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Abstract

Leaves are generally the most important photosynthetic organs in woody plants, but chloroplasts can
also be found in organs optimized for other functions. So far, little attention has been paid to the
photosynthetic contribution of stem chloroplasts. Specifically, stem photosynthesis is thought to
significantly contribute to the tree carbon budget, and this extra carbon source in the form of non-
structural carbohydrates (NSCs) has been suggested to be crucial for trees. In particular, this extra
carbon gain might be fundamental during a drought stress, under which leaf photosynthesis
impairment and/or a reduced phloem transport can occur. Despite some authors have hypothesized
that the inhibition of stem photosynthesis might induce a depletion of carbohydrate reserves with
consequent failure of embolism repair processes, effective evidence is still lacking.

Considering the current climate change scenarios, an in-depth investigation of both structural and
functional characteristics of stem chloroplasts (both at the bark and wood level) and their possible
relation on tree drought resistance/resilience was conducted. The knowledge on the features of stem
chloroplasts is still highly fragmented since they are species-specific and dependent on stem
characteristics (e.g. bark thickness) and age.

In this light, in the first part of this Thesis (Chapter 1), I focused my research activities on a model
species: Fraxinus ornus, a drought-tolerant woody species widespread in the Karst area nearby
Trieste (North-east of Italy), characterized by visually green bark and wood. I provided a thoroughly
analysis of structural and functional characteristics of bark and wood chloroplasts of F. ornus in
comparison with the characteristics of leaf chloroplasts (Study 1). I then proposed a new method for
the measurement of radial oxygen profile in woody stems, and I provided an analysis of oxygen rates
produced by bark and wood chloroplasts in response to light (Study 2). In this section, I proved that
the stem photosynthetic apparatus showed features typical of acclimation to low-light environment,
with chloroplasts photosynthetically active and fully capable of generating a light-dependent electron
transport. In this light, in the second part of this Thesis (Chapter II), I provided an investigation on
how much stem photosynthesis is widespread across woody species (both Angiosperms and
Gymnosperms) and an analysis of maximum quantum yield of PSII (Fv/Fm) of bark and wood
samples in different stem age. In Study 3, I ranked the species in terms of their relative drought
tolerance on the basis of their vulnerability to xylem embolism (Pso), and I compared stem
photosynthetic efficiency of drought tolerant vs drought sensitive species. I observed that Fv/Fm
values decreased with increasing stem age and were generally higher for Angiosperms than

Gymnosperms. The comparison between drought-tolerant and drought-sensitive species showed a
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clear trend of increasing stem photosynthetic activity in species thriving in more arid habitats and
biomes. In particular, this study highlighted the potential adaptive role of stem photosynthesis in
drought tolerant species.

The third part of the Thesis (Chapter I1I) aimed at clarifying the role of stem photosynthesis in tree
resistance/resilience to drought stress. Specifically, in Study 4 I aimed to investigate how stem
photosynthesis was affecting xylem embolism and NSC in relation to dehydration-rehydration
experiment in F. ornus. Similarly, the corollary Study 5 verified if stem photosynthesis was involved
in hydraulic recovery and drought stress relief in Laurus nobilis and Populus alba exposed to a
drought-recovery cycle. Although the inhibition of stem photosynthesis had different outcomes on
the three species investigated during the drought-recovery cycle, compared to control-light plants,
results showed that inhibition of stem photosynthesis increased the plant hydraulic vulnerability under
drought and stem shading affected the saplings capacity to mobilize NSCs during drought. Therefore,
these results suggested that stem photosynthesis is involved in local NSC supply and has a key role
in the maintenance of hydraulic functioning during drought.

Finally, the corollary Study 6 aimed at verifying if stem photosynthesis could favor bark water uptake
and embolism recovery in stem segments soaked in water under illumination. Results denied this
hypothesis since, neither in Olea europaea stems nor in F. ornus stems, refill of embolized conduits
was detected, suggesting that this process might be highly species-specific.

In conclusion stem photosynthesis is coherently optimized to the prevailing micro-environmental
conditions at bark and wood level. Stem photosynthesis resulted to potentially have an adaptive role
in drought tolerant species, thriving under arid conditions. Indeed, stem photosynthesis could be an
important source of local NSC. This may be fundamental to enhance the hydraulic resistance to
embolism formation and to endure drought when prolonged stomatal closure and halt of leaf-level
carbon gain happen.

Finally, this might imply woody trees dependency on stem photosynthesis for survival, especially if

frequent drought spells occur.



Riassunto

Le foglie sono generalmente considerate gli organi fotosintetici piu importanti nelle piante legnose,
ma i cloroplasti si possono trovare anche in organi ottimizzati per altre funzioni. Un esempio sono i
cloroplasti del fusto, il cui contributo fotosintetico ¢ stato finora poco studiato. Si ritiene che la
fotosintesi del fusto contribuisca in modo significativo al bilancio del carbonio in una pianta, fornendo
una cruciale fonte extra di carbonio sotto forma di carboidrati non strutturali (NSC). In particolare,
questo carbonio potrebbe essere fondamentale durante uno stress da siccita, in cui puo verificarsi una
compromissione della fotosintesi fogliare e/o una ridotta capacita di trasporto nel floema. Alcuni
autori hanno ipotizzato che I’inibizione della fotosintesi del fusto possa indurre un esaurimento delle
riserve di carboidrati con conseguente fallimento dei processi di riparazione dell'embolia. Mancano
ancora tuttavia evidenze risolutive.

Considerando gli attuali scenari di cambiamento climatico, ¢ stata condotta un'indagine approfondita
sulle caratteristiche strutturali e funzionali dei cloroplasti nel fusto (sia a livello di corteccia che di
legno) e sulla loro possibile relazione con la resistenza/resilienza degli alberi alla siccita. La
conoscenza delle caratteristiche dei cloroplasti del fusto ¢ ancora molto frammentata poiché sono
specie-specifiche e dipendono sia dall’eta che dalle caratteristiche del fusto, come lo spessore della
corteccia.

In questa prospettiva, nella prima parte di questa Tesi (Capitolo 1), ho focalizzato le mie attivita di
ricerca sulla specie scelta come modello: Fraxinus ornus, una pianta legnosa resistente alla siccita
diffusa nell'area del Carso vicino a Trieste (Nord-est Italia), caratterizzata da corteccia e legno
visivamente verdi. Ho compiuto un'analisi approfondita delle caratteristiche strutturali e funzionali
dei cloroplasti di corteccia e legno di F. ornus rispetto alle caratteristiche dei cloroplasti fogliari
(Studio 1). Ho quindi proposto un nuovo metodo per la misurazione del profilo radiale dell'ossigeno
nei fusti legnosi, con cui ho fornito un'analisi dei tassi di ossigeno prodotti dai cloroplasti della
corteccia e del legno in risposta alla presenza di luce (Studio 2). In questa sezione ho dimostrato che
l'apparato fotosintetico dei cloroplasti del fusto presenta caratteristiche tipiche dell'acclimatazione ad
ambienti scarsamente illuminati, con cloroplasti fotosinteticamente attivi e pienamente in grado di
generare un trasporto di elettroni dipendente dalla luce. In quest’ottica, nella seconda parte di questa
Tesi (Capitolo II), ho verificato un'indagine su quanto la fotosintesi del fusto ¢ diffusa tra le specie
legnose (sia Angiosperme che Gimnosperme) e ho analizzato la resa quantica massima del PSII
(Fv/Fm) in diverse eta del fusto (sia a livello della corteccia, che del legno). Nello Studio 3, ho

classificato le specie in termini di relativa tolleranza alla siccita sulla base della loro vulnerabilita
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all'embolia xilematica (Pso0) e ho confrontato I'efficienza fotosintetica delle specie resistenti alla siccita
con quelle sensibili alla siccita. Ho osservato che i valori di Fv/Fm diminuivano con I'aumentare
dell'eta del fusto ed erano generalmente piu alti per le Angiosperme rispetto alle Gimnosperme. Il
confronto tra specie resistenti alla siccita e sensibili alla siccita ha mostrato una chiara tendenza
all'aumento dell'attivita fotosintetica del fusto nelle specie che prosperano in habitat e biomi piu aridi.
In particolare, questo studio ha evidenziato il potenziale ruolo adattativo della fotosintesi del fusto
nelle specie resistenti alla siccita.

L’obiettivo della terza parte della Tesi (Capitolo III) ¢ stato quello di chiarire il ruolo della fotosintesi
del fusto nella resistenza/resilienza degli alberi sottoposti a stress da siccita. In particolare, nello
Studio 4 ho verificato come la fotosintesi del fusto potesse influenzare la resistenza all'embolia
xilematica e la concentrazione degli NSC in relazione ad un esperimento di disidratazione-
reidratazione in F. ornus. Allo stesso modo, lo scopo dello Studio corollario 5 ¢ stato quello di
verificare se la fotosintesi del fusto fosse coinvolta nel recupero idraulico e nella riduzione dello stress
da siccita in Laurus nobilis € Populus alba, esposti a un ciclo di stress idrico e successivo recupero
(reidratazione). Rispetto alle piante controllo con fusto esposto alla luce, I'inibizione della fotosintesi
del fusto ha avuto esiti diversi durante la fase di reidratazione nelle tre specie studiate. Tuttavia, 1
risultati hanno mostrato che l'inibizione della fotosintesi del fusto ha aumentato la vulnerabilita
idraulica delle piante durate lo stress idrico, limitando la capacita delle piante di mobilitare le riserve
di NSC. Pertanto, questi risultati hanno suggerito che la fotosintesi del fusto ¢ coinvolta nella
produzione locale di NSC e ha un ruolo chiave nel mantenimento del funzionamento idraulico durante
lo stress idrico.

Infine, con lo Studio corollario 6, si ¢ voluto verificare se la fotosintesi del fusto potesse favorire
l'assorbimento dell'acqua da parte della corteccia e il conseguente recupero dall’embolia nei segmenti
di fusto immersi in acqua e illuminati. I risultati hanno smentito questa ipotesi poiché non ¢ stato
rilevato refilling di condotti embolizzati né negli steli di Olea europaea né in quelli di F. ornus,
suggerendo che questo processo potrebbe essere altamente specie-specifico.

In conclusione, la fotosintesi del fusto € coerentemente ottimizzata alle condizioni micro-ambientali
presenti a livello di corteccia e legno. Inoltre, potrebbe aver avuto un ruolo adattativo nelle specie
resistenti alla siccita, che prosperano in condizioni di aridita. Infatti, la fotosintesi del fusto potrebbe
essere un'importante fonte locale di NSC, fondamentale per migliorare la resistenza idraulica alla
formazione di embolia e per sopportare la siccita quando si verificano una chiusura stomatica
prolungata e la conseguente diminuzione della produzione di carbonio a livello fogliare.

Infine, cid potrebbe implicare la dipendenza degli alberi legnosi dalla fotosintesi del fusto per la

sopravvivenza, specialmente se si verificano frequenti periodi di siccita.



General introduction

Climate change and tree mortality

Ongoing climate change is predicted to increase the frequency and severity of drought (IPCC 2022).
Indeed, one of the most alarming consequence of climate change is the increasing scarcity of water.
Plant life, and as a consequence animal and human life, is critically threatened by water limitation.
The increase in temperature co-occurring with increased duration/intensity/frequency of dry periods
lead to higher vapor pressure deficit (VPD) and evaporation demand to the atmosphere, exacerbating
drought-related damages to plants (e.g. see Williams et al. 2013). As a consequence, also plant
mortality rates are predicted to rise (Allen et al. 2010; Nardini et al. 2013; Hember et al. 2017,
Neumann et al. 2017).

Trees response to drought

Under drought stress, plants close stomata as a first response to limit water loss and prevent excessive
tissue dehydration, embolism formation, and loss of hydraulic conductivity (Brodribb and Holbrook
2003; Bartlett et al. 2016; Choat et al. 2018). Under these environmental and physiological
constraints, plants face a reduction of leaf-level photosynthetic carbon gain (Meinzer et al. 2009;
Choat et al. 2012; Manzoni et al. 2013; Nardini et al. 2017), potentially leading to depletion of stored
non-structural carbohydrates (NSC) to maintain primary and secondary metabolism (McDowell et al.
2022). Therefore, prolonged drought stress might lead to the exhaustion of NSC pools (McDowell et
al. 2008; Adams et al. 2009). Most researchers agree that the decline of tree health due to drought is
mainly linked to hydraulic failure and/or carbon starvation (McDowell et al. 2022), and commonly
these two phenomena can co-occur together (Lloret et al. 2018; McDowell et al. 2011; McDowell et
al. 2015). This happens because plant hydraulic and carbon dynamics are strictly related (Adams et
al. 2009; McDowell 2011; Tomasella et al. 2020).

Tree resistance/resilience to drought stress

In order to predict how climate change, and in particular drought stress, will affect trees’ life, it is
crucial to identify and understand the physiological drivers inducing tree mortality and those that
allow/help plants to withstand/cope with the detrimental effects of drought.

Drought can induce tree mortality mainly through three mechanisms: hydraulic failure, phloem

transport failure, and carbon starvation.



- Xylem embolism and hydraulic failure: in a situation of water limitation, xylem tension can shift to
a critical threshold, interrupting long-distance water transport. In this situation, gaseous bubbles might
enter into the conduits (“air-seeding” hypothesis, Tyree and Zimmermann 2002) inducing embolism
formation, thus reducing tree water transport efficiency. Under such a situation, xylem integrity might
be compromised and hydraulic failure might occur (McDowell et al. 2008). Xylem vulnerability
varies across species and biomes (Maherali et al. 2004; Choat et al. 2012), and to overcome the threat
of drought, some woody species adjust their hydraulic characteristics to become more resistant to
embolism or to recover the lost xylem functionality through embolism repair mechanisms after
drought relief (Zwieniecki and Secchi 2015).

- Phloem transport failure: during drought stress, the lack of water might also induce a reduction in
phloem turgor and/or an increase in phloem sap viscosity, ending in a phloem transport failure
(Sevanto et al. 2014; Nardini et al. 2011). When phloem transport is impaired, carbohydrates are
barely transported from source to sink and since during drought stress plants may need to mobilize
reserves, this situation might promote carbon starvation and reduce overall plant metabolism.
Furthermore, the transport of carbohydrates and/or their reallocation is fundamental to sustain the
refilling of embolized xylem conduits, so that phloem failure can contribute to hydraulic failure
(Sevanto et al. 2014; Nardini et al. 2018).

- Carbon starvation: as mentioned above, stomatal closure is an early response to drought stress, to
control water loss and prevent excessive drop of water potential. In this way though, CO> uptake is
limited and carbohydrate production is reduced. Hence, plants must account on their reserves, but
when stored carbon is not sufficient to sustain cell turgor and metabolism, “carbon starvation” might
occur (McDowell et al. 2008, 2011). Drought-tolerant species can maintain their stomata open for a
longer time during drought and sustain a relatively higher transpiration rate, reducing the possibility
to fall into carbon starvation (McDowell et al. 2011). Nevertheless, independently on plant water use
strategy, since transpiration is intimately connected to air temperature and temperatures are predicted
to rise, also drought-tolerant species will be forced to close stomata, especially during prolonged
drought periods. In the initial period of drought, growth rates decline stronger than photosynthesis,
inducing little increase or no changes in NSC content. On the contrary, during a prolonged period of
drought, also photosynthesis rates decline with a consequent low carbon assimilation and thus, a

theoretical decline in the NSC reserves (McDowell et al. 2011).

Stem photosynthesis
Leaves are the primary photosynthetic organs for most woody species and are generally assumed to

be the major source of carbon assimilation. Nonetheless, a wide range of woody plants can carry out
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photosynthesis even at the stem level (Pfanz and Aschan 2001), with a net photosynthetic rate of
stems that can be up to 60% of those recorded for leaves (Avila et al. 2014). Since these rates are also
maintained during the dry season, when leaves close their stomata, reducing the leaf-level net carbon
uptake, (Avila-Lovera et al. 2017), stem photosynthesis appears as an extra source of carbon
assimilation helping plants to face drought events. Indeed, since prolonged drought stress might
provoke exhaustion of the carbohydrate pools (McDowell et al. 2008; Adams et al. 2009), an
additional carbon gain at the stem level might represent a significant adaptive advantage for such
species under drought.

It is now well known that stem photosynthesis comprises both net photosynthesis supplied by
atmospheric CO» and recycling photosynthesis, which is associated with the re-fixation of internal
CO; released by local cell respiration from the stem tissues (Teskey et al. 2008; Avila et al. 2014),
leading to some carbon recovery with minimal associated water losses. Indeed, some woody species
possess functional stomata on the stem surface, that facilitate the carbon uptake from the atmosphere,
thus allowing stem photosynthesis (Comstock and Ehleringer 1990; Nilsen 1995; Aschan and Pfanz
2003; Avila et al. 2014). Furthermore, since respiratory CO; inside the stem reaches concentrations
up to 1-26%, this can favor photosynthesis while minimizing photorespiration (e.g. Cernusak and
Marshall 2000; Cernusak et al. 2001; Teskey et al. 2008). Stem photosynthesis can further prevent
the risk of hypoxia due to local oxygen production (Pfanz et al. 2002; Wittmann and Pfanz 2014),
and is involved in several processes, as bud development, stem growth and re-sprouting after biotic
attack (Saveyn et al. 2010; Cernusak and Hutley 2011; Bloemen et al. 2013a,b; Steppe et al. 2015).
Moreover, although it is not clear how the regulation of stem photosynthesis is achieved, it has been
hypothesized its participation in the local supply of carbohydrates (Schmitz et al. 2012; Bloemen et
al. 2016; De Baerdemacker et al. 2017; Trifilo et al. 2021), facilitating the generation of osmotic
gradients necessary for post-drought refilling of embolized vessels (Zwieniecki and Holbrook 2009;
Nardini et al. 2011; Secchi and Zwieniecki 2011; Liu et al. 2019; Secchi et al. 2021).

The species-specific chloroplasts’ distribution in the different stem compartments is related to several
traits, e.g. chlorophyll/nitrogen content, the amount of light that penetrates through the stems (c. 20%
in one-year-old stems, Damesin 2003; Pfanz and Aschan 2001) and to the bark structural features
(e.g. colour/thickness) (Schmitz et al. 2012). Anyway, irradiance is considered one of the most
important factors that can limit chloroplasts activity, since photosynthetically active radiation is
necessary for the differentiation of active chloroplasts (van Cleve et al. 1993). Few studies have
reported that usually the outer bark mainly absorbs blue-light (short wavelengths) whereas the wood
and the pith are reached by the red- and far-red light (long wavelengths) (Kharouk et al. 1995; Solhaug
et al. 1995; Pfanz and Aschan 2001; Sun et al. 2003; Wittmann and Pfanz 2016). Generally, the
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amount of light transmitted through stems decreases as stems age increases and the bark grows thicker
(Wiebe 1975; Aschan and Pfanz 2003; Saveyn et al. 2010). These differences in light quantity and
quality, might induce modification on the structural and functional characteristics of stem
chloroplasts. Therefore, the distribution of chloroplasts in the stems is highly species-specific and
generally chloroplasts have been observed at bark, wood and pith level (e.g. see Pfanz and Aschan
2001; Dima et al. 2006; Berveiller et al. 2007; Burrows and Connor 2020). For these reasons, to date
the knowledge of stem chloroplasts features is still largely fragmented. Recently, some studies have
highlighted that the maximum quantum yield of PSII (Fv/Fm) of stem tissues, especially of bark
chlorenchyma, might have values from 0.71 to 0.81, close to the maximum values measured for
healthy leaves (Damesin 2003; Manetas 2004; Alessio et al. 2005; Manetas and Pfanz 2005; Tausz et
al. 2005; Filippou et al. 2007).

Despite this knowledge, the interest of the scientific community on this topic is still relatively limited
and this, coupled with a huge species-specific heterogeneity of stem photosynthesis, leads to largely
fragmented and incomplete information on functional and structural features of stem chloroplasts.
For instance, one issue still unresolved regards the coordination between stem photosynthesis and
hydraulics, since the actual relationship of stem photosynthetic efficiency with adaptation to drought
has been only proposed. Indeed, only a few studies have highlighted that photosynthetic stems could
have evolved more than once as an adaptation to life in tropical-dry and Mediterranean-like
ecosystems (Avila-Lovera and Garcillan 2020; Avila-Lovera et al. 2020), and have suggested that
stem photosynthesis contributes to the maintenance of hydraulic functioning [e.g. in mangroves
(Schmitz et al. 2012), Populus nigra (De Baerdemaeker et al. 2017), Salix matsudana (Liu et al.
2019), Populus deltoides (Bloemen et al. 2016) and Populus alba (Trifilo et al. 2021)].

In particular, inhibition of stem photosynthesis can induce stems to shrink more drastically in
response to severe drought stress, suggesting that sugars locally produced at stem level could
potentially be involved in maintaining the turgor of wood parenchyma cells, which are supposed to
assist xylem hydraulic functioning (Secchi et al. 2021; Tomasella et al. 2021; Kawai et al. 2022).
Therefore, based on the above, stem photosynthesis might have an impact on hydraulic functioning
under drought, or on recovery capacity after drought release. Nonetheless, the actual contribution of
stem photosynthesis to the non-structural carbohydrates pool in the wood, and how this interacts with
hydraulic responses during and after drought, are still under-investigated topics.

