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Abstract 

Continuous global warming imposes environmental stresses such as high 

temperature and drought, which can threaten plant growth and productivity. 

These stresses, as exogenous factors, can trigger alterations in 

physiological, anatomical and chemical features of plants. In addition 

endogenous factors, such as phytohormones, can affect the response of 

plants to a wide range of environmental conditions such as strigolactones 

(SLs), recently recognized class of plant hormones that serve as main 

players in stress physiology. Other phytohormones, such as Abscisic acid 

(ABA), Ethylene, Jasmonic acid and Salicylic acid (SA), cooperatively 

regulate adaptive physiological, molecular, or anatomical responses to 

environmental changes. Up until now, there is no information linking xylem 

anatomy and SLs in woody plants. Woody plants, as poplars, are major 

trees species that are widely used in the wood industry. Poplars are fast-

growing trees with high biomass and large population; thus, they play a 

main role in forestry production, afforestation, and environmental 

conservation. 

This thesis describes the obtained results related to: i) the study of 

physiological and chemical responses of poplars during severe drought 

stress and recovery. The hypothesis of this research is that, if the response 

of xylem parenchyma cells to severe stress is a coordinated biological 

process resulting in priming xylem for hydraulic recovery, then concurrent 

changes in xylem pH and sugar concentration have to be observed. ii) 

investigation of heat stress on poplar functions. In order to gain a better 

understanding of the effects of prolonged intense heat waves, a study 

based on the following hypothesis was conducted: prolonged heat waves 

would lead to limitations in gs, photosynthesis, and water potential, along 
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with alterations in the levels of non-structural carbohydrates and apoplastic 

pH. iii) study of structural changes of xylem components and hydraulic 

conductivity in transgenic-SLs deficient poplar plants. I hypothesized that SL 

deficiency will lead to great vulnerability to embolism formation in SL 

deficient transgenic plants, and higher vulnerability can be determined by 

wider vessels, higher vessel density, and/or longer vessels.  

The results obtained here show that: 

(I) Water stress induced meaningful decreases of stem water potential and 

leaf gas exchanges in parallel with drop in xylem sap pH, increase in starch 

degradation rate, accumulation of non-structural carbohydrates content 

(NSC), and ABA in sap. After rehydration, plants showed symptoms of 

stress relief in stomatal conductance, photosynthesis, Ψstem, NSC, and ABA 

content, even if pH remained in acidic range and did not return to prestress 

condition. Totally, drought resulted in an alteration of carbohydrate contents 

and starch degradation. After re-watering, sugars washed away and pH 

changed in apoplast. During drought and recovery, a complex network of 

coordinated physiological and biochemical signals is activated at the 

relations between xylem and parenchyma cells that primes xylem for 

hydraulic recovery. 

(II) High temperature reduced eco-physiological traits, lower Ψleaf associated 

with an impairment of stomatal conductance, photosynthesis, transpiration 

rate, and chlorophyll fluorescence was observed. Furthermore, high 

temperature affected total NSC content; in stem, NSC content dropped 

while NSC concentration increased in xylem sap upon stress. The 

increased sugar concentration was accompanied by decreased xylem sap 

pH. Overall, these results propose that heat stress induced a water stress 

which had synergistic impacts on the gas exchange and reduced 

transpiration rates. Additionally, a drop in xylem sap pH, which is a typical 
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symptom of drought in poplars, was also observed. Data from this study 

confirmed the presence of drought concomitant with heat stress. 

(III) Xylem analysis of SLs deficiency transgenic lines, along with hydraulic 

conductivity measurement, revealed that absence of SL resulted in an 

increase in vessel diameter, higher proportion of xylem vessel, less 

proportion of bark area, lower intervessel lateral contact in stem, and a 

greater vessel density in roots. Transgenic lines had higher maximum 

specific hydraulic conductivity and showed more vulnerability to xylem 

embolism, with 50% percent loss of conductance occurring 0.32 MPa for 

T22-5 and 0.24 MPa for T14-4 earlier than in wild-type plants. Transgenic 

plants also displayed symptoms of a reduced capacity to control percent 

loss of conductance through stomatal conductance in response to drought, 

because they had a much narrower vulnerability safety margin. Altogether, 

SLs deficiency altered xylem anatomical features in transgenic lines in 

parallel with the stem hydraulic conductivity. The data disclosed that the 

SLs deficient poplars are more vulnerable to cavitation formation or 

embolism spread than wild type plant. 

 
Keyword: ABA, apoplastic pH, drought, heat, hydraulic conductivity, leaf gas 

exchange, non-structural carbohydrates, PLC, Poplar, strigolactones 

deficiency, vessel development, water potential, xylem. 
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1.1 Introduction  

Ongoing climate change is leading to enhancement in climate extremes 

which result in adverse environmental conditions (drought, heat, cold, 

salinity, etc.), resulting in huge effects on plant growth, development and 

survival (Niu et al, 2014). As stated in the IPCC (2014) report, the food 

production and quality are being reduced by abiotic stresses, consequently 

leading to a big concern of future risk in many areas of the world. Plant 

morphological, physiological, biochemical, and molecular traits can be 

severely affected by abiotic stresses (Szymańska et al, 2017; Koolhaas et 

al, 2011). Heat and drought are two main stresses negatively affecting 

growth and productivity of the annual and perennial plants (Mencuccini et al, 

2015; Fahad et al, 2017). In general, drought stress arises with low humidity 

of the air and soil, along with high temperature, which can negatively impact 

plant growth and development (Lipiec et al, 2013). Drought stress induces 

several plant physiological changes such as water potential reduction, loss 

of turgor, stomatal closure, and decrement of CO2 flow into the leaf, which 

consequently leads to a decline in photosynthesis rate and CO2 assimilation 

(Grant, 2012; Prasad et al, 2008; Chaves et al, 2003). Typically, drought is 

associated with elevated temperature and heat waves, which can trigger a 

high rate of evaporative demand under elevated temperature (Anderegg et 

al, 2016). Hence, the occurrence of simultaneous drought and heat stress 

can induce high mortality rate of crops and trees (Allen et al, 2010; Savi et 

al, 2015). Elevated temperature is one of the main consequences of 

worldwide climate change. As predicted by the IPCC, ongoing warming will 

be enhanced 2.4-6.4°C by the year 2100 (IPCC, 2007). Such global 

warming is projected to increase temperature, inferior cold and frosted days, 

enhance heat waves continuity, and alter patterns of precipitation around 



3 
 

the world (Frich et al, 2002; Chmura et al, 2011; Anderegg et al, 2016). 

Heat waves are usually defined as a period of at least five constant days 

each with temperature higher than 35oC or three consecutive days with 

temperature higher than 40oC, compared to average number of days with a 

normal temperature (Fischer and Schär, 2010; Frich et al, 2002, IPCC, 

2007). Heat stress can be induced by prolonged heat waves in plants; 

indeed, heat-stressed plants often display serious alterations in 

morphological traits, such as growth inhibition, leaf burn, bud deformation, 

leaves and fruits discoloration, reduced dry matter production, and total 

yields of trees (Wahid, 2007; Prasad et al, 2008; Chmura et al, 2011; Fahad 

et al, 2017).  

 

1.2. Drought and Heat Impact on physiological processes 

Drought is one of the main environmental stresses, which may occur at 

different stages of plant life cycles with various intensities (Nardini et al, 

2013; Anderegg et al, 2015). Experimental studies have provided evidence 

that two firmly inter-related physiological mechanisms are associated with 

mortality of trees by drought: xylem embolism (Anderegg et al, 2016; 

Schumann et al, 2019; Choat et al, 2018) and carbohydrate depletion (Triflò 

et al, 2017; Dietrich et al, 2018). The water column disruption in the xylem 

conduit is induced by the formation of gaseous bubbles (hypothesis of air-

seeding; Tyree and Zimmermann, 2002), which results in the interruption of 

water transport in conduit and makes the conduit hydraulically inactive, 

while also progressively reducing stem water transport capacity (Nardini et 

al, 2013; Secchi and Zwieniecki, 2012; Mayr et al, 2014; Choat et al, 2018). 

The hypothesis of air-seeding states that cavitation happens when air 

penetrates into a functional conduit through inter-conduit pits, and if these 
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bubbles gradually expand beyond the conduit then the gas-filled conduit 

becomes inactive, which can initiate the formation of embolism (Christman 

et al, 2009, 2012). Such conditions can be seen during high transpiration 

rates and limited water supply in soil, when the pressure gradient and 

tension become simultaneously greater in conduits (McDowell et al, 2008; 

Choat et al, 2012). Embolism accumulation is inferred to impair water 

supply to the foliage and eventually lead to tissue desiccation and plant 

death (Nardini et al, 2011; Cochard et al, 2013; Secchi and Zwieniecki, 

2011). The percentage loss of conductivity (PLC) is low under well water 

conditions and xylem water potential has a less negative value (near zero) 

and rises, generally following a sigmoidal function, when xylem water 

potential turns more negative (Peguero-Pina et al, 2014; Creek et al, 2018). 

By stomatal regulation, plants are able to reduce the risk of facing hydraulic 

dysfunction under water stress (Blackman et al, 2009; Hochberg et al, 

2017). It has been proven that stomatal closure occurs before reaching the 

threshold xylem water potential at which substantial cavitation is pioneered, 

despite the negative impacts of stomatal closure (Martinez‐Vilalta and 

Garcia‐Forner, 2017). This stomatal closure has the disadvantage of 

reducing CO2 uptake and photosynthetic rate, which can result in depletion 

of carbohydrate pools and then eventually lead to a shortage of 

carbohydrate metabolites in different tissues, as well as carbon starvation 

(Klein, 2014; Anderegg et al, 2016; Nardini et al, 2018). Carbon starvation 

can occur when the storage of carbon is insufficient and it can’t maintain 

turgor and cellular metabolism, causing a negative carbon imbalance and 

also reducing the production of useful secondary metabolites in plants 

against pathogens (Anderegg et al, 2016). During severe stress conditions, 

the sugar transport failure in phloem and the incapability for cells to 

consume existent carbohydrates owing to dehydration can occur, causing 
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tree mortality (Sala et al, 2012; Martorell et al, 2014; Triflò et al, 2019). 

Phloem transport failure could arise due to enhanced phloem sap viscosity 

or phloem turgor collapse (Sevanto, 2014). As the demand of carbohydrates 

increases to preserve plant metabolisms, plants may need reserve 

mobilizations; this mechanism, in turn, could promote carbon starvation 

because it would determine the inability to utilize carbohydrates and/or 

reallocate them to starving tissues (Sala et al, 2010; Sevanto, 2014, Savi et 

al, 2019). As a consequence, drought can diminish carbon mobilization, 

alter allocation of carbon and change action of phloem (Adams et al, 2017; 

Hartmann et al, 2013; Nardini et al, 2016). Post-drought recovery of plants 

has been shown to rely on the recovery of hydraulic function with elongation 

of the drought severity that plants incurred (Brodribb and Cochard, 2009; 

Martorell et al, 2014; Knipfer et al, 2015; Creek et al, 2018). Recent studies 

suggest that during drought recovery, a restoration of xylem functionality 

may occur in several plant species, even with the lower amount of water in 

the xylem (Zwieniecki and Holbrook, 2009; Brodersen et al, 2010; Nardini et 

al, 2011; Secchi and Zwieniecki, 2011). Different experimental evidences 

suggest that water can be stored in parenchyma cells and can be derived 

from parenchyma to the embolize conduits during decreasing water 

potential (Tyree and Zimmermann, 2002; Secchi et al, 2017). Subsequently, 

in the presence of living xylem cells such as parenchyma cells, living fibres 

could be crucial in the recovery process and embolism removal (Pagliarani 

et al, 2019). Parenchyma cells act as storages of water (Salleo et al, 2004; 

Nardini et al, 2011; Secchi et al, 2017), non-structural carbohydrates (NSC), 

mineral nutrients, mediate their retranslocation within xylem (Brodersen and 

McElrone 2013; Rosner et al, 2018; Trifilò et al, 2019), and radially connect 

xylem with adjacent tissues (e.g., pith, cambium, phloem) (Plavcová et al, 

2016; Kiorapostolou et al, 2019). In addition, they may mediate refilling of 
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embolized conduits (Brodersen et al, 2010; Nardini et al, 2011) or regulate 

ionic composition of xylem sap, and thereby actively modulate xylem 

hydraulic properties (Zwieniecki et al, 2004; Nardini et al, 2011).  

Photosynthesis produces non-structural carbohydrates (NSC). NSCs 

provide substrates for growth and metabolism and can play an important 

role in plant tolerance to diverse conditions (Hartmann and Trumbore, 2016; 

Grant, 2012; Quentin et al, 2015). NSCs basically contain starch and free 

sugars such as sucrose, glucose, and fructose. Under well water condition, 

low concentrations of various NSCs have been detected in the xylem sap 

(Nakamura et al, 2008; Krishnan et al, 2011). Moreover, concentrations of 

NSCs fluctuate on a daily and seasonal basis, owed to their utilization within 

certain physiological processes, such as support of growth and production 

of leaves (Hoch et al, 2003; Landhausser and Lieffers, 2012), repair of 

embolised conduits (Brodersen and McElrone, 2013; Trifilò et al, 2019), 

tolerance to low or high temperatures (Kasuga et al, 2007; Bita and Gerats, 

2013), and defense against pathogens (Goodsman et al, 2013; Lahr and 

Krokene 2013). According to current active embolism removal models, 

during water stress, starch in wood parenchyma cells is hydrolyzed to 

soluble sugars, which are transported along with ions to the apoplast 

(Secchi and Zwieniecki, 2012). Accumulation of osmotica decreases the 

apoplastic water potential, allowing aquaporin‐mediated water entry into the 

empty vessels upon relief from water stress. Once vessels have been 

refilled and become functional, sugars and ions are washed away with the 

transpiration stream (Zwieniecki and Holbrook, 2009; Secchi and 

Zwieniecki, 2012; Brodersen and McElrone, 2013; Secchi and Zwieniecki, 

2016). These models are consistent with observations of NSC accumulation 

dynamics in parenchyma cells of drought-stressed plants.  
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Depending on the species, xylem hydraulic limitation or chemical signaling 

can be involved in the stomatal regulations (McAdam and Brodribb, 2015). It 

can be noted that other components like ABA precursors and cytokinins 

have a main role in changes of mineral composition or pH of the xylem sap 

(Wilkinson and Davies, 2008). During drought, ABA of xylem sap has been 

enhanced concomitant with changes in water status and stomatal 

conductance diminution (Dodd et al, 2006). Therefore, the increase of ABA 

in sap can influence stomatal behavior (Hartung et al, 1998). In drought 

conditions, abscisic acid hormone (ABA) mediates stomatal closure, which 

is responsible for the reduction of stomatal conductance and transpiration 

(Cornic and Fresneau, 2002; Chaves, 1991; Kamanga et al, 2018; McAdam 

et al, 2016). The role of apoplastic pH in the ion channel’s activity in the 

plasma membrane of guard cells has been demonstrated by Roelfsema and 

Hedrich (2002). Sharp and Davies (2009) showed that significant xylem sap 

pH changes were detected mostly in herbaceous, rather than in other 

plants, when exposed to water stress. In fact, alkalization or acidification is 

one of the first chemical changes observed in the xylem sap of drought-

exposed plants (Bahrun et al, 2002, Sharp and Davies, 2009, Sobeih et al, 

2004).  

Extreme heat can cause great shifts in plant vegetation, productivity, and 

the dynamic of species communities (Smith, 2011; Ciais et al, 2005; Wang 

et al, 2016). Decreases in relative growth rate under elevated temperature, 

due to decrement in assimilation, has been proven in several crops 

(Hasanuzzaman et al, 2013). Likewise, high temperature can lead to 

malfunction of physiological processes in all plants, including enhancement 

of photorespiration and reduction of photosynthetic efficiency, plant life 

cycle, and plant productivity (Bita and Gerats, 2013; Wang et al, 2014). 
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Many specific changes to the primary processes of photosynthesis that 

could enhance carbon assimilation of canopy and production through step 

changes contain the modification of the catalytic properties of Rubisco 

(Parry et al, 2013; Murchie et al, 2009; Ort et al, 2015). Under 

physiologically relevant conditions, biochemical models have shown that 

CO2 fixation rates are limited by the carboxylation of ribulose-1,5-

bisphosphate (RuBP) (Farquhar et al, 1980; von Caemmerer, 2000; 

Hermida-Carrera et al, 2016). RuBP carboxylation is restricted by the 

regeneration of RuBP or by the activity of the carboxylating enzyme, RuBP 

carboxylase/oxygenase (Rubisco). The limitations inflicted by Rubisco result 

from its notorious catalytic inefficiencies, including slow catalysis and 

defective discrimination among CO2 and O2 (Whitney et al, 2011; Galmés et 

al, 2016). Because of these inefficiencies, plants have to accumulate high 

amounts of Rubisco, and lose substantial amounts of previously fixed CO2 

and NH3 in the process of photorespiration (Keys, 1986). These 

inefficiencies limit not only the rate of CO2 fixation but also the capacity of 

plants for an optimal usage of resources, principally water and nitrogen 

(Long et al, 2006; Galmés et al, 2014; Hermida-Carrera et al, 2016). 

Rubisco kinetic parameters have characterized in vitro at 25°C for nearly 

250 species of higher plants, of which only approximately 8% are crop plant 

species (Bird et al, 1982; Prins et al, 2016; Ishikawa et al, 2009). These 

studies discovered the presence of substantial variability in the main 

Rubisco kinetic parameters among C3 species (Bird et al, 1982; Bota et al, 

2002; Ishikawa et al, 2009) and across C3 and C4 species (Sage, 2002; 

Kubien et al, 2008; Perdomo et al, 2015). Many studies suggest that the key 

factor shaping the specialization in Rubisco kinetics among higher plants is 

the availability of CO2 at the active sites of the enzyme in the chloroplastic 

stroma (Delgado et al, 1995; Young and Hopkinson, 2017; Galmés et al, 
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2016). With the actual Rubisco kinetic constants, it is possible to quantify 

the limitation that mesophyll conductance constrains on photosynthesis at 

each temperature (Bernacchi et al, 2002). Additionally, Rubisco kinetic traits 

optimization in the CO2 prevailing which has necessarily to handle with the 

trade-off between Rubisco affinity for CO2 and enzyme turnover rate 

(Badger and Andrews, 1987; Galmés et al, 2016; Hermida-Carrera et al, 

2016). Through periods of stress for plant growth, NSC can preserve 

metabolic functions, and, after disturbances that contain a loss of tissue, 

NSC can mobilize from several sources such as stems, leaves, and roots to 

likely sinks to maintain metabolism and/or start compensatory growth 

(Chapin et al, 1990; Dietze et al, 2014). NSCs concentrations may include 

5-40 % of the dry matter of a plant, depending on plant functional forms and 

environmental situations (Würth et al, 2005). As NSCs are involved in repair 

and damage prevention, they may increase in response to heat stress and 

have been associated with heat stress tolerance (Couée et al, 2006; 

Sevanto and Dickman, 2015; Marias et al, 2017). Accumulation of 

nonstructural carbohydrates was suggested as a strategy for counteracting 

the heat stress (Teskey et al, 2015; Marias et al, 2017). In addition, by 

increasing temperature, unusual warmer winter can influence the 

nonstructural carbohydrates pool; this happens because of the respiration 

consumption during winter and also the increasing rate of carbon depletion 

with a mild heat stress in the spring (Allen et al, 2010). To date, research on 

plants’ physiological response to high temperature has been mostly 

performed on herbaceous species (Hurkman et al, 1998; Kim et al, 2010; 

Guilioni et al, 2003; Fahad et al, 2017); however, little is known about the 

effects of high temperature events on woody plants (Li et al, 2014). 

