was observed in response to high and low salt exposure which eventually reduced
net CO, assimilation for photosynthesis and subsequent water loss via transpiration.
Decreased gas exchange was also found in response to ABA with no salt exposure, since ABA
promotes stomatal closure [31].

Significant decline in shoot height and stem diameter increment in high salt stressed plants
in this study was most likely a result of reduced carbon fixation due to very low photosynthesis.
Moderate reduction in photosynthesis found under low salt exposure negatively affected shoot
growth as well. But the decrease in gas exchange in response to ABA treatment did not affect
stem elongation significantly. However, whole-plant leaf area was negatively affected by both
salt and ABA treatments. Decreased leaf size in response to salt and ABA contributed to the
reduction of whole-plant leaf area here. Leaf shedding is a water-stress avoidance strategy in
plants [32, 33], and is controlled by the interplay of phytohormones, including ABA [33, 34].
Besides, ABA is also involved in other morphological changes for acclimation to low water
availability such as decreased shoot growth, leaf size and increased root growth [35-37]. Since
the root to shoot ratio increased and loss of leaf biomass was not significant in the present
study, the negative effect of salt and ABA on whole-plant biomass was moderate.

Leaf K* level is maintained under salt stress, whereas leaf Ca** and Mg”"
levels are reduced by the influence of transpiration

Accumulated Na™ in root and leaf tissues in response to high and low salt stress eventually
increased the total cation concentrations. Overall, leaves contained higher cation

Fig 5. SEM imaging of P. x canescens root. Cross section (A) showing different cell layers in root. Sections of root
from 100 mM NaCl treated plant (B) as well as control plant (C) are presented. Bars = 200 pum.

https://doi.org/10.1371/journal.pone.0253228.g005
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Table 1. Relative concentration of Na, K, Ca, Mg and Cl in the cortex and the vascular tissues of root of P. x canescens from EDX analysis.

Tissue Treatment Relative element concentration (weight %)
Na K Ca Mg Cl
Cortex 5.59+0.65a 4991 +£4.02¢ 8.08+0.33b 7.59 + 0.47 abc 357+041a
31.65+4.29d 1491 +£4.60a 4.84+£0.27a 6.79 + 0.43 abc 10.06 + 0.73 bc
20.18 £ 3.93 bc 3559 +4.79b 566+ 1.15a 496t 1.46a 12.01 + 1.89 cde
3226 +3.77d 19.70£3.74a 4.46 £0.57 a 5.44 + 1.75 ab 12.42 + 1.45 cde
35.77 +4.08 d 16.96 £ 5.38 a 398+041a 485+ 1.23a 15.08 £2.32¢
Vascular tissue 5.60+0.39 a 49.52+3.72¢ 7.80+0.34b 8.00+0.40 ¢ 345+0.39a
28.38 +4.32cd 13.96 £+ 4.48 a 494+0.36a 7.36 + 0.33 bc 8.94+0.32b
19.98 +3.59b 34.43+447b 497 +1.25a 5.35 + 1.40 abc 9.89 + 1.44 bc
29.88 +4.24d 18.71+3.52a 446 +£0.50 a 5.76 + 1.66 abc 10.50 + 0.36 bed
34.04+3.16d 15.85+4.73a 3.97+0.25a 5.78 + 1.61 abc 13.54 +2.33 de
p-value <0.001 <0.001 <0.001 0.009 <0.001
0.38 0.74 0.61 0.44 0.03
p(treatment x tissue) 0.99 0.999 0.92 0.999 0.98

Data represent mean + SE (n = 3 or 4) (four measurements were taken from each plant). Two—way ANOVA was conducted for each element with treatment and tissue
as two main factors. Beta regression model was used for ANOVA and homogenous subsets were found using Fisher ’s test. Different lowercase letters in the column of
specific element for both tissues indicate significant differences among treatments at p <0.05.

https://doi.org/10.1371/journal.pone.0253228.t1001

concentrations than roots under any stress conditions compared to non-stressed plants. The
increased concentration may be necessary to maintain water uptake by decreasing osmotic
pressure [38]. The decrease in root K™ under salinity is most likely the outcome of competition
between K* and Na* for uptake [38-40]. Na™ competes with K™ for the binding site of high
affinity (KUP and HKT) K" channels as well as low affinity non-selective cation channels [41,
42]. Moreover, Na* influx into the cells leads to membrane depolarization resulting in leakage
in voltage-gated outward-rectifying channels which leads to K* loss [43]. However, this reduc-
tion of K* content in the root has no effect on the radial transport towards the central cylinder
as we did not observe any restriction in radial translocation of K* from cortex to vascular cells
in the root under salt stress. This suggests that xylem loading of K™ was unaffected [44]. The
dramatic reduction in K" content in the roots did not negatively affect the K content in leaves.
K" even increased under salt stress conditions in leaves in our study. Maintaining or elevating
K" levels in leaves is a known mechanism of halophytic plants [45] and has been reported for
wheat, barley [46, 47]as well as in earlier studies for P. x canescens [19] and P. tomentosa [21].
Thus, we may speculate that a high leaf K™ level is an evolutionary conserved mechanism of
plants to acclimate to salt stress.