Eventually, understanding the functional role of bark and especially wood chloroplasts in embolism
repair might help us to better understand these mechanisms and elucidate why chloroplasts are present

also in deep tissues, such as pith, so far from incident light.



Aims

Due to the increase in the frequency and intensity of drought events, understanding the structural and
functional characteristics of stem chloroplasts in comparison to those of the leaves is fundamental to
understand if stem photosynthesis will provide an additional advantage to trees in terms of drought
tolerance. As a final aim, deepening the knowledge on stem photosynthesis will allow to plan
adequate management actions in several different sectors, e.g. utilization of species and selection of
varieties more tolerant to drought in agro-forestry systems.

To this end, I have conducted a series of experimental studies on different tree species under
controlled or field conditions, that are presented in this thesis.

In the first part (Chapter 1), I aimed at:

a) investigating the light spectra that can reach both bark and wood chloroplasts. Studying the
distribution and the ultrastructure of stem chloroplasts. Assessing their functionality by
applying spectroscopy techniques that until now have been applied only to leaf samples (Study
1);

b) quantifying the light-induced oxygen production at stem level and identifying the contribution
of specific compartments (bark and wood). Testing and validating a new method to measure
oxygen production in vivo through the stem radial profile (Study 2).

The second aim of this Thesis (Chapter 2) was to investigate how much stem photosynthesis is
widespread across woody species (both Angiosperms and Gymnosperms) and to propose a new
approach in exploring the possible association of stem photosynthetic efficiency with species-specific
adaptation to drought. Specifically, I aimed at:

a) testing eventual differences in Fv/Fm between Angiosperms and Gymnosperms in both bark
and wood, from stems of different age (Study 3);

b) ranking species in terms of relative drought tolerance on the basis of their vulnerability to
xylem embolism (Pso), and comparing stem photosynthetic efficiency of drought tolerant vs
drought sensitive species.

In the last chapter (Chapter 3), I finally tested the possible role of stem photosynthesis in drought
stress responses. Specifically, I tested whether:

a) xylem vulnerability to drought stress was higher in plants with stem photosynthesis inhibited,
and any potential consequence in carbohydrates production/dynamics (Study 4);

b) there was a different significance of stem photosynthesis between an evergreen vs deciduous
species (corollary study — Study 5);

c) bark water uptake could help stems to recover from embolism (corollary study — Study 6).
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Abstract

Leaves are the most important photosynthetic organs in most woody plants, but chloroplasts are found
also in organs optimized for other functions. However, the actual photosynthetic efficiency of these
chloroplasts is still unclear. We analysed bark and wood chloroplasts of Fraxinus ornus L. saplings.
Optical and spectroscopic methods were applied to stem samples and compared to leaves. A sharp
light gradient was detected along the stem radial direction, with blue light mainly absorbed by the
outer bark, and far-red enriched light reaching the underlying xylem and pith. Chlorophylls were
evident in the xylem rays and the pith and showed an increasing concentration gradient toward the
bark. The stem photosynthetic apparatus showed features typical of acclimation to a low-light
environment, like larger grana stacks, lower chlorophyll a/b and photosystem I/II ratios compared to
leaves. Despite likely receiving very few photons, wood chloroplasts were photosynthetically active
and fully capable of generating a light-dependent electron transport. Our data provide a
comprehensive scenario of the functional features of bark and wood chloroplasts in a woody species
and suggest that stem photosynthesis is coherently optimized to the prevailing micro-environmental

conditions at the bark and wood level.

Keywords: bark, chlorophyll fluorescence, chloroplast ultrastructure, electron transport, stem

photosynthesis, wood
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Introduction

Leaves are the most important photosynthetic organs in most extant vascular plants, but early-
diverging tracheophytes also relied on stems to assure a positive carbon gain (Nilsen 1995). Plants
void of leaves and with photosynthetically active stems are widely spread in a diversity of ecosystems
and families and comprise both herbaceous and woody species (Gibson 1983; Nilsen 1995; Teskey
et al. 2008). These specialized plants are generally found in hot, dry, and high-irradiance
environments, whereby the more favourable surface-to-volume ratio of stems allows sufficient CO>
fixation while minimizing water loss to the atmosphere, compared to leaf-level photosynthesis
(Gibson 1983; Nilsen 1995). The presence of photosynthetic stems has been documented also in
several leaf-bearing species of tropical and temperate habitats, but their possible functional role and
contribution to plant metabolism have never been fully elucidated (Nilsen and Sharifi 1997; Pfanz et
al. 2002; Avila et al. 2014).

Functional stomata are frequently observed on the stem surface of herbaceous species, and even of
woody plants. These stomatal apertures apparently facilitate carbon uptake from the atmosphere, thus
leading to stem-level net photosynthesis, generally indicated as “stem photosynthesis” (Comstock
and Ehleringer 1990; Nilsen 1995; Aschan and Pfanz 2003; Avila et al. 2014).

Stem photosynthesis comprises both net photosynthesis supplied by atmospheric CO> and recycling
photosynthesis, which is involved in the re-fixation of internal CO; released by respiration from the
surrounding heterotrophic stem tissues (Avila et al. 2014), leading to some carbon recovery with
minimal associated water losses. Because the bark limits gas exchange between wood and
atmosphere, respiratory CO> accumulates inside the stem reaching concentrations up to 1-26%, thus
providing sufficient substrate for photosynthetic activity while also limiting photorespiration
(Cernusak and Marshall 2000; Cernusak et al. 2001; Teskey et al. 2008). Stem photosynthesis may
have the additional advantage of maintaining sufficiently high O, concentration within the stems, thus
preventing the risk of hypoxia (Pfanz et al. 2002; Wittmann and Pfanz 2014). Stem photosynthesis is
known to be involved in several processes such as bud development, stem growth, re-sprouting after
biotic attack, and local exudate synthesis (Saveyn et al. 2010; Cernusak and Hutley 2011; Bloemen
et al. 2013 a,c; Steppe et al. 2015). Stem photosynthesis could be also involved in the local supply of
energy and photosynthates for embolism repair (Schmitz et al. 2012; Bloemen et al. 2016; De
Baerdemaeker et al. 2017; Trifilo et al. 2021). Hence, stem photosynthesis can be a source of sugars
that facilitate the generation of osmotic gradients necessary for post-drought refilling of embolized
vessels (Zwieniecki and Holbrook 2009; Nardini et al. 2011; Secchi and Zwieniecki 2011; Liu et al.
2019; Secchi et al. 2021).
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Stem photosynthetic efficiency depends on chlorophyll content, nitrogen content, structural bark
composition, and spatial distribution of chloroplasts (e.g. Wittmann et al. 2005; Wittmann and Pfanz
2007; Avila et al. 2014). Environmental conditions such as light availability and temperature also
play important roles. Light is necessary for the differentiation of active chloroplasts (van Cleve et al.
1993) so that species-specific differences in axial and radial light transmission through stems might
drive the spatial distribution of chloroplasts in different tissues (Schmitz et al. 2012). Depending on
bark structural features (e.g. colour or thickness), the light reaching the inner portions of stems varies
also in quantity and quality. In general, shorter wavelengths are mainly absorbed in the outer bark
whereas longer wavelengths penetrate better through the stem (Kharouk et al. 1995; Solhaug et al.
1995; Pfanz and Aschan 2001; Sun et al. 2003).

The amount of light transmitted through stems depends on species and stem age (Wiebe 1975; Aschan
and Pfanz 2003; Wittmann and Pfanz 2016). Light transmission and CO» fixation usually decrease as
stems age and the bark grows thicker (Saveyn et al. 2010). Gradients of light quantity and quality
across stems may lead to modifications in relative chlorophyll concentration, chloroplast
ultrastructure and photosynthetic efficiency. To date, due to the huge species-specific heterogeneity
and the relatively low research efforts on this topic, the information the on functional features of stem
chloroplasts is still largely fragmented. Recent studies have shown that in some species, the maximum
quantum yield of PSII (Fv/Fm) of stem tissues, especially of bark chlorenchyma, has values from
0.71 to 0.81, close to the maximum values recorded for healthy leaves (Damesin 2003; Manetas 2004;
Alessio et al. 2005; Manetas and Pfanz 2005; Tausz et al. 2005; Filippou et al. 2007).

Despite this knowledge, it is not clear how the regulation of stem photosynthesis is achieved, and if
the photosynthetic efficiency of stem chloroplasts is comparable to that of leaf ones.

Based on the above, refixation of CO2 by wood photosynthesis might have an important metabolic
role (e.g. crucial role in the local production of carbohydrates), while corticular photosynthesis may
also fix CO; directly transported from the atmosphere through stomata and/or lenticels (Wittmann et
al. 2001; Pfanz et al. 2002; Damesin 2003; Alessio et al. 2005; Berveiller et al. 2007; Teskey et al.
2008; Avila et al. 2014; Vandegehuchte et al. 2015). Thus, according to present knowledge, both bark
and wood photosynthesis can contribute to the overall plant carbon economy, but their physiological
relevance and the quantitative contribution of stem photosynthesis to the carbon balance of a tree are
still unclear (Pfanz 2008; Teskey et al. 2008; Saveyn et al. 2010; Bloemen et al. 2013b; Bloemen et
al. 2016).

To gain advanced knowledge on the structure and function of stem chloroplasts, we investigated the
ultrastructural, biophysical, biochemical and physiological features of bark and wood chloroplasts in

current-year and one-year-old stems of Fraxinus ornus L., a thermophilous, sun-adapted and drought-
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tolerant deciduous tree (Nardini et al. 2003; Gortan et al. 2009; Nardini et al. 2021). We specifically
aimed at (1) characterizing light transmission through stems, (2) identifying radial gradients of
chloroplasts distribution, (3) describing in detail the ultrastructure, functionality, and efficiency of
stem chloroplasts, compared to chloroplasts found in leaves. We hypothesized that chloroplasts
display different characteristics and functionality, depending on the stem region where they are

located.

Material and Methods

Plant material

In this study, we have applied to stems several methodologies so far applied only on leaf samples.
Therefore, before starting our experiments measures, we conducted a preliminary analysis to test for
the reliability of such methods when used on bark and wood samples. To avoid differences in terms
of'acclimation to specific growing conditions, all data presented were collected in July 2021 on three-
year-old saplings of Fraxinus ornus L. (F. ornus). In March 2021, 15 saplings provided by a public
nursery (Vivai Pascul, Regional Forestry Service FVG, Tarcento, Italy) were transplanted in 3.5 L
pots in a greenhouse at the University of Trieste, Italy. Plants were regularly irrigated at field capacity
and their position in the greenhouse was randomly shifted weekly, to assure exposure to uniform light
conditions. A slow-release fertilizer (Flortis, universal fertilizer, Orvital, Milano, Italy) was added to
each pot in April (4 g) and May (3 g) to prevent nutritional deficiency. Before each measurement (see
below) the plants were collected from the greenhouse and moved to the laboratory, and when
necessary acclimatized to dark conditions. Analyses were performed on fresh samples of leaves, as
well as on stem samples. Specifically, 1-2 cm long stem segments were cut, and bark and wood were
carefully separated both for the current year (Bcy and Wy respectively), and for one-year-old stems
(B1y and Wiy respectively).

For each measure described below, we sampled the stem segments always from the same plant region
(i.e. in the apical end of each growth year investigated, about 1 cm below the corresponding

apex/node).

Radial light transmission in stems
To characterize light conditions experienced by stem chloroplasts as compared to leaf ones, we
initially measured the light transmission spectra through leaves as well as through bark and wood.

Measurements were performed when stem cambial cells were active, favouring stem girdling.
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Accordingly, we separated the bark and wood from a 2 cm long stem segment to measure the light
transmitted from these two stem regions.

The custom-made apparatus used for detecting light transmission in plant samples is illustrated in
Fig. S1. A light source (KL 2500, Schott, Wolverhampton, UK) providing a photosynthetic photon
flux density (PPFD) of 495 umol m™ s! was used to illuminate perpendicularly a sample held in place
on a wooden stand, at a distance of 20 cm. The stand was covered on the front with a sheet of black
plastic to reduce light scattering. A central hole was drilled in the stand and the sample was placed
on it to completely cover the hole. A high-resolution fibre-optic connected to a spectrometer (Flame,
Ocean Optics) was then placed behind the stand and carefully inserted in the hole of the stand, to
measure only the light emitted from the light source and then transmitted through the sample to the
fibre. The entire system was placed in a dark room for measurements. Before sample measurements,
blank and dark readings were recorded at an integration time (i.t) of 110 ms. Blank corresponds to
the lamp light spectrum measured by spectrometer without any sample, while dark corresponds to the
“dark spectrum”, i.e. the spectrum measured with the lamp switched off and with no sample.
Measurements were performed on samples obtained from three different saplings, from 400 to 800
nm, at an integration time of 110 ms. All measurements (blank, dark, and samples) were repeated 10
times, and the final light transmission spectra were obtained by averaging results. Data were
smoothed to eliminate the background instrument error through Origin 9.0 software (Northampton,

MA, USA).

Pigment analysis

Since both bark and wood were apparently green (Fig. S2), we quantified the pigment contents of
these tissues and of leaves upon extraction of fresh material in N,N'-dimethylformamide (DMF).
Leaves were cut into small pieces to facilitate the extraction, and 50 mg of sample were placed in a 2
mL Eppendorf filled up with 0,5 mL of DMF. The same procedure was applied to bark and wood.
For the extraction, 50 mg of bark in 0,5 mL of DMF and 200 mg of wood in 0,75 mL of DMF were
used. From each sample, the same amount of fresh material (i.e. 50 mg for leaves and bark, 200 mg
for wood) was dried in an oven at 60 °C for 48 h to determine the corresponding dry weight (DW).
Samples were kept in the dark at 4°C for at least 48 h to ensure complete extraction of the pigments
and then centrifuged for 3 min at 10000 rpm. Absorption spectra were recorded (Cary 300 UV-Vis,
Agilent) between 350 and 750 nm. Pure DMF was used as blank. The final pigment concentration
was assessed using Wellburn equations (Wellburn 1994). The pigment analysis was performed on

samples obtained from four different saplings.
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Epifluorescence and transmission electron microscopy

To investigate chlorophyll distribution along the stem transverse section and to define the chloroplasts
structure, fluorescence and electron microscopy analyses were carried out. Light and fluorescent light
microscopy analyses were made using a 5000 Leica (Leica, Wetzlar, Germany) microscope, equipped
with a digital image acquisition system. A light microscope was used to visualize and describe the
various tissues of the stem. Chlorophyll localization was obtained by excitation with UV light. Leaf
and stem 40 um thick transverse sections were obtained from fresh material with a sliding microtome.
Three to five sections per sample were made and analysed, and observations were repeated for two
different saplings, as well as for the following analyses.

For transmission electron microscopy (TEM), fresh samples of leaf, bark and wood were rapidly cut
into 2 mm? blocks and fixed overnight at 4°C in 6% glutaraldehyde in 0.1 M sodium cacodylate
buffer, with a pH 6.9, and then fixed for 2 h in 1 % osmium tetroxide in the same buffer. The samples
were dehydrated in a graded series of ethanol and propylene oxide and finally embedded in Araldite.
Ultrathin sections (80-100 nm) were prepared with an ultramicrotome (Ultracut; Reichert-Jung,
Vienna, Austria) and treated with lead citrate and uranyl acetate. Samples were analysed with a
transmission electron microscope (Tecnai G2; FEI, Hillsboro, Oregon) operating at 100 kV. We
analysed images (n=8-15 images per each tissue) with ImagelJ to obtain data on grana number, starch

number and stromal area, following Mazur et al. (2021).

Fluorescence spectroscopy

To quantify the relative fluorescence intensities emitted from PSI (F735 nm) and PSII (F685 and
F695 nm), we characterized the low-temperature (77K) chlorophyll fluorescence emission spectra of
leaves, bark and wood. The 685 nm and 695 nm fluorescence emission components originate from
the antenna complex and reaction center of PSII subunits CP43 and CP47, respectively (Krause and
Weis 1991; Govindjee 1995; Andrizhiyevskaya et al. 2005; Lamb et al. 2015). The fluorescence
emission band at 735 nm is instead due to PSI and its associated light-harvesting complex I (LHCI)
(Breton 1982; Govindjee 1995; Krause and Weis 1991; Morosinotto et al. 2003; Dobrev et al. 2016;
Lamb et al. 2018; Dymova et al. 2018). Therefore, these LT fluorescence spectra give information on
the relative composition of photosynthetic apparatus. Specifically, the F735/695 ratio provides a
reliable estimate of the distribution of excitation energy to each of the photosystems and/or their
relative abundance within the thylakoid membranes (Krause and Weis 1984).

Fresh material (i.e. 50 mg for leaves and bark, 200 mg for wood) was rapidly cut into small pieces
and finely ground with liquid nitrogen in a mortar. The material was then quickly transferred in a 2

mL Eppendorf with 0.5 mL of 60% w/v glycerol, 10 mM Hepes, pH 7.5. Each sample was set up for
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the measurements in a glass Pasteur pipette and put in a Dewar vessel filled with liquid nitrogen.
Low-temperature (77 K) emission spectra measurements were performed through a fluorimeter
(Varian Cary Eclipse, Agilent, USA), exciting samples at 440 nm (excitation and emission slits were
set to 2.5 nm) and recording the emission spectra from 600 to 800 nm. Data for W1y were smoothed

to eliminate the background instrument error through Origin 9.0 software (Northampton, MA, USA).

SDS-PAGE electrophoresis and Western blot analysis

Western blot analyses were performed to evaluate the composition of the photosynthetic apparatus of
bark and wood compared to the leaves. Total protein extracts were obtained from fresh material (i.e.
50 mg for leaves, 110-130 mg for bark, 200-300 mg for wood) finely ground with liquid nitrogen in
a mortar. The material was then quickly put in a 2 mL Eppendorf with 0,5 mL of sample buffer (SB)
3% (125 mM TRIS pH 6.8, 100 mM DTT, 9% (w/v) SDS, and 30% (w/v) glycerol) for leaves and
bark and 700 uL. SB3x for wood. The protein concentration of extracts was quantified using the BCA
protein assay, and samples were loaded accordingly to the quantification (1x samples corresponding
to 10 mg/uL) in an acrylamide gel at a final concentration of 12%. Western blot analysis was
performed by transferring the protein to nitrocellulose (Bio Trace, Pall Corporation, Auckland, New
Zealand). The membranes were hybridized with specific primary antibodies: anti-PsaA (Agrisera,
catalogue number AS06172), custom-made anti-D2, anti-PsbS (Storti et al. 2019); custom-made anti-
Rubisco, anti-LHCII, anti-CP47 were also used. After hybridization, signals were detected with an
alkaline phosphatase-conjugated antibody (Sigma Aldrich). Measurements were repeated for three

different saplings.

In vivo imaging fluorescence measurements

Photosynthetic efficiency of leaves, bark and wood was estimated by in vivo chlorophyll fluorescence
measurements, using a closed-imaging PAM chlorophyll fluorometer (Photon Systems Instruments,
Brno, Czech Republic).

Saplings were dark-acclimated for at least 1 hour before measurements. Leaf and stem segments
approximately 1 cm long were sampled from 4 different saplings. Bark and wood were separated, and
wood segments were sectioned both longitudinally and radially. Samples were placed in a petri dish
resting on damp paper and were maintained hydrated by covering them with a thin layer of distilled
water. The petri dish was then placed in the closed-imaging PAM chlorophyll FluorCam to obtain
chlorophyll fluorescence images.

The optimal quantum yield of PSII (Fv/Fm) was measured for the different areas of internal stem

tissues (Maxwell and Johnson 2000).
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Spectroscopy measurements

In vivo spectroscopic analysis was performed to gain insights into the regulation of electron flow via
absorbance changes. The measurements were performed at room temperature with a JTS-10
spectrophotometer (Bio-Logic, France) on fresh samples of leaf, bark and wood collected from the
same sapling, and repeated for five different saplings. The plants were dark-acclimated for 1 hour
before measurements. We separated bark and wood from a 1 cm long stem segment. For the wood,
we prepared longitudinal thin sections to place on the sample holder. The samples were kept hydrated
by wrapping them in a transparent cellulose filter.

We assessed the photosynthetic activity by monitoring the electrochemical gradient across thylakoid
membranes as generated during photosynthesis, using the electrochromic shift (ECS) (Witt 1979;
Bailleul et al. 2010; Allorent et al. 2015; Allorent et al. 2018). Such a signal is in fact modified when
light drives an electron transport and thus the generation of an electrochemical gradient. An
evaluation of functional photosynthetic complexes and electron transport rates (ETR) was done by
measuring the electrochromic shift (ECS), according to the protocol described by Bailleul et al.
(2010) and Mellon et al. (2021). The ECS signal provides accurate data on the function of the
photosynthetic complexes (Bailleul et al. 2010), and photosystem charge separation can be evaluated
by DIRK (dark-induced relaxation kinetic (Sacksteder and Kramer 2000)). ETR was obtained by
subtracting the slope of ECS during the dark (SD) from the slope in the light (SL) and normalized to
the total PSs content (PSI + PSII). To remove the contribution of scattering and cytochromes, the
background signal at 546 nm was subtracted from the 520 nm signal. Functional total photosystems
(PSs) were quantified using a single flash turnover emitted by a xenon lamp (Gerotto et al. 2016).
P700 concentration was measured at 705 nm using an extinction calculated from Ke (1972). Samples
were illuminated with continuous red (630 nm) light, which was transiently switched off to measure

P700 absorption changes at 705 nm. Each measurement was repeated on 3-8 different saplings.