Bauweraerts et al, (2014), conducted a research study on evergreen conifer 

(Pinus taeda L.) and a deciduous broadleaf (Quercus rubra L.), 
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demonstrating that extreme heat waves (+12oC) had a negative impact on 

the growth species. In a study of four co-occurring temperate tree species, 

heat waves induced a huge damage on the photosynthesis and PSII 

system, while stomatal conductance remained functional and had not been 

affected by heat (Guha et al, 2018). Another research study, conducted on 

Coffea arabica L. (Eritrean Mokka) trees, provided evidence that 

physiological traits were negatively affected by heat stress; particularly, the 

authors found impairments in net photosynthesis, stomatal conductance, 

and nonstructural carbohydrate amounts (Marias et al, 2017). Heat may 

induce a negative impact on chlorophyll biosynthesis or increase 

degradation; consequently, elevated temperature may have impaired effects 

on enzymes which are involved in the chlorophyll biosynthesis pathway 

(Mathur et al, 2014). Prasad et al (2008) emphasized that the modulation of 

mitochondrial respiration subjected to heat and drought stress is a common 

response. Some studies have shown that leaf respiration is influenced by 

high temperature when the temperature increases more than 35-40 °C 

(Loreto et al, 2001; Rennenberg et al, 2006). Generally, extreme high 

temperatures could result in permanent injury to the photosynthetic proteins, 

particularly key PSII protein D1 and the disruption of thylakoid membranes, 

causing a quick reduction in maximum quantum efficiency (Zhang and 

Sharkey, 2009; Rungrat et al, 2016). The impact of high temperature could 

be aggravated when transpiration cooling is limited as a result of high 

humidity, which diminishes the vapour pressure difference, or when low soil-

water content decreases stomatal aperture (Rungrat et al, 2016). Last but 

not least, thylakoid membrane function is disturbed by drought and heat 

stress. Heat and drought stress decline CO2 uptake through the adjustment 

of stomatal or internal resistance to CO2 diffusion which both can impel 

oxygenase activity; this results in increased photorespiration rate and 
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reduced photosynthesis rate (Prasad et al, 2008). Typically, when heat 

stress is accompanied by an increase in soil temperature, the condition is 

more deleterious to plants; the reason is the greater evapotranspiration 

demand in plants and soil simultaneously (Rennenberg et al, 2006; Lipiec et 

al, 2013). 

 

1.3. Plant hormones  

The most studied plant hormones are: auxin (IAA), abscisic acid (ABA), 

cytokinins (CKs), ethylene (ET), salicylic acid (SA), gibberellins (GAs), 

brassinosteroids (BRs), jasmonates (Jas) and strigolactones (SLs). The last 

ones which have been recently discovered are involved in the shoot 

architecture (Sedaghat et al, 2017; Gomez-Roldan et al, 2008). Hormonal 

signals have an important role in physiological responses to different 

stresses.  

 

1.3.1. Abscisic Acid and environmental stresses 

Abscisic acid (ABA) is a plant hormone which inducts a signaling cascade of 

responses in guard cell membrane channels and transporters that trigger a 

decline in guard cell turgor, thus closing stomata and reducing water loss 

(Brodribb and McAdam, 2011, 2013; Munemasa et al, 2015). In many 

studies, ABA has been shown to modulate stomatal closure under drought 

and also induce thermotolerance under heat stress (Larkindale et al, 2005; 

Tombesi et al, 2015; Zhang and Davies, 1989; Martínez-Vilalta and Garcia-

Forner, 2017). ABA is a sesquiterpenoid belonging to the class of 

isoprenoids. The molecular structure of ABA includes one asymmetric 

carbon atom, which is vital for its biological activity (Cutler et al, 2010). 

Abiotic stress, such as drought, cold and/or heat, can initiate the ABA 
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production through induction of ABA biosynthetic genes or trigger various 

gene expressions for specific biochemical responses (Shinozaki and 

Yamaguchi-Shinozaki, 2007). The ABA synthesis was previously 

considered to produce mainly in the roots, prior to transport in the xylem sap 

to the leaves as a signal of soil drying (Davies and Zhang, 1991). New 

studies have recently indicated that the whole plant dynamics of ABA are 

more complex, with the leaves and stems playing a main role in synthesis 

and catabolism of ABA (Manzi et al, 2015; McAdam and Brodribb, 2015; 

Mitchell et al, 2016; Zhang et al, 2018). Recently, Zhang and colleagues 

(2018) found that leaves had the most significant increases in ABA levels in 

response to a decrease in cell volume while roots did not display changes in 

ABA levels after reduction in cell volume. Interestingly, they detected that 

floral tissue was able to synthesize ABA in response to sustained water 

deficit (Zhang et al, 2018). It has been proven that by an interaction of 

chemical and hydraulic signals, plants are able to respond to water shortage 

(Comstock, 2002; Tombesi et al, 2015). Initial studies used split-root 

systems to disclose that ABA acts as a chemical signal of soil drying which 

synthesized in the root and transported to the shoot, acting independently of 

hydraulic signals in inducing stomatal closure (Zhang et al, 1987; Davies 

and Zhang, 1991). While in poplar (Populus nigra L.), it has been shown 

that stomatal conductance rates and foliar ABA concentration remained 

unchanged when half of the root-zone dried (Marino et al, 2017). Similar 

patterns of stomata behavior and ABA content were detected in leaves of 

olive (Olea europaea var. Chetoui) exposed to partial root-zone drying in the 

split-root tests (Dbara et al, 2016). The stomatal aperture regulation through 

ABA function is crucial for plants to regulate diurnal gas exchange and drive 

stomatal responses to leaf-to-air vapor pressure deficit (VPD) (Buckley, 

2016; McAdam and Brodribb, 2015). Mcadam and Brodribb (2016) 
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suggested that leaf turgor changes during a VPD transition caused the 

observed rapid ABA biosynthesis during these transitions and thus triggered 

the signal for stomatal responses to VPD. Drought responses of grapevine 

(Vitis vinifera L.) proposed that early stomatal closure was induced by 

hydraulic signals, which were accompanied by an elevation in foliar ABA 

content that also maintained stomatal closure after leaf water potentials had 

returned to pre-stress levels (Correia et al, 1995; Tombesi et al, 2015). In 

other woody plants, it has been shown that ABA did not act as a fast root-to-

shoot signal of soil drying to persuade stomatal closure, but was preceded 

by a hydraulic signal (Christmann et al, 2007). Moreover, xylem sap pH 

variations have been suggested to signal soil drying by shifting the partition 

of ABA between the leaf apoplast and symplast (Wilkinson and Davies, 

1997). It has been found that the conductance of mesophyll (gm) to CO2 is 

linked to the free-ABA concentration in the leaf, and in fact, ABA likely 

induces more rapid changes in mesophyll conductance in comparison to 

stomatal conductance (Sorrentino et al, 2016). Some studies have 

described that the ABA has a main role in the regulation of aquaporins 

under drought stress (Lipiec et al, 2013; Beaudette et al, 2007; Parent et al, 

2009). It is possible that reduction in aquaporins activity which are involved 

in the transport of CO2 among the mesophyll would be connected to ABA 

induction (Jang et al, 2004; Perez-Martin et al, 2014). In addition, ABA has 

a role in leaf hydraulic conductance (Kleaf) decline through decreased 

biochemical activity of aquaporins involved in the regulation of the 

permeability of transport tissues to the water movement (Pantin et al, 2013). 

Besides the roles mentioned above, ABA can also have many impacts on 

the metabolism of sugar and the partitioning of carbohydrates, and while 

inducing an increase in the activities of β-amylase and vacuolar invertase, 

resulting in higher starch degradation and the release of hexoses in the 
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cytosol (Kempa et al, 2008; Pelleschi et al, 1999). It has been reported that 

high concentration of ABA induces Ca2+ enhancement in cytosol, which is 

accompanied by a noticeable activity of anion channel localization in the 

plasma membrane, successively resulting in potassium efflux, 

depolarization of guard cells, reduction of turgor and guard cells volume, 

high generation of H2O2, and eventually stomata closure (Zhang et al, 2006; 

Ashraf and Harris, 2013). It has been reported that ABA is involved in the 

heat stress tolerance (Ding et al, 2010; Bita and Gerats, 2013). The high 

temperature impacts were reduced by the use of ABA treatment in some 

plants, as plant survival was enhanced after a direct heat exposure. In this 

regard, some ABA signaling mutants belonging to protein phosphatase abi1 

and abi2 also display a decreased tolerance to heat stress (Larkindale et al, 

2005; Larkindale and Knight, 2002). A reduced effect in tissue damage by 

MDA (Malondialdehyde) and H2O2 was observed in the ABA interaction with 

salicylic acid and JA in plants which were exposed to short term heat stress 

(Bandurska and Stroiński, 2005; Escandón et al, 2016). Heat shock proteins 

(HSPs) are known as thermotolerance proteins, which are induced by high 

temperatures (Wahid et al, 2007). Pareek et al (1998) demonstrated that 

ABA has been involved to enhance expression of some heat shock proteins 

such as HSPs 70.  

 

1.3.2. Strigolactones impacts on the plant physiology 

Strigolactones (SLs) are a small class of carotenoid-derived compounds 

and rhizosphere signaling molecules classified as a new class of 

phytohormones that regulate several different processes in plants (Ruyter-

Spira et al, 2013). SLs are produced in the root and move upward via the 

xylem to the stem, where they inhibit lateral bud development (Kohlen et al, 

2011). More recently, a noticeable relationship between P contents in shoot 
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tissues and SL exudation was found in various plants; the finding showed 

that N deficiency decreased P levels in shoots, the phenomenon that leads 

to the enhancement of SL exudation (Sedaghat et al, 2017; Czarnecki et al, 

2014). Furthermore, SLs are implicated in the regulation of plant 

morphology and development and were shown to positively stimulate stem 

secondary growth, internode length, leaf senescence, suppress lateral root 

formation, and adventitious rooting while promote root hair elongation and 

primary root growth (Agusti et al, 2011; de Saint Germain et al, 2013; 

Mishra et al, 2017). The optimal integration between plant hormonal 

pathway, such as SL, ABA, and CK, is determinative of plant survival at the 

environmental stress events (Ha et al, 2014; Mishra et al, 2017; Cardinale 

et al, 2018). Besides such hormonal functions, SLs play a beneficial role in 

the symbiotic relationship between plants and arbuscular mycorrhizal fungi 

by stimulating chemical compound production for root development 

(Akiyama et al, 2005; Xie, 2016). Also, it was revealed that root exposure to 

SLs leads to the accumulation of secondary metabolites, such as flavonols 

or antioxidants, and these data proposed pleiotropic effects of SLs that 

stimulate root development (Marzec and Melzer, 2018). Beside natural SLs, 

multiple synthetic analogs were characterized, such as GR24, GR7, or 

Nijmegen-1 (Akiyama et al, 2010; Zwanenburg and Mwakaboko, 2011; 

Mishra et al, 2017). However, concentration of natural SLs in plants is very 

low and the substances are highly unstable, especially in humid 

environments due to hydrolysis (Yoneyama et al, 2009; Xie, 2016; 

Cardinale et al, 2018). The instability is proposed to be important for 

signaling in the rhizosphere, where concentration gradients play a role 

(Parniske, 2008). SLs have been shown to inhibit bud outgrowth (Guan et 

al, 2012). Auxin, cytokinin, and SL derivatives can control axillary meristem 

outgrowth and induce alterations in plant shape and architecture (Dun et al, 
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2012; Beveridge et al, 2009; Guan et al, 2012). It has been reported that 

some branching mutants showed bushy phenotypes and dwarf appearance 

in numerous plant species, such as more axillary growth (max) in 

Arabidopsis, decreased apical dominance (dad) in petunia (Petunia hybrida 

L.), ramosus (rms) in pea (Pisum sativum L.) and high tillering and dwarf 

(htd) in rice (Oryza sativa L.); later investigations revealed that SLs were 

responsible (Guan et al, 2012; Foster et al, 2018; Cardinale et al, 2018). SL 

molecules are derived from carotenoid cleavage genes which are mediated 

by Carotenoid Cleavage Dioxygenase genes (CCD7 and CCD8). In the 

model plant Arabidopsis, MORE AXILLARY GROWTH genes include 

MAX1, MAX2, MAX3, and MAX4, all of which are members of strigolactone 

pathway genes. It has been shown that MAX2 gene is involved in SL 

signaling, while the other three genes are involved in SL biosynthesis 

(Booker et al, 2004; Stirnberg et al, 2002; Czarnecki et al, 2014). MAX1 is a 

member of the cytochrome P450 family, and its orthologues and paralogues 

are involved in the last steps of SL biosynthesis from carlactone (Booker et 

al, 2004; Seto et al, 2014). MAX2 is known to be encoded in F-box leucine-

rich protein (ubiquitin E3 ligase), and this gene is essential in strigolactone-

dependent suppression of axillary bud outgrowth (Stirnberg et al, 2002; 

Nelson et al, 2011; Yoshimura et al, 2018). Loss-of-function mutations in 

each of these four MAX genes could result in increased shoot branching 

(Booker et al, 2004; Stirnberg et al, 2002; Czarnecki et al, 2014). MAX3 and 

MAX4 are orthologous genes, encoding CCD7 and CCD8 respectively 

(Booker et al, 2004; Sorefan et al, 2003; Foster et al, 2018). It has been 

indicated that in willow trees (salix spp.), such as (Salix viminalis and S. 

aurita) (Ward et al, 2013) and (S. viminalis x (S. viminalis x S. schwerinii)) 

(Salmon et al, 2014), MAX4 allelic exists and may correlate with differences 

in branching patterns and coppicing. Czarnecki et al, (2014) reported that 
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expression of poplar (P. trichocarpa) MAX orthologs was shown to largely 

complement the increased branching phenotype of the corresponding 

Arabidopsis mutants. Similarly, in kiwifruit (Actinidia chinensis L.), MAX3 

and MAX4 orthologs (AcCCD7 and AcCCD8) were also revealed to 

complement the corresponding Arabidopsis mutant phenotypes. In addition, 

an RNAi-mediated knockdown of AcCCD8 was shown to increase 

branching, demonstrating the importance of SLs in woody perennials 

(Ledger et al, 2010). Meanwhile, in poplars, the CCD8 genes knockdown 

have resulted in an increased number of branches and shorter phenotypes 

(Czarnecki et al, 2014; Muhr et al, 2016). Moreover, Muhr and colleges 

(2016) generated transgenic MAX4 lines using amiRNA method and 

demonstrated the significance of SL role for branching control in trees. The 

identification of the BRANCHED1 (BRC1) gene showed that this gene was 

a repressor of bud outgrowth (Rameau et al, 2015) and belonged to the TB1 

CYCLOIDEA PCF (TCP) type transcription factor (Aguilar-Martínez et al, 

2007). The TCP transcription factors control lateral organ and meristems 

development (Martín-Trillo and Cubas, 2010). Thus, they could adjust many 

growth-related processes, for instance leaf development or shoot branching 

(Doebley et al, 1997; Palatnik et al, 2003). Also, it was shown that the 

convergence of SLs and cytokinins can encode transcription factor of BRC1 

positively (Aguilar-Martínez et al, 2007; Braun et al, 2012; Dun et al, 2012; 

Brewer et al, 2013; Rameau et al, 2015). BRC1 loss-of-function mutants 

were shown to have remarkably increased bud outgrowth, causing higher 

branch numbers (Czarnecki et al, 2014; Rameau et al, 2015). Accordingly, 

BRC1 overexpression orthologs reduced the amount of bud outgrowth in 

rice and wheat (Lewis et al, 2008; Takeda et al, 2003). Thus, BRC1 is 

known to be a negative regulator of bud outgrowth (Rameau et al, 2015; 

Muhr et al, 2016). A number of research studies on trees have shown SL 
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branching controls in willow, poplar, eucalyptus, and apple trees (Agusti et 

al, 2011; Ward et al, 2013; Muhr et al, 2016; Foster et al, 2018). Until now, 

there have been few investigations on SL effects on the cambium 

stimulation of Arabidopsis, pea, or Eucalyptus globulus by GR24 application 

(Agusti et al, 2011). The impact of SL hormones on the anatomy of woody 

plants remains unknown.  

 

1.4. Poplar  

The genus poplar has 85 different species (Jansson and Douglas, 2007). 

Many clones of Populus were commercialized in industry for timber wood, 

paper production, and afforestation (Rennenberg et al, 2010). Poplars are 

fast-growing trees that have been widely studied at the molecular and 

physiological levels as a woody plant model system, especially under biotic 

and abiotic stresses and their interaction (Harfouche et al, 2014; Jia et al, 

2016). The responses of Populus species to climate change has 

established important knowledge for understanding and designing practical 

patterns for future forest plantation based on forest growth and carbon 

sequestration (Hozain et al, 2010). Perennial woody plants with long 

lifespan, like poplar distributed in latitudinal and altitudinal boreal and 

temperate regions of the northern hemisphere, are suitable for genetic and 

physiological investigation. Poplar is the first tree whose genome has been 

perfectly sequenced; hence, its genetic map is available for breeding 

programs. In addition, poplars can spread easily and multiple genotypes 

can be transformed (Taylor, 2002; AL Afas et al, 2007; Foster et al, 2015). 

Populus is used in physiological and biochemical studies for the following 

reasons: large leaves with high LAI (leaf area index) and expansion rates, 

fast growing rate, high rate of vascular bundle tissue development, wide 
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branched system of roots and shoots, high rates of leaf photosynthesis and 

respiration, quick response of stomata to environmental changes, and 

vertical shape of branches and leaves (Taylor, 2002). Due to the 

enhancement of temperatures and drought, more examinations are needed 

in the area of the agriculture and forest physiology on poplar plants.  

 

1.5. Objectives of this thesis 

Plants, being sessile in nature, encounter various environmental stresses 

that can ultimately lead to reduced growth and productivity. During these 

stresses, including drought and heat, the normal homeostasis of the 

physiological, chemical, and hormonal procedures are disturbed. Populus 

provides a good model system to understand plant biology (Jansson and 

Douglas, 2007). For instance, this plant can be used for studies on long-

distance transport of water and nutrients (Arimura et al, 2004; Gerttula et al, 

2015), adaptation to stressful environments (Brosche et al, 2005; Bloemen 

et al, 2016), seasonal nitrogen cycling and nitrogen storage as part of the 

perennial growth habit (Cooke and Weih, 2005), wood formation and 

xylemic structure (Love et al, 2009) and the impact of predicted future 

climate change levels on trees and forest ecosystems (Rae et al, 2006). 

Based on the facts mentioned above, I chose poplar as a model of woody 

plant to investigate both the abiotic stress impacts as exogenous factors 

and the SL deficiency effects as endogenous factors.  

The first objective of this thesis was to understand the biological process 

involved in the xylem priming for hydraulic recovery after drought stress. I 

hypothesize that, if the response of xylem parenchyma cells to severe 

stress is a coordinated physiological and chemical process that results in 

the priming of xylem for hydraulic recovery, then I should observe 
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concurrent changes in xylem pH and, sugar concentration, as well as a 

correlation between ABA content and the starch degradation that generates 

osmotic gradients for restoration of xylem hydraulic function. To address 

this hypothesis, I measured a set of selected physiological and biochemical 

responses of poplar trees to drought stress and a recovery period. The aims 

of study included: i) to monitor poplar physiological modifications under 

drought stress and recovery; and ii) to understand the biochemical 

mechanisms involved in drought and rehydration periods. The study has 

been described in detail in Chapter 2 of this thesis.  

The second objective was to realize the impact of heat on the physiological 

and chemical process could be similar and/or different from drought on 

poplars. My hypotheses were as follows: the heat stress treatment will have 

a highly negative effect on gas exchange and water potential; the extreme 

high temperature will affect whole-plant chemical functions, such as ABA, 

apoplastic pH, and non-structural carbohydrates, in different organs and 

thus heat will negatively reduce the plant growth by a constant increase in 

temperature. To address this hypothesis, constant heat stress was applied 

to poplars for 23 days, while physiological and biochemical features in 

different organs were monitored. The study has been described in detail in 

Chapter 3 of this thesis.  