In contrast, salt exposure caused reduced concentrations of Ca®" and Mg>" in roots as well
as in leaves, indicating a clear difference between K* on the one hand and Ca**/Mg**, when it
comes to the translocation of these elements from the root to the shoot. ABA treatment in the
absence of salt did not alter Ca**and Mg”" levels in roots, but lead to a significant reduction in
leaves. This observation implies that ABA did not have any negative effect on influx of Ca**
and Mg”" into roots, but had negative effects on the transport from root to shoot. It is known
that Ca®" is relatively immobile within the plant and supply to the young tissues is strongly
dependent on the current acquisition from the growth medium via transpiration stream [48-
50]. Moreover, both Ca** and Mg** contents in the shoots of barley seedlings (Hordeum vul-
gare) were reduced due to a decrease in transpiration rate [51]. Therefore, it is highly likely
that ABA induced decrease in transpiration rate was a reason for decreased translocation of
Ca®" and Mg** from root to shoot resulting in reduced leaf content of these two elements.
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Moreover, reduction in leaf Ca®" level in ABA treated plants (cABA, -22%) was as strong as
in high salt stress (Hs, -26%), although transpiration rate was comparatively higher in ABA
treatments. This phenomenon suggests a strong influence of transpiration on the ion transport
to the leaves under salinity. Since salt exposure increases ABA levels in the plant [13, 14, 18,
19], participation of ABA in the transpiration-based ion transport reduction might also exist
in the salt treatments. Although we cannot exclude an influence of our treatments on the trans-
port systems for these cations, our findings indicate that lower transpiration rate induced by
salinity plays role in the suppression of Ca®* and Mg>" transport to the leaves.

In summary, reduced transpiration under salinity did not decrease the accumulation of
Na® or K" in leaves, suggesting a rather transpiration independent translocation to the leaves.
Ca®" and Mg”" levels in leaves under salt stress were at least partially dependent on reduced
transpiration rate. Therefore, the present study suggests that the influence of transpiration on
foliar accumulation of nutrients in P. X canescens under salinity is rather modest.

Supporting information

S1 Fig. Flow diagram showing the experimental design. P. x canescens plants (n = 94) were
obtained by micropropagation and then those were grown in hydroponic culture. After five
weeks of growth, treatment application was initiated and it was done in two phases: pretreat-
ment and stress. For pretreatment, all plants were divided to grow under three different condi-
tions:—(a) control, (b) 25 mM NaCl and (c) 50 uM ABA. After three weeks of pretreatment,
groups were further divided into total 8 treatment groups (each having 9 to10 plants) to stress
with NaCl (25 mM or 100 mM) and ABA in different combinations. Plants were treated for
three weeks during stress phase. Abbreviated form of each treatment name is given below the
respective treatment.

(TIF)

S1 Table. Leaf size, leaf biomass loss and root to shoot ratio of P. x canescens plants under
different treatments. Values represent means + SE (n = 9 or 10; except 7 or 8 in case of leaf
size). One-way ANOVA was conducted for each parameter. Normal distribution of data was
tested by plotting residuals. Different letters obtained from Fisher’s test indicate significant dif-
ferences among treatments at p <0.05.

(DOCX)

$2 Table. Concentration of different elements measured in the root of P. x canescens plant
grown under different treatments. Values represent means + SE (n = 5 or 10). One-way
ANOVA was conducted in case of each element. Normal distribution of data was tested by
plotting residuals and log transformation (in case of K and Ca) or square root transformation
(in case of Na) was used to meet these criteria. Homogeneous subsets were found after Fisher’s
test. Different lowercase letters in a column indicate significant differences at p <0.05.
(DOCX)

S3 Table. Ratios of Na/K, Na/Ca, Na/Mg, Na/Mn, Na/Fe, Na/P and Na/S§ in the root tissues
of P. x canescens plant grown under different treatments. The ratio was calculated from
concentration (mg g dry mass) values of the elements. Values represent means + SE (n = 5 or
10). One-way ANOV A was conducted in every case. Normal distribution of data was tested by
plotting residuals and log transformation was used in each case, except Na/S where square
root transformation was used to meet these criteria. Homogeneous subsets were found after
Fisher’s test. Different lowercase letters in a column indicate significant differences at p <0.05.
(DOCX)
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S$4 Table. Concentration of different elements measured in the leaf of P. x canescens plant
grown under different treatments. Values represent means + SE (n = 5 or 10). One-way
ANOVA was conducted in case of each element. Normal distribution of data was tested by
plotting residuals and log transformation was used for certain cases (Na and Fe) to meet these
criteria. Homogeneous subsets were found after Fisher’s test. Different lowercase letters in a
column indicate significant differences at p <0.05.