Statistics

All statistical analyses were performed with R software (R Core Team 2021). The normality of
residuals and homogeneity of variances were tested, and when these assumptions were not violated
one-way ANOVA analysis through “aov” function in “stats” R package was used. For significance
tests, Post-hoc Tukey's Honestly Significant Difference test (Tukey HSD) was performed through
“Tukey HSD” function in “stats” R package.

When the homogeneity of variances assumption was violated, generalized least square (GLS) models
were performed, using “gls” function including the ‘varPower’ variance structure. Pigments data were

log-transformed to respect the assumption of normality, before performing GLS model. Differences
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between groups were tested post hoc with “Holm” contrasts using the emmeans function (emmeans

package).

Results

Light transmission in stems

Measurements of light transmission through the bark (Bcy and Biy) and wood (Wey and Wiy) of
different ages and through leaves revealed a progressive modification of light quantity and quality
(Fig. 1; S3). The transmission spectra of Bey and B1y were very similar to that of the leaf. All these
spectra showed a peak at 550 nm and suggested a maximum light absorption between 400-500 and
600-700 nm, as expected from chlorophyll-containing samples. W¢y and W1y also showed decreases
in transmission at 400-500 and 600-700 nm associated with chlorophyll absorption. They also showed
a significant contribution at all wavelengths associated with scattering. The analysis of non-
normalized spectra (Fig. S3) clearly shows that while light can penetrate both bark and wood, its
transmission is attenuated going from leaves to bark to wood. Photons were better transmitted through
the xylem to the pith in the younger stem, compared to the one-year-old one. Moreover, blue and red
light was highly absorbed in the bark, while green- and far-red light penetrated much better toward
the xylem parenchyma. The observed transmission spectra suggested a change in light quantity and
quality from the outermost towards the innermost portions of the stem. This indicated that the inner

stem compartments are reached by limited light intensity, also with an altered spectrum.
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Fig. 1 Light transmission spectra of leaf, bark and wood of current (B.y and W) and one-year-old stems (Biy
and Wyy) of Fraxinus ornus L. Data normalized at 550 nm (arbitrary units). Each measurement was replicated

10 times and the average value was calculated. Spectra were corrected for dark pixels.

Bark and wood chloroplasts of Fraxinus ornus saplings acclimate to light conditions

Chlorophylls and carotenoids were detected throughout the stem, both in the bark and in the wood.
In both compartments, chlorophyll (Chl) content was lower compared to leaves. However, the Chl
content of bark was higher than that of wood (Tab. 1). The pigment concentration in the bark
decreased with increasing stem age. This was also coupled to a qualitative change, with a relatively

larger decrease of chlorophyll a (Chla) as compared to chlorophyll » (Chld) (Tab. 1).

Sample Chla Chlb Total Chl Car
(mgg' FW)  (mgg'FW)  (mgg'FW)  (mgg'FW)
Leaf 2.589+0.801a  0.949+0.336a  3.538+1.136a  0.514+0.139a
By 0.409+0.136 b 0.165+0.061 b  0.574+0.196b  0.076+0.024 b
By 0.293+£0.076 b 0.126+0.040b  0.419+0.117b  0.060+0.015 b
Wey 0.018+0.009 ¢  0.008+0.004 ¢ 0.026+0.012¢c  0.004+0.001 c
Wiy 0.018+0.005¢c  0.009+0.002¢  0.027+0.007 ¢ 0.005+0.001 ¢

Tab. 1 Chlorophyll a (Chla), chlorophyll b (Chlb), total Chl (Chla+Chlb) and carotenoid (Car) concentration
for leaf, bark and wood of current (Bey and Wey) and one-year-old stems (B1y and W1y) of Fraxinus ornus L.
Mean values are reported + S.D. (n =4). Different letters indicate significant differences between samples (P

<0.05).
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Therefore, the Chla/b ratio of the leaf was similar to that of B¢y, while it decreased progressively in
Biy, Wey and Wiy (Fig. 2A). Chla/b of Wy and W1y was significantly lower compared to leaf and By
(P <0.0005 and P < 0.05 respectively, Fig. 2A). Carotenoid (Car) / Chl ratios were similar in leaves,
By and By, with a slight relative increase in W1y and Wey (Fig. 2B).
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Fig. 2 Mean chlorophyll a/b (Chla/b) (A), carotenoids/total chlorophyll (Car/Chl) (B) comparison between
leaf, bark and wood of current (B¢y and W) and one-year-old stems (Biy and Wiy) of Fraxinus ornus L.
Standard deviation bars are included on each of the bar graphs (n=4). Different letters indicate significant

differences between samples (P < 0.05).
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The Chl distribution and ultrastructural features of chloroplasts were further investigated for leaves,
By, Wey, Biy and Wiy, by epifluorescence and transmission electron microscopy (EM). A detailed
anatomical transverse section is presented in Fig. S4, showing the different tissues composing the
bark, 1.e. phelloderm, cortex and phloem (Angyalossy et al. 2016).

Analyses showed that the majority of stem Chl was present in the bark mainly in the parenchyma
cells of phelloderm, cortex and phloem, but chlorophyllous cells were detected also along xylem rays
and around the pith (Fig. 3). At higher magnification, plastids are visible as chlorophyll
autofluorescence in red whereas the green colour is given by lignified or suberified components. EM
analysis defined the ultrastructure of stem chloroplasts that showed intact and well-defined
organization (Fig. 4 and Fig. S5). Fig. S5 reports images acquired at lower magnification, useful to
visualize the general features of the different tissues. Fig. 4 shows images at higher magnification to
better appreciate the different characteristics of the chloroplast ultrastructure and thylakoid
distribution.

The phelloderm cells contained well-developed chloroplasts, with both stroma lamellae and grana
stacks resembling those of leaves (Fig. 4B, D, Tab. S1). Chloroplasts found towards the cortex and
the phloem presented a significantly lower number of grana, with a higher number of stacks (Tab.
S1). A significant reduction of the stromal area was observed from bark to wood, specifically between
chloroplasts found in the phelloderm/cortex and those in the wood of both growth years (Tab. S1). A
similar starch amount was found in the chloroplasts of different samples.

Due to the hardness of the material, the image quality did not allow us to make accurate measurements
of the number of stromal thylakoids, and we can only draw some conclusions from a
visual/descriptive analysis of the images. In particular, chloroplasts found in the wood of each growth

year apparently, have very few stromal thylakoids (Fig. 4S; SSE, F).
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Fig. 3 Representative transverse-section images of current year and one-year-old stems of Fraxinus ornus L.
observed by epifluorescence microscopy. The red color is given by chlorophyll fluorescence when excited by
UV light; the green colour is given by lignified or suberified components. Periderm of current (A, E) and one-
year-old stems (B, F). Xylem rays and pith of current (C, G, I) and one-year-old stems (D, H, J). Abbreviations:
b, phellem; cp, cortical parenchyma; xy, xylem and ph, pith.

Fig. 4 Representative electron micrographs of chloroplast thylakoids of different stem samples of Fraxinus

ornus L. (A) Leaf; (B) Periderm of current year stems; (C) Xylem rays of wood of current year stems; (D)
Cortical parenchyma of one-year-old stems; (E) Phloem of one-year-old stems; (F) Xylem rays of one-year-

old stems. Abbreviations: G, grana thylakoids; S, starch.
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Changes of composition of photosynthetic apparatus in different tissues

Upon excitation at 440 nm, the low-temperature (LT, 77K) fluorescence emission spectra of leaves,
bark and wood of current and one-year-old stems showed three major emission bands (685 nm, 695
nm, 735 nm) (Fig. 5A).

As shown in Fig. 5A, there is a significant decrease in the relative intensity of fluorescence from the
PSI and LHCI complexes (at 735 nm) in B¢y and Biy. This trend is further amplified in W¢y and Wiy,
In accordance, the F735/F685 ratio (Fig. 5B) gradually decreased from bark to wood. Such a lower
value of the ratio for bark and wood compared to leaf suggests a reduced content of PSI complexes
relative to PSIL.

The F685/F695 ratio (Fig. 5C) of Bey and Biy was similar to that of both leaf and wood. Compared to
the leaves, the values were significantly higher for both Wy and Wiy. The alteration in the F685/F695
ratio might be attributed to a relative increase in the fluorescence emitted by the antenna system of
PSII with respect to the reaction center.

Photosynthetic apparatus composition was also investigated using specific antibodies. An equal
protein amount was loaded for each sample (Fig. 6). As expected, samples that accumulated less Chl,
also showed a lower abundance of photosynthetic proteins. Nevertheless, western blot analysis
allowed the detection of LHCII protein in all samples investigated, confirming their presence even in
wood.

RuBisCO was also detected in all samples i.e. leaf, bark and wood, with a signal progressively lower
and particularly weak in the latter. PSAD was detected in leaf and By, whereas only a faint band was
detected in Biy. No PSAD signal was detected for the wood. The band of D2 proteins was detected

only in the leaf and weakly in Bey.
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Fig. 5 (A) 77K fluorescence emission spectra of leaf, bark and wood of current (Bey and W.y) and one-year-
old stems (Biy and Wyy) stems of Fraxinus ornus L. Spectra are normalized on PSII emission (685 nm).
Excitation wavelength was 440 nm. (B) Fluorescence ratio F735/F685 and (C) F685/F695 for leaf, bark and
wood of current (B¢y and W.y) and one-year-old stems (Biy and Wiy). Mean values are reported £ S.D. (n=2).

Different letters indicate significant differences between samples (P < 0.05).
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Fig. 6 Immunoblot analysis of leaf, bark and wood of current year (B, and W.y) and one-year-old stems (Biy
and Wyy) of Fraxinus ornus L., using antibodies against different components of the photosynthetic apparatus
from Rubisco, antenna complexes (LHCII, CP47), PSII (D2) and PSI (PSAD). Different dilutions of total
protein extracts were loaded. The first column of Leaf, B¢y, Biy, Wey and Wiy were loaded with 1x, which
corresponds to 10 mg/uL of total proteins. The second and third columns of leaf have 0.2x and 0.5x (Rubisco,

LHCII), 0.25x and 0.13x (CP47), 0.33% and 0.16% (D2, PSAD) respectively.

The stem contains photosynthetically active cells

Chlorophyll fluorescence imaging (Fig. 7A) across longitudinal sections of current- and one-year-old
stems detected significant signals, consistent with all the above results. Analysis of maximal PSII
photochemical efficiency (Fv/Fm) showed that leaf, Bcy, Wey, Biy and Wiy have no statistically
significant different activities (Fig. 7B). This means that even in wood PSII displays a maximum
potential quantum efficiency resembling the one of leaves.

Despite the non-ideal optical features of the samples and the presence of a strong scattering, we were
able to detect for the first time an ECS signal also in bark and wood samples (Fig. S6). These results
demonstrate the presence of an active photosynthetic electron transport in illuminated tissues
mediated by PSI and PSII charge separation activity capable of generating and sustaining a membrane
potential, clearly confirming that the photosynthetic apparatus of both bark and wood is fully

functional.
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Fig. 7 (A) Example of optical analysis of leaf, bark and wood of current year stem (Bcy and Wey) of Fraxinus
ornus L. to analyse the different photosynthetic efficiency, shown in terms of maximum quantum efficiency
(Fv/Fm) of PSII. (B) Maximum quantum efficiency (Fv/Fm) of PSII of leaf, bark and wood of current year
(Bey and W¢y) and one-year-old stems (Biy and Wiy) of Fraxinus ornus L. Mean values are reported + S.D.

(n=4); n.s.: not statistically significant.
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The ETR was quantified by comparing the ECS when the light was switched off (Sp) and when the
light was on (Sr) (Fig. 8A), an approach that enables to distinguish the light-dependent signal from
other contributions. Even if the ETR values should be considered semi-quantitative because of the
inability to use inhibitors in these samples for internal standardization (see Methods for details), data
indicate that B¢y ETR was comparable to that of the leaf, while a lower electron transport capacity
was observed with increasing stem age in By (Fig. 8B). ETR in the wood (both W¢y and Wiy) was

even lower compared to leaf and B.y.
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Fig. 8 (A) Examples of changes in the electrochromic shift (ECS) signal measured at 520-546 nm upon
normalization on the first data point in the dark to one, to allow for a better comparison. A slope of the ECS
changing during a transition from light (S1) to dark (Sp) is reported for leaf, bark and wood of current year
(Bey and Wey) of Fraxinus ornus L. White box: the actinic light was on; black box: the actinic light was switched
off. (B) Electron transport rate (ETR) of leaf, bark and wood of current year (B.y and W.y) and one-year-old
stems (Biy and W1y) of Fraxinus ornus L. Data are normalized on functional total photosystems (PSs). The
error bars represent mean values = S.D. (n > 5). Different letters indicate significant differences between

samples (P < 0.05).
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A further confirmation that photosynthesis is fully functional in these tissues can be obtained by
looking at the oxidized P700 (P700") signal (Fig. 9A). When P700 is oxidized during photosynthesis,
it generates a difference in absorption at 705 nm that can be detected. Since this signal only detects a
difference in absorption generated by light, it demonstrates the presence of a photo-oxidizable PSI,
enabling to distinguish it from other optical signals. As shown in Fig. 9a, all samples show the ability
to generate a P700" signal dependent on illumination. The signal is high in samples such as leaves
and bark, where Chl (and PSI) content is higher.

Fig. 9B shows in more detail the reduction kinetics of P700 when the light is switched off after
illumination with actinic light. When the light is switched off, the P700" is reduced back to P700
restoring the initial level of light absorption. Since samples are pre-illuminated for several minutes
and have fully activated steady photosynthetic activity, the kinetics of P700 reduction is indicative of
their electron transport capacity. These measurements show a much faster re-oxidation in leaf
samples, indicative of a higher electron transport capacity. On the other hand, the kinetic is much
slower for Bey (t: 66.45£1.06 ms), Wey (1: 57.15+18.19 ms), By (t: 50.18+£22.37 ms) and Wiy (t:
37.13+22.92 ms) compared to leaves (t: 17.69+9.87 ms), indicating a lower electron transport activity

in these samples.
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Fig. 9 (A) Examples of oxidation of P700 (P700") kinetics of leaf, bark and wood of current year (Bcy and Wey)
and one-year-old stems (Biy and W1y) of Fraxinus ornus L. White box: the actinic light was on; black box: the
actinic light was switched off. (B) P700" reduction kinetics of leaf, bark and wood of current year (B.y and
W.y) and one-year-old stems (Biy and Wiy) of Fraxinus ornus L. Curves shown are average of 3-8 independent

measurements.
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Discussion

Our study represents one of the first examples of an in-depth analysis of ultrastructural and functional
features of bark and wood chloroplasts and stem photosynthetic activity. Our data offer new insights

into the functional traits of the photosynthetic apparatus in the different stem regions.

Light environment across the stem section

Transmission of light through isolated portions of bark and wood of F. ornus changed with stem age,
decreasing from current-year to one-year-old stems. This can be explained by the gradual increment
of the protective cork tissues (Pilarski 1989; Pfanz and Aschan 2001; Aschan et al. 2001; Filippou et
al. 2007). The optical properties of stems resulted in a different light environment between bark and
wood compartments in terms of both intensity and spectral composition. The blue band of the
spectrum is mainly absorbed by the bark, and consequently, the wood is reached by green- and far-
red enriched light. Our findings strongly suggest that light is attenuated when travelling through the
wood layer and are in accordance with previous studies (e.g. Pfanz and Aschan 2001; Pfanz et al.
2002; Manetas and Pfanz 2005; Wittmann and Pfanz 2016), which also showed that stems absorb
most of the visible spectrum, except for far-red light that might be conducted also in the axial direction

of stems and roots (Sun et al. 2003, 2005).

Pigment composition and chloroplasts’ structure

Despite the low light transmittance in the radial stem direction, we could confirm the presence of Chl
and Car in both bark and wood of F. ornus stems. This was evident in fluorescence microscopy
images, showing Chl accumulated in the bark (in the parenchyma cells of phelloderm, cortex and
phloem) but also present along the xylem rays and around the pith. The detailed analysis, however,
revealed a gradual decrease in the concentration of both pigments going from leaves to bark and
wood, and also with the tissue age (Tab. 1). For this reason, we deemed it important to compare the
chloroplast ultrastructure and photosynthetic apparatus organization and function of stems and leaves.
In accordance with previous observations (Larcher et al. 1988; Ivanov et al. 1990; Pfanz et al. 2002;
Liu et al. 2021), leaf and stem chloroplasts had different ultrastructural organization, showing clear
patterns along the stem radial profile with progressively larger grana, smaller stroma lamellae and
lower stromal area (mostly occupied by accumulated starch). These modifications in the chloroplasts’
ultrastructure along the stem profile are likely induced by the gradient in light quantity/quality. As
previously suggested by other researchers (e.g. Larcher et al. 1988; Ivanov et al. 1990; Pfanz et al.
2002; Hu et al. 2020; Liu et al. 2021), broader grana stacks are fundamental to harvest the limited
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light energy penetrating through the stem, and highly stacked thylakoid membranes are a typical
acclimation response to low light environments.

Light is an important requisite for the differentiation of active chloroplasts, but Chl can be synthesized
at light intensities below those necessary to fuel the photosynthetic process, suggesting that the mere
presence of pigments does not necessarily indicate active photosynthesis in stem chloroplasts
(Schaedle 1975). Consistently with the observed light gradient (e.g. Larcher et al. 1988; van Cleve et
al. 1993; Pilarski 1999; Pfanz et al. 2002; Filippou et al. 2007; Wittmann and Pfanz 2016), a
progressive decrease of Chla/b ratio was also observed in F. ornus when moving into innermost stem
regions (Fig. 2), suggesting that chloroplasts are acclimated to lower light availability. The analysis
of wood samples is particularly interesting since they show other typical features of acclimation to a
low light environment, such as a lower Chla/b ratio, larger number of grana stacks, and higher
PSII/PSI ratios (Anderson et al. 1973; Lee and Whitmarsh 1989; Brugnoli et al. 1994; Murchie and
Horton 1997). All these findings suggest efficient optimization of the stem photosynthetic apparatus
to low and red-enhanced irradiation, especially in the wood parenchyma.

Any change in light quantity/quality can induce modifications in the structure and organization of the
main pigment-protein complexes of chloroplasts (Anderson et al. 1995; Eberhard et al. 2008;
Anderson et al. 2012; La Rocca et al. 2015; Albanese et al. 2016; Storti et al. 2020). Indeed, PSI is
preferably excited by far-red light (A > 700 nm) whereas PSII absorbs better at wavelengths shorter
than 680 nm (Chow et al. 1990). An increase in red and far-red light is expected to induce an increase
of the PSII abundance and a decrease in that of PSI, and hence a decrease in PSI/PSII ratio in order
to maintain an equal electron transport capacity of the two photosystems despite the different
excitation levels (Ruban and Johnson 2009; Lemeille and Rochaix 2010; Minagawa 2011; Mukherjee
2020; Hu et al. 2020). In line with this, the low temperature (77K) peak of the PSI-related complex
was much lower in bark and wood than in leaves of F. ornus, indicating lower relative accumulation
of PSI proteins, consistent with previous studies (Ivanov et al. 1990; Ivanov et al. 2006). This also
supports the hypothesis that wood chloroplasts are acclimated not only to low light but also to a
different light spectrum, enriched in far-red wavelengths. Overall, data suggest the ability of stem
chloroplast to modify the stoichiometry of the two photosystems to retain a high quantum efficiency
of photosynthesis as observed in plants exposed to different light regimes (Chow et al. 1990) and thus
an acclimation response, dynamically modifying the composition and function of thylakoids
membranes in response to different light conditions is activated here (Melis and Harvey 1981;

Anderson 1986).
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Chloroplasts activity/efficiency

In addition to their capability of activating an acclimation response, bark and wood chloroplasts had
PSII with good photochemical activity, as shown by Fv/Fm values similar to those measured for
leaves (Bjorkman and Demmig 1987). Our results are in line with other studies focused on current-
year stems of several deciduous species (Damesin 2003; Manetas and Pfanz 2005; Berveiller et al.
2007; Wittmann and Pfanz 2007, 2008). The novel data that we present in this paper, have been
acquired using ECS spectroscopy applied to the analysis of bark and wood chloroplasts. With this
methodology, we were able to quantify the number of active PSs for each sample type, thus
determining the effective ETR for leaves, bark and wood. Using ECS spectroscopy it was also
possible to demonstrate that bark and wood chloroplasts are capable of light-dependent electron
transport. Moreover, the bark of current-year stems had similar photosynthetic capacity, measured by
ETR, as leaves. In older stems, the bark ETR decreased whereas the photosynthetic capacity of wood
was lower compared to both bark and leaves. Interestingly, all these results suggest that current-year
bark has photosynthetic characteristics comparable to those of the leaves, as already noted by
Berveiller et al. (2007). Data on the photochemical activities of PSII and PSI show that the few
chlorophyllous cells buried deep in the wood are still able to perform photosynthesis. Indeed, as
expected, the size of P700" re-reduction was lower in bark and wood than in leaves, suggesting a
lower potential electron transport activity, which is also in agreement with the lower abundance of
PSI found with immunoblot analysis (Fig. 6). Moreover, the P700 re-reduction kinetics depend on
both linear and cyclic electron transport, and a slower kinetic might depend on a unbalance
contribution by one of these two, therefore future studies might focus on it. Finally, this hypothesis
is supported also by the presence of LHCII proteins in the bark as well as in wood, that suggested
efficient light-harvesting for the photosystems in stems even in the low light environment. Indeed,
LHCII is an antenna that can connect energetically the entire photosynthetic apparatus, both PSI and
PSII, and according to different light intensities can associate preferentially to one PS rather than the
other (Wientjes et al. 2013; Grieco et al. 2015).