The third objective was to understand if strigolactones can affect the xylem 

vessels features and if these effects are accompanied by variation in xylem 

vulnerability to embolism between transgenic lines and wild type. I 

hypothesized that SL deficiency will result in changes in the xylem vessel’s 

properties and total hydraulic conductivity in transgenic plants. To address 

this hypothesis, plants were monitored under well water condition and water 

shortage phase. The hydraulic conductivity, gas exchange, water potential, 
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and xylem anatomical features were measured among all plants. The study 

has been described in detail in Chapter 4 of this thesis1. 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
1- More details of objectives and hypothesized are provided on the specific chapters. 



22 
 

 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER II 

Investigating the physiological and chemical 
responses of poplar to drought stress 
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2.1. Introduction 

Under drought stress or periods of high transpiration demands, water 

tension in the xylem grows, increasing likelihood of the embolism formation. 

Embolism formation is a physical process influenced by a wide range of 

factors, including water tension, physical properties of the xylem, chemical 

properties of xylem sap, temperature, and previous plant embolism history 

(Holbrook and Zwieniecki, 1999; Hacke et al, 2001; Stiller and Sperry, 2002; 

Tyree and Zimmermann, 2002; Jensen et al, 2016). The presence of xylem 

embolism progressively reduces the stem capacity to transport water and 

can increase leaf water stress, forcing stomatal closure and reducing the 

photosynthetic activity (Brodribb and Jordan, 2008). In the event of a severe 

stress, when water loss by transpiration exceeds the transport capacity of 

xylem, the runaway cavitation may occur leading to the complete cessation 

of water transport and, in the worst scenario, resulting in plant death (Sperry 

et al, 1998). Therefore, it is conceivable that any strategy played out by the 

plant to hinder and/or minimize the negative effects of embolism, including 

restoration of hydraulic transport capacity during time of stress relief, could 

be crucial for guaranteeing plant survival (Tyree and  Ewers, 1991; Choat et 

al, 2012; Klein et al, 2018; Barigah et al, 2013). 

In last few decades, experimental evidences prove that restoration of xylem 

functionality is present in few plant species during recovery from drought, 

even when the bulk of water in the xylem remains under low to moderate 

tension (Zwieniecki and  Holbrook, 2009; Brodersen et al, 2010; Nardini et 

al, 2011; Secchi and Zwieniecki, 2011). Thus, recovery of xylem from 

embolism cannot happen spontaneously and requires the presence of 

xylem living cells in the proximity of the empty vessels to facilitate the 

process and to overcome existing energy gradients (Trifilò et al, 2015). 

Consequently, both spatial arrangement and amount of woody parenchyma 
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become crucial for a successful embolism removal (Triflò et al, 2019). The 

majority of living cells in the xylem are located in parenchyma rays and they 

are often in direct contact with the vessels. Parenchyma cells provide 

temporary storage for non-structural carbohydrates (NSCs) in the form of 

sugar and starch (Salleo et al, 2004; Spicer, 2014) and are considered a 

radial water redistribution pathway. Both functions are prerequisites that can 

allow active repair of embolized conduits. In vivo observations showed that 

vessels fill up with water during recovery (Holbrook et al, 2001; Clearwater 

and Goldstein, 2005; Scheenen et al, 2007) and that water droplets 

preferentially form and grow on the vessel walls that are in contact with 

living parenchymal cells (Brodersen et al, 2010). However, although the 

direct in vivo observations indicated that parenchyma cells as important 

players in the hydraulic restoration process, the functional biology of this 

process remains unresolved.  

According to the current models of active embolism removal, starch in 

parenchyma cells is hydrolyzed during water stress, and soluble sugars and 

ions are being released from wood parenchyma cells to apoplast embolized 

vessels (Secchi and Zwieniecki, 2012). Accumulation of osmoticum in 

apoplast lowers the apoplastic osmotic potential such that, during the relief 

from water stress and reduction of tension, it would allow for aquaporin-

mediated water entry into empty vessels along the new water potential 

gradient. Once the vessels have been refilled and become functional, 

sugars and ions are washed away with the transpiration stream (Zwieniecki 

and  Holbrook, 2009; Secchi and Zwieniecki, 2012; Brodersen and 

McElrone, 2013; Secchi and Zwieniecki, 2016). These models are 

consistent with observations of NSC accumulation and dynamics in 

parenchyma cells of drought stressed plants; it was shown that embolism 

presence could alter carbohydrate metabolism and carbon partitioning 
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between starch and soluble sugars in xylem parenchyma (Salleo et al, 

2009; Secchi and Zwieniecki, 2011; Tomasella et al, 2017) with trees 

subjected to a short-term drought events accumulating high levels of NSC 

contents (Trifilo et al, 2017). Furthermore, the ability of plants to recover 

from xylem embolism is species-specific and correlated with the 

concentration of soluble carbohydrates accumulated at the stem level (Savi 

et al, 2016).   

Alteration of carbohydrate metabolism in xylem during drought stress 

coincides with changes in apoplastic pH. In fact, alkalization or acidification 

represents one of the first chemical changes observed in the xylem sap of 

plants exposed to drought (Bahrun et al, 2002; Sobeih et al, 2004; Sharp 

and Davies, 2009) that can trigger systemic activation of whole plant 

response to water stress (Schachtman and  Goodger, 2008). In vivo 

observations of poplar stems subjected to water stress linked drop of xylem 

pH to water stress level (Secchi and Zwieniecki, 2012), and, furthermore, in 

vitro analysis linked acidic apoplastic pH to increased accumulation of 

sugars in xylem sap of poplar stems (Secchi and Zwieniecki, 2016). These 

observations suggest that the accumulation of sugars in the xylem apoplast 

is controlled by xylem pH, where lower pH induce apoplastic sucrose 

hydrolyses by potential activity of acidic invertases. 

The cellular increase of sucrose content triggers de novo efflux of sucrose 

from the cells by shifting the gradient of concentration and thus reversing 

the direction of sucrose symporters transport as the transporters are often 

bidirectional depending on proton (pH) and sucrose gradient across the 

plasma membrane (Carpaneto et al, 2005). The increased concentration of 

sucrose and the presence of lower pH in xylem apoplast result in 

accumulation of monosaccharide due to acidic invertase activity in the walls 

(Secchi and Zwieniecki, 2016). In functional vessels, such efflux would be 
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unnoticeable as sugars will be washed away, but in embolized vessels, 

sugars will accumulate in the walls, significantly lowering their osmotic 

potential and allowing for refilling upon relief from water stress (Secchi and 

Zwieniecki, 2012, 2016). In this model, changes in xylem apoplast chemistry 

should be coupled to membrane transport and cellular carbohydrate 

metabolism. The hypothesis of this research is that, if xylem parenchyma 

cells response to severe stress is a coordinated biological process resulting 

in priming xylem for hydraulic recovery, then concurrent changes in xylem 

pH and sugar concentration have to be observed. Indeed, this study 

confirmed that in poplar lower xylem apoplastic pH is linked to carbohydrate 

accumulation. The presented work further supports the notion that perennial 

woody plants biology exposed to severe water stress primes the xylem for 

the recovery upon re-hydration that is consistent with possibility of embolism 

removal (Secchi and Zwieniecki, 2014). 

 

2.2. Material and Methods 

2.2.1. Plant materials and growth conditions 

Populus tremula x alba (clone 717-1B4) one-year-old, were planted in a 

greenhouse under controlled conditions in University of Turin (Grugliasco 

campus) during June 2016. Temperature was maintained in the range of 

17°C to 29°C and natural daylight was provided when it was necessary by 

using metal halogen lamps (500–600 µmol photons m-2 s-1) to maintain a 

12/12-h light/dark cycle. Each plant grew in a 5‐L pot filled with a substrate 

composed of sandy‐loam soil/expanded clay/peat mixture (2:1:1 by weight). 

A total of 51 hybrid poplars were used in this study and poplars at the 

beginning of the experiment were 180 ± 5 cm tall with a stem diameter of 

11.6 ± 0.58 mm. The plants were divided into two groups: 24 poplars, 

belonging to Group 1, were used to estimate the level of embolism in 
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response to water stress (percentage loss of hydraulic conductivity [PLC]). 

Those plants were further divided into three subgroups: (A) six plants 

watered daily (CTR), (B) six plants severely water stressed by withholding 

irrigation until the stem water potential (Ψstem) was below −2 MPa 

(STRESS), and (C) 12 plants first stressed to below −2 MPa and then 

watered daily (PLC was measured respectively after 1 and 7 days of 

recovery, REC1-7). The remaining 27 poplars, belonging to the second 

group, were split into nine irrigated control trees (CTR) that were irrigated to 

water holding capacity daily, and 18 trees severely water stressed by 

withholding irrigation. Once severe water stress (SS) levels were reached in 

these 18 trees (Day 0), half (n = 9) were sampled: xylem sap and tissues 

were collected and stored for further chemical analyses. The remaining half 

(n = 9) were watered (REC) during the morning of the same day (Day 0) 

and allowed to fully recover over the period of 7 days. After 1 week of stress 

relief (Day 7), xylem sap and tissues were collected and stored for chemical 

analyses. Control plants (n = 9) were sampled throughout the experiment. A 

detailed schematic representation of measurements/sampling timing is 

provided in Figure 1 (Pagliarani et al, 2019).  

 

Fig 1. Timing schematic representation of measurements/sampling over the 

duration of the experiment. Ψstem, stomatal conductance, and photosynthesis were 
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monitored throughout the entire experiment, that is, from the start of the stress 

treatment (Day −11) until full recovery of physiological functions (Day 7). PLC was 

measured on stressed and recovered poplars respectively at Days 0 (black circles), 

1, and 7 (grey circles), whereas on control plants, throughout the experiment 

duration (white circles). Chemical analyses were performed on sap and woody 

tissues collected at Day 0 for stressed plants (black circles) and at 7 days for 

recovered plants (grey circles). Sap and tissues from control plants were sampled 

throughout the experiment duration (white circles). ABA, abscisic acid; PLC, 

percent of loss of conductivity. This picture was retrieved from (Pagliarani et al, 

2019).  

 

2.2.2. Measurements of leaf gas exchange and stem water potential 

Assimilation rate (A, µmol CO2 m–2 s–1), stomatal conductance (gs, mmol 

H2O m–2 s–1) and transpiration rate (E, mmol H2O m–2 s–1) were measured 

on three fully expanded leaves per individual plant using a portable infrared 

gas analyzer ADC-LCPro+ system (The Analytical Development Company 

Ltd, Hoddesdon, UK). Measurements were performed using a 6.25 cm2 leaf 

chamber equipped with artificial irradiation (1200 µmol photon m−2 s−1) 

under ambient CO2 values maintained constant at 400 ppm. Stem water 

pressure (Ψstem) was measured on nontranspiring leaves. Leaves were 

covered with aluminum foil and placed in a humidified plastic bag for at least 

30 min before excision. After excision, leaves were allowed to equilibrate for 

more than 20 min in dark conditions before being measured for water 

potential with a Scholander‐type pressure chamber (Soil Moisture 

Equipment Corp, Santa Barbara, CA). Leaf gas exchange and stem water 

potential were monitored during the experiment from 9:00-12:00 am. 
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2.2.3. Measurements of stem hydraulic conductivity 

Stem hydraulic conductivity was measured using a standard approach 

described previously by the Secchi and Zwieniecki, (2012). In short, a long 

stem was cut under water, and this initial cut was followed within a few 

minutes by cutting a set of three stem segments, each measuring 

approximately 4 cm. Segments were excised under water approximately 

20–30 cm from the initial cut (a distance longer than two times the length of 

vessels in studied poplar). The initial hydraulic conductance (ki) of each 

stem segment was measured gravimetrically by determination of the flow 

rate of filtered 10 mM KCl solution. A water source was located on a 

balance (Sartorius ± 0.1 mg) and connected to the stem by a plastic tube. 

The stem was submerged in a water bath at a level approximately 10 cm 

below the water level on the balance. After a steady flow rate was reached 

(within a few minutes), the tube connecting the stem to the balance was 

closed, and a bypass was used to push water across the segment under 

approximately 2 bars of pressure for approximately 20 s to remove 

embolism. Stem conductance was then remeasured to find maximum 

conductance (kmax). The PLC was calculated as PLC = 100 × (kmax – ki)/kmax. 

 

2.2.4. ABA measurement  

ABA quantification has been performed in collaboration with different 

research group in the University. Briefly, ABA concentration was quantified 

following the method described by Siciliano et al (2015), with minor 

modifications. After being thawed, 50–100 µl of each biological replicate 

was centrifuged at 13,000 g and 4°C for 5 min. The obtained supernatant 

was filtered through a 0.2‐μm syringe filter and collected in a 1‐ml amber 

glass vial containing a glass insert (Supelco, Sigma‐ Aldrich) for small 
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sample volumes and analysed by high‐performance liquid chromatography 

tandem mass spectrometry. High‐performance liquid chromatography was 

carried out using a 1260 Agilent Technologies (Waldbronn, Germany) 

system equipped with a binary pump and a vacuum degasser. Sample 

aliquots (20 µl) were injected on a Luna C18 (150 × 2 mm i.d., 3 µm 

Phenomenex, Torrance, CA); ABA was eluted in isocratic conditions of 

65:35 (H2O:CH3CN v/v acidified with HCOOH 0.1%) under a flow of 200 µl 

min-1 for 5 min. With the use of an electrospray ion source operating in 

negative ion mode, samples were introduced into a triple–quadruple mass 

spectrometer (Varian 310‐MS TQ Mass Spectrometer). Analyses were 

conducted in multiple reaction monitoring mode using two transitions: 263 > 

153 (CE 12 V) for quantification and 263 > 219 (CE 12 V) for monitoring, 

with 2 mbar of argon (Ar) as the collision gas. The external standard method 

was applied to quantify ABA concentration in target samples. A standard 

curve was generated using an original ABA standard (Sigma‐Aldrich, St 

Louis, MO; purity 98.5%), with concentrations ranging from 10 to 500 µg L-1. 

Limits of detection (LODs) and quantification (LOQs) were calculated on the 

basis of the standard deviation of the response (σ) and slope of the 

calibration curve (S) ratio in accordance with the ICH harmonized tripartite 

guideline expressed as follows: LOD = 3.3σ/S; LOQ = 10σ/S. Calculated 

final values were as follows: LOD = 0.87 ng ml-1; LOQ = 2.90 ng ml-1. 

 

2.2.5. Non-structural carbohydrate content in tissues and xylem sap 

At the end of the experiment, leaves, roots, stems and xylem sap were 

collected from all plants. Xylem sap was extracted from poplar stems using 

the procedure previously described by Secchi and Zwieniecki (2012). 

Briefly, after cutting the stem, leaves were removed, then the whole stem 
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was attached through a plastic tube to a syringe needle. The needle was 

threaded through a rubber cork to a small vacuum chamber with the needle 

tip placed in the 1.5-mL plastic tube. After generation of a vacuum (0.027 

MPa absolute pressure), small pieces of stem were consecutively cut from 

the top, allowing liquid from open vessels to be sucked out of the stem and 

collected in the tube. The collected liquids were kept at -20° until analyses 

were performed. Sample tissues (leaf, root, stem) were oven-dried at 70 °C 

for 72 hours and ground into a fine powder using mortars. Non-structural 

sugars were quantified according to the protocol by Leyva et al (2008) 

which was later modified by Secchi and Zwieniecki (2012). Briefly, 1 ml of 

deionized water was added to 30 ± 2 mg of powdered tissue, vortexed, 

incubated at 72 °C for 15 min and centrifuged at 13.000 rpm for 10 min. The 

obtained supernatant was diluted and a 50 µL aliquot was mixed with 150 

µL of sulfuric acid (98%) - anthrone solution (0.1%, w/v) in a 96 well micro-

plate. The plate was placed on ice for 10 min and then incubated at 100°C 

for 20 min. After heating, the samples were allowed to cool for 20 min at 

room temperature. Sugar content was determined in the dry matter as 

glucose equivalents from the colorimetric reading (iMark™ Microplate 

Absorbance Reader, BIO-RAD Ltd, USA) of absorbance at 620 nm (A620) 

and using a predetermined glucose standard curve. Soluble sugar 

concentration was also determined in xylem sap samples following the 

same protocol by adding directly the sap aliquot to the anthrone solution. 

 

2.2.6. Analysis of starch concentrations in wood samples 

Frozen wood samples were ground to a fine powder using a tissue lyser 

system (TissueLyser II, Qiagen), and starch content was quantified by 

enzymatic assay (STA-20 kit; Sigma-Aldrich), as detailed by (Secchi and 

Zwieniecki, 2011). Starch content was represented by the amount of 
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released glucose, which was determined by colorimetric reaction using a 

glucose oxidase-mediated method in accordance with the manufacturer’s 

instructions. Sample absorbance was read at 540 nm, and starch 

concentrations were calculated using the glucose standard curve as a 

reference and expressed as mg g-1 of fresh wood. Wood starch amounts 

were determined for all plants considered in the experiment. 

 

2.2.7. Measurements of pH and electrical conductivity ion content in 

xylem sap 

The pH was determined in all xylem sap samples using a micro pH 

electrode (PerpHect® ROSS®, Thermo Fischer Scientific, Waltham, MA 

USA). On the same liquids, the electrical conductivity (EC) was assessed 

using a portable conductivity meter (LAQUA B-700; Horiba Ltd., Kyoto, 

Japan). 

 

2.2.8. Statistical analyses 

Statistical analysis was performed with Sigma-plot (Systat software Inc., 

San Jose, USA) and IBM SPSS software (version 24). Pairwise 

comparisons between data were applied by using the appropriate post hoc 

test. Tukey's HSD test was adopted for one-way ANOVA at p<0.05 (Tukey, 

1949). 

 

2.3. Results 

2.3.1. Leaf gas exchange and stem water potential and plant 

hydraulics 

In the present study, water deficit imposed for 11 days in order to reach a 

severe stress level corresponding to -2.4 MPa (average stem water 
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potential; Ψstem), followed by a re-watering period of 7 days for full recovery 

(Fig 2). The high level of water stress resulted in losses of stem hydraulic 

conductivity (80 ± 9.4% of PLC; Figure 3) coincided with turgor loss in 

leaves. Generally, one of the primary responses of plant to water deficit is 

reduction of leaf gas exchange following stomatal closure. A decline in 

photosynthetic rate (A) was recorded in water deficit poplars throughout the 

stress period; also, stomatal conductance (gs) showed significant 

differences between water deficit and control tree plants. During the water 

stress period, these values gradually declined until the day 0, which 

reached to the minimum amount (Fig 2 a and b; day 0); however, stomata 

were entirely closed at severe water stress (Fig 2b; day 0). Stem water 

potential (Ψstem) was significantly lower in water deficit treated plants after 6 

days of water withdrawal when compared with control trees (Fig. 2c). Half of 

the stressed plants (nine in total) were watered during the morning of Day 0 

and within several hours (Day 1), Ψstem recovered close to control‐plant 

levels. This happened while three days after resumption of irrigation, treated 

plants showed unchanged values of gs and A compare to pre-stress 

conditions. Moreover, 1 day after stress relief, poplars showed an 

uncompleted hydraulic recover (PLC = 64.2 ± 22.7), whereas a significant 

drop in the level of PLC, comparable with prestress levels, was measured 

within 7 days of watering (Fig. 3). PLC in recovered plants was not 

significantly different from that observed in control plants after 7 days of 

recovery. On the seventh day of stress relief, Ψstem, stomatal conductance 

and photosynthesis reached to values which were not significantly different 

from the control (Fig. 2a, 2b and 2c). 