(DOCX)

S5 Table. Ratios of Na/K, Na/Ca, Na/Mg, Na/Mn, Na/Fe, Na/P and Na/S of in the leaf tissue
of P. x canescens plant grown under different treatments. The ratio was calculated from
concentration (mg g' dry mass) values of the elements. Values represent means + SE (n = 5 or
10). One-way ANOVA was conducted in every case. Normal distribution of data was tested by
plotting residuals and log transformation was used in each case to meet these criteria. Homo-
geneous subsets were found after Fisher’s test. Different lowercase letters in a column indicate
significant differences at p <0.05.

(DOCX)

S6 Table. Relative concentration of Mn, S and P in the cortex and the vascular tissues of
root of P. x canescens according to EDX analysis. Data represent mean + SE (n = 3 or 4)
(four measurements were taken from each plant). Two—way ANOVA was conducted for each
element with treatment and tissue as two main factors. Beta regression model was used for
ANOVA and homogenous subsets were found with Fisher s test. Different lowercase letters in
the column of specific element for both tissues indicate significant differences among treat-
ments at p <0.05.

(DOCX)
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Chapter 5: Overall conclusion and outlook

As stated earlier, the understanding of the tactics of salt tolerant plant to cope with saline
environments will assist in the better management of salt-affected lands. That is why in this
thesis, | explored the strategies of the salt tolerant P. euphratica in response to salinity by
investigating the morphological adaptations, salt and nutrient accumulation, physiological and
molecular responses under salt stress.

| found that, P. euphratica undergoes changes in root morphology in response to salinity. The
roots of P. euphratica became thicker when plants were exposed to high salinity for long-term.
The first order root (main root) of P. euphratica showed almost two-fold increase in diameter
under salinity than control thin roots after long-term salt exposure. The lateral roots showed
thickening as well after long-term salt exposure, but in less magnitude than main roots. The
increased number of cortex cells which was observed in the thick main roots may provide P.
euphratica more room to store salt ion and possibly to dilute salt. The increased thickness of
main roots accompanied by increased internal Na levels after long-term salt exposure indicated
that thickening was likely induced by salt accumulation. It was shown that the dry-to-fresh mass
ratio of thick main roots and control thin roots did not differ significantly, but there was a
tendency of decrease in the dry-to-fresh mass ratio of thick main roots after long-term salt
exposure. Moreover, significant increase in water content in thick roots was observed compared
to thin roots considering only long-term salt exposure time (chapter 3). Therefore, it could be
that the effect of 12 days exposure to 150 mM NaCl was at the threshold level to develop
succulence in the thick roots which needs to be experimentally validated.

It was shown that salt-induced thick roots contribute to salt tolerance of P. euphratica by
reducing Na* acquisition and Na* release out of the cell under salinity. High transcript abundances
for Na*/H* antiporter system (SOS1, NHX, NhaD and ATPases), which control Na* levels, was
observed in both thin and thick roots. Less additional activation in the Na* level regulating
systems under salinity indicated the constant readiness of P. euphratica towards changes in soil
salinity. Transcriptional analyses also suggested that P. euphratica roots can retain K* levels under

salinity by restricting K* loss and redistributing internally.
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In P. euphratica, gas exchange was reduced in response to salinity. But after getting adapted to
high salinity, P. euphratica showed the ability to recover CO; assimilation. Although the supply of
CO; from outside was reduced due to decreased stomatal conductance, P. euphratica consumed
intercellular CO, with more efficiency and increased photosynthesis rate. In salt-susceptible
poplar P. x canescens, gas exchange was decreased strongly when plants were exposed to high
salt (100 mM NaCl) after low salt pretreatment. Application of ABA also decreased gas exchange
in this species by promoting stomatal closure. High salt exposure caused increase in Na content
in roots and leaves of P. x canescens. In the context of nutrient accumulation under salinity, P.
euphratica showed greater performance. In P. euphratica and P. x canescens, leaf K* levels were
maintained under salt stress, whereas root K* levels were reduced. Thus, maintaining high leaf K*
levels in leaves in response to salinity may be an evolutionary conserved mechanism of these
species. Ca?* and Mg?* levels were reduced in roots and leaves in P. x canescens under salinity.
ABA treatment without salt reduced Ca%* and Mg?* levels in P. x canescens leaves without causing
significant reduction in root levels. Therefore, the reduced translocation of Ca?* and Mg?*to the
P. x canescens leaves under ABA treatment indicated the influence of decreased transpiration on
the leaf supply of these cations. However, P. euphratica maintained the leaf levels of Ca?* and
Mg?* under salinity, though stomatal conductance and transpiration was reduced significantly.
Besides, increased P and Fe contents were observed in the high salt-acclimated thick roots
compared to non-acclimated (in chapter 2) or low salt-acclimated thin roots (chapter 3) of P.
euphratica. The investigation on the physiological importance of this results would be interesting.
The transcriptome analysis revealed several genes that participate in the salt tolerance strategies
of P. euphratica. There is a worthy chance that among these genes, some could function as
marker genes for salt tolerance in trees and based on this marker genes, a preselection of
individuals can be made that are more fit for planting in salt-affected lands. In addition, it needs
to be studied if other plant species produce thicker roots under salinity and if this trait can also

be exploited as a criterion to select salt tolerant plant.
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