To summarize, stem chloroplasts accumulate relatively more LHCII and PSII, by increasing the
amount of thylakoid membrane stacking. On the other hand, they show less PSI and fewer stroma
lamellae than leaves. Once again, these characteristics are a typical acclimation response to a red-
enhanced and low-light environment, to increase light use efficiency. Many of these characteristics
have been observed also in shade leaves. Compared to sun leaves, shade leaves show more grana
stacks, lower Chla/b ratio and higher numbers of light-harvesting complexes per reaction centres (e.g.
Lichtenthaler et al. 1981; Anderson 1986; Ballottari et al. 2007; Lichtenthaler et al. 2013; Flannery
etal. 2021).
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Our data thus provide support for the hypothesis that chlorophyll-containing cells near the vascular
system, in a region receiving mostly green or far-red light, are indeed photosynthetically active. On
the other hand, the precise physiological role of this photosynthetic activity still needs to be explored
and proven (Pfanz and Aschan 2001; Hibberd and Quick 2002; Berveiller and Damesin 2008).
Available data on the enzymatic features of bark and wood photosynthesis are particularly scarce in
the literature. The presence of Rubisco was detected in leaves and bark and weakly in the wood,
indicating a capacity to fix CO; also in the stem compartments. The lower signal of the protein present
in the wood might be explained by the lower sensitivity of the antibodies that indeed showed weaker
signals also in leaf samples.

Both the ETR values and presence of Rubisco in the wood corroborate the hypothesis that wood
photosynthesis can recycle the CO» dissolved in the xylem sap (Alessio et al. 2005; Berveiller and
Damesin 2008; Wittmann et al. 2006; Bloemen et al. 2013a,c; Vandegehuchte et al. 2015).

Recent research has suggested that local production of carbohydrates by bark photosynthesis may
facilitate osmotic adjustment to support turgor maintenance and xylem functioning under drought
stress (Zwieniecki and Holbrook 2009; Nardini et al. 2011; Secchi and Zwieniecki 2012; Cernusak
and Cheesman 2015; Nardini et al. 2018; Avila-Lovera et al. 2017; De Roo et al. 2020; Tomasella et
al. 2020). Our data let us speculate that even wood chloroplasts might play a very local role in these
processes, especially in post-drought hydraulic recovery, paving the way for future studies on this

topic.

Conclusions

In conclusion, our experimental setup enabled us to define in detail the functional features of stem
chloroplasts of F. ornus, and their potential photosynthetic efficiency. The comparison of the P700
kinetics in different compartments raises interesting questions on the relative amount of linear and
cyclic electron flow in the wood. From the current literature, it is known that the presence of
chloroplasts and the related photosynthetic activity decrease with increasing stem age. In accordance,
we found that the bark of current year stems has a conformation of the photosynthetic apparatus
almost comparable to that of the adjacent leaves. Moreover, already in the one-year-old stem, there
is a decrease in electron transport rates, compatible with decreased light transmittance. In accordance
with our expectations, chloroplasts in the wood of different ages showed good photosynthetic
efficiency, supporting the idea that stem photosynthesis participates in the production of
photosynthates that might support plant carbon balance. This functional feature invites to speculate

that stem photosynthesis might play an adaptive advantage, especially for woody plant species
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occurring in habitats where seasonal drought can strongly limit leaf photosynthesis, which is, in fact,

the case of F. ornus.
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Supplementary material

(a)

liin

Fig. S1 Schematic representation of the radial light transmittance experimental setup. A wooden stand ()
covered on the front with a sheet of black Plexiglas was used to reduce light scattering. A small circular hole
was drilled in the center. The light source (a) illuminated perpendicularly a leaf, bark or wood sample (b).
Photons of light transmitted through the samples were collected by a high-resolution optical fiber (c), inserted
in the hole of the wooden stand, and conveyed to a spectrometer (d). The acquired photon counts were analyzed

and converted to transmission spectra with the aid of dedicated software (f). Created with Biorender.
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Fig. S2 Examples of samples of Fraxinus ornus L. used for measurements and experiments: bark and wood of

current-year are shown on the left, while bark and wood of one-year-old stems are shown on the right.
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Fig. S3 Light transmission spectra of leaf, bark and wood of current (B.y and W) and one-year-old stems (Biy
and Wiy). Each measurement was averaged 10 times. Spectra were corrected for dark pixels. 100%

transmittance is white light.
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Fig. S4 Representative anatomical transverse-section images of current year stem of Fraxinus ornus L.
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Fig. S5 Electron micrographs of chloroplasts of different stem samples of Fraxinus ornus L. For each pair of
images, a lower magnification image is shown on the left and a higher magnification focused on chloroplasts
is shown on the right. (A, B) Cortical parenchyma of current and one-year-stems. (C, D) Phloem of current
and one-year stems. (E, F) Xylem rays of current and one-year-old stems. Abbreviations: G, grana thylakoids;

S, starch; xy, xylem rays.
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Tissue Grana n°® Starch n°® Stromal area, pm
Bark — current-year stem (total) (18+7.89) (2.81+0.98) (0.014+0.006)
phelloderm/cortex 24+4.72 a 2.55+1.01 0.015+0.006 a
phloem 11+3.92 b 3.14+0.90 0.011+0.005 ab
Bark — one-year-old stem (total) (18+8.69) (2.69+1.14) (0.018+0.007)
phelloderm/cortex 2316.23 a 2.310.67 0.020+0.008 a
phloem 9+2.04 bc 3.33+1.5 0.014+£0.005 ab
Wood - current-year stem 4123 ¢ 2+0.5 0.009+0.004 b
Wood - one-year-old stem 5+1.5¢c 3+1.8 0.0104£0.004 b

Tab. S1. Mean and the respective standard deviation of grana number (n°), starch n® and stromal area

of bark and wood of both current and one-year-old stems of Fraxinus ornus L. Different letters

indicate significant differences between samples (P < 0.05).
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Fig. S6 Kinetics of the ECS (ElectroChromic Shift) of leaf, bark and wood of current year (Bcy and Wey) and

one-year-old stems (Biy and W1y) of Fraxinus ornus L.
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Abstract

Most of the woody species possess green stems able to photosynthesize. Photosynthetic stems depend
on both on atmospheric CO> and internal CO», but the actual photosynthetic rate in response to light
is still poorly understood.

Here, we decided to apply microsensor technology to stem samples of different ages of Fraxinus
ornus, to assess the oxygen production in leaves, intact stems, as well as in bark and wood separately.
We show that the implementation of these microsensors might significantly increase the
understanding of the adaptive responses of stem chloroplasts under different and adverse ambient
conditions.

Our study showed a light-induced changes in O production, both of intact stems, and also of isolated
bark and wood. Our results confirmed the hypothesis that the younger stems are able to have both a
higher light-induced O; production and respiration rates compared to older ones. Bark was identified
as the most significant contributor to oxygen production.

Furthermore, we report the first radial profile of Oz production in current-year stems of F. ornus under
dark and light conditions. In this way, we were able to finally prove a photosynthetic response of both
bark and wood chloroplasts and corroborate the hypothesis that stem chloroplasts are perfectly able
to have a light-dependent electron transport.

In conclusion, the radial oxygen profile represents an accurate measurement of stem photosynthesis

and can be used in future studies with a focus on the role of stem photosynthesis in drought tolerance.

Keywords: oxygen, stem photosynthesis, microsensor, radial O profile, oxygen evolution rate
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Introduction

The occurrence of stem photosynthesis in leaf-bearing woody plants is relatively common (Pfanz and
Aschan 2001), recent years have seen a renewed interest in this physiological phenomenon and its
possible role in tree resistance/resilience to drought stress (Cernusak and Cheesman 2015;
Vandegehuchte et al. 2015). However, while leaf-level photosynthesis has been investigated in detail,
the actual functioning and efficiency of stem-level carbon gain, and in particular the relative
contributions of bark and wood, are still poorly understood.

Stem photosynthesis can rely on the uptake of atmospheric CO> (stem net photosynthesis) and/or re-
fixation of CO» respired by living stem cells or transported by the transpiration stream (stem recycling
photosynthesis) (Avila et al. 2014; Wittmann et al. 2006; Berveiller et al. 2007; Pfanz et al. 2002;
Teskey et al. 2008; Cernusak and Cheesman 2015). Indeed, some studies (e.g. Powers and Marshall
2011; Bloemen et al. 2013) based on isotopic labelling have shown that CO, added to the xylem sap
was partly transported upward and released to the atmosphere, and partly refixed by photosynthetic
stems and petioles.

Due to the very high [CO2] in the inner portions of stems (ranging from 1 to 26%), and because of
the significantly lower surface-to-volume ratio, stem photosynthesis has some advantages compared
to leaf photosynthesis, like high water use efficiency and low photorespiration rates (Cernusak and
Marshall 2000; Pfanz et al. 2002; Pfanz et al. 2008; Teskey et al. 2008). Hence, stem photosynthesis
has been suggested to be an important contributor to the carbon balance of woody plants (Saveyn et
al. 2010), especially under stressful conditions imposing stomatal closure and impeding leaf-level
carbon gain.

Because stem photosynthesis depends on species-specific traits (e.g. chlorophyll content, bark
features) and environmental conditions (e.g. light availability), its efficiency largely differs
between/within species, stem age and habitat. In general, young stems appear greenish and are
covered by epidermis or a thin bark, allowing efficient transmission of incident light inside the stem,
up to 20% for 1-year-old stems compared to about 8% in older ones covered by thicker bark
(Damesin, 2003; Pfanz and Aschan 2001; Sun et al. 2003; Wittmann and Pfanz 2016). In fact, young
stems might compensate for 60-90% of the potential respiratory carbon loss, with supposedly
decreasing contribution to carbon uptake as stems grows older and or in inner stem regions reached
by limited amounts of light (Berveiller et al. 2007; Wittmann et al. 2006; Wittmann and Pfanz 2008;
Rosell et al. 2015; Tarvainen et al. 2018). However, stem photosynthesis might also be important to
raise internal Oz concentration, avoiding hypoxia in the inner stem portions (Wittmann et al. 2006;

Wittmann and Pfanz 2014,2018). Some studies have reported that [O>] in the sapwood varied between
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c. 14-24% and 72-95% values with respect to the atmospheric concentration (e.g. Spicer and
Holbrook 2005; Wittmann and Pfanz 2015), with large changes related to species and stem age.

Yet, our knowledge of [O2] profiles inside the stem, and its changes under variable light conditions,
is still poor and generally limited to bark-level corticular photosynthesis (e.g. Wittmann and Pfanz
2014,2018). This is largely due to methodological limitations, which have been overcome by the
development of oxygen-sensitive micro-sensors, offering the capability to accurately measure
changes in [O2] concentration at very small spatial scales inside different plant samples (Rolletschek
et al. 2009; Pedersen et al. 2020). Indeed, micro-sensors have enabled some detailed studies of O2
status at bark and sapwood level (e.g. Wittmann and Pfanz 2014, 2018). To date, we still lack accurate
data of [O2] gradients across/within woody stems in response to light presence/absence, and only a
static picture of radial [O2] profile has been described in the stem of a 4-week-old Ricinus communis
plants (van Dongen et al. 2003).

In this study, we present the first example of high-resolution measurements of light-induced O>
evolution in the stems of a drought tolerant tree (Fraxinus ornus L.). We specifically aimed at: 1)
characterizing the photosynthetic activity of bark and wood parenchyma, and their relative
contribution to total photosynthesis in stems with increasing age; 2) characterizing the light-response
curve of Oz evolution of current-year stems; 3) measuring radial profile of Oz evolution from different
compartments in a current-year stem. To this aim, we implemented an experimental system based on

micro-sensor-based detection of Os.

Material and methods

Plant material

On June 2022, 25 three-year-olds saplings of Fraxinus ornus L. were purchased by a nursery
(Planteskoler.dk, Holstebro, Denmark) and grown in 3 L pots in the greenhouse at the University of
Copenhagen (DK). Two Tab.ts of OsmocotePlus fertilizer were added to each pot. Plants were
regularly irrigated at field capacity and their position in the greenhouse was randomly shifted every
week to assure exposure of different plants to uniform light conditions. Analyses were performed on
fresh samples of leaves, as well as on bark and wood of current-year (Bcy and Wy respectively) and

one-year-old (Biy and Wiy respectively), and two-year-old stems (B2y and W2y respectively).

Pigment analyses
Pigment analysis was performed on the same samples used for the oxygen evolution measurements

(see below). We measured the pigments content of leaves, whole stems (bark+wood), bark and wood
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upon extraction of frozen material in 99% ethanol. Samples were cut into small pieces to facilitate
the extraction and placed in 2 mL Eppendorf filled up with 1.9mL of ethanol. Samples were stored at
4 °C in the dark for at least 48 h to ensure complete extraction. Then, samples were centrifuged for 3
min (MiniStar silverline, VWR). Absorption spectra were recorded (UV-1800 spectrophotometer,
Shimadzu) at 750, 665, 649, and 470 nm, and the final pigment concentration was calculated
according to Lichtenthaler et al. (1983). The pigment analysis was performed on samples obtained

from four different saplings. Pure 99% ethanol was used as blank.

Measurements of oxygen concentration and evolution

This experiment was aimed at estimating the photosynthetic activity of leaves and stem samples by
measuring O production/consumption. Measurements of [O2] and its changes were made at 26°C
using an O2 optode (Opto-430) connected to an optode-meter (Opto-F4, UniAmp, MicroOptode
Meter, Unisense) and inserted into glass vials containing a leaf/stem sample. Vials were kept in a bath
at constant temperature. A temperature sensor was connected to the optode meter and placed inside
the tank to correct [O2] for temperature. Time-dependent changes in [O] were used to calculate O»
evolution rate, and normalized by sample fresh weight.

Leaf samples (n=5 x each measurement) were obtained by cutting a piece of 2cmx4cm at the base of
each leaf. Outer edges were removed about 1 cm of petiole was maintained for immersion in water,
thus allowing to maintain adequate hydration of the sample throughout the measurement. Stem
samples were prepared by cutting two pieces of ¢. 1 cm each of current-year, one-year- and two-year-
old stems. One sample was left intact, whereas bark was carefully separated from the wood (cambium
was active) in the second sample (n=5 x each measurement).

Each sample was promptly insert in a 10 mL glass-vial containing 0.3 mL of distilled water to
maintain hydrated the sample. The vial was sealed with crimp butyl caps of 20 mm (10 mm central
hole) and 1.2 mL of air were removed with a syringe, while and 1.2 mL of CO> were injected to
increase [COz] by 10% compared to atmospheric concentration and thus saturate the photosynthetic
process. Samples were fixed on a transparent block with Pattafix and submerged in a tank full of
distilled water kept at 26 °C (Fig. S1). The water level was set just below the surface of the cap, so
that the tip of the sensor did not get wet during the measurement. After 20 min of both dark and
temperature adaptation, the first measurement (starting point) was taken, thereafter samples were dark
adapted overnight and a second reading was taken in the following morning (dark respiration). Then,
light was switched on (PPFD = 1000 umol m™2s™! for 4 h, and a third measurement was performed
(light-response). After this last measurement, samples were immediately weighted to obtain their

fresh weight, using an analytical balance (Mettler Toledo Analytical Balance ME54), and stored at -
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20°C until pigment extraction (see above). For each measurement, the sensor was inserted in the vial,
waiting about 1 minute to balance the sensor and then reading [O2] value.

Another set of leaf and current-year stem samples, prepared as described above, was used to measure
the light-response curve of oxygen evolution. The lamp was moved backward in order to obtain
different light intensities with PPFD of 50, 100, 300 and 1000 pmol m™s™! (n=3 x each measurement).
In this case, stem samples were initially dark adapted for 4 h and then light adapted overnight before
taking measurements. Leaves were dark adapted for 2 h and light adapted for 1 h. PPFD was measured

with quantum meter (LI-250A, LI-COR).

Radial stem profile of O: evolution

Radial profiles of [O2] were measured to confirm light-mediated oxygen release by stem parenchyma
cells, as a proxy of net photosynthetic rates at bark, wood and pith level. Measurements were based
on the approach described in Colmer et al. (2020) and Peralta Ogorek et al. (2021), with some
modifications. Clark-type micro-sensors measuring oxygen partial pressure (OX-50, Unisense A/S)
were connected to a meter (fx-6, UniAmp, Unisense A/S) and a motor controller. Micro-sensors were
calibrated before each set of measurements. Calibration was made under [O2] = 0 (2 g ascorbate in
100 mL deionized water in 0.1 N NaOH) and deionized water at air equilibrium ([O2] = 257.9 umol
I at 25°C, pO, = 20.6 kPa).

A current-year stem segment (n=5) was cut underwater and the cut ends were sealed with parafilm.
A hole (c. 1 mm) was made with a drill in the center of the stem and the sample was fixed on a metal
mesh placed in a plastic tank (Fig. S2). The hole was filled with de-oxygenized agar 0.1%, using a
syringe. By using a micro-manipulator, the micro-sensor was positioned in the middle of the hole,
and the exact starting position (at the level of the cortex) was set. Sample was then submerged in agar
0.1%, and flushed with N> nitrogen to lower [O2]. The bulk agar was monitored using an Oz optode
(OP-MR and MicroOptode Meter; Unisense A/S). Temperature was also monitored to adjust [O2] to
the temperature.

[O2] profiles were taken with a spatial resolution of 25 um starting at the stem surface (0 point) and
then moving to bark, wood, and down to the pith. The O> microsensor was left in each position for 5
s to allow for a full response. [O2] measurements were taken also 1000, 500, 400, 300, 200 and 100
um away from the 0 point to monitor oxygen concentration in the bulk medium close to the sample.
Each sample was adapted in the medium for 15 minutes before taking the first measurement (not
shown) to overcome the temporary increase in the stem respiration due to the drilling’s wound (Levy
etal. 1999). Light with a PPFD of 700 (umol m™ s!) was provided by a fiber-optic illuminator (Schott

KL1500). After the measurement period, the stem was dissected along the insertion point of the

66



microsensor with a Leica VT1200 S vibrating blade microtome, and visualized using an Olympus

BX60 light microscope, to obtain the exact measurement positions along the stem radial profile.

Statistics

Statistical analyses were performed with R software (R Core Team 2022). The normality of residuals
and homogeneity of variances were tested. When homogeneity of variances assumption was violated,
generalized least square (GLS) models were performed, using “gls” function including the ‘varPower’
variance structure. Three-way Anova analysis through “aov” function in “stats” R package was used.
For significance tests, differences between groups were tested post hoc with “Holm” contrasts using
the emmeans function (emmeans package). Boxplot panels were made using “ggplot2” package in R.
Light-response curves and radial oxygen profile graph were prepared with Origin 9.0 software

(Northampton, MA, USA).

Results

Pigment content

Chlorophylls (Chl) and carotenoids (Car) were detected throughout the stems, both in the bark and in
the wood. In wood of one- and two-year-old stems pigment content was too low to be detected .
However, total Chl content (Chla+b) was higher in current-year stems and decreased with increasing
stem age (Tab. 1). The same trend was observed also when considering isolated bark samples.
Therefore, the Chla/b ratios were similar intact stems and bark samples, with a decrease in current-
year wood. On the contrary, Car/Chl ratios were similar intact stems and bark samples, with a slight

relative increase in current-year wood.

Sample |Chla+b, mg/g| Chla/b Car/Chl
Leaf 4,17+0.80a |3.11+0.33a| 0.14+0.02a
Scy 0.27+0.05b |2.63+0.15b|0.20+0.01bcd
Sly 0.15+0.03c |2.44+0.25b| 0.22+0.01d
S2y 0.13+0.01c |2.68%0.36b| 0.22+0.02cd
Becy 0.76+0.17d |2.58+0.12b| 0.18+0.01bc
Bly 0.47+0.14ed |2.50+0.14b|0.18+0.01bcd
B2y 0.39+0.11e |2.47+0.22b| 0.18+0.02b
Wey 0.03+0.01f |1.61+0.08c| 0.30+0.03e

Tab. 1 Total chlorophyll (Chla+b) concentration, chlorophyll a/b (Chl a/b) ratio and carotenoid (Car) / Total
chlorophyll (Car/Chl) ratio measured in leaves, in intact stems and isolated bark and wood samples of current-

year, one-year and two-year stem segments of Fraxinus ornus L. saplings. S: stem; B: bark; W: wood; cy:
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current-year; ly: one-year-stem; 2y: two-year-stem. Mean values + S.D are reported. (n=5). Different letters

indicate significant difference between samples (P < 0.05).