34 
 

 

Fig. 2 Measurements of a) assimilation (A, µmol CO2 m-2 s-1), b) stomatal 

conductance (gs, mmol H2O m-2 s-1) and c) xylem pressure (Ψstem, MPa) over the 

progression of drought stress (SS) and recovery (REC). Black dots indicate 

average values for each parameter, while grey and blue dots refer to single 

measurements of each parameter taken on SS and REC plants on each 

experimental day, respectively. The light blue rectangle represents the average 
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value of each parameter measured on well irrigated (CTR) plants. Day -11 

represents the beginning of the water stress treatment; Day 0 coincides with the 

moment of rehydration and Day 7 with full recovery. Asterisks denote significant 

differences between treated (SS or REC) and irrigated (CTR) plants on each day of 

measurements, tested using the Student’s t test (P < 0.05). Bars represent SD (n = 

9). This picture was retrieved from (Pagliarani et al, 2019). 

 
 

 

Fig 3. (a) Extent of embolism represented as percent of loss of conductivity (PLC) in 

stem of poplars. (b) Xylem pressure measured using balancing pressure method on 

transpiring leaves (Ψstem, MPa). White, grey, dark grey, and black bars indicate 

average values measured in CTR, SS, and 1 and 7 days of REC plants, 
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respectively. Uppercase letters above bars denote significant differences (P < 

0.05), tested using Tukey's honestly significant difference test. Error bars represent 

SE. This picture was retrieved from (Pagliarani et al, 2019). 

 

2.3.2. Measurement of xylem sap and wood biochemical contents  

ABA accumulation was measured as indicator of stress adaptation to 

confirm the drought responses of poplar plants. As expected, ABA 

concentrations in the xylem sap was significantly different in stressed (up to 

100-fold) and control plants at day 0 (Table 1) with higher amounts of ABA 

concentration in plants under severe stress. One week after re-watering, 

ABA decreased to prestress values, reaching levels similar to those 

measured in control trees (12.57 ± 5.49 µg L-1 and 12.41 ± 1.65 µg L-1, 

respectively), (Table 1). Electrical conductivity of stressed xylem sap rose 

up (Table 1) compared to control poplars, however, after one week of re-

watering, electrical conductivity of REC plant did not return to pre-stress 

condition (Table 1). Xylem sap acidification increased in parallel with 

increasing the drought stress (Table 1), consequently xylem sap pH 

dropped significantly under water deficit condition (5.94 ± 0.042 SS and 

6.28 ± 0.037 CTR). However, pH values remained unchanged at acidic level 

after re-watering and recovery stress was not obtained until the end of 

experiment (Table 1). Plants accumulate osmolyte compounds such as 

soluble carbohydrate for osmotic adjustment in response to short- or long-

term water deficiency or salinity stress. These low molecular compatible 

solutes can balance water potential and can maintain cell turgor during 

stress (Zhang et al, 2009). 

 

 



37 
 

Table 1. Measurements of abscisic acid (ABA), pH, electrical conductivity and total 

carbohydrates from xylem sap and starch in wood samples collected from well 

irrigated (CTR), severely stressed (SS) and recovered (REC after 7 days) poplars. 

Average values of stem water potential (Ψstem) were also reported for each 

condition. 

 Values are means ± SE (n = 9, each biological replicate represents a different 
plant). Different lower-case letters following SE values indicate significant 
differences attested by Tukey’s HSD test (P < 0.05). This table was retrieved from 
(Pagliarani et al, 2019). 

 

A significant difference in apoplastic soluble carbohydrates content was 

observed between SS and CTR plants (Table 1); soluble carbohydrates 

level in SS plants was four times higher than in control plants (Table 1); 

however, after recovery, the accumulation of NSC in xylem sap declined 

and reached to irrigated poplar values (Table 1). Plants subjected to water 

stress also exhibited a lower starch concentration in wood samples (1.7 ± 

0.10 mg g-1 FW) compared to CTR poplars (13.2 ± 0.47 mg g-1 FW) (Table 

1). 

 

2.4. Discussion 

Trees responded to water stress with a fast decrease of both net 

assimilation and stomatal conductance five days after drought imposition. 

Although rehydration treatment did cause a fast recovery of stem water 

 CTR SS REC  

Ψstem (MPa)  -0.44 ± 0.01 b    -2.06 ± 0.06 a -0.36 ± 0.03 b 

ABA (µg L-1) 12.41 ± 1.65 b 1189.16 ± 165.96 a 12.57 ± 5.49 b 

pH 6.28 ± 0.037 a 5.94 ± 0.042 b 5.91 ± 0.053 b 

Electrical conductivity 
(µS cm-1) 

0.67 ± 0.05 b 1.1 ± 0.03 a 1.01 ± 0.18 a 

Total carbohydrates 
(mmol mL-1) 

1.37 ± 0.154 b 7.08 ± 1.3 a 1.84 ± 0.832 b 

Starch (mg g-1 FW) 13.2 ± 0.47 a 1.7 ± 0.10 b 4.0 ± 0.18 b 
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potential to pre-stress conditions, both A and gs took three to seven days to 

fully recover. This pattern of fast recovery of xylem pressure, associated 

with a delay in the restoring of stomatal conductance and photosynthetic 

processes, is consistent with previous results obtained in poplar (Secchi 

and Zwieniecki, 2014) and in other woody plants, such as Eucalyptus 

(Martorell et al, 2014), grapevine (Lovisolo et al, 2008; Chitarra et al, 2014), 

laurel (Trifilo et al, 2017) and conifers (Brodribb and McAdam, 2013). The 

xylem embolism formation in stems measured as PLC (percentage loss of 

hydraulic conductivity) is a parameter used to assess the impact of drought 

on xylem water transport in plants (Cochard et al, 2013; Trifilò et al, 2014). 

The results of this study indicated that more severe stress  

(Ψstem < −2 MPa) strongly impacted xylem hydraulic conductivity, inducing 

high levels of embolism formation (80% PLC), indicative of vulnerability to 

drought‐induced cavitation in P. tremula × alba (Secchi and Zwieniecki, 

2014). Twenty-four hours after soil was re-watered, a fast recovery of stem 

PLC was not observed in the study, consistent with an increasing number of 

studies that propose tree species are incapable to fast refill xylem 

embolisms following severe water stress (Choat et al, 2015; Knipfer et al, 

2017; Creek et al, 2018); while after 7 days of watering, a meaningful 

reduction in stem PLC was recorded. Potted poplar trees grown in similar 

conditions were able to recover from embolism formation after water relief 

and under low or moderate tension; thus, the results presented here are 

consistent with data of xylem hydraulic recovery measured respectively in 

P. trichocarpa (Secchi and Zwieniecki, 2011), P. nigra (Secchi and 

Zwieniecki, 2012), and in the same clone used here (P. alba × tremula; 

Secchi and Zwieniecki, 2014). 

Besides hydraulic factors, a delayed stomata opening could be attributed to 

non-hydraulic chemical signals, such as a slow return to pre stress-levels of 
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abscisic acid (ABA) previously accumulated during the progress of drought 

(Lovisolo et al, 2002; Schachtman and Goodger, 2008; Pantin et al, 2013). 

Here, analysis of ABA contents in xylem sap show that the hormone levels 

returned to pre-stress condition over the period of seven days. However, the 

delayed stomata opening could relate to the fact that the return of ABA 

contents from very high to low pre-stress levels did not occur in accordance 

to stem water potential as was shown in previous study (Lovisolo et al, 

2008). In addition, maintenance of the low xylem pH could affect the 

recovery of gs, as the increase of pH was shown in vivo to enhance the 

sensitivity of stomata to water stress by buildup of apoplastic ABA 

concentration in some herbaceous plants (Wilkinson and Davies, 1997). A 

lower pH indeed allowed for maintenance of lower stomatal aperture despite 

lower ABA concentration around stomata (Schachtman and Goodger, 

2008). The fact that poplar and some other woody species lower their pH 

under water stress, unlike many herbaceous species, might be important 

from the perspective of their perennial habit and need to recover hydraulic 

losses caused by stress. Also, large quantities of ABA in the xylem sap 

under stress (low transpiration) can lead to sudden accumulation of this 

hormone in leaves during recovery and thus being responsible for the delay 

in gs recovery (Perrone et al, 2012). All together, these results point out that 

the regulation of transpiration by stomata and gs recovery from drought may 

be influenced by a complex network of factors (ie. changes in endogenous 

abscisic acid levels and/or efficiency of the photosynthetic system) other 

than the supply of water through the xylem and stem water pressure. 

Further, observed delay in gs recovery in perennial plants might provide a 

necessary time buffer between water potential restoration and turning on 

transpiration, time that it is necessary for repair of hydraulic transport 

capacity lost to embolism. Ability of trees to repair xylem functionality after a 
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short-term drought treatment is highly correlated with carbohydrate content 

in the stem (Trifilo et al, 2017). Starch metabolism is considered to be at the 

forefront of plant response to embolism, and several studies have 

demonstrated that embolism presence alters metabolism and partitioning 

between starch and soluble carbohydrates as well as the related enzyme 

activities and gene expression (Salleo et al, 2004; Regier et al, 2009; 

Secchi and Zwieniecki, 2011). Here, we observed a reduction of starch 

content in stressed plants that is probably dependent on the increase of its 

degradation rate (Niittyla et al, 2004; Weise et al, 2005; Lu and Sharkey, 

2006). Under drought stress, sugars in xylem apoplast could accumulate 

either as products of starch degradation stored in parenchyma cells or 

translocated from phloem to parenchyma rays. This accumulation can be 

either passive i.e. leak of sugars via membranes due to large difference in 

concentration between apoplast and living cells, or active transport 

facilitated by sugar membrane transporters. The sucrose transporter SUT4, 

a protein homologous to the maize SUT1, is a phloem-localized bidirectional 

transporter catalyzing both sucrose and proton transport depending on 

sucrose and pH gradient as well as on membrane potential (Carpaneto et 

al, 2005, 2010). The role of SUT4 in controlling sucrose transport and 

partitioning was already explored in poplar and it was demonstrated that, 

specifically at the stem level, besides phloem cells, this transporter is also 

expressed in ray parenchyma cells, fibers, and secondary xylem vessels 

(Payyavula et al, 2011). Pagliarani et al, (2019) founded that SUT4 

transcripts were more abundant in SS (severe drought stress) poplar woody 

tissues; therefore, the increased activity of this symporter can facilitate the 

efflux of both sucrose and protons towards the apoplast, as attested by the 

increase of total carbohydrates content in sap and by acidification of 

apoplastic pH. However lower pH and accumulation of disaccharides can 
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halt the efflux of sugar to apoplast via SUT transporters what would hinder 

plant potential to build osmoticum level that would allow for refilling upon 

relief from stress. Nevertheless, lower pH can also trigger activity of 

apoplastic invertases reducing the concentration of sucrose and thus 

maintaining the gradient prompting sucrose efflux (Pagliarani et al, 2019).  

Alteration of sap pH is one of the first chemical changes occurring within 

xylem vessels of water stressed plants (Bahrun et al, 2002; Sobeih et al, 

2004). Unlike herbaceous plants, drought-induced alkalization of apoplastic 

pH is not common in trees, as documented in a number of woody species 

(Sharp and Davies, 2009) and by a recent research (Losso et al, 2018), 

where acidification of xylem sap pH was observed in conifers during the 

summer period at the alpine timberline. Here, it is proved that: i) poplars 

exposed to severe water stress respond through acidification of xylem 

apoplast; ii) drop of pH under drought was accompanied by the 

accumulation of soluble carbohydrates, iii) starch hydrolysis increases the 

content of soluble carbohydrates. It was previously proposed that a lower 

pH environment might cause accumulation of monosaccharides in xylem 

apoplast via sucrose hydrolysis mediated by acidic invertases (Secchi and 

Zwieniecki, 2016). This strongly implies that plants respond to stress with a 

biological control of physiological activity related to accumulation of 

monosaccharides in the xylem (Pagliarani et al, 2019). This accumulation 

and, in parallel, the reduction of disaccharide content results in maintence of 

efflux of disaccharides towards the apoplast, transport sustained by a low 

apoplastic sucrose concentration and by a faster buildup of osmoticum by 

accumulation of monosaccharide (Pagliarani et al, 2019). The fact that pH 

had not returned to the pre-stress condition within few days might reflect the 

lingering effect of stress or ‘memory of stress’ that would facilitate 

responses to consecutive droughts. 
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CHAPTER III 

Chemical and physiological responses of poplar trees 
to heat stress 
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3.1. Introduction 

Extreme heat can cause great shifts in plant vegetation, productivity, and 

dynamics of species communities (Smith, 2011; Ciais et al, 2005; Wang et 

al, 2016). There are many changes that extreme heat can cause, including 

DNA damage, transcriptomic reprogramming, proteomic changes, inhibition 

of CO2 assimilation, altered phytohormone concentrations, and shifted 

homeostasis between reactive oxygen species (ROS) and antioxidants (Bita 

and Gerats, 2013; Jia et al, 2017). It has been demonstrated that 

temperatures higher than optimal levels can be followed by lower 

photosynthesis rates due to a decline in the affinity of ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco) for CO2, reducing 

carboxylation and increasing oxygenation (Ashraf and Harris, 2013; Aragao 

et al, 2005). Moreover, Rubisco is less active at high temperatures because 

the functionality of Rubisco activase is impaired (Sharkey, 2005, Velikova et 

al, 2012). High temperatures also significantly affect the structure and 

function of the thylakoid membranes (Havaux et al, 1996; Schrader et al, 

2004). The thylakoid membranes are the site of electron transport within the 

chloroplast with high sensitivity to heat stress; thus, higher temperature 

stress can lead to photosystem II (PSII) impairment (Schrader et al, 2004; 

Sharkey, 2005). Reductions in the maximum (Fv/Fm) and actual (ΦPSII) 

quantum efficiencies of electron transport can show diminished function of 

PSII during heat stress (Crafts-Brandner and Salvucci, 2000; Murchie and 

Lawson, 2013). Heat stress can induce an increase in levels of 

photorespiration and dark respiration relative to photosynthesis (Wahid et 

al, 2007; Killi et al, 2016). Stomatal conductance and transpirative water 

loss are commonly enhanced with elevated temperature (Shah and 

Paulsen, 2003; Haworth et al, 2018). However, longer exposure to high 

temperatures may provide the chance of adaptation in stomatal behavior to 



44 
 

diminish stomatal conductance (Killi et al, 2016; Centritto et al, 2011). In this 

study, the poplar, which is a perennial plant, has been chosen to examine 

the impact of heat waves. Previous studies on poplar under heat treatments 

were implemented for a few hours or a week, mainly focused on the 

physiological, transcriptional, and post-transcriptional changes in gene 

expression involved in heat stress, heat shock proteins, hormonal 

biosynthesis, Rubisco activity, and sugar transporter (Hozain et al, 2010; 

Weston et al, 2011; Li et al, 2014; Jia et al, 2016 and 2017). All of the above 

studies, however, were restricted to leaves and roots. While, antioxidant 

activity sugar in leaves and roots, and ROS damages by heat was primarily 

targeted (Li et al, 2014; Jia et al, 2016 and 2017). The main objectives of 

this study were to determine the impact of consecutive heat waves on 

poplar (P. tremula x P. alba) physiology, including growth and development, 

along with changes in apoplast chemistry. Specifically, objectives of this 

study were to: i) discover whether or not the impact of heat on the 

physiological and chemical process could be similar or different from 

drought on poplar; ii) assess the effect of consecutive heat stress on 

physiological parameters including water potential, gs, photosynthesis, 

transpiration, PSII integrity; iii) investigation of the effect of heat on total 

non-structural carbohydrate content; iv) detection of the impacts of 

progressive heat stress on apoplastic pH and electrical conductivity of 

xylem sap. In order to gain a better understanding of the effect of prolonged 

intense heat waves on the physiological and chemical processes involved in 

heat responses, I conducted a study based on the following hypotheses: i) 

prolonged heat waves would lead to limitations in gs, photosynthesis, and 

water potential; ii) elevated temperature would alter concentration of non-

structural carbohydrates in different organs by changing stomatal function 

and photosynthetic activity; iii) elevated temperature would generate 
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different pH values in apoplast of stressed plants. Based on the above 

hypotheses, I should observe detrimental effects on the leaf gas exchange 

and water potential concomitant with an alteration in xylem sap pH and non-

structural carbohydrate contents in different plant tissues. I tested these 

hypotheses by evaluating the responses of potted plants to consecutive 

heat waves under temperatures ranging from 26 to 40 °C.  

 

3.2. Material and Methods 

 3.2.1. Plant materials and growth conditions 

Six- months old plants of the hybrid poplar (P. tremula × P. alba clone 717-

1B4) were grown in a greenhouse under partially controlled climate 

conditions in University of Turin (Grugliasco campus) during April 2017. 

Temperature was maintained in the range of 17°C to 29°C and natural 

daylight was provided when it was necessary by using metal halogen lamps 

(500–600 µmol photons m-2 s-1) to maintain a 12/12-h light/dark cycle. A 

total of 24 plants with homogeneous size (having an average height and 

stem diameter of 91.7 ± 2.9 cm and 4.8 ± 0.13 mm, respectively), were used 

in this study. Before temperature imposition treatment, all plants were 

acclimated to the condition in controlled growth chambers (phytotrons) for 

25 days with daily irrigation (container capacity, CC) and under the following 

conditions: light/dark 16/8 hours; day/night temperature 24/16°C; relative 

humidity, 60%. The plants were then divided into two groups, the first one, 

consisted of 12 plants which were later distributed into two climate 

chambers with six plants in each. They were kept under acclimation 

conditions and considered as control plants. The other 12 plants (second 

group) were assigned to two phytotrons (six plants each) and were then 

subjected to heat stress. A detailed schematic representation of 

temperature treatment in each phytotron is provided in Figure 1. The 



46 
 

treatment was imposed for 23 days; the day/night temperatures of the 

chambers were 40/26 °C respectively with light/dark 16/8 hours. High 

temperature levels were obtained by allowing gradual increments during the 

day and the maximum value (40 °C) was maintained stable for 5 hours (Fig 

2). All plants were watered daily in order to maintain container capacity.   

 

 

Fig 1. Timing schematic representation of temperature treatment over the duration 

of the experiment. Plants were monitored throughout the entire experiment, that is, 

from the start of the acclimation to phytotron (25 days) until end of heat stress 

treatment (23 days). Grey circles and black circles represent control condition 

(CTR) and heat stress respectively.  
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Fig 2. Daily pattern of temperature in control and heat stress phytotron.  

 

3.2.2. Measurements of leaf gas exchange and water potential 

Assimilation rate (A, µmol CO2 m–2 s–1), stomatal conductance (gs, mmol 

H2O m–2 s–1) and transpiration rate (E, mmol H2O m–2 s–1) were measured 

on three fully expanded leaves per individual plant using a portable infrared 

gas analyzer ADC-LCPro+ system (The Analytical Development Company 

Ltd, Hoddesdon, UK). Measurements were performed using a 6.25 cm2 leaf 

chamber equipped with artificial irradiation (1200 µmol photon m−2 s−1) 

under ambient CO2 values maintained constant at 400 ppm. Leaf water 

potential (Ψleaf) was measured over on the duration of the experiment on 

mature leaves using a Scholander-type pressure chamber (Soil Moisture 

Equipment Corp., Santa Barbara, CA, USA). Briefly, leaves were covered 

using a humidified plastic bag and excised immediately; and then Ψleaf was 

measured using a pressure chamber. Leaf gas exchange and leaf water 

potential were monitored during the experiment from 9:00-12:00 am.  
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3.2.3. Plant growth analysis, chlorophyll contents and chlorophyll 

fluorescence 

Plant height and stem diameter were measured both at the beginning and at 

the end of the experiment. Eight young leaves (four control and four 

stressed poplars leaves) were labelled; from the beginning and throughout 

the duration of the experiment, images were taken every four days in order 

to estimate leaf growth. The collected images were used to calculate the 

Relative Leaf Expansion Rate (RLER) as it follows (Hesketh and Baker, 

1969): RLER= [ln(LAe) – ln(LAb)]/ ∆t, where LA is the leaf area measured at 

the beginning (LAb) and at the end (LAe) of the experiment and ∆t is the 

duration of the treatment (23 days). Leaf area (LA) was calculated from 

digital images using the ImageJ software (http://rsbweb.nih.gov/ij/). 

Changes in chlorophyll concentration were also determined during the 

experiment by using a portable SPAD meter (SPAD 502 Plus Chlorophyll 

Meter, Spectrum, Plainfield, IL, USA); taking measurements on three fully 

expanded leaves of each plant (three control and three stressed leaves). 

Chlorophyll content data were collected every five days until the end of 

experiment. Maximal quantum yield of the PSII (Fv/Fm) was determined on 

the same leaves, through measurements of chlorophyll fluorescence using 

a portable chlorophyll fluorometer (Handy PEA, Hansatech Instruments, Ltd. 

UK). Before the measurements, the leaves were adapted to darkness for 45 

minutes. 

 

3.2.4. ABA measurement  

ABA quantification has been performed in collaboration with different 

research group in the University. Briefly, ABA concentration was quantified 

following the method described by (Siciliano et al, 2015) with minor 
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modifications. After thawing the sap, 50-100 µL of each biological replicate 

was centrifuged at 13000 g and 4 °C for 5 minutes. For roots and leaves, 

0.2 g dry powder of each part was transferred in 2 mL tubes with 1 mL 

extraction solution (80% CH3OH acidified with 0.1% CH3COOH) then 

shaken at 4 °C in the dark overnight. After that, samples were centrifuged at 

15000 rpm and 4 °C for 2 min. Then the obtained supernatant from both 

procedures was filtered through a 0.2 µm syringe filter and collected in a 1 

mL amber glass vial containing an appropriate glass insert (Supelco, 

Sigma-Aldrich) for small sample volumes and analyzed by HPLC-MS/MS. 

High Performance Liquid Chromatography was carried out using a 1260 

Agilent Technologies (Waldbronn, Germany) system equipped with a binary 

pump and a vacuum degasser. Sample aliquots (20 µL) were injected on a 

Luna C18 (150 x 2 mm, 3 µ, Phenomenex, Torrance, CA, USA), ABA was 

eluted in isocratic conditions of 65:35 (H2O:CH3CN v/v acidified with 

HCOOH 0.1%) under a flow of 200 μL/min for 5 minutes. Using an 

electrospray (ESI) ion source operating in negative ion mode, samples were 

introduced into a triple-quadruple mass spectrometer (Varian 310-MS TQ 

Mass Spectrometer). Analyses were conducted in multiple reaction 

monitoring (MRM) mode using two transitions: 263>153 (CE 12V) for 

quantification, 263>219 (CE 12V) for monitoring, with 2 mbar of Argon (Ar) 

as collision gas. The external standard method was applied to quantify ABA 

concentration in target samples. In detail, a standard curve was generated 

using an original ABA standard (Sigma Aldrich, St Louis, MO, USA; purity 

98.5%), with concentrations ranging from 10 to 500 ng mL-1. The detection 

(LOD) and quantification (LOQ) limits were calculated based on the 

standard deviation of the response (σ) and slope of the calibration curve (S) 

ratio in accordance with the ICH harmonized tripartite guideline expressed 
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as: LOD=3.3σ/S; LOQ=10σ/S. Calculated final values were as follows:  

LOD = 0.87 ng mL-1; LOQ = 2.90 ng mL-1. 

 

3.2.5. Non-structural carbohydrate content in tissues and xylem sap 

At the end of the experiment, leaves, roots, stems and xylem sap were 

collected from all plants. Xylem sap was extracted from poplar stems using 

the procedure previously described by Secchi and Zwieniecki (2012). 

Briefly, after removing all leaves, stem was cut 20 cm above soil, whole 

stem was then attached through a plastic tube to a syringe needle. The 

needle was threaded through a rubber cork to a small vacuum chamber with 

the needle tip placed in the 1.5-mL plastic tube. After generation of a 

vacuum (0.027 MPa absolute pressure), small pieces of stem were 

consecutively cut from the top, allowing liquid from open vessels to be 

sucked out of the stem and collected in the tube. The obtained liquids were 

kept at -20° until analyses were performed. Sample tissues (leaf, root, stem) 

were oven-dried at 70 °C for 72 hours and ground into a fine powder using 

mortars. Non-structural sugars were quantified according to the protocol by 

Leyva et al, (2008) which was later modified by Secchi and Zwieniecki 

(2012). Briefly, 1 ml of deionized water was added to 30 ± 2 mg of 

powdered tissue, vortexed, incubated at 72 °C for 15 min and centrifuged at 

13.000 rpm for 10 min. The obtained supernatant was diluted and a 50 µL 

aliquot was mixed with 150 µL of sulfuric acid (98%) - anthrone solution 

(0.1%, w/v) in a 96 well micro-plate. The plate was placed on ice for 10 min 

and then incubated at 100°C for 20 min. After heating, the samples were 

allowed to cool for 20 min at room temperature. Sugar content was 

determined in the dry matter as glucose equivalents from the colorimetric 

reading (iMark™ Microplate Absorbance Reader, BIO-RAD Ltd, USA) of 

absorbance at 620 nm (A620) and using a predetermined glucose standard 
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curve. Soluble sugar concentration was also determined in xylem sap 

samples following the same protocol by adding directly the sap aliquot to 

the anthrone solution. 

 

3.2.6. Measurements of pH and electrical conductivity ion content in 

xylem sap 

The pH was determined in all xylem sap samples using a micro pH 

electrode (PerpHect® ROSS®, Thermo Fischer Scientific, Waltham, MA 

USA). On the same liquids, the electrical conductivity (EC) was assessed 

using a portable conductivity meter (LAQUA B-700; Horiba Ltd., Kyoto, 

Japan). 

 

3.2.7. Statistical analyses 

Statistical analysis was performed with Sigma-plot (Systat software Inc., 

San Jose, USA) and IBM SPSS software (version 24). Pairwise 

comparisons between data were applied by using the appropriate post hoc 

test. Tukey's HSD test was adopted for one-way ANOVA at p<0.05 (Tukey, 

1949). 

 

3.3. Results 

3.3.1. Leaf gas exchange and leaf water potential 

After being transferred to the phytotron for acclimation, plants were 

maintained for 25 days in the growth chamber conditions, during which leaf 

gas exchange and leaf water potential measurements were conducted until 

the poplar plants showed similar trends in response to chamber condition 



52 
 

and displayed steady rates (-0.51 ± 0.1 MPa)2. Subsequently, heat waves 

were imposed for 23 days. After four days of heat treatment, a significant 

reduction in Ψleaf was observed in stressed plants (-0.58 ± 0.03 MPa) in 

comparison to CTR plants (-0.38 ± 0.02 MPa). This reduction in Ψleaf 

remained continuous and reached -1 (± 0.1) MPa at 23 days of stress (Fig 3 

A). At the beginning of the experiment, stomatal conductance (gs) showed 

fluctuations during acclimatization to the chamber; however, after two 

weeks, the trend of gs remained approximately constant (167 ± 18.6 mmol 

H2O m-2s-1). At the end of imposed treatment, plants almost closed their 

stomata. In control plants, gs had a range from 140 (±10.5) to 280 (± 19.06) 

mmol H2O m-2s-1, while heat waves induced a sharp drop of gs ranging from 

130 (± 20.5) mmol H2O m-2s-1 at 1st day of stress to 56 (± 16.5) mmol H2O 

m-2s-1 at 23rd day of stress (Fig. 3 B). In the growth chambers, 

photosynthesis rate (A) showed a similar steady value (10.3 ± 0.5 µmol CO2 

m-2s-1). Meanwhile, a drop-in photosynthesis rate was observed after 4 days 

of heat treatment in stressed plants (5.73 ±1.01 µmol CO2 m-2s-1) relative to 

CTR (10.4 ± 1.2 µmol CO2 m-2s-1), and during the 23 days of stress 

imposition, this value was continuously reduced and reached 2.02 (±0.67) 

µmol CO2 m-2s-1 in stressed plants. Similarly, transpiration (E) was 

significantly affected by the treatment (Fig. 3 D). Four days of treatment 

diminished the amount of transpiration in stressed plants (1.5 ± 0.2 µH2O m-

2s-1) compared with the control group (2.7 ± 0.4 µH2O m-2s-1). The results of 

this experiment indicated that heat stress impaired stomatal function and 

reduced transpiration. Changes in leaf gas exchange were accompanied by 

lower levels of leaf water potential in the stressed group during the 

experiment. Chlorophyll fluorescence measurement was performed to 

determine the efficiency of PSII, Fv/Fm is a parameter that can show plant 

 
2 data are represented by the mean and SE 
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photosynthetic capacity and is widely used to indicate the maximum 

quantum efficiency of photosystem II. However, after heat treatment, the 

ratio decreased gradually in plants which were exposed to high 

temperatures; they showed significant differences compared to the control 

poplars after day 16 (Fig. 4).  
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Fig. 3. A) Leaf water potential (Ψleaf) B) Stomatal conductance (gs), C) 

Photosynthesis, D) Transpiration rate (E) of poplars under control and heat 
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condition. The values are indicating mean ± SE. Mean values were compared by 

using Tukey’s HSD test. An asterisk indicates statistical significance *(P < 0.05) on 

t-test between heat treatment and control. Lower-case letters represent difference 

between CTR plants among days, bigger case letters represent difference between 

heat stress plants among days.  

 

Fig. 4. Chlorophyll fluorescence, mean ± SE, an asterisk indicates significance: *P < 

0.05 on t-test between heat treatment and control  

 

3.3.2. Plant anatomical, morphological and physiological 

measurement  

Plant height and stem diameter were recorded at the beginning and also at 

the end of the experiment. Both height and stem diameter were not affected 

by heat stress treatment (Table 1). While the height increment in control 

plants (3.52%) was greater than stressed plants (2.6%), the stem diameter 

increment was greater in control plants (15.65%) compared to stressed 

plants (5.39%). Elevated temperature significantly increased leaf number 

and leaf area; in stressed plants leaf area was smaller than the control 

group, but the leaf number showed greater number of leaves in heat 
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condition. At the end of heat treatment, leaf area increased 23.74% in 

control plants, whereas in stressed plants, leaf area slightly decreased 

under heat (+13.31%) compared to the beginning of the experiment. High 

temperature reduced the relative leaf expansion rate (RLER) of stressed 

plants compared to the control plants; however, the differences among 

treatments were not significant (Table 1). Leaf area per leaf number (LA/LN) 

data did not show any significant differences among all plants. Chlorophyll 

content (SPAD value) did not significantly differ across the studied plants 

(Fig. 5). 

 

Table 1. Morphological and anatomical traits of poplars plant under stress and 

control conditions 

 CTR (beginning) CTR (end) 
HEAT STRESS 

(beginning) 

HEAT STRESS 

(end) 

HP (cm) 91 ± 5.8 94.2± 5.5 92.4 ± 2.4 94.8 ± 2.6 n.s 

IRHP % - +3.52 % - +2.6 %  

DS (mm) 4.76 ± 0.25 5.51 ± 0.24 4.85 ± 0.12 5.12 ± 0.13 n.s 

IRDS % - +15.65% - +5.39%  

LA 225.2 ± 1.8 b 278.7 ± 7.9 a 259.3 ± 6.8 B 293.9 ± 2.9 A 

IRLA %  - +23.74% - +13.31%  

LN 10 ± 0 c 11.66 ± 0.33 b 10 ± 0 c 14.33 ± 0.33 a 

LA/LN 22.52 23.89 25.93 20.5 n.s 

RLER - 0.009 ± 0.001 - 0.005 ± 0.001 n.s 

Values are means ± SE (n = 6, each biological replicate represents a different 

plant). Different lower-case and upper-case letters indicate significant differences 

among plants within each treatment attested by Tukey’s HSD test (P < 0.05). HP= 
Plant height, IRHP= Increment rate of plant height, DS= Stem diameter, IRDS= 
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Increment rate of stem diameter, LA= Leaf area, IRLA= Increment rate of leaf area, 

LN= Leaf number, LA/LN= Leaf area/leaf number, RLER= Relative leaf expansion 

rate. 

 

Fig. 5. Chlorophyll content, mean ± SE. 

 

3.3.3. Biochemical measurement of leaves, stems, roots and xylem 

sap contents 

To examine the impact of elevated temperature on biochemical properties 

of poplar plants, the non-structural carbohydrates concentration (NSC) was 

analyzed in leaves, roots, and stems. NSC content, electrical conductivity, 

pH, and ABA were also measured in xylem sap. The analysis of NSC 

content in leaves and roots did not indicate any statistically significant 

differences among all plants (Table 2). In contrast, heat stress triggered a 

remarkable drop in non-structural carbohydrates concentration in the stem 

of stressed plants compared to control poplars with 55.4 (± 3.1) and 83.8 (± 

11.14) mg g-1 respectively (Table 2). Abscisic acid (ABA), known as stress 

phytohormone, can be induced in plants after sensing stresses, playing an 
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important role in stomatal closure. ABA content did not show any significant 

differences in roots and leaves across the tested plants (Table 2). 

 

Table 2. Biochemical contents measurement of leave, stem and root 

 CTR HEAT STRESS 

NSCleaf (mg g-1) 172.2 ± 5.1 167.7 ± 13.6 n.s 

NSCstem (mg g-1) 83.8 ± 11.14 b 55.4 ± 3.1 a 

NSCroot (mg g-1)  48.7 ± 9.6 44.1 ± 11.0 n.s 

ABAleaf (ng g-1 DW)  9.56 ± 1 10.4 ± 2 n.s 

ABAroot (ng g-1 DW) 6.23 ± 0.2 6.3 ± 0.1 n.s 

Values are means ± SE (n = 6, each biological replicate represents a different 

plant). Different lower-case letters following SE values indicate significant 

differences attested by Tukey’s HSD test (P < 0.05). NSCleaf= NSC content in 

leaves, NSCstem= NSC content in stems, NSCroot= NSC content in roots, ABAleaf= 

ABA content in leaves, ABAroot= ABA content in roots. 

 

Non-structural carbohydrate content in the xylem sap increased under heat 

stress (Table 3). Similarly, electrical conductivity of stressed xylem sap 

increased (Table 3). It has been demonstrated that xylem apoplastic pH in 

plants under drought stress show symptoms of alkalization or acidification, 

and in some cases remained unchanged based on plants’ response to the 

stress (Sharp and Davies, 2009). However, changes in apoplastic pH under 

heat stress are still poorly understood. In the current study, the results of pH 

measurement showed that high temperatures caused a significant drop in 

xylem pH (5.95 ± 0.05) compared to control (6.15 ± 0.02). ABA 

quantification of xylem sap showed that ABA concentration was increased 

slightly under heat in the stressed group; however, the difference was not 

remarkable (Table 3). 
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Table 3. Biochemical analysis of poplar sap exposed to stress and control 

conditions 

 CTR HEAT STRESS 

pH 6.15 ± 0.02 b 5.95 ± 0.05 a 

NSCXP (mg ml-1) 0.52 ± 0.11 b 3.8 ± 1.1 a 

EC (µS cm-1) 0.56 ± 0.03 b 0.98± 0.16 a 

ABAXP (µg L-1) 41.7± 17.5 63.5 ± 34.4 n.s 

Values are means ± SE (n = 6, each biological replicate represents a different 

plant). Different lower-case letters following SE values indicate significant 

differences attested by Tukey’s HSD test (P < 0.05). NSCXP= NSC in xylem sap, 

EC= Electrical conductivity, ABAXP= ABA content in xylem sap. 

 

3.4. Discussion 

Plant exposure to abiotic stresses in the natural environment induces 

changes in plant growth, performance, and product (Szymańska et al, 

2017). Plants regularly face extreme high temperature, one of the 

consequences of climate change in most parts of the world. In this study, 

plants were subjected to prolonged heat wave treatment for almost three 

weeks. The obtained results demonstrated that plants were affected by heat 

waves; the treatment had strong effects on leaf gas exchange and 

decreased the parameters measured (gs, A, E). In a number of studies, heat 

stress has been shown to inhibit gas exchange in different plant species 

(Song et al, 2014; Marias et al, 2017). Accordingly, some experiments were 

conducted to identify the relationship between stomatal conductance (gs) 

and photosynthesis restriction under high temperature (Ashraf and Harris, 

2013; Ameye et al, 2012; Jia et al, 2016; Correia et al, 2018). Moreover, it 

has been proven that environmental stresses can inhibit photosynthesis 

performance by stomatal or nonstomatal (alterations in enzyme activity) 

inhibition, or both (Ashraf and Harris, 2013; Song et al, 2014). Mostly, the 
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nonstomatal limitation is linked with the alteration in enzyme activity 

(Larkindale et al, 2005). In this study, heat stress triggered a reduction in 

photosynthesis and gs that was accompanied by an increase in the leaf 

water potential. Due to high demand of evapotranspiration under elevated 

temperature, stressed plants had a negative value of leaf water potential 

(Ψleaf), even with daily irrigation. These results are consistent with the 

findings of research on other plant species (Wahid 2007; Nduwimana and 

Wei, 2017; Wahid and Close, 2007; Sarwar et al, 2019). The reduction of 

water potential could be related to inability of the roots to uptake water and 

nutrients upon high temperature (Pie et al, 2000; Ghorbanpoure et al, 2018; 

Sarwar et al, 2019). One of the strategies to cope with heat stress is to keep 

their stomata open for transpirational cooling in most species of plants 

(Salvucci and Crafts-Brandner, 2004; Ameye et al, 2012). However, in this 

study, different results were recorded as plants diminished the rate of 

transpiration; the same results have been reported in wheat (Feng et al, 

2014), tomato (Duan et al, 2017), simon poplar (P. simonii) (Song et al, 

2014), and canadian goldenrod (Solidago canadensis L.) (Wang et al, 

2016). High temperature has been shown to cause an increase in 

transpiration rates (Prasad et al, 2008; Ameye et al, 2012); here, 

transpiration decreased during the initial onset of heat stress. Generally, the 

most destructive effects of heat stress on photosynthesis apparatus has 

been reported on the chlorophyll content and maximum photochemical 

efficiency of PSII (Fv/Fm); therefore, efficiency of photosynthesis can be 

inhibited by these damages, which enhances photorespiration rate in plant 

species (Yamada et al, 1996; Ameye et al, 2012; Song et al, 2014). 

Chlorophyll fluorescence analysis has become one of the most powerful 

and reliable assessments of plant responses to the environmental changes, 

which gives us insight into the function and efficiency of photosynthesis 
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during stresses (Maxwell and Johnson, 2000; Crain and Trembly, 2017). 

Moreover, it is the most common indicator of photoinhibition degree and the 

level of damage to the photosynthesis system under temperature stress 

(Yamada et al, 1996). This study demonstrated that a slight decline in Fv/Fm 

ratio started after heat treatment, but significant damage was only observed 

after sixteen days of treatment. It has been indicated that, in some species 

which are exposed to heat waves, electron transport in PSII remained 

functional in the thylakoid membrane, regardless of reduction in net 

photosynthesis rate (Ameye et al, 2012; Ashraf and Harris, 2013). 