Net oxygen exchange under dark and light conditions

As expected, leaves had the highest Oz release rate under light conditions (111.74+11.38, nmol Oz g’
'FM sec!), compared to stems samples (Fig. 1). Light-induced Oz production was tendentially higher
in current-year stems (2.03+1.22, nmol Oz g'' FM sec!) compared to one- and two-year-old ones,
independently if we were considering intact stems or bark and wood separately (Fig. 1). Under dark
conditions, net Oz exchange became negative for all samples investigated (Fig. 1), indicating oxygen
consumption via respiration. Measurement in dark-adapted samples revealed higher respiration rates
for leaves and bark (especially of current-year stem) compared to wood. Once corrected by
subtracting the oxygen evolution rate obtained in the dark and normalized on the mean value of total
chlorophyll (Chla+b) concentration for each tissue, the photosynthetic oxygen evolution rate was

positive for samples of stem current year and bark of current and one-year old stems (Tab. S1).
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leaves as well in intact stems and isolated bark and wood samples of current-year, one-year and two-year stem
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1; black box: the light was switched off. Different letters indicate significant differences between samples (P
<0.05).

The same trend was observed in the light-response curves, both in intact stems and isolated bark and
wood compartments (Fig. 2). Bark showed a larger increase in light-induced O: release compared
both to intact stem and isolated wood. Besides the lower photosynthetic response of wood, all the
samples showed a light-induced photosynthetic response. Specifically, net oxygen production was

reached at 100 PPFD (umol/m?/s) for intact stems and isolated bar.
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Fig. 2 Light-response curves of photosynthetic O, evolution rate, normalized on sample fresh mass (nmol O»
¢! FM s), measured in leaves as well as in intact stems and isolated bark and wood samples of current-year
stem segments of Fraxinus ornus L. saplings. Curves shown are average of 3-5 independent measurements.

Positive rate indicates positive net photosynthesis; respiration is always negative.
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Radial stem profile of light-induced O: evolution

The novel Oz microsensor approach enabled us to accurately measure of small-scale changes of [O2]
in illuminated stems (Fig. 3). After dark adaptation, measurements showed a complete equilibration
of [O2] across all the stem tissues. On the contrary, after 1h of light exposure we detected revealed
higher [O:] with a peak at bark level and declining values toward the wood, approaching zero at pith

level. The bulk medium showed significantly lower [O2] throughout measurements.
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Fig. 3 A) Photograph of the experimental setup with a zoom on the microsensor insertion point. B) Oxygen
profile across the current-year stems (n=5) of Fraxinus ornus L. saplings, grown under normal light conditions

in a greenhouse at the University of Copenhagen (Denmark).
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Discussion

Our study represents one of the first examples of light-induced changes in Oz production of whole
stems and, most importantly, of isolated compartments (bark and wood) from stems with different
age. Our data offer new insights into patterns of O2 release, and hence photosynthetic activity in
different stem regions. Furthermore, we report a highly detailed radial profile of O> exchange along
current-year stems, providing strong evidence for the photosynthetic competence of living cells at
bark and wood level.

Current-year stems showed both higher light-induced O: production and dark respiration rates,
compared to one-year and two-year-old stem segments, implying higher photosynthetic rates and a
potentially important contribution to net carbon gain and/or in preventing the risk of hypoxia in
internal stem tissues. In any case, regardless of the stem age, intact stem segments always showed the
ability to perform positive net photosynthesis, with rate of oxygen evolution up to 2.03 nmol O, g’!
FM s ! (Fig. 1).

Experiments performed on isolated bark and wood samples led to contrasting results. Bark emerged
as the compartment contributing most to the production of oxygen, especially in current-year samples.
Even for isolated bark, Oz evolution rates progressively decreased for older stems. On the contrary,
wood was never capable to display a net oxygen release, regardless of the age considered. Different
results were obtained by Wittmann et al. (2006), who observed no net O» production when
considering intact branches of Betula pendula, but a positive net photosynthetic rate after bark
removal. It is possible that this discrepancy marks species-specific characteristics of stem
photosynthetic apparatus in terms of size and/or specific features, maybe dependent on the optical
properties of the bark, which influence both the light penetration capacity and gas permeability. The
bark represents a barrier to radial CO> diffusion, and its removal from the wood allowed a better gas
diffusion as well as light penetration trough wood compartment. Here, we cannot quantify stem
photosynthesis based on net atmospheric CO2 uptake or internal CO; recycling, but we can safely
conclude that stem photosynthesis of F. ornus saplings is mainly sustained by bark photosynthesis,
whereas wood photosynthesis hardly counterbalanced O» depletion related to the respiratory activity
of the living cells of stem tissues. These results are in accordance with observations showing that the
proportion of living cells generally decreases from the outer bark towards the pith (Stockfors and
Linder 1998). In accordance, bark of current-year stem showed higher respiration rates then wood of
one- and two-year-old stems. In line with our results, Pruyn et al. (2002) found 2-3 fold higher
respiration rates for inner bark than sapwood in Douglas-fir. Furthermore, [O2] measured in the bark

was always higher than values measured in sapwood in different species from different authors (e.g.
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Gansert 2001; Sorz and Hietz 2008; Wittmann et al. 2018), corroborating the hypothesis that stem
photosynthesis is mainly driven by bark chloroplasts.

The progressive decrease in pigment concentration and chloroplast density from the bark to the pith
observed in F. ornus (Tab. 1; Natale et al. submitted, study#1), might be responsible for the lower
photosynthetic activity of the wood compared to bark. As stated in the introduction, an important
limiting factor for corticular and wood photosynthesis is available light. It is important here to remind
that only a minor fraction of the photosynthetically active radiation (mainly red- far-red light) can
reach the inner woody tissues (e.g. Pfanz et al. 2002), possibly further restricting the photosynthetic
activation of wood chloroplasts. In this light, to determine the potential photosynthetic capacity and
oxygen release rate of each stem compartment (bark and wood), light-response curves of [O2] release
were performed on isolated stem tissues were conducted.

Our data showed that peeled bark had higher maximum net photosynthetic rates than both intact stem
and wood. Indeed, net photosynthetic oxygen release could be measured already at 100 PPFD for
bark and intact stem. Interestingly, although wood photosynthesis never produced a positive net O»
release upon illumination, a light-induced increased of oxygen production could be indeed detected.
These results induce us speculate that stem chloroplasts at wood level might still be involved into
partial re-fixation of respiratory CO; and might help plants to buffer NSC depletion under prolonged
drought conditions.

We present here the first radial profile of O2 production within current-year stems in response to light
(Fig. 3). These data show an increase in O> production in stems exposed to light for 1 h, with different
rates in the different stem compartments. O> production sharply decreased when moving from the
bark to the pith. Specifically, c. 10-30 uM O were measured at the bark level, 0-8 uM O; at the wood
level and c. 0-2 uM O at pith level. Considering that dark adaptation [O2] was c. 0 uM throughout
the stem profile, while the bulk medium had [O2] = 8 uM O, we are confident that the oxygen
released after 1 h of light exposure was produced by the photosynthetic activity of chloroplasts, and
was not a result of oxygen diffusion from the medium to the sample.

Precise measurements of net O2 exchange within stems are crucial for understating bark and wood
photosynthesis, and their actual contribution to the plant carbon metabolism or to the regulation of
oxygen levels inside thick organs like stems. In this view oxygen micro-sensors offer the possibility
to investigate radial oxygen profiled in stems of different species and under different environmental
conditions, opening new doors to our understanding of stem photosynthesis and its role in both wild
and cultivated plants facing a warmer and drier future, that might impose more frequent and longer

period of stomatal closure.
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Supplementary material

Fig. S1 Photograph of the experimental MicroRespiration setup.

7



Fig. S2 Photograph of the experimental setup of microsensor system.
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Sample Photosynthetic O evolution rate
(nmol 02 mg™ Chl sec?)
Leaf 3.20+£0.5
Sey 0.11+2.4
S1y -2.75+4.0
Say -2.26+5.1
Bey 0.33+0.6
By 0.09+2.1
Bay -0.13+1.2
Wey -4.77+0.8

Tab. S1 Photosynthetic oxygen evolution rate corrected by subtracting the oxygen evolution rate obtained in
the dark and normalized on the mean value of total chlorophyll (Chla+b) concentration for each tissue,
measured in leaves, in intact stems and isolated bark and wood samples of current-year, one-year and two-year
stem segments of Fraxinus ornus saplings. S: stem; B: bark; W: wood; cy: current-year; 1y: one-year-stem;

2y: two-year-stem. Mean values + S.D. are reported (n=15).
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Abstract

Stem photosynthesis is thought to be involved in tree resistance/resilience to water shortage. Recent
studies have focused on the coordination between stem photosynthesis and hydraulics, but the
generality of association of stem photosynthetic efficiency with species-specific adaptation to drought
is still unclear. We quantified bark and wood chlorophyll a fluorescence (in terms of Fv/Fm) in
current-year, one-year and two-year-old stems of several woody species harvested in diverse habitats.
We ranked species in terms of relative drought tolerance on the basis of their vulnerability to xylem
embolism (Ps0), and compared stem photosynthetic efficiency of drought tolerant vs drought sensitive
species. Fv/Fm values decreased with increasing stem age, and were generally higher for
Angiosperms than Gymnosperms. Fv/Fm both at the bark and wood level was higher for drought
tolerant Angiosperms compared to drought sensitive ones. Our results highlight the potential adaptive
role of stem photosynthesis in drought tolerant species, thriving under arid conditions likely leading

to prolonged stomatal closure and halt of leaf-level carbon gain.

Keywords: bark, Pso, stem photosynthesis, drought, wood, Fv/Fm
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Introduction

Leaves are the most important photosynthetic organs in most woody plants, but nearly all of them
can also perform this fundamental physiological process at stem level. Early observations of ‘green
stems’ date back to the early 20" century (e.g. Cannon 1908). Since then, photosynthetically
competent stems have been detected in a wide range of woody plants typical of Mediterranean
ecosystems, subtropical warm deserts, and tropical arid lands worldwide (e.g. Dima et al. 2006; Avila
et al. 2014). Indeed, photosynthetic stems are widely spread throughout different species and biomes
(Teskey et al. 2008; Avila et al. 2014). Stem photosynthesis is obviously common in succulent stems
of CAM plants, but it occurs also in bark, wood and pith of woody plants (Pfanz et al. 2002; Wittmann
et al. 2016). Stem photosynthetic efficiency is apparently species-specific and varies on a seasonal
scale, thus suggesting that it might be very important from a functional and ecological point of view
(Rentzou and Psaras 2008).

Although stems are not specialized for photosynthesis, due to their unfavorable surface-to-volume
ratio and low light transmittance, it is known that chlorophyll is synthetized in functional chloroplasts
even in deep wood layers of aged stems (Pfanz et al. 2002). Most woody species show a greenish
inner bark and cortical parenchyma (e.g. Pfanz et al. 2002; Wittmann and Pfanz 2008, 2014), but
chloroplasts can also be found along the xylem rays and in the pith, suggesting that they are not
restricted to the relatively more illuminated outer cell layers of the stem (Dima et al. 2006; Berveiller
et al. 2007; Yiotis et al. 2009). Among these, bark exhibits higher chlorophyll concentration and
photochemical efficiency than other stem compartments (e.g. Yiotis et al. 2009; Wittmann and Pfanz
2016; Liu et al. 2018).

The amount and quality of light transmitted through the stem might be a key factor governing stem
photosynthetic capacity (Manetas et al. 2005; Cernusak and Cheesman 2015; Wittmann and Pfanz
2016). Typically, about 15% of incident PAR can penetrate the periderm, (Cernusak and Marshall
2000), but light transmittance changes according to stem anatomy (bark thickness, cell-wall
lignification), age and environment (Cernusak and Marshall 2000; Pfanz et al. 2002; Wittmann and
Pfanz 2008). Blue light photons are largely absorbed by the outer bark, while red and far-red light
penetrate more in depth, reaching the underlying xylem and pith. In addition, it is also possible that
the optical properties of vascular tissue allow some axial light conduction to the pith cells (Sun et al.
2003).

Stems covered by an outer epidermis with stomata and/or periderm with lenticels, can rely on net
uptake of atmospheric CO> (Avila et al. 2014). Otherwise, internal re-assimilation of CO, released

by respiration of underlying heterotrophic tissues is also possible (e.g. Cernusak and Marshall 2000;
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Pfanz et al. 2002; Wittmann and Pfanz 2008; Berveiller et al. 2007). Internal CO> might be available
at much higher concentrations within the stem (Teskey et al. 2008) compared to leaves, up to levels
inhibiting photorespiration thus increasing quantum yield of photosynthesis (Berveiller et al. 2007).
Previous studies have shown that net photosynthetic rates of stems can be up to 60% of those recorded
for leaves (Avila et al. 2014), and these rates are maintained even throughout the dry season when
stomatal closure reduces leaf-level net carbon uptake (Avila-Lovera et al. 2017). Hence, stem
photosynthesis might provide an extra carbon gain under conditions imposing stomatal closure and
limiting leaf photosynthesis. The carbon gain assured by stem photosynthesis might also contribute
to bud development, flowering, and recovery after herbivores attack (Saveyn et al. 2010). More
recently, stem photosynthesis has been suggested to contribute to the maintenance and recovery of
xylem hydraulic function (Saveyn et al. 2010; Schmitz et al. 2012; Bloemen et al. 2016; De
Baerdemacker et al. 2017; Trifilo et al. 2017; Tomasella et al. 2021).

Based on the above, stem photosynthesis might be particularly useful to maintain carbon uptake and
physiological activities of plants during leafless periods, or under environmental conditions limiting
leaf gas exchange (Avila et al. 2014), with specific reference to drought. In particular, locally
produced photosynthates might be used to sustain stem non-structural carbohydrates (NSC) pools to
buffer carbon starvation under drought stress (De Roo and Salomo6n 2020), and refill embolized xylem
upon drought relief (Schmitz et al. 2012; Liu et al. 2019).

In this study, we investigated possible differences in terms of stem photosynthetic efficiency across
a set of woody plants from different habitats. Our analysis was based on 39 woody species (both
Angiosperms and Gymnosperms) from a broad phylogenetic range that were categorized in terms of
relative drought tolerance in terms of species-specific vulnerability to xylem embolism. We
specifically addressed the following questions: i) are there differences in maximum quantum yield of
photosystem II (Fv/Fm) of bark and wood in stems of different ages, and between various
Angiosperm and Gymnosperm species? ii) Are there any significant differences in terms of stem

Fv/Fm in drought tolerant vs drought sensitive species?

Material and methods

Plant material and experimental design

All experiments and measurements were carried out at the University of Trieste. Sampling of plant
material was done in three different geographical areas to obtain stems from species with contrasting
phylogenies and/or adapted to different environmental conditions: i) the botanical garden at the

University of Trieste; ii) the Classical Karst, a limestone plateau extending by ~500 km?, nearby
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Trieste; iii) montane forests nearby the village of Forni di ~ Current-year stem segment
Sopra, located in the Friulian Dolomites. Sampling was done

between 6-8 a.m. in June 2021 for sites 1) and ii), and in mid-

July for site ii1). Three individuals per species were randomly O
selected, and two sun-exposed branches (about 3-4 years old)

were sampled from each tree, for a total of 6 branches per

species. Branches were immediately re-cut for 2-5 cm I-year stem segment
underwater and stored in a bucket with the cut section
immersed in water to avoid dehydration until processing in the
laboratory. Three branches (one per individual) were used for
chlorophyll fluorescence measurements, while the other three

branches were used to measure wood density, as described

below. The complete list of species is reported in Tab. SI.
2-year stem segment

Analyses of photosynthetic efficiency were made on current-
year, one-year and two-year-old stem segments, both at bark
and wood level (Fig. 1). - Q

Fig. 1 Example of a stem sample selected for the measurements.

Chlorophyll fluorescence

Measurement of chlorophyll a fluorescence is a powerful technique for in vivo analysis of different
photosynthetic parameters (Maxwell and Johnson 2000). One of the most relevant parameters to
estimate the effective yield (or maximal photochemical efficiency) of PSII is the Fv/Fm ratio
(Maxwell and Johnson 2000; Schreiber 2004), which indicates the intrinsic efficiency of PSII
photochemistry of dark-adapted samples (Aschan et al. 2005). Chlorophyll fluorescence was
measured in the laboratory using an imaging PAM chlorophyll fluorometer equipped with a high-
resolution camera (6.45 pm x 6.45 pm, resolution 1360 x 1024 px) (Open FluorCam SN-FC800-398,
Photon Systems Instruments, Brno, Czech Republic) to quantify Fv/Fm for both bark, wood (Fig. S1)
and leaves. Branches, still maintained with their cut end in water, were dark adapted for 2 h before
measurements to ensure relaxation of photosystems. 3 to 5 mature leaves were detached from each

branches and carefully placed on a petri dish, as explained below for stem samples. Stem segments
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of different age were sampled from branches. Stem segments were sectioned both longitudinally and
radially, and bark and wood were manually and carefully separated. Samples were placed on a petri
dish with a bottom layer of moisten paper towels, and kept hydrated via partial immersion in a water

film during the analysis with the PAM fluorometer.

Vulnerability to xylem embolism and wood density

Data of xylem pressure values inducing 50% loss of xylem hydraulic conductivity (Pso) for the study
species were derived from the Xylem Functional Traits (XFT) database (Choat et al. 2012), and
integrated with more recent studies not included in the XFT. In accordance with previous studies (e.g
Petruzzellis et al. 2021), we considered only Pso data obtained for stems and we discarded values
based on r-shaped vulnerability curves (Cochard et al. 2013). When more than one value was
available for a given species, we considered the average value from different studies for subsequent
analysis. Mean values of traits for each species included in the study, along with the relative
references, are reported in Tab. S1 and S2.

Based on global relationships between Pso and environmental water availability (Maherali et al. 2004;
Choat et al. 2012), we set a threshold of Pso = -3.0 MPa to separate relatively drought tolerant (Pso <
-3.0 MPa) from relatively drought sensitive (Pso > -3.0 MPa) species. We were thus able to separate
two groups of Angiosperms based on their Psp values. The same approach was not possible for
Gymnosperms, due to the relatively low number of species included in the study.

Wood density (WD) is a key functional trait indicating variation in wood structure/carbon investment,
and often used as a proxy for vulnerability to embolism due to its general correlation with Pso (Hacke
and Sperry 2001; Kiorapostolou et al. 2019). WD was measured on 3 cm long segments from two-
year-old stems (one stem per individual), as:

WD = Wood dry weight / Wood fresh volume (g cm™)

Bark was removed and samples were rehydrated overnight by immersion in vials filled with tap water.
The following morning, samples were weighed, and their fresh volume was measured using a water
displacement method (Hughes 2005; Petruzzellis et al. 2019). Samples were then oven-dried at 70 °C
for 24 h and weighed again to obtain their dry weight.

Statistical and phylogenetic analysis

Statistical analyses were performed with R (version 3.4.4) software (R Core Team 2022).

Boxplot panels were made using “ggplot2” package in R. Bar charts were prepared with Origin 9.0
software (Northampton, MA, USA). To test possible significant differences in Fv/Fm, three way

Anova tests were performed setting Fv/Fm as the response variable and the drought sensitiveness
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(drought-tolerant or sensitive species) and each sample (e.g. bark of current-year stem) as the first
and second explanatory variables, respectively. Since homogeneity of variance assumption was
violated, generalized least square (GLS) models were run, using the ‘nlme’ R package (Pinheiro et
al. 2019), specifying a ‘varPower’ variance structure. Differences between groups were tested post
hoc with Holm contrasts using the emmeans function (“emmeans” package). For GLS models, the
pseudo R? was calculated using the Nagelkerke method (“rcompanion” R package; Nagelkerke 1991).
To disentangle eventual phylogenetic signals from general trends of variation in stem photosynthesis
and drought-tolerance traits, we constructed a phylogenetic tree according to Fletcher et al. (2018)
and used “pgls” function in the “caper” R package to analyze data using a phylogenetic generalized
least-squares (PGLS) approach. The PGLS approach enabled calculations of relationships between
variables controlling for phylogeny (OU, Garland et al. 2005). Specifically, the analysis takes into
account for phylogenetic autocorrelation when testing the relationship between the considered traits.
Covariance analysis is based on the Brownian evolution model. To estimate the phylogenetic
distance/length of branches, we included the Lambda factor in the model. Lambda was calculated
using the «maximum likelihood» method (Lambda = 1: phylogenetic covariation is equal to that
estimated by the model, Lambda = 0: traits’ relationship is independent of the phylogenetic
relationship).

We also used the “phylobase” R package to combine the phylogenetic data with the dataset containing
the Pso values. Then, we used “ggtree” R package to create a phylogenetic tree in which each species
is color-coded according the corresponding Pso value, to highlight the evolutionary differences

between species in terms of resistance to drought stress (Maherali et al. 2004).