 In general, the total plant growth and development, foliar growth and 

expansion can be affected by long-term heat stress. However, some studies 

reported greater vegetative growth rate under elevated temperature in some 

non-perennial crops such as maize and soybean (Hatfield et al, 2011; 

Hatfield and Prueger, 2015). The data of the present study showed an 

increase in the number of leaves along with a remarkable reduction in leaf 

area in stressed plants. In this regard, shortening of leaves and smaller leaf 

area have been reported in many studies upon heat stress (Prasad et al, 

2006; Niinemets, 2010; Tao and Zhang, 2013; Chen et al, 2018). SPAD 

value measurement (an indicator of chlorophyll content) did not show any 

significant damage in leaves’ chlorophyll and photosynthetic pigments and 

leaves remained green during heat stress. This finding is in contrast to 

Dhyani et al, (2013) and Liu et al, (2013) results in wheat and rice, 

respectively. They reported that high thermal treatment distracted 

chlorophyll content dramatically. During the three-week period of heat 

treatment, plants adapted to stress; the exposure wasn’t long enough to 

damage leaves’ chlorophyll. However, long-term stress exposure may lead 

to significant chlorophyll content destruction in poplar.  
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Stored non-structural carbohydrates (NSC) have been suggested as a key 

determinant of stress resistance in plants (Rosas et al, 2013). NSC 

performs different functional roles, including transport, energy metabolism, 

and osmoregulation, while also supplying substrates for the synthesis of 

defense compounds (Hartmann and Trumbore, 2016; Tomasella et al, 

2017). The result of NSC concentrations in different tissues revealed that 

NSC content was not changed in leaves and roots. Similar to the results of 

this study, NSC in leaves of sweet orange did not change dramatically 

under high temperature (Vu et al, 2002). In contrast, stressed plants 

showed a remarkable reduction of non-structural carbohydrates 

concentration in stem cells in the present work. In addition, a decline in sap 

pH was observed in heat stress plants, along with increased carbohydrates 

concentration and elevated electrical conductivity. The results of the present 

study are consistent with the results of Secchi and Zwieniecki (2012) 

research on Populus nigra under drought stress. They reported a 

simultaneous reduction in xylem sap pH, carbohydrates enhancement, and 

ions accumulation in the apoplast of poplars with symptoms of severe 

drought stress. The findings of the present study suggest that drought 

stress occurred together with prolonged heat waves, and xylem sap 

acidification was induced by drought in plants under high thermal stress. 

Generally, changes in the xylem sap pH observed in plants under drought 

stress are one of the primary responses to dry soil (Bahrun et al, 2002; 

Sobeih et al, 2004). The regulatory mechanisms of apoplastic pH variation 

are still unknown (Jia and Davies, 2007; Gloser et al, 2016). Various 

mechanisms were suggested to explain the mechanism change of xylem 

sap pH which mostly were associated with the ion transport modifications in 

xylem sap and/or minerals content, the respiration rate (Salomón et al, 

2016), flow rate (Peuke, 2016), and ABA signals (Roelfsem and Hedrich, 
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2002; Gloser et al, 2016; Boursiac et al, 2013; Brunetti et al, 2019). In some 

plants, especially annual species, xylem sap alkalization was reported 

under drought stress (Sharp and Davies, 2009). In contrast to herbaceous, 

some woody trees showed acidification of sap under drought stress in 

Populus nigra (Secchi and Zwieniecki, 2012; Brunetti et al, 2019); in conifer 

during summer period at the alpine timberline (Losso et al, 2018) and also 

in Eucalyptus globulus L. under water shortage regime (Hernandez et al, 

2016). However, pH alteration under heat waves condition is less 

considered. 

Change in phytohormones concentration is one of the first environmental 

responses to different stresses and accumulation of abscisic acid (ABA) is 

known as the fastest symptom of thermal stress in plants (Yamaguchi-

Shinozaki and Shinozaki, 2006). Several researchers demonstrated the 

effects of ABA on abiotic stress (Hasanuzzaman et al, 2013; McAdam and 

Brodribb, 2014; Sah et al, 2016; Vishwakarma et al, 2017; Bita and Gerats, 

2013). Briefly, ABA has a crucial role in acclimation to the high thermal 

stress by regulating physiological process and molecular pathway in annual 

and perennial plants (Jia et al, 2017). Stomatal regulation, seed dormancy 

and germination, modulation of root architecture, leaf senescence, 

synthesis of storage proteins and lipids and many other roles are attributed 

to ABA role in plants (Tuteja, 2007; Sah et al, 2016; Vishwakarma et al, 

2017). Escandón et al, (2016) reported that in a short-term heat stress, ABA 

acted as a protector against oxidative destruction in Pinus radiata. 

Moreover, accumulation of ABA under high temperature treatment induced 

stomatal closure, inhibited CO2 assimilation, and decreased soluble sugar in 

leaves (Jia et al, 2016). However, in this study, ABA accumulation 

measurement in different tissues did not demonstrate remarkable changes. 

Similar results have been obtained in Eucalyptus, with ABA content 
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remaining unchanged after heat stress imposition (Correia et al, 2018). 

Overall, the results of the present study highlight that heat stress induced 

stomatal closure, higher negative rate of Ψleaf, and lower transpiration rates, 

even with daily irrigation. In addition, acidification of xylem sap occurred, 

along with a significant increment of apoplastic soluble carbohydrates 

content and enhancement of xylem sap electrical conductivity, which 

confirmed the drought occurrence. Previous observations conducted on 

poplar suggest that such a drop in xylem apoplast pH, coinciding with higher 

NSC concentrations and ions in xylem sap, could be a symptom of severe 

drought in poplar (Secchi and Zwieniecki, 2012). Altogether, in the future 

climate scenario, which is characterized by rising temperatures, we can 

expect a reduction in the non-structural carbohydrate pool, which results in 

reduced growth and yield, as well as higher rates of mortality. 
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CHAPTER IV 

Effects of strigolactones deficiency on xylem 
anatomy of poplar plants 
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4.1. Introduction  

Strigolactones (SLs) are terpenes lactones derived from apocarotenoids as 

cleavage products, recently discovered as plant hormones with dual 

biological roles in plants as well as in rhizosphere. SLs act in roots and 

shoots, regulating plant growth and architecture (Gomez-Roldan et al, 2008; 

Czarnecki et al, 2014). SLs can control the shoot development by 

suppressing bud outgrowth (Cardinale et al, 2018). Recent findings on 

genetic mutants of SLs showed enhanced branching and bushy phenotype 

in Arabidopsis, pea, petunia and rice (Foster et al, 2017). The phenotypes 

resulting from SL deficiencies are well characterized in annual plants, but 

less so in woody perennials. MORE AXILLARY GROWTH genes MAX1, 

MAX2, MAX3, and MAX4 are four members of strigolactone pathway genes 

in the model plant Arabidopsis (Stirnberg et al, 2002; Booker et al, 2004). 

MAX1, MAX3 and MAX4 and its orthologues and paralogues were shown to 

be involved in the SL biosynthesis, and MAX2 was shown to be a key gene 

in SL signaling (Booker et al, 2005; Seto et al, 2014; Zhang et al, 2014). In 

poplar (Populus × canescens), the corresponding orthologs involved in SL 

biosynthesis are MAX4 which has a role in the monitoring of shoot 

architecture (control of internode length), root alteration, and signaling in the 

rhizosphere (Czarnecki et al, 2014; Muhr et al, 2016). More recently, MAX4 

knockdown lines (amiMAX4) were generated in poplar (Populus × 

canescens) with typical symptoms of SL deficiencies such as increased 

branch numbers, reduced plant height, reduced average internode length 

and increased number of adventitious root formation (Muhr et al, 2016).  

In trees, the xylem network integrates all parts of plants and this network 

transports water from one vessel to another through lateral pits and 
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distributes nutrients along the roots to stems, trunk and leaves (Jacobsen et 

al, 2019). The xylem network consists of a long-distance system of 

parenchyma cells, fibers, and conductive elements (vessels or tracheids) 

(Tyree and Zimmermann; 2002; Jupa et al, 2015). The knowledge of xylem 

components and its structure for instant conduits number, diameter, density, 

dimensions, length of vessels, porosity, and pit characteristics are 

necessary in the assessment of water transport rate efficiency, estimation of 

conduit vulnerability to cavitation or pathogen, and disruption of water in 

conduits which may result in water and nutrient limitations (Sperry et al, 

2006; Choat et al, 2008). Many studies on the water transport in xylem and 

bordered pit structure showed the relationship between embolism 

resistance and bordered pit structure (Sperry and Tyree, 1990; Cochard et 

al, 1992; Sperry and Hacke, 2004). Bordered pits are responsible for more 

than 50% of total xylem hydraulic resistance (Wheeler et al, 2005; Hacke et 

al, 2006; Choat et al, 2008) accordingly, alterations in the thickness and pit 

porosity has an important impact on the total hydraulic resistance in the 

plant (Marciszewska and Tulik, 2013). Vessel diameter is a determinant of 

xylem conductivity and hydraulic function in plants, and it can influence the 

vulnerability of drought-induced cavitation (Davis et al, 1999). Multiple 

researchers have suggested that long and wide vessels are more 

vulnerable to embolism than narrower vessels (Davis et al, 1999; Hacke et 

al, 2017). The vulnerability of larger and wider vessels is consistent with the 

pit area hypothesis predictions; based on this hypothesis, larger vessels are 

predicted to contain more vessels wall area, and more inter-vessel pits, and 

are thus speculated to have vulnerability to embolism spread because of 

larger pit membrane pore (Sperry et al, 2005; Wheeler et al, 2005; 

Zwieniecki and Secchi, 2014; Christman et al, 2009, 2012; Hargrave et al, 

1994). In addition, the relationship between conduit diameter and freezing-
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induced embolism has been found by Davis and colleagues (1999). 

Analysis of aspen anatomical features has shown that vessels with wider 

diameter were prone to embolism at higher pressures compared to vessels 

with narrower diameters (Cai and Tyree, 2010). Consequently, the minimal 

increase of the vessel cross-sectional lumen area and the bordered pits 

could result in substantially enhanced hydraulic conductivity, but the larger 

diameter of vessels could increase the risk of cavitation and diminish the 

safety of water flow (Tyree and Zimmermann, 2002; Marciszewska and 

Tulik, 2013). Vessel density is defined as the number of vessels per 

transverse area, directly impacting the bulk of xylem composition, which can 

in turn affect resistance to vessel implosion under negative pressure both in 

stems and roots (Jacobsen et al, 2005; Preston et al, 2006). Scientists are 

particularly interested in the study of xylem structure in woody plants such 

as poplar, since their fast growth rate makes them suitable as a model plant 

(Plavcová and Hacke, 2012). In this study, we used two MAX4 knockdown 

lines (T14-4A and T22-5A), which were generated by Muher and colleague 

(2016). These transgenic lines were selected based on the stability of the 

phenotypes at different growth conditions of their study. Until now, SL 

deficiency effects on anatomical changes of woody perennials plants had 

not been studied. The objective was to determine the anatomical 

differences of stems and roots between wild type and transgenic poplars. 

Vessel diameter, vessel density, vessel length and xylem competent 

changes in stems and roots were examined in detail. Since the total 

conductive capacity of a stem is closely connected to anatomical 

parameters of xylem (Jupa et al, 2015), alteration of stem architecture can 

influence stem hydraulic properties due to variations in the xylem 

components and its structure in transgenic poplars. Accordingly, an 

evaluation of the anatomical variability in resistance and/or vulnerability to 
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embolism of SL transgenic plants is crucial in order to forestall the response 

of these plants to different conditions of water availability. It was 

hypothesized that those features will lead to great vulnerability to embolism 

formation in SL transgenic plants, and higher vulnerability can be 

determined by wider vessels, higher vessel density, and/or longer vessels.  

 

4.2. Material and Methods 

4.2.1. Plant material and experimental setup 

Populus × canescens (Aiton) wild type trees and T14-4A and T22-5A 

(MORE AXILLARY BRANCHING4, MAX4, knock down plants) transgenic 

lines provided by the "Department of Plant Cell Biology, Albrecht- von-

Haller-Institute for Plant Sciences, Georg-August-University, Gottingen 

37077, Germany, were used in this experiment. The German group 

generated, through a microRNA technique, the MAX4 knockdown lines. The 

present experiment was conducted in the greenhouse of University of Turin 

(Grugliasco campus) in the middle of June 2018. Initially, poplars were “in 

vitro propagated” in the lab and subsequently, each plant potted in a 2.5‐L 

container filled with a substrate composed of sandy‐loam soil/expanded 

clay/peat mixture (2:1:1 by weight) and grew in a greenhouse. Ambient 

conditions in the greenhouse were: temperature maintained in the range of 

29 - 17 °C and natural day light supplemented by metal halogen lamps 

(500–600 µmol photons m-2 s-1) to maintain a 12/12-h light/dark cycle of 

photoperiod. The plants were watered daily to keep container capacity. In 

total, 150 poplars of the same age (six months old) were used in this study 

(50 per each line). Plants were further divided into three groups; the first 

group (Group A, 10 plants per each line) was used for biomass analysis and 

biometric characteristics. The second group (Group B, 10 plants per each 

line) was used for hydraulic conductivity and xylem anatomical 
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measurements; the third group (Group C, 30 plants per each line) was used 

for assessing the percent loss of hydraulic conductivity (PLC), the vessel 

length and to measure leaf gas exchange and stem water potential. The 

plants of the third group were gradually subjected to drought by stopping 

irrigation and the duration of water stress treatment depended on the levels 

of desired drought, from moderate to severe water stress. Physiological 

parameters were monitored throughout the entire experiment. A detailed 

schematic representation of measurements/sampling of each group is 

provided in Figure 1.  

 

Fig 1. Schematic representation of the experiments: A) this group was used for 

determining the specific hydraulic conductivity and xylem anatomical 

measurements, B) plants belonging to group C were used to determine the percent 

loss of hydraulic conductivity, leaf gas exchange measurements and vessel length 

assessment. 
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4.2.2. Biometric characteristics and biomass analysis 

Plant height, stem diameter, length of internodes and number of nodes were 

measured on plants belonging to group A. Then, leaves were collected to 

calculate the total leaf area (cm2) using the leaf area meter (LI-3100C Area 

Meter). Finally, the leaves, stems and roots were sampled and harvested. 

To obtain the dry weight of each tissue, samples were oven dried at 70 ° C 

for 72 h and the dry weight of each tissue was recorded. 

 

4.2.3. Measurements of stem water potential and leaf gas exchange 

Stem water potential was measured on nontranspiring leaves. Leaves were 

covered with aluminum foil and placed in a humidified plastic bag for 15 min 

before excision. After excision, leaves were allowed to equilibrate for an 

additional 20 min before the xylem pressure was measured using a 

Scholander type pressure chamber (Soil Moisture Equipment Corp, Santa 

Barbara, CA). Stomatal conductance (gs) and net photosynthesis (A) were 

measured on three fully expanded leaves per individual plant using a 

portable infrared gas analyzer ADC-LCPro+ system (The Analytical 

Development Company Ltd, Hoddesdon, UK). Measurements were 

performed using a 6.25 cm2 leaf chamber equipped with artificial irradiation 

(1200 µmol photon m−2 s−1) under ambient CO2 values maintained constant 

at 400 ppm. The physiological parameters were monitored during the 

experiment from 9:00-13:00 am.  

4.2.4. PLC measurement  

The percent loss of hydraulic conductivity (PLC) was measured on plants 

belonging to the group “C” using a standard approach that was previously 

described (Secchi and Zwieniecki, 2010). Briefly, a 1.5-m-long shoot was 
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cut under water. Within a few minutes, this initial cut was followed with 

cutting a set of three stem segments. Segments were excised under water 

approximately 20–30 cm from the initial cut (distance longer than 2 times 

the length of vessels in studied poplar). Each segment was approximately 

4-cm long. The initial hydraulic conductance (ki) of each stem segment was 

measured gravimetrically by determining the flow rate of filtered 10 mM KCl 

solution. A water source was located on a balance (Sartorius ± 0.1 mg) and 

connected to the stem by a plastic tube. During measurements, stems were 

submerged in a water bath with a water level approximately 10 cm below 

the level of water on the balance. After a steady flow rate was reached 

(within a few minutes), the tube connecting the stem to the balance was 

closed, and a bypass tube was used to push water across the segment 

under approximately 0.2 MPa pressure for approximately 20 s to remove 

embolism. The chosen segment length used for determining PLC was short 

enough to have the majority of vessels open in poplar stems (vessel length 

is usually approximately 5 cm), thus making removal of embolism very easy 

and complete within a few seconds. Stem conductance was then 

remeasured to find maximum conductance (kmax). The PLC was calculated 

as PLC = 100 × (kmax - ki)/kmax.  

 The PLC data and stem water potential has been used for making the 

vulnerability curve. The curve was fitted with a four-parameter logistic curve 

(dose response), where  

PLC = initial PLC + (maximum PLC – initial PLC)/(1 + (Px/EC50PLC)SlopeEC50PLC) 

and  gs = minimum gs + (intial gs – minimum gs)/(1 + (Px/EC50 gs)SlopeEC50gs).   

This function was preferred over other sigmoidal shapes, because it allows 

for treating xylem pressure as a treatment (dose) and allows for the fit of 

initial values to true preexisting conditions. EC50PLC(gs) is the parameter 

describing a 50% change in the curve between the initial value of PLC or gs 
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and the corresponding final value at very low xylem pressures (PLC - 

maximum and gs - minimum). SlopePLC(gs) describes the rate of change in 

PLC or gs at the inclination point of the curve (Secchi and Zwieniecki, 2014). 

To compare wild-type and transgenic plants, PLC, and gs response to xylem 

water pressure, the EC50PLC(gs) parameters of fitted curves were compared 

using the statistical Z test for the equality of regression coefficients 

(Paternoster et al, 1998). 

 

4.2.5. Stem specific hydraulic conductivity 

Well-watered plants belonging to group B were used to determine the 

specific hydraulic conductivity using a standard approach previously 

described by Sperry et al (1988). A 1.5-m-long shoot was cut under water, 

leaves were removed, and within a few minutes this initial cut was followed 

with cutting a 25 cm long segment. Segments was excised under water 

approximately 20 cm from the initial cut. Specific conductivity (ks, m2·s-

1·MPa-1) was calculated by measuring the flow rate (Q, m3·s-1) under a 

known pressure gradient (ΔP, MPa), the length of the stem segment (L, m), 

and the area of the xylem (A, m2): 

Ks =    

Flow rates were measured on stem segments trimmed under water to about 

25 cm long under a gravimetric pressure with a degassed, 0.22µ filtered 10 

mM KCl solution. Stems were connected to a balance (Sartorius ± 0.1 mg) 

and connected to the stem by a plastic tube. The segments were acclimated 

for 10 minutes to allow flow rates to stabilize before measurements and 

segments were subjected to the pressure 0.5 MPa for 15-20 minutes, in 

order to remove all the native embolism and reach to maximum flow rate 
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and then the maximum hydraulic conductivity samples (Kmax) were 

calculated using:   

Kmax =  

where Qmax is the maximum flow rate. 

 

4.2.6. Anatomical analyses  

For anatomical analyses, segments were excised from stem base 

(approximately 6 cm long) and 1st order roots of plants from group B and 

immediately put in falcon tubes filled with a fixative solution (formalin free 

fixative, Sigma-Aldrich Co). From the other plants (group C), 40 cm long 

stem segments were excised, placed in a plastic bag with moist paper 

tissue and stored in a fridge. All these samples were without delay 

transferred to the Masaryk University (Czech Republic), where they were 

further processed. In the lab, the samples (group B) stored in the fixative 

solution were thoroughly washed with distilled water. Afterwards, stem and 

root cross sections (∼50 µm thick) were prepared with a sliding microtome 

(GSL 1; Swiss Federal Research Institute WSL, Birmensdorf, Switzerland). 

The sections were stained with a mixture of 0.35% safranin (dissolved in 

50% ethanol, w/v) and 0.65% alcian blue (dissolved in distilled water, w/v) 

for 3 min, thoroughly washed in distilled water, and mounted on a slide. 

Sections were observed in bright field microscope (Olympus BX 51; 

Olympus, Tokyo, Japan) at 4x and 20× objective magnifications. Cross 

sections were photographed with a digital camera (SLT-A35; Sony, Japan). 

For sections observed at 4x objective magnification, the whole cross-

sectional area was photographed while a representative 90° wedge was 

photographed in sections observed at 20x objective magnification. The 

photographs were merged in PTGui v. 8.3.7. PRO (New House Internet 
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Services. Rotterdam, The Netherlands) and image analysis software, 

namely- Adobe Photoshop CS6 (Adobe Systems, Mountain View, USA) and 

ImageJ v 1.51k (https://imagej.nih.gov/ij), was used to quantify individual 

anatomical traits.  

To assess relative proportions of individual tissues in roots and stem, areas 

of whole section, bark, xylem and pit (in stems) were precisely selected in 

cross sections observed at 4x objective magnification and quantified in 

ImageJ software. The relative proportions of individual tissues were 

calculated as:  

Relative proportion of xylem: RPX (%) =  × 100 

Relative proportion of pith area: RPP (%) =  × 100 

Relative proportion of bark area: RPB (%) =  × 100 

Lumina of vessels present in the 45° wedge observed at 20x objective 

magnification were precisely selected in Adobe Photoshop and the vessel 

area (A) was quantified in ImageJ software. Vessels were assumed as ideal 

capillaries of precisely circular shape. Vessel diameter (D) was calculated 

accordingly to the following equation: D=    

 In addition, theoretical hydraulic conductivity (Kht) was calculated for 

individual vessels as:  Kht =  

where D is the diameter of vessel and ŋ is the dynamic viscosity of water at 

20°C (1.002×10-9 MPa s). The analyzed vessels were sorted into classes 

according to their diameter to assess relative distribution of vessel 

diameters in individual organs and contributions of individual diameter 

classes to total organ conductive capacity. 

https://imagej.nih.gov/ij
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Among the other vessel characteristics, relative proportion of xylem vessels 

(RPXV), vessel density (VD), relative intervessel lateral contact (FVV), relative 

vessel-to-parenchyma lateral contact (FVP) and relative vessel-to-fiber 

lateral contact (FVF) were calculated according to the following equations:  

RPXV (%) =  × 100 

VD =  

FVV =  × 100 

FVP =  × 100 

FVF =  × 100 

Stem vessel lengths (group C) were assessed using the silicone injection 

method described by Jupa et al (2016). Briefly, a two-component silicone 

QSil 218 (ACC silicones, Bridgwater, UK) was mixed with a 0.04% (v/v) 

fluorescent dye (Tinopal OB) and let to degas in an ultrasonic cleaner for 5 

min. Then, the segments were shortened for 2 cm from their base using a 

sharp razor blade and the degassed silicone mixture was injected into these 

segments at a pressure of 70 kPa for 12 h. After 72 h of silicone hardening, 

samples were cut with a sliding microtome at regular 2 cm intervals starting 

from the injection point. The cross sections were obsserved with an 

epifluorescence microscope equipped with a mercury lamp (Olympus BX 

51, Olympus, Tokyo, Japan; filter set U-MNUA2) at 10x objective 

magnification. The whole cross sections were photographed using the SLT-

A35 camera, merged in PTGui software and the number of silicone-filled 

vessels was counted for each section. The vessel length distribution was 

estimated using exponential decay function (for details, see Nijsse, 2004 

and Sperry et al, 2005). The relationship between number of vessel (NL) 
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and distance from the injection (L) point was fitted with the following 

exponential function:  

NL=N0 e(-kL),  

where N0 is the number of vessels at the injection point and k is the best fit 

extinction coefficient.  

Also, relative distribution of vessels length was determined according to the 

following equation:  

PLC = - (1+ kL2) e(-kL
2
) + (1+ kL1) e(-kL

1
),  

Where PLC is fraction of vessels in a length class determined by lengths L1 

and L2.  

 

4.2.7. Statistical analyses 

Statistical analyses were performed with IBM SPSS and Statistica software 

v. 13.2. (TIBCO Software, Palo Alto, CA, USA). The results are presented in 

the form of mean ± standard deviation. Pairwise comparisons between data 

were applied by using the appropriate post hoc test. Tukey's HSD test was 

adopted for one-way ANOVA at p<0.05 (Tukey, 1949). 

 

4.3. Results  

4.3.1. Biometric characteristics 

Growth measurements showed that plant height and average internode 

length were significantly different in Wild type (WT) compared to the 

transgenic lines; WT plants were taller than both transgenic lines and their 

stems also contained longer internodes (Table 1). Other significant 

differences in the biometric parameters between WT and either T14-4 or 

T22-5 were also measured. Stem diameter, stem base diameter, and dry 

biomass of the root of T22-5 were significantly higher compared with WT 
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and T14-4 (Table 1). A smaller number of nodes, smaller leaf area and 

lower biomass in leaf and stem were recorded for T14-4 compared to WT 

and T22-5 (Table 1).  

 

Table 1. Measurements of biometric traits of wild type (WT) and SLs deficient T22-5 

and T14-4 transgenic lines 

Biometric 
characteristics 

WT T22-5 T14-4 

HP (cm) 124.4 ± 6.2 a 105.3 ± 5.3 b 93.7 ± 1.7 c 

DS
 (mm) 4.7 ± 0.3 a 5.3 ± 0.5 b 4.6 ± 0.03 a 

DSB (mm) 6.1 ± 0.6 a 7.7 ± 0.6 b 6.6 ± 1.01 a 

Nnode 43.2 ± 2.04 ab 45.6 ± 5.2 b 38.5 ± 6.6 a 

ALnode (cm) 2.8 ± 0.1 a 2.3 ± 0.2 b 2.4 ± 0.3 b 

LA (cm2) 2266.2 ± 293.5 a 2044.1 ± 261.5 a 1749.7 ± 198.2 b 

DWL (g) 7.02 ± 1.4 a 6.8 ± 1.08 a 5.3 ± 1.04 b 

DWS (g) 6.9 ± 1.03 ab 7.5 ± 2.1 a 5.6 ± 1.3 b 

DWR (g) 7.2 ± 2.2 a 14.3 ± 6.2 b 9.6 ± 4.3 a 

Values are means ± SD (n = 10, each biological replicate represents a different plant). 

Different lower-case letters following SD values indicate significant differences among 

individual plants tested by Fisher LSD post-hoc test (P < 0.05). HP= Plant Height, DS= 

 Stem diameter, DSB= Stem base diameter, Nnode= Number of nodes, ALnode= Average 

internode length, LA= Leaf area, DWL= DW leaf biomass, DWS= DW stem biomass, 

 DWR= DW roots biomass 

 

4.3.2. Specific hydraulic conductivity 

The analyses of the specific hydraulic conductivity measured in native state 

(without high pressure flash) indicated significantly greater values in T14-4 

line compared to WT, while there were no obvious statistical differences 

between WT and T22-5. After embolism removing by high-pressure flush, 

both transgenic lines showed a higher maximum specific hydraulic 

conductivity compared to WT. Apparently, high-pressure flush resulted in 

significant increases in specific hydraulic conductivity in all plants 
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suggesting the presence of native embolism. The greatest increase of 

specific conductivity after flushing was detected in T22-5 (Fig 2).  

 

Fig 2. Values of specific hydraulic conductivity of stems measured in native state 

(grey columns) and after high-pressure flush (black columns) in wild type (WT) and 

T22-5 and T14-4 transgenic lines. Columns and error bars represent means and 

SD (n= 5 each biological replicate represents a different plant). Different lower-case 

and upper-case letters indicate significant differences among plants within initial 

and maximum conductivities tested by Fisher LSD test at P < 0.05. Asterisks 

indicate the significant differences between the initial and maximum conductivities 

at P < 0.05. 

 

4.3.3. Xylem vulnerability to embolism 

There were two main differences found in xylem vulnerability to embolism 

across the studied plants (Fig 3). An increase in water stress resulted in 

additional loss of stem hydraulic in parallel with more negative values of 

stem water potential (Fig 3). The 50% loss of stem conductivity (EC50) 

described by the EC50PLC parameter occurred at -1.99 MPa (SE=0.0906, 
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t=22.0025, p<0.0001) for WT, -1.75 MPa (SE=0.1, t=17.44, p<0.0001) for 

T22-5 and –1.67 (SE=0.094, t=17.083, p<0.0001) for T14-4. Based on the 

EC50PLC parameters, the stem of transgenic lines was more vulnerable to 

embolism than the stem of the WT. Paternoster test results (df=44, p<0.01) 

showed that only the EC50PLC value of the T14-4 line was statistically 

different from the WT lines. Decrease of xylem water potential below -2.5 

MPa resulted in more than 80% of percentage loss of hydraulic conductivity 

for all plants tested. 

 

Fig. 3. Xylem vulnerability curves for WT and two SLs deficient transgenic lines. 

Data were fitted with the four-parameter logistic curves (dose-response curve). The 

white circles represent the WT plants, while the gray and black circles represent the 

T22-5 line and the T14-4 line, respectively. The triangles (green for WT, Blue for 

T22-5 and pink for T14-4) represent value of Ψ50. 
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The level of native embolism in well water condition obtained from the 

vulnerability curves indicated that both transgenic lines had similar level of 

native embolism (~32% of PLC), and these values were significantly higher 

than those measured in WT (~25% of PLC) (Table 2). 

 
 

 

Table 2. Stem water potential and corresponding values of native PLC in well-

watered wild type (WT) plants and T22-5 and T14-4 transgenic lines.  

Plant Ψ (MPa) PLC (%) 

WT -0.36 ± 0.01 a 24.3 ± 1.3 a 

T22-5 -0.41 ± 0.01 a 30.6 ± 1.5 b 

T14-4 -0.41 ± 0.02 a 33.3 ± 1.6 b 

Values are means ± SD (n=10). Different lower-case letters represent significant 

differences among plants tested by Fisher LSD post-hoc test (P < 0.05). 

 

4.3.4. Photosynthesis and stomatal conductance  

The net photosynthesis rate (A) in transgenic lines was greater than WT 

plants under well water condition (Fig 4). A gradual reduction in 

photosynthesis rate was induced by drought in all plants. A correlation 

between stem water potential and photosynthesis is represented in Figure 

4. 
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Fig. 4. Measurements of photosynthesis (A, µmol CO2 m-2 s-1) over the progression 
of water stress. The white circles represent the WT plants, while the gray and black 
circles represent the T22-5 line and the T14-4 line, respectively. 
 

The data of stomatal conductance revealed that under well-watered 

conditions, both T22-5 and T14-4 lines had higher values of maximum gs 

(~450 mmol H2O m-2 s-1) relative to WT (~150 mmol H2O m-2 s-1). In terms of 

stomata response to drought, an exponential decrease in gs was observed 

along decreasing stem water potential, (Fig 5). The WT plants showed 50% 

loss of gs (EC50gs) at -0.78 MPa (SE=0.089, t=8.73, p<0.0001), whereas 

T22-5 line reached EC50gs at -0.97 MPa (SE=0.2095, t=4.64, p<0.0001) 

and T14-4 at -0.94 MPa (SE=0.073, t=12.86, p<0.0001).  

WT plants closed their stomata by 50% ~1.4 MPa, before EC50PLC, 

providing a relatively wide PLC safety margin (approx. 0.6 MPa wider safety 

margins [a difference between EC50PLC and EC50gs] compared to both 

transgenic lines), while transgenic lines closed stomata at only ~ 0.8 MPa 

ahead of EC50PLC, providing a very narrow safety margin. However, all plant 
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groups completely closed their stomata and reduced gs to minimum before 

the EC50PLC (Fig 5). 

 

 

Fig 5. Measurements of stomatal conductance (mmol H2O m-2 s-1) over the 

progression of water stress. The white circles represent the WT plants, while the 

gray and black circles represent the T22-5 line and the T14-4 line, respectively. The 

stars (green for WT, Blue for T22-5 and pink for T14) represent Ψ50gs. 

 

4.3.5. Wood anatomy 

In order to explain differences in physiological parameters related to xylem 

transport and to describe differences in anatomical structure between WT 

and both transgenic lines, xylem anatomy was examined, with the main 

focus on xylem vessel properties. In terms of plant organs, the greatest 

differences in xylem anatomy between WT and both transgenic lines were 

observed in stems, compared to roots. Stems of both transgenic lines 
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contained vessels of greater diameter, compared with WT (Table 3). 

Similarly, relative proportions of vessels in xylem were also higher in both 

transgenic plants, compared to WT. In contrast, there were no statistically 

significant differences in the vessel density across the tested plants of 

stems from both transgenic lines and WT (Table 3).  

Besides differences in vessel characteristics, T22-5 transgenic line showed 

greater proportions of xylem and oppositely smaller proportions of bark, 

compared to WT and T14-4 (Table 3). No differences were detected in 

relative proportions of pith, across the studied plants. An overview on stem 

cross sections of poplar (line T14-4, as an example) is shown in Figure 6.  

 

Table 3. Selected anatomical parameters analyzed in stem cross-sections of wild 

type (WT) and SLs deficient transgenic lines T22-5 and T14-4. 

Anatomical characteristics WT T22-5 T14-4 

D (µm) 26.2 ± 1.03 b 32.03 ± 1.2 a 30.5 ± 1.9 a 

VD (number of vessels. mm-2) 185.5 ± 19.1 a 190.3 ± 23.5 a 189.8 ± 9.1 a 

RPXV (%) 11.01 ± 1.05 b 16.2 ± 1.7 a 15.1 ± 1.1 a 

RPX (%) 59.06 ± 2.7 b 66.1 ± 1.8 a 63.7 ± 3.3 ab 

RPP (%) 0.36 ± 0.2 a 0.86 ± 0.7 a 0.26 ± 0.1 a 

RPB (%) 40.5 ± 2.6 a 32.9 ± 2.4 b 35.9 ± 3.1 ab 

Values are means ± SD (n = 4, each biological replicate represents a different 

plant). Different lower-case letters represent significant differences among plants 

tested by Tukey’s HSD test (P < 0.05). D= Vessel diameter, VD= Vessel density, 

RPXV = relative proportion of xylem vessels, RPX= Relative proportion of xylem, RPP 

= Relative proportion of pith area, RPB = Relative proportion of bark area. 
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Fig 6. Stem cross sections of T14-4 transgenic line observed with a light 

microscope. The section was stained with a mixture of Safranine and Alcian blue. 

A) whole stem cross section, B) detail of stem xylem in a 90° wedge, C) detail of 

xylem with individual xylem cell types: F: fiber, V: vessels, RP: ray parenchyma and 

P: pith. Scale bar: A) 1 mm, B) 230 µm C) 50 µm. 

 

In roots, both transgenic lines showed a higher vessel density, compared to 

WT plants. Other anatomical traits such as vessel diameter, relative 

proportion of xylem and bark, and relative proportion of vessel in xylem of 

root segments - did not significantly differ across the studied plants (Table 

4). An overview of the root cross sections of T14-4 are shown in Figure 7. 

 

B A 

C 
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Fig 7. Root cross sections of T14-4 transgenic line observed with a light 

microscope. The section was stained with a mixture of Safranine and Alcian blue. 

A) whole stem cross section, B) detail of root xylem in a 90° wedge, C) detail of 

xylem with individual xylem cell types: F: fiber, V: vessels and RP: ray parenchyma. 

Scale bar: A) 1 mm, B) 230 µm C) 50 µm. 

 

 

 

 

 

 

A 
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Table 4. Selected anatomical parameters analyzed in root cross-sections of wild 

type (WT) and SLs deficient transgenic lines T22-5 and T14-4 

Anatomical characteristics WT T22-5 T14-4 

D (µm) 37.4 ± 1.8 a 35.8 ± 3.7 a 36.1 ± 2.2 a 

VD (number of vessels. mm-2) 82.6 ± 9.3 b 112.6 ± 9.4 a  105.5 ± 12.1 a 

RPXV (%) 10.04 ± 0.2 a 12.2 ± 1.8 a 11.8 ± 1.6 a 

RPX (%) 48.9 ± 3.04 a 50.5 ± 4.01 a 49.1 ± 4.01 a 

RPB (%) 51.05 ± 3.04 a 49.4 ± 4.01 a 50.8 ± 4.01 a 

Values are means ± SD (n = 4, each biological replicate represents a different 

plant). Different lower-case letters represent significant differences among plants 

tested by Tukey’s HSD test (P < 0.05). D= Vessel diameter, VD= Vessel density, 

RPXV = relative proportion of xylem vessels, RPX= Relative proportion of xylem, RPB 

= Relative proportion of bark area. 

 

Significant differences were observed in the distribution of stem vessel 

diameters between WT and both transgenic lines (Fig 8 A). Specifically, the 

distribution of vessel diameters in WT was shifted toward lower diameters, 

compared to T22-5 and T14-4. Wild type stems contained a high proportion 

of vessels in the 10-20 µm class, while both transgenic lines had the highest 

proportion of vessels in the median diameter size classes (30-40 and 40-50 

µm). Both transgenic lines had very few vessels in high diameter size 

classes (60-70 µm), while WT had no vessels in the same diameter size 

class (Fig 8 A). In roots, no significant differences were found in the 

distribution of vessel diameters across the tested plants (Fig 8 B). 

 



88 
 

 

Fig 8. Distribution of vessel diameter in A) stem and B) root sections of WT and two 

SLs deficient lines. Different letters above denote significant differences within 

individual diameter classes (WT, T14-4 and T22-5), tested by Tukey’s HSD test (P 

< 0.05). Columns and bars represent means and SD (n = 4).   
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Similarly, relative contribution of individual diameter classes to total stem Kht 

was shifted toward lower diameter classes in WT, compared to both 

transgenic lines. (Fig 9).  

 

Fig 9. Distribution of theoretical hydraulic conductivity (Kht) of vessels in stems of 

WT and two SLs deficient transgenic lines. Black dots on the line and bars 

represent means and SE (n = 4). 
 

 

Vessel connectivity analyses revealed significantly lower intervessel lateral 

contact in line T22-5, in comparison with WT (Table 5). In contrast, there 

was no difference in the vessel-to-parenchyma lateral contact among all 

plants (Table 5). However, analyses of vessel-to-fiber lateral contact 

showed substantially higher value in line T22-5, compared to WT. 

Interestingly, very similar effects were also observed in the evaluation of 

vessel connectivity in roots (Table 5).  
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Table 5. Lateral contact of vessel with neighboring xylem cell types in stem and root 

of wild type (WT) and SLs deficient transgenic lines T22-5 and T14-4. 

  WT T22-5 T14-4 

 FVV (%) 15.8 ± 2.1 a 10.1 ± 2.1 b 12.2 ± 2.4 ab 

Stem FVP (%) 16.3 ± 2.8 a  15.7 ± 2.1 a 14.2 ± 2.5 a  

 FVF (%) 67.8 ± 4.9 b 74.1 ± 1.7 a   73.5 ± 1.6 ab 

 FVV (%) 13.3 ± 0.6 a 9.2 ± 2.3 b 10.2 ± 1.9 ab 

Root FVP (%) 21.6 ± 1.9 a 18.9 ± 1.1 a 22.3 ± 2.6 a 

 FVF (%) 64.9 ± 2.04 b 71.8 ± 3.3 a 67.3 ± 4.01 ab 

Values are means ± SD (n = 4, each biological replicate represents a different 

plant). Different lower-case letters represent significant differences among plants 

tested by Tukey’s HSD test (P < 0.05). FVV= relative intervessel lateral contact, FVP= 

relative vessel-to-parenchyma lateral contact, FVF= relative vessel-to-fiber lateral 

contact. 

 

While no statistically remarkable differences were found in average vessel 

length among all plants, both transgenic lines showed a slightly lower value 

of this parameter compared to WT (Fig 10). An overview of the silicon filled 

vessels of T14-4 is shown in Figure 11.  

 

Fig 10. Average vessel length in stems of wild type (WT) and two SLs deficient 

transgenic lines.  Columns and bars represent means and SD (n = 4). 
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Fig 11. Cross section of the silicon filled vessel in stem of T14-4 transgenic line 

observed with an epifluorescence microscope equipped with a mercury lamp. A) 

stem cross section at the injection point 0 cm, B) stem cross section at the distance 

of 2 cm from injection point. Scale bar: 470 µm. 