Results

We were able to retrieve data of Pso for all the species under study (Tab. S1, references in Tab. S2).
We mapped a phylogenetic tree according to Pso values, and high resistance to embolism (more
negative Pso) appeared in several species, both Angiosperms and Gymnosperms (Fig. 2). The highest
value was found in Sambucus nigra (-1.2 MPa), while Juniperus communis had the lowest value (-

5.7 MPa).
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Fig. 2 Phylogenetic tree showing species selected for this study, color-coded according to their values of xylem
water potential inducing 50% loss of hydraulic conductivity (Pso). Note that more negative values characterize

more resistant species. Data are retrieved from literature.
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Mean values of WD for each species are reported in Tab. S1. The lowest WD was measured in 7ilia
cordata (0.30+£0.01 g cm™) while Quercus ilex had the highest value (0.68+0.07 g cm™). A significant
negative relationship was found between Pso and WD (Fig. 3).

2 year stem segment

o
P=0.001 °
RZ2=0.24
Lambda = 0.51 O
_6 =
03 04 05 06

Wood density,g cm™

Fig. 3 Relationship between xylem water potential inducing 50% loss of hydraulic conductivity (Pso) and wood
density (WD). Pso data are retrieved from literature; WD was measured in the species selected for this study.
Solid and open circles represent angiosperm and gymnosperm species, respectively. Solid line represents the

overall regression, while shaded area represents 95% confidence intervals.

Fv/Fm of leaves, bark and wood for each species and each growth year are also reported in Tab. S3.
Values of Fv/Fm for leaves were above 0.80 for all the study species. The lowest Fv/Fm value for
wood was recorded in Pinus halepensis (0.42+0.5), with Cercis siliquastrum scoring the highest one
(0.81+0.02). Instead, the lowest Fv/Fm value at bark level was measured in Prunus spinosa
(0.62+0.08), while Laurus nobilis had the highest value (0.83+0.004). In both Angiosperms and
Gymnosperms, average Fv/Fm values for leaves were similar and higher than those measured at bark
and wood level. When considering the wood, Angiosperms showed higher values of Fv/Fm than
Gymnosperms, especially when considering the wood (Fig. 4). We found a decreasing trend of
photosynthetic efficiency with increasing stem age. This trend was more evident for Gymnosperms

than for Angiosperms, and more marked when considering the wood, compared to the bark (Fig. 4).
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Fig. 4 Median values, 25" and 75" percentiles of Fv/Fm values measured in A) Angiosperms and B)

Gymnosperms in leaf as well as bark and wood of current-year, 1-year and 2-year stem segments. Different

letters indicate significant differences between samples (P < 0.05).

Cy: current-year stem; 1y: 1-year stem; 2y: 2-year stem.
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Fv/Fm

When exploring possible differences in terms of Fv/Fm according to the relative drought tolerance of
different species based on the Pso threshold, we found that Fv/Fm values for the leaves were similar
for drought-tolerant and drought-sensitive species. However, significant differences emerged
between the two groups when considering bark of 1-year-old (p = 0.02) and 2-year-old (p = 0.02)
(Fig. 5A, Tab. S4A). When considering wood, we found significant differences between the two
groups in the current-year (p = 0.007) and 1-year-old stems (p = 0.023) (Fig. 5B, Tab. S4B). The
trend toward lower Fv/Fm values in drought-sensitive compared to drought-tolerant species was
maintained also in the 2-year-old wood, although no significant differences were found in this case
due to high variability of data.

Values of Fv/Fm in the bark did not change over different stem ages for drought-tolerant species. On
the contrary, in the drought-sensitive species bark Fv/Fm showed a decreasing trend with age (Tab.

S4A). Fv/Fm values in the wood tended to decrease with age in both groups (Tab. S4B).
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Cy: current-year stem; 1y: 1-year stem; 2y: 2-year stem.

Fig. 5 Mean maximum quantum yield of PSII (Fv/Fm) in drought-tolerant and drought-sensitive Angiosperm
species, according to values of xylem water potential inducing 50% loss of hydraulic conductivity (Pso). Values
are reported for leaves as well as for A) bark and B) wood samples of different age. Vertical bars indicated

standard deviation. Asterisks indicate significant differences between groups (P < 0.05).
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Discussion

Stem photosynthesis is thought to play different roles in tree resistance/resilience to water shortage,
but the actual correlation of stem photosynthetic efficiency with adaptation to drought has never been
clearly demonstrated. Our data reveal significant differences in terms of Fv/Fm for both bark and
wood of species with contrasting levels of drought tolerance, highlighting possible functional roles
of stem photosynthesis for woody plants thriving in water-limited habitats.

Chlorophyll a fluorescence is considered an excellent tool to quantify the physiological status of
photosynthetic tissues (Govindjee 2004), and Fv/Fm is the parameter most commonly used to this
aim. The average Fv/Fm for photosynthetically active and healthy leaves is 0.83 (Harbinson et al.
2018). Lower values indicate reduced maximum quantum efficiency, due to intrinsic features of the
photosynthetic apparatus or to damage resulting from environmental stress (Maxwell and Johnson
2000). Hence, Fv/Fm emerges as a convenient parameter to assess stem photosynthetic efficiency.
Fv/Fm for leaves of the study species was above 0.80, and similar among Angiosperms and
Gymnosperms. Interestingly, the Fv/Fm of bark for both current-year stems and one-year-old stems
was very close to values measured in leaves (although significantly lower based on statistics),
suggesting that the bark of young stems can perform photosynthesis with an efficiency very similar
to that of leaves. In Angiosperms (but not in Gymnosperms), also current-year wood displayed Fv/Fm
comparable to that of leaves, indicating that even this compartment might significantly contribute to
carbon uptake in this group of plants.

We found Fv/Fm to be stem-age dependent, with relatively high values in current-year stems, but
then decreasing in bark and especially wood of older stems. This finding is consistent with the
observation that light transmitted through the stem and CO; diffusion from the atmosphere inside the
stem generally decrease as stems age and grow thicker (Saveyn et al. 2010). In fact, blue light is
mainly absorbed by the bark, while the wood can be reached by far-red enriched light (Wittmann and
Pfanz 2016; Natale et al. submitted) that is far from optimal for the photosynthetic process. However,
it is interesting to note that even 2-year-old wood displayed appreciable levels of Fv/Fm (especially
in Angiosperms), consistent with possible residual CO; fixation even in this compartment. This
finding would be in agreement with the role proposed for wood chloroplast as ‘recyclers’ of CO»
released by respiration of wood parenchyma (Avila et al. 2014). This process might help plants to
buffer NSC depletion during periods of stress leading to stomatal closure (see below).

As expected, statistical analyses revealed that Fv/Fm values of bark and wood differed between
Angiosperm and Gymnosperm species. Specifically, Angiosperms had higher Fv/Fm values,

especially in the wood, compared to Gymnosperms. These differences are consistent with the xylem
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anatomical features in the two groups, with specific reference to the percentage wood volume
occupied by parenchymatic cells. In fact, Gymnosperms have typically low amounts of parenchyma
in their wood (in the range of 5-10% of the total volume), in sharp contrast with Angiosperms where
25-50% of the wood volume can be occupied by parenchyma (Morris et al. 2016; Kiorapostolou et
al. 2019). Hence, Gymnosperm wood can accommodate relatively fewer chloroplasts and is likely
less efficient in light transmission below the bark.

The vulnerability to xylem embolism (Pso) is considered one of the most reliable proxies to quantify
plant tolerance to drought stress (e.g. Choat et al. 2012; Petruzzellis et al. 2021). Pso is a measure of
the apoplastic vulnerability to dehydration, since drought stress can affect the soil-to-leaf pathway by
causing dysfunction of water columns in xylem conduits (e.g. Nardini and Luglio 2014), potentially
inducing embolism formation and further desiccation (e.g. Nardini et al. 2017; McDowell et al. 2008;
Adams et al. 2009). Indeed, Pso values show large inter-specific variation, and are generally
coordinated with climatic conditions of the species’ natural range with specific reference to
precipitation, evapotranspiration and temperature (Maherali et al. 2004; Bartlett et al. 2012). Values
of Pso in our dataset spanned a twofold range for both Angiosperms and Gymnosperms, and allowed
us to separate two groups of relatively drought-tolerant (11 species) and drought-sensitive (20
species) Angiosperms. The same classification was not possible for Gymnosperms, due to the
relatively small number of species analyzed. Drought-tolerant and drought-sensitive species were
distributed along independent phylogenetic trajectories (Fig. 2). A possible pitfall of our analysis lies
in the fact that Pso values were retrieved form the literature, and not measured on the same individuals
used for Fv/Fm measurements. Although species-specific vulnerability to xylem embolism displays
limited genotypic variability (Wortemann et al. 2011; Unterholzner et al. 2020), we decided to
measure wood density in the same plants used for analysis of stem photosynthetic efficiency to further
test the overall reliability of the Pso dataset as based on literature data. WD is recognized as a good
proxy for species-specific vulnerability to xylem embolism (Nardini et al. 2013; Kiorapostolou et al.
2019), and in fact this trait was well correlated with Pso values across our dataset, confirming the
overall validity of our classification of Angiosperms according to their relative drought tolerance.
We found that woody species with more negative Pso values were also characterized by higher Fv/Fm
values in bark and wood, although not for all age ranges. This finding might suggest that drought-
tolerant species have greater stem photosynthetic efficiency, as a possible adaptation to environmental
conditions imposing prolonged stomatal closure. This conclusion would be in accordance with
previous studies suggesting that photosynthetic stems could have evolved more than once as an
adaptation to life in tropical-dry and Mediterranean-like ecosystems (Avila-Lovera and Ezcurra 2016;

Avila-Lovera and Garcillan 2020). In fact, under prolonged drought stomata close to prevent
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excessive tissue dehydration (Brodribb and Holbrook 2003; Bartlett et al. 2016; Choat et al. 2018).
Stomatal closure cannot fully prevent residual water loss and progressive drop of xylem pressure, so
that these species gain an adaptive advantage from developing xylem conduits highly resistant to
xylem embolism that can assure the integrity of the root-to-leaf water pathway. Under such
conditions, plants face a reduction of leaf-level photosynthetic carbon gain (Meinzer et al. 2009;
Choat et al. 2012; Manzoni et al. 2013; Nardini et al. 2017), potentially leading to depletion of stored
non-structural carbohydrates (NSC) to maintain primary and secondary metabolism (McDowell et al.
2022). Prolonged drought stress might provoke exhaustion of NSC pools (McDowell et al. 2008;
Adams et al. 2009), so that additional carbon gain at the stem level might represent a significant
adaptive advantage for such species.

In this study, we used Pso values to disentangle drought-sensitive form drought-tolerant species, and
to compare stem photosynthetic efficiency in these two groups. Hence, our data cannot provide any
insight into possible mechanistic relationships between vulnerability to xylem embolism and stem
photosynthesis. However, some observations lead to interesting speculations. In particular, it is
interesting to note that wood photosynthetic efficiency was higher in Angiosperms than in
Gymnosperms. Locally produced non-structural carbohydrates have been suggested to be involved
in the post-drought recovery of stem hydraulics, pending refilling of embolized conduits (Schmitz et
al. 2012; Bloemen et al. 2016; Nardini et al. 2018). In this light, it is worth noting that embolism
repair, although debated, has been observed more frequently in Angiosperms compared to
Gymnosperms (Johnson et al. 2012; Klein et al. 2018). Thus, it is tempting to speculate that the
limited ability of Gymnosperms to recover their hydraulic functions after drought partly depends on
the low photosynthetic efficiency at wood level, that would prevent adequate production and of non-
structural carbohydrates to be invested in the generation of osmotic forces which are thought to be
required for embolism reversal (Nardini et al. 2011; Secchi and Zwieniecki 2016; Secchi et al. 2021).
To conclude, our data suggest an adaptive role for stem photosynthesis for woody plants thriving in
hot and dry ecosystems. Considering that this is the first study showing the connection between stem
photosynthesis and drought-related functional traits, we call for more studies aimed at verifying these
findings at larger geographical, ecological and taxonomic scales, to better understand the

ecophysiological importance of photosynthetic stems for plants facing ongoing climate changes.
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Supplementary material
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Fig. S1 Example of maximum quantum yield of PSII (Fv/Fm) measured in stem samples used for the
experiment. (A-B) Wood, (C-D) wood + pith (exposing the cut side) and (E-G) bark were analyzed separately.
The example showed measurements conducted on the current-year stem of Juglans regia. Values displayed

under each picture are the average Fv/Fm value of the sample.
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Species Pso (MPa) WD, g cm™
Acer campestre —4.18+0.01 0.41+0.04
Acer monspessulanum —4.16+0.85 0.55+0.03
Acer pseudoplatanus -2.31+0.63 0.30+0.0
Ailanthus altissima —1.95+1.43 0.57+0.06
Alnus incana —-1.36+0.49 0.43+0.02
Betula pendula —2.00+0.28 0.45+0.02
Carpinus betulus -3.67 0.57+0.03
Carpinus orientalis —4.16+0.30 0.54+0.08
Cercis siliquastrum —-1.80 0.37+0.02
Corylus avellana —2.61+0.44 0.41£0.03
Cotinus coggygria —3.26+0.88 0.34+0.05
Fagus sylvatica —2.28+0.63 0.67+0.01
Fraxinus ornus —2.99+0.69 0.52+0.03
“ Hedera helix -2.55+0.41 0.56+0.06
§ Juglans regia —2.14+0.34 0.35+0.02
% Laurus nobilis —4.19+2.75 0.38+0.02
& Ligustrum vulgare —3.88+1.07 0.61+0.03
= Malus domestica —2.37+1.38 0.49+0.02
Olea europaea —4.00 0.64+0.09
Ostrya carpinifolia —-3.76+0.77 0.44+0.04
Prunus mahaleb —-5.18+0.25 0.65+0.03
Prunus spinosa -2.11 0.65+0.03
Quercus ilex —4.03+1.37 0.68+0.07
Quercus petraea -3.5 0.54+0.02
Quercus pubescens —2.41+0.79 0.59+0.07
Robinia pseudoacacia —2.15+0.74 0.54+0.04
Salix alba -1.50 0.41+0.02
Sambucus nigra -1.20 0.32+0.02
Tilia cordata —1.924+0.49 0.30+0.01
Ulmus minor —2.07+1.47 0.45+0.03
Viburnum lantana —2.69+0.94 0.56+0.03
Ginkgo biloba —4.62 0.50+0.01
Juniperus communis —5.71+£0.92 0.61+£0.04
g Larix decidua -3.99+0.55 0.51+£0.04
g Picea abies -3.88 0.45+0.01
S Pinus halepensis -3.11 0.38+0.01
g Pinus nigra —3.3440.21 0.44+0.01
& Pinus pinea —2.41+0.12 0.48+0.03
Pinus sylvestris —2.7440.71 0.39+0.03

Tab. S1 Mean values and associated standard deviation of water potential inducing 50% loss of hydraulic
conductivity (Pso) and wood density (WD) of wood of the second-year stem segment, retrieved from literature
and measured on the selected species, respectively. Note that for some species it was not possible to calculate

the standard deviation because only one value was available.
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Ginkgo biloba Cochard 2006
Bouche et al. 2014; Beikircher & Mayr 2008;Mayr et al. 2006;
Tognetti et al. 2001
Mayr et al 2006; Rosner et al. 2019a; Cochard 2006; Bouche et al.

Juniperus communis

Larix decidua

<] 2014

§ Picea abies Mayr et al. 2003; Chumura et al. 2016; Luss et al. 2019;

g Nolf et al. 2015; Rosner et al 2019a; Cochard et al. 1992;

S Pinus halepensis Oliveras et al. 2003

O Pinus nigra Martinez-Vilalta & Pifiol 2002; Rosas et al. 2019
Pinus pinea Oliveras et al. 2003; Johnson et al. 2016

Mencuccini et al. 1997; Martinez-Vilalta & Pifiol 2002;
Pinus sylvestris  Poyatos et al. 2007; Aguadé et al. 2015; Torres-Ruiz et al. 2016; Jin et
al. 2018

Tab. S2 List of the species selected in this study along with sources of water potential inducing 50% loss of

hydraulic conductivity (Pso) values.
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pseudo R’=0.58
A) YEAR =1:
contrast estimate SE df t.ratio p.value
(Drought-sensitive) - (Drought-tolerant) -0.03 0.01 84.40 -2.44 0.02

YEAR =2:
contrast
(Drought-sensitive) - (Drought-tolerant) -0.04 0.02 30.30 -2.24 0.03

YEAR =c:
contrast
(Drought-sensitive) - (Drought-tolerant) 0.00 0.01 102.60 -0.36 0.72
Leaf
contrast
(Drought-sensitive) - (Drought-tolerant) 0.01 0.01 45.20 1.87 0.07
pseudo R*=0.57
B) YEAR=1:

contrast estimate SE df t.ratio p.value

(Drought-sensitive) - (Drought-tolerant) -0.04 0.02 78.60 -2.32 0.02

YEAR =2:
contrast
(Drought-sensitive) - (Drought-tolerant) -0.04 0.02 4830 -1.66 0.10

YEAR =¢:

contrast
(Drought-sensitive) - (Drought-tolerant) -0.03 0.01 109.60 -2.86 0.01
Leaf
contrast
(Drought-sensitive) - (Drought-tolerant) 0.01 0.01  40.20 2.21 0.06

Tab. S4:A) Results of emmeans model. Bark Fv/Fm was the response variable, and year and drought-
sensitivity the explanatory variables. P values are reported. B) Results of emmeans model. Wood
Fv/Fm was the response variable, and year and drought-sensitivity the explanatory variables. P values

are reported.
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Species Fv/Fm Leaf Year Fv/Fm Bark Fv/Fm Wood
Mean | SD Mean SD Mean SD
Acer campestre 0.81 0.04 current | 0.73 0.12 0.76 0.03
ly 0.81 0.02 0.76 0.02
2y 0.73 0.03 0.65 0.03
Acer monspessulanum 0.80 0.01 current | 0.79 0.02 0.81 0.01
ly 0.75 0.04 0.71 0.02
2y 0.76 0.04 0.68 0.02
Acer pseudoplatanus 0.83 0.01 current | 0.82 0.01 0.77 0.01
ly 0.80 0.04 0.73 0.02
2y 0.79 0.03 0.73 0.02
Ailanthus altissima 0.82 0.01 current | 0.79 0.01 0.68 0.02
ly 0.67 0.02 0.53 0.05
2y 0.64 0.06 0.60 0.02
Alnus incana 0.82 0.01 current | 0.73 0.16 0.69 0.13
ly 0.67 0.18 0.66 0.16
2y 0.75 0.03 0.70 0.02
Betula pendula 0.83 0.02 current | 0.75 0.02 0.75 0.04
ly 0.77 0.03 0.78 0.03
2y 0.75 0.02 0.72 0.07
Carpinus betulus 0.83 0.01 current | 0.80 0.00 0.80 0.00
ly 0.79 0.01 0.78 0.01
2y 0.78 0.02 0.79 0.01
Carpinus orientalis 0.82 0.01 current | 0.81 0.01 0.81 0.02
ly 0.82 0.01 0.80 0.02
2y 0.81 0.01 0.80 0.02
Cercis sliquatrum 0.84 0.00 current | 0.80 0.02 0.81 0.02
ly 0.78 0.01 0.81 0.01
2y 0.73 0.03 0.81 0.01
Corylus avellana 0.84 0.01 current | 0.81 0.01 0.78 0.00
ly 0.78 0.01 0.78 0.01
2y 0.75 0.05 0.78 0.01
Cotinus coggygria 0.83 0.00 current | 0.81 0.01 0.80 0.02
ly 0.81 0.01 0.79 0.01
2y 0.79 0.02 0.78 0.03
Fagus sylvatica 0.83 0.01 current | 0.78 0.04 0.78 0.04
ly 0.75 0.02 0.79 0.01
2y 0.72 0.03 0.79 0.02
Fraxinus ornus 0.83 0.01 current | 0.84 0.00 0.74 0.02
ly 0.82 0.01 0.62 0.08
2y 0.82 0.02 0.65 0.06
Hedera helix 0.80 0.01 current | 0.79 0.01 0.81 0.01
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ly 0.81 0.01 0.78 0.01
2y 0.77 0.02 0.53 0.08
Juglans regia 0.85 0.01 current | 0.84 0.01 0.78 0.01
ly 0.79 0.05 0.63 0.08
2y 0.73 0.05 0.62 0.09
Laurus nobilis 0.82 0.01 current | 0.82 0.01 0.80 0.02
ly 0.82 0.01 0.80 0.01
2y 0.83 0.00 0.78 0.01
Ligustrum vulgare 0.80 0.04 current | 0.82 0.01 0.79 0.01
ly 0.82 0.00 0.79 0.01
2y 0.81 0.00 0.75 0.02
Malus domestica 0.81 0.01 current | 0.85 0.01 0.80 0.04
ly 0.83 0.02 0.70 0.06
2y 0.82 0.01 0.77 0.04
Olea europaea 0.83 0.01 current | 0.80 0.01 0.80 0.02
ly 0.81 0.01 0.78 0.02
2y 0.81 0.01 0.79 0.02
Ostrya carpinifolia 0.81 0.02 current | 0.81 0.01 0.79 0.01
ly 0.80 0.01 0.76 0.01
2y 0.80 0.01 0.77 0.01
Prunus mahaleb 0.83 0.01 current | 0.80 0.02 0.82 0.02
ly 0.78 0.02 0.74 0.03
2y 0.77 0.02 0.75 0.01
Prunus spinosa 0.84 0.01 current | 0.81 0.02 0.81 0.01
ly 0.67 0.05 0.80 0.01
2y 0.62 0.08 0.78 0.01
Quercus ilex 0.81 0.01 current | 0.79 0.01 0.76 0.01
ly 0.78 0.01 0.74 0.01
2y 0.81 0.01 0.72 0.02
Quercus petraea 0.84 0.01 current | 0.82 0.01 0.80 0.02
ly 0.81 0.01 0.76 0.02
2y 0.76 0.05 0.74 0.05
Quercus pubescens 0.86 0.01 current | 0.83 0.01 0.81 0.02
ly 0.82 0.01 0.67 0.11
2y 0.74 0.08 0.62 0.13
Robinia pseudoacacia 0.83 0.01 current | 0.80 0.01 0.79 0.01
ly 0.81 0.02 0.77 0.02
2y 0.81 0.02 0.75 0.03
Salix alba 0.82 0.01 current | 0.76 0.03 0.75 0.01
ly 0.70 0.01 0.74 0.03
2y 0.71 0.00 0.72 0.02
Sambucus nigra 0.84 0.01 current | 0.82 0.01 0.76 0.03
ly 0.82 0.01 0.75 0.07
2y 0.78 0.01 0.71 0.01
Tilia cordata 0.83 0.01 current | 0.81 0.01 0.78 0.03
ly 0.82 0.01 0.76 0.01
2y 0.80 0.03 0.74 0.02