 

As with mean vessel length, no significant differences in vessel length 

distribution were observed across all tested plants. Stems of all plants 

contained very short vessels (approx. 50% of vessels were shorter than 2 

cm). Interestingly, both transgenic lines contained few long vessels (12-20) 

cm, which were not present in WT. In WT, the maximum vessel length did 

not exceed 12 cm (Fig 12).  

A B 
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Fig 12. Distribution of vessel lengths in stems of wild type (WT) and two SLs 

deficient transgenic lines. Columns and error bars represent means and SD (n = 4). 

 

4.4. Discussion  

Recently, several roles of strigolactones (SLs) in plants and rhizosphere 

such as suppression of shoot branching by inhibiting the outgrowth of 

axillary buds (Gomez-Roldan et al, 2008; Umehara et al, 2008), 

enhancement of symbiosis between plants and arbuscular mycorrhizal fungi 

(AMF) (Akiyama et al, 2005), stimulation of seed germination (Xie et al, 

2010) and alteration of root architecture (Ruyter-Spira et al, 2011) – have 

been demonstrated in many studies. It has been proposed by Visentin et al 

(2016) that SLs can act as signal mediators in drought stress. In tomato, 

Arabidopsis, and Lotus, the drought sensitivity of SLs deficient and their 

physiological responses to water stress were reported (Ha et al, 2014; Liu et 

al, 2015; Visentin et al, 2016). It was found that SLs can be synthesized in 

poplar (Czarnecki et al, 2014; Muhr et al, 2016), and poplar BRC1 genes 

can also be regulated by SLs, which leads to complex regulation of bud 

outgrowth in trees (Muhr et al, 2016). MAX4 knockdown lines in poplar have 
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been generated with typical symptoms of SL deficiency, such as higher 

branch patterns and shorter internode length (Muhr et al, 2016); however, 

the hydraulic conductivity variations and SL-induced xylem anatomical 

changes haven’t been studied yet, either in herbaceous or woody plants.  

To investigate of the SL deficiency impacts in the hydraulic conductance 

and anatomical features of poplar, transgenic and WT plants were 

monitored. In this study, the shoot architecture of transgenic poplars (T14-4 

and T22-5) showed SL deficiency features, compared to WT (Populus × 

canescens (Aiton), including shorter plant height, shorter internode length 

and a smaller number of nodes. These findings are in agreement with 

studies conducted on model plants with SL deficiency, such as Arabidopsis 

thaliana and Solanum lycopersicum (Al-Babili and Bouwmeester, 2015; Xie 

et al, 2010; Brewer et al, 2013; Waters et al, 2017). Anatomical analysis 

revealed that SL deficiency poplars had stems with wider vessel diameter. 

On the basis of the phenotypical and anatomical alterations of the 

transgenic plants, a change in the hydraulic conductivity was hypothesized; 

therefore, the native and maximum hydraulic conductivity of the stem in all 

plants were measured. Native Ksx indicates the real hydrulic conductivity of 

each line in the water availability condition (David-Schwartz et al, 2016). 

The result of the study showed that T14-4 line had a greater value of Ksx in 

native state while after embolism removal, both transgenic lines had a 

higher value of Ksxmax (increase by 33%) than WT. It has been demonstrated 

that, in each species, the maximum xylem specific hydraulic conductivity 

has strong correlation with vessel diameter, and higher conductivity is 

accompanied by larger vessel diameters (Ewers et al, 1989; Vander 

Willigen et al, 2000; Ayup et al, 2012). The data from the present study 

suggests that SL deficiency leads to larger vassels in diameter, which could 

be attributed to an increase of maximum Ksx in transgenic lines. The 
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potential effect of differences in xylem characteristics on hydraulic 

conductance were reflected in the theoretical hydraulic conductivity 

(Tombesi et al, 2010). The distribution of theoretical hydraulic conductivity 

(Kht) variation was shifted to bigger diameter classes. Simultaneously, larger 

proportions of xylem containing wider vessels provides greater conductive 

capacity of the stem, which is consistent with higher specific hydraulic 

conductivity and theoretical hydraulic conductivity in both transgenic lines, 

compared to WT. Many studies suggest that the larger vessels contain 

more pitted wall area, which might make them more vulnerable to embolism 

spread (Wheeler et al, 2005; Hacke et al, 2006, 2017; Loepfe et al, 2007; 

Brodersen et al, 2013). Although not quantified in this study, it is also 

possible that an increment in bordered pit area adjacent to wider conduits 

altered the probability of embolism formation [rare pit hypothesis] (Hargrave 

et al, 1994; Christman et al, 2009, 2012; Jacobsen et al, 2019). Embolism 

can be impelled by drought during dry periods and winter time when freeze-

thaw events occur (Nardini et al, 2011). These two situations may happen 

frequently in wider vessels compared to narrower conduits (Montwé et al, 

2014; Cai and Tyree, 2010). In this sense, the susceptiblity of poplar to the 

embolism and water stress via vulnerability curves has been shown by 

Secchi and Zwieniecki (2014). Accordingly, the result of PLC curve analysis 

here showed that transgenic lines were more susceptible to xylem 

embolism and displayed a 50% loss of PLC at less negative xylem water 

potential (-1.99 MPa for WT versus -1.75 MPa for T22-5 and -1.67 MPa for 

T14-4). The former studies showed that more embolism-resistant species 

possess narrower conduits (Hajek et al, 2014; Cai and Tyree, 2010), and a 

positive relationship between P50 and narrower conduits was reported 

(Lobo et al, 2018). In addition, Gleason and colleague (2016) examined the 

trade-off between angiosperms and gymnosperm species and showed a 
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positive relationship among P50 and hydraulic conductivity, as well as an 

infirm tradeoff across hydraulic efficiency and safety in those species. Both 

transgenic lines had greater native PLC; thus, it seems that the native 

embolism value of transgenic lines increased with the absence of SL in the 

stem organ.  

Photosynthesis and stomatal conductance of transgenic lines under well 

water conditions showed higher values compared to WT plants which 

agrees with former studies in Arabidopsis thaliana and Solanum 

lycopersicum SL deficient mutants (Liu et al, 2015, Visentin et al, 2016). 

The increased vulnerability to embolism in transgenic plants was associated 

with their reduced capacity to control stomatal conductance during stress 

development. In T22-5 and T14-4 lines, 50% of stomatal shutdown occurred 

at -0.97 and -0.94 MPa, respectively, while in wild-type plants, 50% of 

stomatal shutdown occurred at -0.78 MPa. In agreement with this result, the 

stomata of SL deficient plants such as tomato, Arabidopsis, and Lotus were 

found to be hypersensitive to drought condition (Ha et al, 2014; Liu et al, 

2015; Visentin et al, 2016). One of the mechanisms that plants could have 

adapted to reduce water loss is stomatal closure (Hochberg et al, 2017). 

The stomata behavior in transgenic plants suggests that they were less 

likely to control transpiration rates to protect xylem from embolism 

formation; this means, the absence of SL in transgenic lines could induce a 

significant reduction of the xylem vulnerability safety margin. The effect of 

phytohormones, such as auxin and cytokinin, in the initiation of vascular 

tissues and the formation of xylem, especially auxin, on vessel diameter 

have been discussed in many studies (Hacke et al, 2017; Růžička et al, 

2015; Yoshida et al, 2009; Kaneda et al, 2011; Johnson et al, 2018), 

including in Arabidopsis and Populus (Yamagushi et al, 2011; Endo et al, 

2015; Ohtani et al, 2011). However, to our knowledge, no previous study 
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has tested the relationship between SLs as phytohormone and its role in 

vessels differentiation and stem hydraulic capacity. Analysis of anatomical 

structure between WT and both transgenic lines indicated that the existence 

of wider vessels in transgenic stems was accompanied by shifted 

distributions of vessel diameters toward greater diameter classes, as well as 

larger proportions of xylem. Moreover, SL deficiency also resulted in denser 

vessels in roots. Altogether, wider vessels in stems and denser vessels in 

roots could presumably be a kind of disadvantage among transgenic lines, 

which may result in increased vulnerability to embolism formation (Tyree et 

al, 1994; Hacke et al, 2001; Sperry et al, 2006). This association was 

recently observed with microCT technic (high-resolution computed 

tomography) by Jacobsen et al (2019) who showed that larger vessels were 

prone to embolize at higher water potential in poplar plants. In aspen stems, 

it was found that conduits with wider diameter tended to embolize at higher 

pressure compared to conduits with smaller diameter (Cai and Tyree, 

2010). The anatomical studies on poplar under water shortage 

demonstrated that narrower vessels were potentially resistant to embolism 

formation (Arend and Fromm, 2007; Jacobsen et al, 2019). In contrast with 

these results, it has been reported that narrow conduits were associated 

with greater vulnerabilities to embolism in the genus Cistus at 

Mediterranean area (Torres-Ruiz et al, 2017). The role of pits and their 

structure in resistance to embolism should be considered here. According to 

pit hypothesis, conduits with smaller diameters have smaller pit area per 

conduit so they tend to reduce the risk of cavitation (Sperry et al, 2005; 

Wheeler et al, 2005). Meanwhile, larger and wider conduits with higher 

porous pit membrane are more prone to air seeding. Hence, structural 

alterations in pit porosity or thickness of bordered pits could affect the total 

hydraulic resistance (Wheeler et al, 2005; Hacke et al, 2006; Choat et al, 



97 
 

2008). A negative association between vessel density and plant height was 

found by Preston et al (2006); consequently, shorter plant species were 

more prone to have heavier wood despite their higher vessel density, which 

is consistent with the results of the present study in transgenic lines, with 

regard to shorter plants and denser vessels in roots. There was a clear 

difference in the proportion of the bark area between WT and transgenic 

lines, particularly in T22-5, and it seems SL deficiency resulted in a thinner 

bark area. In total, larger proportions of xylem in T22-5 lines suggested that 

this line tended to possess larger xylem area in order to have wider vessels, 

even at the cost of thinner bark area.  

The connectivity between vessels is one of the most important xylem 

characteristics (Scholz et al, 2013). The lateral connection of individual 

xylem components or connection of xylem with the parallel tissues is 

essential for numerous physiological processes (Scholz et al, 2013). The 

most notable of these important mechanisms includes the cycling of water, 

solutes, and ions in plant body, which builds upon an interaction between 

xylem and phloem (Zwieniecki et al, 2004). The vessel connectivity 

measurement showed a lower intervessel lateral contact with other vessels 

in T22-5 line; thus, solitary vessel was more pronounced in this transgenic 

line compared to WT. Analysis of vessel-to-parenchyma lateral contact 

showed that the SL deficiency did not have any impacts on this feature. 

However, vessel-to-fiber lateral contact showed higher value in T22-5 line, 

which means vessels were surrounded with more fibers in this line. Fibers 

are slender, longitudinally elongated cells with typically thick walls and 

narrow lumina (Morris et al, 2016). Fibers became dead after their maturity 

which is consistent with their significant role in xylem strengthening and 

mechanical support of plant body (Jacobsen et al, 2005; Sperry et al, 2006). 

Many anatomical studies showed that vessel implosion resistance can be 
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raised by an increase in the amount of fibers (Plavcová et al, 2011; 

Jacobsen et al, 2005; Jupa et al, 2016; Hacke, 2015). Based on the above 

facts, the T22-5 line can be presumed to have more rigidity structure and 

mechanical safety when it experiences extreme negative pressure 

(Jacobsen et al, 2005). There was no difference in the average vessel 

length among all plants. However, a slight tendency toward shorter vessels 

was observed in transgenic lines, suggesting there might be a subtle effect 

of SL deficiency. Overall, the initial hypothesis that there is a link between 

the absence of SLs in transgenic lines and alteration in hydraulic 

conductivity and xylem vessel properties corresponded to the lack of this 

hormone has been supported. Stimulation of cambial cell activity and 

divisions in Arabidopsis, pea, and Eucalyptus globulus by GR24 (synthetic 

SL analog) exogenous application has been observed in previous studies, 

which GR24 promoted the secondary vascular tissues production and 

cambium zone lateral extension (Agusti et al, 2011; Ramírez et al, 2018). 

Also, GR24 application in Arabidopsis, Lotus and maize showed increased 

tolerance to water deficit condition, while SL deficient plants displayed more 

sensitivity to drought (Van Ha et al, 2014; Liu et al, 2015; Davidson et al, 

2015). Those results can indirectly confirm the sensitivity of SL deficient 

lines based on the wider diameter in stem, denser vessels in root, and also 

higher stem hydraulic conductivity data. In this study, the anatomical data 

represented that absence of SLs in transgenic lines could lead to xylem 

changes with corresponding morphological variations, particularly in the 

stem of transgenic plants in comparison with roots.  
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5.1. Conclusions 

In this thesis, poplar has been chosen to study the abiotic stress impacts as 

exogenous factors and SL deficiency effects as endogenous factors. 

Ongoing global climate warming is leading to an increase in frequency and 

intensity of heat waves and also increasing drought in several areas of the 

globe, having a huge impact on woody plant survival (Chmura et al, 2011; 

Anderegg et al, 2016). In order to characterize drought and heat effects on 

the physiological and chemical responses of poplar trees, two separate 

experiments were carried out under drought stress in a greenhouse and 

also under heat stress conditions in controlled growth chambers 

(phytotrons). The results of the drought experiment were consistent with the 

previous studies and supported a proposed scenario, wherein dynamic 

changes occur in the xylem sap under water stress and during recovery 

(Secchi and Zwieniecki, 2016).  

In response to water deficit stress, poplars showed significant declines in gs, 

A, and stem water potential after only five days of drought imposition. After 

rehydration, gs and A did not recover immediately as full recovery took three 

to seven days. The delayed recovery in stomatal conductance and 

photosynthetic processes, despite a quick recovery in xylem pressure, can 

indicate that during water stress, hormonal changes in plants, such as 

increase in ABA, cause a lag in the stomatal function. After re-watering, the 

decrease of xylem ABA sap content to prestress levels, which occurred over 

the period of seven days, coincided with the delayed increase in stomatal 

opening. Therefore, the time discrepancy between stem water potential and 

stomatal opening in returning to pre-stress conditions can be explained by 

the lingering presence of ABA, as has been previously shown by Lovisolo et 

al (2008). Such stomatal regulation after rehydration can be considered as a 

safety mechanism, which allows the plant to regain full turgor more 



101 
 

efficiently (Mansfield and Davies, 1981; Ortuño et al, 2006). During severe 

drought stress when stomatal closure happens, a reduction in transpiration 

stream rates occurs in plants (Brodribb and McAdam, 2011; McDowell et al, 

2008; Urli et al, 2013). This interruption in transpiration stream can change 

the balance of carbohydrate fluxes in xylem tissues, so that carbohydrates 

are not washed away in the transpiration stream and an accumulation of 

sugar in the apoplast can trigger a response leading to starch degradation 

(Secchi and Zwieniecki 2011, 2016). Starch degradation can result in 

enhanced soluble sugar content, which supplies osmotic protection against 

stress. Shifts in carbohydrate concentration during drought stress coincide 

with changes in apoplastic pH. In vivo observations of poplar stems 

subjected to water stress exhibited a relation between a drop in xylem pH 

and water stress level (Secchi and Zwieniecki, 2012). Furthermore, in vitro 

analysis linked an acidic apoplastic pH to an increased accumulation of 

sugars in the xylem sap of poplar stems (Secchi and Zwieniecki, 2016). 

After re-watering, the presence of sugars and lower pH in apoplast continue 

until full xylem functional recovery happens, producing high levels of 

osmoticum that promote the refilling process (Secchi and Zwieniecki, 2012). 

During recovery from stress, in the presence of water, transpiration 

resumes, sugars wash away, and pH changes in xylem. I characterize, from 

a physiological and biochemical perspective, the functional link between 

drought-induced xylem sap acidification and sugar accumulation, 

demonstrating that these synergetic events are crucial for triggering plant 

responses to water stress, including the restoration of xylem functionality 

(Fig. 1). All events suggest the potential priming of the xylem for fast 

recovery during the rehydration period. The presented study highlights the 

importance of studying mobilization of carbohydrate reserves to sustain 

high-energy processes involved in plant defense responses. 
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 Plants subjected to heat stress showed significantly lower eco-physiological 

traits after four days. Lower values of leaf water potential were reported in 

poplars exposed to heat stress, along with impaired stomatal conductance, 

photosynthesis, and transpiration rates, even with the access to daily water. 

Normally, transpiration rate increases during the heat waves (Prasad et al, 

2008; Ameye et al, 2012), but lower rates of transpiration were observed in 

our experiment. Concentrations of soluble sugars in leaves and roots 

slightly decreased under heat stress conditions, while sugar content 

significantly dropped in the stem of stressed samples. Furthermore, under 

heat stress, poplars increased the sugar content as well as electrical 

conductivity in the xylem sap, with simultaneously decreased sap pH. After 

perceiving stress, the poplars initiated osmotic adjustment by increasing the 

concentrations of NSC in sap and reducing apoplastic pH. High 

temperature, along with drought stress, induces the same physiological and 

chemical responses. The results obtained here suggest that heat stress can 

stimulate water stress. Drought probably enhanced the effects of heat 

stress on plant responses, as confirmed by the measured sap acidification 

(Secchi and Zwieniecki, 2011). One of the symptoms/signals of stress in 

poplars experiencing severe drought and low transpiration rate might be 

related to the presence of water stress. Figure 1 shows an overall view of 

the study that was carried out in this thesis.  
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Fig. 1. Schematic representation of physiological and chemical responses of poplar 

stems to severe water stress and heat stress analyzed in this thesis. In heat stress 

the recovery part should consider excluded.   

 

In plants, strigolactones (SLs), as a novel class of plant hormones, regulate 

various aspects of plants’ growth and development (Cardinale et al, 2018). 

Xylem formation and development were studied in a wide range of different 

species (Wheeler et al, 2007; Sperry et al, 2006). A complex network of 

hormones such as auxins, cytokinins, gibberellins, and brassinosteroids are 

involved in xylem and its components’ formation (Fukuda, 2004). However, 

the role of SLs in xylem vessel development, along with hydraulic 

conductivity, is still unknown. This study provided a preliminary analysis of 

SL deficiency effects on xylem proprieties and total hydraulic capacity of 

poplars. The results of this study suggested that there is a correlation 

between the absence of SLs, vessel dimensions of xylem, and the shift in 
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vulnerability to xylem embolism of transgenic conduits. The results also 

showed that transgenic poplar stems have greater diameter vessels, higher 

actual and theoretical hydraulic conductivity, higher proportion of xylem 

area, higher proportion of xylem vessel in stems, and denser vessels in 

roots compared to wild type plants. In addition, a lower proportion of bark in 

transgenic lines was observed. Variation in vessel diameter and density 

impacts xylem transport and function; wider and denser vessels are 

considered efficient conduits but by lumen diameter enhancement, vessels 

are more susceptible to dysfunction when water stress occurs (Jacobsen et 

al, 2012, 2019). Here, higher maximum specific hydraulic conductivity 

observed in transgenic lines was accompanied by wider vessels in stem. 

The vessel length measurements did not show any significant differences 

between lines. Vessels and associated elements play important roles in 

plant water relations and mechanical protection. The data showed greater 

vessel-to-fiber lateral contact, and the proportion of solitary conduits was 

higher in transgenic lines. Fiber-rich stem can make stiffer organs more 

resistant to breakage (Chave et al, 2009). In addition, those connected 

fibers to vessel might supply more water by their lumina under cavitation 

and/or embolism experiences. The results of this research suggested that 

most variation in xylem occurred in the stem of transgenic plants (T22-5) 

and SL deficiency had a greater impact on the stem, in comparison to the 

roots. 
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