115



Ulmus minor 0.83 0.01 current | 0.81 0.02 0.76 0.04
ly 0.82 0.01 0.72 0.03
2y 0.76 0.07 0.66 0.02
Viburnum lantana 0.85 0.01 current | 0.79 0.03 0.68 0.14
ly 0.78 0.03 0.77 0.02
2y 0.78 0.04 0.76 0.02
Ginkgo biloba 0.84 0.01 current | 0.80 0.03 0.80 0.05
ly 0.69 0.06 0.63 0.08
2y 0.62 0.02 0.67 0.09
Juniperus communis 0.80 0.03 current | 0.69 0.07 0.68 0.04
ly 0.77 0.02 0.76 0.02
2y 0.79 0.01 0.73 0.03
Larix decidua 0.85 0.02 current | 0.79 0.01 0.54 0.15
ly 0.74 0.04 0.67 0.08
2y 0.71 0.03 0.65 0.06
Picea abies 0.86 0.00 current | 0.75 0.00 0.68 0.06
ly 0.76 0.01 0.69 0.04
2y 0.73 0.02 0.63 0.07
Pinus halepnsis 0.80 0.01 current | 0.80 0.01 0.73 0.01
ly 0.68 0.06 0.46 0.07
2y 0.70 0.01 0.42 0.05
Pinus nigra 0.82 0.02 current | 0.80 0.03 0.68 0.06
ly 0.60 0.05 0.48 0.03
2y 0.72 0.02 0.57 0.01
Pinus pinea 0.81 0.01 current | 0.81 0.01 0.72 0.03
ly 0.78 0.01 0.52 0.11
2y 0.77 0.00 0.49 0.02
Pinus sylvestris 0.82 0.01 current | 0.81 0.01 0.79 0.01
ly 0.73 0.03 0.71 0.07
2y 0.70 0.02 0.70 0.02
Abies cephalonica 0.85 0.01 current | 0.77 0.02 0.68 0.04
ly 0.76 0.01 0.56 0.01
2y 0.76 0.04 0.51 0.11

Tab. S3 Mean values and associated standard deviation (SD) of maximum quantum yield of PSII (Fv/Fm) of
leaf and both bark and wood, measured on the selected species in the different stem years. Current: current-

year stem; ly: 1-year stem; 2y: 2-year stem.
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Abstract

Leaves are the main photosynthetic organs in woody plants, but in some species stem photosynthesis
can significantly contribute to the tree carbon budget. This extra carbon gain has been suggested to
be crucial, especially when drought stress causes leaf photosynthesis impairment and/or a reduced
phloem transport.

Stems of potted Fraxinus ornus L. saplings were covered with aluminium foil to verify if inhibition
of stem photosynthesis increases plant vulnerability to drought. The plants reached the target xylem
water potentials of -3.5 MPa (corresponding to 50% loss of xylem hydraulic conductivity, PLC) in
ca. one week and were then re-irrigated to field capacity to quantify their recovery capacity.
Vulnerability was assessed in light-exposed and stem-shaded saplings with both the hydraulic method
and in vivo with X-ray micro-computed tomography. We also measured non-structural carbohydrate
(NSC) concentration and osmotic potentials in bark and wood separately.

Stem shading affected the hydraulic response during a drought event, but did not influence the
recovery phase. Both hydraulic and imaging methods revealed higher vulnerability to xylem
embolism in stem-shaded saplings. This difference was coupled with modification of the NSC pool
and impaired osmoregulation, in particular in the wood of stem-shaded saplings compared to control
ones.

Our results indicate stem photosynthesis as an important source of local NSCs, directly or indirectly
involved in osmoregulation processes, which could be crucial to enhance the hydraulic resistance to

embolism formation and to endure drought.

Keywords: stem photosynthesis; drought; wood parenchyma; X-ray micro-CT; embolism; xylem

vulnerability
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Introduction

Ongoing climate change is producing an increase in the frequency/severity of anomalous drought
events (IPCC 2022), leading to higher rates of tree dieback and mortality (Allen et al. 2010; Hember
et al. 2017; Neumann et al. 2017). Drought-induced tree decline is mainly related to hydraulic failure
and/or carbon starvation (McDowell et al. 2022). Since xylem and phloem functioning are strongly
inter-related (Holtta et al. 2009; Hubeau and Steppe 2015), plant hydraulic and carbon dynamics are
intimately linked (Adams et al. 2009; McDowell, 2011; Adams et al. 2017), so that these two events
are likely to co-occur to some extent under drought (Lloret et al. 2018; McDowell et al. 2011;
McDowell et al. 2015). Hence, when considering the effects of drought stress on plant survival, it is
fundamental to consider both processes (Adams et al. 2017; Sevanto et al. 2014; Nardini et al. 2011).
A recent review highlighted the relationships between stem xylem embolism and non-structural
carbohydrates (NSCs) dynamics (Tomasella et al. 2020), as mediated by water and solutes exchanges
between xylem conduits and parenchyma cells where NSCs are stored.

Leaves are the primary photosynthetic organs for most woody species, and are generally assumed to
be the major source of carbon assimilation. Nonetheless, a wide range of woody plants can carry out
photosynthesis even at stem level (Pfanz and Aschan 2001), which appears as an extra source of
carbon assimilation helping plants to face drought events. Generally, the spatial distribution of
chloroplasts within stems strongly depends on the interspecific characteristics in axial and radial light
transmission through stem tissues (Sun et al. 2003,2005; Schmitz et al. 2012), which generally
depends on bark features (Aschan et al. 2001; Cernusak and Cheesman 2015). The functional
advantage of stem photosynthesis is that it can be sustained either from the external CO» uptake (at
bark level) and/or from the re-fixation of internally respired CO2 (Pfanz et al. 2002; Teskey et al
2008; Avila et al. 2014). Stem photosynthesis has been reported to substantially contribute to wood
production, thus playing a key role in stem growth (Saveyn et al. 2010; Cernusak and Hutley 2011;
Bloemen et al. 2013; Steppe et al. 2015), and bud development (Saveyn et al. 2010). As an example,
stem photosynthesis was reported to contribute to stem growth by 25-56% in three evergreen woody
species (Saveyn et al. 2010), by about 10% in mature Eucalyptus species (Cernusak and Hutley 2011),
and by 30% in Populus tremuloides (Bloemen et al. 2016).

The peculiar capacity of stems to rely on endogenous CO> (Pfanz et al. 2002; Aschan and Pfanz 2003;
Wittmann and Pfanz 2008), might represent an important advantage when leaf photosynthesis is
impaired by stomatal closure and phloem transport is limited (Vandegehuchte et al. 2015). The
photosynthetic activity of stems might also minimize the impact of absence of leaves due to

seasonality (e.g. deciduous species), and might become particularly important under stress conditions
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(e.g. drought stress) (Eyles et al. 2009; Teskey et al. 2008). Indeed, the first observations of
photosynthetic stems were referred to desert plants (Gibson 1983; Nilsen 1995), and recent studies
have suggested a coordination between stem photosynthesis and hydraulics in these species (Avila-
Lovera et al. 2017).

The first clear evidence of an involvement of stem photosynthesis in hydraulic functioning was
provided by Schmitz et al. (2012), who highlighted a reduction in stem hydraulic conductivity in
detached branches of different mangrove species after branches were covered to block light
penetration. This led to the hypothesis that the inhibition of stem photosynthesis induced a depletion
of carbohydrate reserves with consequent failure of embolism repair processes (Nardini et al. 2018).
Moreover, inhibition of stem photosynthesis can induce stems to shrink more drastically in response
to severe drought stress (Bloemen et al. 2016). Hence, sugars produced at stem level might potentially
be involved in maintaining the turgor of wood parenchyma cells, which are supposed to assist xylem
hydraulic functioning (Secchi et al. 2021; Tomasella et al. 2021; Kawai et al. 2022). Similarly, light-
excluded branches of Populus nigra displayed a steeper increase in embolism formation for any given
water potential, compared to control stems (De Baerdemaeker et al. 2017). A recent study pointed
out that stem shading had a different impact on an evergreen woody species (Laurus nobilis)
compared to a deciduous one (Populus alba) (Trifilo et al. 2021). Specifically, the inhibition of stem
photosynthesis affected the growth of Laurus nobilis but not of Populus alba. Conversely, stem
shading affected the ability to recover from xylem embolism in P. alba, but not in L. nobilis.

All the above studies suggest that stem photosynthesis might have an impact on hydraulic functioning
under drought, or on recovery capacity after drought release. An important unresolved issue concerns
the contribution of stem photosynthesis to the NSC pool in the wood, and how this interacts with
hydraulic responses during and after drought. In this study, we report a set of experiments aiming to
test the impact of long- and short-term stem shading on drought response of Fraxinus ornus. This
species was selected because it is known to have functional chloroplasts at bark and wood level
(Natale et al. submitted), and because it is a drought-tolerant tree facing prolonged summer periods

with partial or full stomatal closure (Nardini et al. 2003; Tomasella et al. 2019).

Material and Methods

Experimental design and plant material
Three-year-old potted saplings of Fraxinus ornus L. (n=83) were provided by a public nursery (Vivai
Pascul, Regional Forestry Service, Tarcento, Italy). Plants were transplanted on February 2020 in 3.5

L pots filled with a light mineral substrate designed for green roof installations (Savi et al. 2013), and
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randomly allocated in a greenhouse of the botanical garden of the University of Trieste (Italy). The
plant’s height (h) and the diameter at the stem base (@) were measured both at the start and end of the
experiment.

Plants were regularly irrigated at field capacity until the start of experimental drought treatments, and
their position in the greenhouse was randomly shifted weekly, to assure exposure to uniform light
conditions. A slow-release fertilizer (Flortis, universal fertilizer, Orvital, Milano, Italy) was added to
each pot in April (4 g) and May (3 g) to prevent nutritional deficiency. Saplings were divided in three
groups (c. 30 plants each) (Fig. 1): 1) plants maintained under greenhouse light conditions for the
whole experiment (Li, Light plants); ii) plants with stems covered with aluminum foil for 30 days
before starting the drought experiment (LS, Long-shading plants); iii) plants with stems covered with
aluminum foil at the starting of the drought experiment (SS, Short-shading plants). By covering the
whole stem, we aimed at inhibiting stem photosynthesis and favoring the depletion of local non-
structural carbohydrates (NSC) reserves. For each group, plants were further divided in three
treatments: 1) well-watered (C, control), ii) drought-stress (D), and iii) recovery (R). The drought
stress was induced by suspending irrigation for 5-10 days, until the xylem water potential (Wxy1)
dropped to about -3.5 MPa, i.e. a value known to induce 50% loss of xylem hydraulic conductance
due to embolism in this species (Petit et al. 2016). Plants for the recovery experiment were re-irrigated
to field capacity and harvested 24 h later to assess possible hydraulic recovery. C plants (Lic, LSc,
SSc) were harvested and measured within the same period as D and R plants. For each group, five to
ten plants were harvested for pigments quantification as well as hydraulic and NSC measurements
between 12:00 and 14:30 h, to avoid diurnal fluctuation effects on carbohydrate content (Tixier et al.

2018).

Fig. 1  Schematic
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Leaf water relations and stem osmotic potential

To assess eventual effects of water and/or light treatments on plant water status, we measured midday
stem xylem water potential (xy1), leaf conductance to water vapor (gr), and stem osmotic potential.
In particular, gr (mmol m™ s') was measured with a steady-state porometer (SC-1, Decagon Devices
Inc., Pullman, USA) between 11.00 h and 14.00 h on 2 mature and healthy leaves per sapling.
Measurements were coupled to quantification of photosynthetic photon flux density (PPFD, umol m
2 571y with a Quantum photo-radiometer (HD 9021, Delta OHM S.r.1., Padova, Italy) at the selected
leaf surface.

To assess Wxy1, 1-2 mature leaves per sapling were bagged in cling film and covered with aluminum
foil in the early morning. Leaves were then collected between 11:00 and 14:00 h and water potential
was measured using a pressure chamber (mod. 1505D, PMS Instrument co., Albany, OR, USA).
Additionally, stem osmotic potential at full turgor was estimated on 5-10 saplings for each
group/treatment. Bark and wood were carefully separated, re-hydrated for 20 minutes by immersion
in bi-distilled water, wrapped in parafilm and placed at -20°C until measurements. Samples were
thawed for c. 10 min, chopped quickly and wrapped in cling film, and placed in liquid nitrogen for
60 seconds. Half of the sample was put immediately in a dewpoint hygrometer to measure the osmotic
water potential (WP4, Decagon Devices Inc., Pullman, USA), and the other half was stored in 1 mL
Eppendorf filled with bi-distilled water, and shaken for 30 seconds before measuring the electrical
conductivity (C, uS cm™) of the solution with a conductivity meter (LAQUAtwin-EC-11, Horiba
Ltd., Kyoto, Japan). Data of osmotic water potential and electrical conductivity collected during the
greenhouse experiment were combined with those obtained during the micro-CT experiment (see

below).

Pigment analysis

To investigate the possible effects of stem shading and water treatments on pigment concentration,
we quantified chlorophyll a, chlorophyll b and carotenoids content in both bark and wood upon
extraction of fresh material in 80% acetone solution. Bark and wood samples (5-10 saplings for each
group/treatment) were cut into small pieces to facilitate the extraction. About 50 mg of bark samples
were placed in a 2 mL Eppendorf filled up with 1.5 mL of acetone solution. About 300 mg of wood
were placed in 1.5 mL of acetone solution. Absorption spectra were recorded using an UV-Vis
spectrophotometer (model 7315; Jenway, Worcestershire, UK) between 250 and 750 nm. The final

pigment concentration was assessed using Wellburn equations (Wellburn 1994).
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Hydraulic Measurements
In order to quantify eventual impacts of stem shading on xylem vulnerability to embolism or on post-
drought hydraulic recovery, we measured the percentage loss of hydraulic conductivity (PLC) in one-
year-old stem segments in Li, LS, and SS saplings (5-10 saplings per group/treatment). PLC was
measured in well-watered saplings, as well as in plants exposed to D and R treatments.
To minimize any possible excision artifact in PLC quantification, we followed the protocol by Torres-
Ruiz et al. (2015). We optimized the method by making the first cut underwater. Whole pots wrapped
in a plastic bag were immersed in a bucket filled with tap water, and the stem was cut at the base
under water. Then, the stem was transferred in clean tap water and a second cut was made at a
minimum distance of 0.2 times the maximum vessel length (MVL). The residual xylem tension was
released by immersing the cut end in water for 20 min. MVL was estimated with the “air injection
method” described by Wang et al. (2014), and averaged 23 + 9 cm in our saplings. Then, the xylem
segment to be used for hydraulic measurements was excised under water at the minimum distance of
1.5 MVL from the initial cut, to remove any artificial embolism generated during previous cuts.
Hydraulic conductance was measured with a hydraulic apparatus (Tomasella et al. 2019a), using
filtered (0.45 um) and degassed mineral water added with 10 mM KCl as perfusion solution (Nardini
et al. 2007). Stem hydraulic conductance was measured gravimetrically under a water head of 4 kPa
before (initial hydraulic conductance, K;) and after (maximum hydraulic conductance, Kimax) flushing
the sample at high pressure (0.15 MPa) for 3 min to remove embolism. Maximum stem specific
hydraulic conductivity (kg m™' s MPa™) was calculated as:
Ks = Kmax X I/Ax

where 1 is sample length and A is the xylem transverse area, as calculated on the basis of the radius
of the stem cross section area occupied by xylem, measured using a caliper.
Finally, PLC was calculated as:

PLC=100x%[1-(Ki/Kmax)]

Micro-CT imaging

In order to validate results obtained with destructive hydraulic techniques, we performed micro-CT
scans on intact saplings (n=26) at the SYRMEP beamline of the Elettra Synchrotron light source
(Trieste, Italy), on 17-21 July 2020. Since we had a short facility-time access and data obtained with
the “classical hydraulic technique” revealed a statistically significant higher PLC only in long-shaded
plants (see below), we decided to perform micro-CT scans only on “light” and “long-shaded” plants.
Therefore, one month before Synchrotron access, the whole stems of 12 plants were shaded with

aluminum foil (LS, long-shaded plants), whereas other 12 plants were kept under ambient light
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conditions (Li, light plants). Eight plants per group were subjected to drought stress by withholding
irrigation until Wxyi reached the critical threshold (see above). Stems were quickly fixed to the sample
holder and the plant was wrapped in cling film to avoid water loss. For image acquisition, the average
X-ray source energy was 22 keV and pixel size was set at 2 pm to clearly visualize xylem conduits.
The exposure time was 200 milliseconds (ms) per image, except for some taller saplings where this
value was set at 100 ms to reduce plant movement during rotation. Scan range was 180°, with 1800
projections per sample. The slice reconstructions were performed using SYRMEP Tomo Project
(STP) software (Brun et al. 2015). A phase retrieval pre-processing algorithm (Paganin et al. 2002)
was applied prior to the conventional filtered back-projection algorithm to increase the image
contrast. Reconstructed images were processed using ImagelJ. Due to the larger diameter of the stems
compared to the field of view (ca. 4 mm X 4 mm), analyses were conducted on about one-quarter of
the stem section, excluding the immature xylem next to the vascular cambium. The embolized
sapwood area (Aembol) Was calculated by dividing the total embolized pixel area by the analyzed
mature sapwood area, and expressed as percentage (Secchi et al. 2021). Immediately after each scan,
a stem segment was collected just below the scan point from each sapling, and used to quantify

carbohydrate content and estimate stem osmotic potential at full turgor (see above).

Stem non-structural carbohydrate content

In order to investigate the effects of the experimental treatments on carbohydrate dynamics, non-
structural carbohydrate (NSC) analysis was performed on 4 cm long stem segments, sampled next to
those used for hydraulic measurements immediately after cutting (5-10 saplings for each treatment).
Bark and wood were separated, microwaved for 3 min at 700 W in order to stop enzymatic activity,
oven-dried at 70 °C for 24 h, then grinded with a mixer mill (MM400; Retsch GmbH, Haan,
Germany), and stored at -20 °C until NSC extraction. Aliquots of 15 £ 2 mg of powder were processed
following Tomasella et al. (2019), with the following modifications: after extraction with 80%
ethanol, soluble carbohydrates were recovered in the alcoholic supernatant, while the pellet
(containing both starch and maltodextrin oligosaccharide fractions) was incubated in 0.5 mL 2 mM
HEPES-Tris pH 6.7 at 25 °C overnight. The remaining starch in the pellet was processed according
to Landhiusser et al. (2018). Soluble NSC were measured as mg g”' DW of glucose by the Anthrone
assay method (Yemm and Willis 1954), comparing sugars content of samples with known amount of
glucose.

Starch hydrolysis was performed according to Landhidusser et al. (2018). The glucose resulting from
the starch enzymatic digestion was quantified as NADPH using a spectrophotometer (Perkin Elmer,

Boston, MA, USA), following Bergmeyer and Bernt (1974). Starch amount was expressed as mg of
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glucose equivalent per g of DW, by comparison with standard solutions of amylose.

Mannitol concentration was determined enzymatically, according to the method described by Lunn
et al. (1989) slightly modified as follows: a buffer of Tris-HCI pH 7.5 was prepared and NAD" was
suspended. 1 mg/mL di BAS was added to stabilize ROS formation and the buffer was adjusted to
pH 8.6. 5 uL of sample was added to 294 uL of buffer-NAD reagent. After mixing, the absorbance
at 340 nm was recorded and 2 pL (0.6U) of mannitol dehydrogenase added per each sample and the

absorbance was measured again. The measurements were carried out at 40°C.

Statistical Analysis

Statistical analyses were carried out with R (R Core Team, 2021). Boxplot graph were prepared with
the ‘ggplot2’ package. We used generalized least squares (GLS) analyses (‘nmle’ R package), setting
each parameter measured (e.g. g, Wxy1, To, etc) as the response variable and the light treatment (L)
and the water treatment (W) as the first and second explanatory variables, respectively. When
homogeneity of variance assumption was violated we used the “varPower()” variance structure
(Pinheiro et al. 2016). When the interaction was statistically significant (p < 0.05), differences
between groups were tested and p-values were adjusted using the Holm correction through the

emmeans function in ‘emmeans’ R package.

Results

The plant’s height (h) and the diameter of the stem base (@) measured both at the start and end of the
experiment are reported in Tab. S1. Plant size was similar in all experimental groups, and did not

change significantly along the duration of the experiment.

Stem shading’s effects on pigments concentration

As reported in Fig. S1, we did not observe any significant effect of the interaction of light and water
treatments on chlorophyll and carotenoid concentration. We observed a significant effect of light
treatment in Chla and Chlb concentration of wood samples. In particular, compared to LSc plants,
SSc showed a slightly higher amount of total chlorophyll concentration (Chl a+b) (Fig. S2, Appendix
1). Nonetheless, it is worth noting that Chla, Chlb and Car concentration tended to be lower in bark
samples of both shaded treatments, with a marked decrease for LS ones.

The investigated interaction (Light x Water, Fig. S2) was significant for Chl a/b in wood and Car/Chl
tot in bark. LSp plants had overall highest Chl a/b in wood, and SSc plants had lowest Car/Chl tot.
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Plant water relations

Midday values of gi. and Wxy1 during the experimental period were statistically similar in well irrigated
light (Li) and shaded (LS, SS) samples (Fig. 2, 3A respectively). Drought induced a drop of xylem
water potential that reached the value of ¢. -3.5 MPa in all light treatments, leading to marked stomatal
closure and reduction of gr. Upon recovery, plant water status returned to the values detected for

controls, but gr. remained well below control values.

L: 0.492
W: <2e-16%%*
LxW: 0.365
800 -
‘TCD
o
E é
S 500 -
&
&
_i 300
’ =
100 - . ﬁ B
58- — B =

|| | | T T | T | |
Lic Lip Lir LSc LSp LSg SSc SSp SSk
Treatment

Fig. 2 Median values, 25" and 75" percentiles of leaf conductance to water vapour (gr) measured in light (Li),
long-shaded (LS) and short-shaded (SS) control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery (Lig,
LSr, SSr) Fraxinus ornus saplings at midday. Explanatory variables (light treatment, L, and water treatment,

W) and associated p-values are reported. * =p < 0.05; ** =p <0.01; *** =p <0.001.

Values of PLC for well irrigated plants averaged 20-30% in all light treatments. Despite similar drops
of Wxy1 (Fig. 3A) under drought, hydraulic measurements showed that PLC was markedly higher in
LSp plants compared to Lip ones (50.03+10.13 and 78.57+7.78 respectively). A non-significant
tendency toward higher PLC values was detected also in SSp plants compared to Lip. Upon re-

irrigation, PLC returned to control values within 24 h, and stem shading apparently did not affect the
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ability to recover xylem hydraulic function (Fig. 3B, Appendix 1). No differences were detected in

terms of maximum stem hydraulic conductivity across different groups/treatments (Fig. 3C).
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Fig. 3 Median values, 25" and 75" percentiles of A) xylem water potential (¥xy), B) percentage loss of

hydraulic conductance (PLC) and C) maximum stem specific hydraulic conductivity (Ks) measured in light

(Li), long-shaded (LS) and short-shaded (SS) control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery

(Lir, LSr, SSr) Fraxinus ornus saplings. Different letters indicate statistically significant differences among
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treatments (p < 0.05). n.s. = not statistically significant. Explanatory variables (light treatment, L, and water

treatment, W) and associated p-values are reported. * =p < 0.05; ** =p <0.01; *** =p <0.001.

Micro-CT analysis of xylem in intact plants allowed us to identify water-filled (functional) from gas-

filled (non-functional) vessels (Fig. 4C) in saplings exposed to different light and water treatments.

Changes in AEV/AMX are shown in Fig. 4B. Changes in plant water status in C, D and R plants were

similar to those detected in the main experiment (Fig. 4A). We observed that the number of embolized

vessels increased in drought-treated plants compared to controls, but these apparently returned to the

functional status upon re-irrigation. Consistent with results obtained in hydraulic measurements, LSp

plants had higher embolism levels compared to Lip ones, although the low number of samples masked

the statistical significance in this set of plants.
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Fig. 4 Median values, 25" and 75" percentiles of A) xylem water potential (Wxy1), B) percentage of total area
of embolized vessels (AEV) over total area of mature xylem (AMX) in response to changes in xylem pressure
during drought and recovery treatments. Data were measured in light (Li) and long-shaded (LS) control (Lic,
LSc), drought (Lip, LSp) and recovery (Lir, LSr) Fraxinus ornus saplings. Explanatory variables (light
treatment, L, and water treatment, W) and associated p-values are reported. * = p <0.05; ** =p <0.01; *** =
p <0.001. C) In vivo visualization by X-ray microtomography (micro-CT) in stems of intact Fraxinus ornus
saplings. Reconstructed cross-sections showing embolized (air-filled vessels, dark circles) and functional

conduits (water-filled, light gray circles) in well-watered, stressed and recovered plants, respectively.

Electrical conductivity was similar in all groups/treatments, both in bark and wood (Fig. 5). Osmotic
potential (Fig. 6) was also similar across experimental groups at bark level. However, a different
pattern of osmoregulation was observed at wood level in light vs shaded plants. In fact, under drought
stress only plants with light exposed stems (Li) adjusted the wood osmotic potential at full turgor (7o)
to more negative values than control plants (Fig. 6B). Interestingly, SS plants had the highest (less
negative) osmotic potential, although the high variability of data masked any eventual statistical

significance.
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Fig. 5 Median values, 25" and 75" percentiles of A) bark and B) wood conductivity, measured in light (Li),
long-shaded (LS) and short-shaded (SS) control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery (Lig,
LSr, SSr) Fraxinus ornus saplings. N.s. = not statistically significant. Explanatory variables (light treatment,

L, and water treatment, W) and associated p-values are reported. * =p <0.05; ** =p <0.01; *** =p < 0.001.
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Fig. 6 Median values, 25" and 75" percentiles of A) bark and B) wood osmotic potential at full turgor (),
measured in light (Li), long-shaded (LS) and short-shaded (SS) control (Lic, LSc, SSc), drought (Lip, LSp,
SSp) and recovery (Lir, LSr, SSr) Fraxinus ornus saplings. n.s. = not statistically significant. Explanatory
variables (light treatment, L, and water treatment, W) and associated p-values are reported. * =p < 0.05; ** =

p <0.01; *** = p < 0.001.

Stem non-structural carbohydrates content

In general, Li plants showed different trends of NSC dynamics/content compared to LS and SS plants,
especially under drought and in particular at wood level (Fig. 7, 8). Both soluble NSC and starch were
lower in the wood of LS and SS plants compared to Li ones (Fig. 7D). Moreover, stem shading
significantly affected the ability of LS and SS sample to mobilize the pool of NSC (starch + soluble
sugars) in both bark and wood under drought stress, when compared to Li samples (Fig. 8). In fact,
Specifically, drought induced a decrease of total NSC content both in the bark and wood, but only in
Li plants, mainly due to the marked starch depletion (Fig. 7B, E), while LS and SS plants maintained
lower NSC levels under well-watered conditions, that remained unchanged under drought or
recovery. LSp and SSp samples also showed a significantly higher concentration of mannitol in bark

compared to Lip samples (Fig. 7C). The same pattern of NSC dynamics was observed in the analyses
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of samples measured at the Synchrotron, although no statistically significant difference (Fig. S3) was

found for each NSC quantified.
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Fig. 7 Median values, 25" and 75™ percentiles of stem A,D) total soluble non-structural carbohydrates (NSC),
B,E) starch and C,F) mannitol measured in bark (A,B,C) and wood (D,E,F) of light (L1i), long-shaded (LS) and
short-shaded (SS) control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery (Lir, LS, SSr) Fraxinus
ornus saplings. Different letters indicate statistically significant differences among treatments (p < 0.05).
Explanatory variables (light treatment, L, and water treatment, W) and associated p-values are reported. * =p

<0.05; *¥* =p <0.01; *** =p <0.001.
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Fig. 8 Median values, 25™ and 75" percentiles of stem total non-structural carbohydrates (Pool Tot) measured
in A) bark and B) wood of light (Li), long-shaded (LS) and short-shaded (SS) control (Lic, LSc, SSc), drought
(Lip, LSp, SSp) and recovery (Lir, LSr, SSr) Fraxinus ornus saplings. Different letters indicate statistically
significant differences among treatments (p < 0.05). Explanatory variables (light treatment, L, and water

treatment, W) and associated p-values are reported. * =p < 0.05; ** =p <0.01; *** = p <0.001.
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Discussion

Our data provide new insights on the possible roles played by stem photosynthesis in plant responses
to drought stress. We found that plants exposed to a long-term stem shading increased their
vulnerability to xylem embolism during drought compared to control plants, but no effect of stem
shading was recorded during the recovery phase. Changes in xylem hydraulic vulnerability were
coupled with modifications of the NSC pool and impaired osmoregulation processes, suggesting a
possible role of parenchymatic cell turgor in xylem hydraulic functioning.

Stem shading had no impact on gas exchanges rates in well-irrigated plants, and under drought the
magnitude of xylem water potential drop and gr reduction was similar in all light treatments. Upon
re-irrigation, plant water status returned promptly to control values but gi remained low, at least 24
h after water re-supply. This might suggest some residual hydraulic limitation to gas exchange, or the
presence of a chemical signal super-imposed on the hydraulic one, limiting gL recovery. We can
safely rule out the first hypothesis, as hydraulic measurements revealed that stem hydraulic
functioning promptly returned to pre-drought levels upon re-watering (see below). Hence, it is
possible that chemical signals (e.g. ABA) accumulated in leaves under drought, and were not
promptly removed or de-activated upon re-irrigation. Similar observations have been previously
reported for different woody species (Loewenstein and Pallardy 2002; Martorell et al. 2014; Tombesi
et al. 2015; Hasan et al. 2021), and suggest the presence of a mechanism delaying stomatal aperture
in some species, even after apparent recovery of hydraulic functioning and plant water status. This
mechanism might be important to prevent water potential drop before embolism repair processes have
been completed, considering that hydraulic recovery is energetically favored only when xylem water
potential rises to near-zero values (Nardini et al. 2018).

Despite similar trajectories in terms of gas exchange and water status, saplings subjected to different
light treatments showed different patterns of embolism accumulation and loss of hydraulic
conductivity when exposed to drought conditions. In particular, PLC was about 30% in all groups
when under full irrigation, and slightly increased to about 50% in Lip plants. On the contrary, PLC
markedly increased in LSp plants (up to 80%) and SSp ones (about 60%). These findings suggest that
stem shading increased the vulnerability to xylem embolism, making plants more prone to the risk of
hydraulic failure under drought. Our data are consistent with previous findings (Schmitz et al. 2012;
Bloemen et al. 2016; Chen et al. 2021) and confirm that stem photosynthesis is an important
modulator of plant hydraulic performance.

Changes in xylem anatomy induced by different light conditions can influence plant hydraulics

(Plavcova et al. 2011). Although we did not measure anatomical traits in our study plants,
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measurements of plant size at the start and the end of the experiment did not show any active growth
during this period. Hence, it is unlikely that differences between groups/treatments derived from the
production of new xylem conduits with different features. This is also confirmed by the fact that
maximum stem hydraulic conductivity was similar in all experimental groups and treatments (Fig.
3C). However, we cannot rule out the possibility that shading induced modifications in the
ultrastructure of pit membranes, as reported in some species (Plavcova et al. 2011) but not in others
(Tomasella et al. 2021), with potentially important impacts on conduits’ vulnerability to air-seeding
(Thonglim et al. 2020). However, changes in pit membranes structure should also reflect on xylem
hydraulic efficiency, which was not the case in our study plants.

The observed increase in vulnerability to xylem embolism induced by stem shading (Fig. 3) is
intriguing, but in line with previous observations (De Baerdemaeker et al. 2017; Tomasella et al.
2021). Previous studies have suggested that a reduction in NSC availability induced by inhibition of
stem photosynthesis would be at the basis of this phenomenon, and our data indeed confirm that NSC
pool was reduced in the wood of shaded plants compared to controls. Furthermore, control plants
showed a significant depletion of carbohydrates under drought, which was relatively minor in the
NSC-limited shaded stems (Fig. 7). Interestingly, the levels of mannitol were tendentially higher in
shaded plants compared to light ones during drought. Since shaded plants suffered from higher PLC
values and mannitol is an osmoprotectant, its accumulation might be a tolerance strategy to drought
stress to re-balance the soil water uptake and leaf water loss (Guicherd et al 1997; Fini et al. 2012;
2014a,b; Khaleghi et al. 2019). In future studies, it would undoubtedly be interesting to study in more
detail the concentration of sucrose, fructose, glucose, maltose and mannitol to better understand
which is the NSC that plays a major role in response to drought stress in F. ornus. The mechanistic
link between NSC availability and xylem hydraulics remains elusive, although different hypotheses
have been proposed. NSC might be required to modulate the surface tension of xylem sap, which can
indeed affect xylem vulnerability (Losso et al. 2017; Tomasella et al. 2021). Also, NSC might
represent energy sources for the synthesis of lipids and proteins that have been suggested to act as
surfactants and stabilizers of gas nanobubbles in the xylem sap (Schenk et al. 2017). A third
hypothesis was advanced by Tomasella et al. (2021), suggesting that NSC might be crucial for
maintaining cell turgor and continuity between wood parenchyma cells and both phloem cells and
xylem conduits under drought (De Roo et al. 2020). Indeed, vessel-associated cells (VACs) are known
to exchange water and solutes with the xylem conduits (Morris et al. 2018). Under drought, it is likely
that the water potential of VAC equilibrates with the negative pressure inside the conduits, possibly
leading to cell turgor loss and shrinkage (Oparka 1994). In F. ornus the turgor loss point of leaf cells
shifts on a seasonal basis from -2.5 MPa in spring to -3.2 MPa by the end of summer drought (Nardini
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et al. 2003). This last value would be close the Wxy value of -3.5 MPa targeted in our drought
experiment. Hence, it is possible that wood parenchyma of LSp (and SSp) plants experienced the risk
of turgor loss and cell shrinkage due to lack of NSC and limited osmoregulation capacity, possibly
increasing the risk of air seeding at the interface between VAC and xylem conduits. In fact, we
observed a decrease in stem osmotic potential only in Lip plants (Fig. 6), but not in LSp or SSp.
Interestingly, changes in osmotic potential were not accompanied by significant changes in electrical
conductivity, suggesting that osmoregulation was achieved at least partly via accumulation of sugars
or other non-charged compounds, that were less available (and not mobilized under drought) in both
LS and SS plants.

Previous studies have suggested that inhibition of stem photosynthesis can lead to an impairment of
post-drought hydraulic recovery processes (Schmitz et al. 2012; Bloemen et al. 2016; Liu et al. 2019).
In fact, embolism repair is an energy-dependent process likely based on an osmotic mechanism that
involves release of sugars into refilling conduits (Savi et al. 2016; Tomasella et al. 2017; Secchi et al.
2021). Hence, a reduction in NSC pools as induced by inhibition of stem photosynthesis is expected
to delay or prevent the recovery of hydraulic functions after re-irrigation (Trifilo et al. 2017).
However, in our set of plants complete hydraulic recovery was observed in all light treatments.
Changes in PLC under drought, as estimated on the basis of destructive hydraulic techniques, can
arise because of artefacts caused by excision of stem samples while the xylem conduits are under
substantial tension (Wheeler et al. 2013). On the other hand, relaxation procedures aimed at
preventing such artefacts can induce artificial refilling of xylem conduits, more likely when xylem
tension values are moderate (Trifilo et al. 2014). We can rule out the possibility of such artefacts in
our dataset, because the same pattern of embolism build-up under drought and recovery after re-
irrigation was observed in intact plants, based on micro-CT analysis. This suggests that hydraulic
recovery was possible also in LS and SS plants, either because the residual amount of NSC was still
sufficient to sustain the process, or because xylem tension transiently increased to near-atmospheric
values under low-transpiration conditions, favoring spontaneous dissolution of the gas phase in xylem
conduits (Konrad et al. 2018).

In conclusion, our results confirm that NSC produced by stem photosynthesis are important
modulators of plant hydraulic performance under drought stress, favoring the long-term maintenance
of xylem hydraulic function. We suggest that these effects are mediated by the direct or indirect role
of NSC in osmoregulatory processes, but the mechanistic link between turgor loss of wood
parenchyma and embolism build-up still awaits to be elucidated. In any case, our data suggest that
enhanced photosynthetic capacity at stem level might be an important trait for selection of woody

crops and forest trees with an improved tolerance to extreme drought events.
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Supplementary material

Treatment h, cm 0, mm
start of experiment  end of experiment start of experiment  end of experiment

Lic 82.90+18.85 82.73+18.88 9.00+1.27 9.88+1.66
Lip 86.50+12.44 86.75+£11.72 8.27+1.32 8.95+1.41
Lig 81.70+£19.45 87.20+£26.62 8.15+1.01 9.35+1.16
LSc 74.00£10.07 79.714£23.43 7.83£1.64 8.59+1.76
LSp 91.25+15.20 91.48+15.38 8.11+0.86 8.45+1.11
LSk 87.00+15.20 85.98+15.38 9.12+0.82 10.38+1.16
SSc 80.40+20.68 79.504£20.63 7.89£1.02 8.91+1.71
SSp 79.80+18.24 81.20+18.37 8.48+1.33 9.2242.01
SSr 80.58+12.18 80.60+12.19 8.50+1.34 9.21+1.07

Tab. S1 Plant’s height (h) and the diameter of the stem base (@) measured in light (L), long-shaded (LS) and
short-shaded (SS) control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery (Lir, LSr, SSr) saplings of
Fraxinus ornus. Mean values are reported + S.D (n=5-10) for measurements made at the start of the experiment

and at the end of the experiment.
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Fig. S1 Median values, 25" and 75" percentiles of A,D) Chla, B,E) Chlb, C,F) Car for bark (A,B,C) and wood
(D,E,F) of one-year-old stems of Fraxinus ornus measured in light (Li), long-shaded (LS) and short-shaded
(SS) control (Lic, LSc, SSc), drought (Lip, LSp, SSp) and recovery (Lir, LSr, SSr). n.s. = not statistically
significant. Explanatory variables (light treatment, L, and water treatment, W) and associated p-values are

reported. * =p <0.05; ¥* =p <0.01; *** =p <0.001.
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reported. * =p <0.05; ** =p <0.01; *** =p <0.001.
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<0.05; **=p <0.01; ***=p <0.001.
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Variable contrast | estimate | SE | df | t.ratio | p.value
Leaf conductance to water vapor (g;)
C-D 2.200 0.176  35.900 12.476 <.0001
C-R 1.190 0.167 41.200 7.165 <.0001
D-R -1.000 0.192  27.100 -5.228 <.0001
Midday stem xylem water potential (‘)
C-D 2.880 0.090  20.900 31.370 <.0001
C-R -0.060 0.080 31.200 -0.810 0.422
D-R -2.940 0.090 24300  -30.840 <.0001
Osmotic potential (wood)
C-D 0.100 0.174  48.000 0.623 0.800
C-R -0.070 0.153  48.000 -0.522 0.860
D-R -0.180 0.154  48.000 -1.210 0.440
Electrical conductivity (wood)
C-D -30.700 44.100 33.600 -0.690 0.760
C-R -82.100 38.900 42.000 -2.100 0.100
D-R -51.400 39.600 49.000 -1.290 0.400
Percentage of total area of embolized vessels (AEV)
over total area of mature xylem (AMX): AEV/AMX C-D -0.670 0.150  9.000 -4.490 0.003
C-R -0.220 0.160  9.000 -1.360 0.400
D-R 0.440 0.150  9.000 2.840 0.040
Midday stem xylem water potential (‘¥
(micro-CT samples) C-D 3.120 0.080  19.000 36.710 <.0001
C-R 0.210 0.080  19.000 2.410 0.065
D-R -2.910 0.080  19.000  -34.240 <.0001
Total chlorophyll (a+b ) (wood)
Li-LS 0.000 0.001  41.000 0.180 0.980
Li-SS -0.002 0.001  31.000 -1.700 0.190
LS-SS -0.003 0.001  32.000 -1.900 0.140
Carotenoid/Total chlorophyll (wood)
Li-LS 0.040 0.070  15.100 0.534 0.600
Li-SS 0.180 0.060  14.700 2.730 0.030
LS-SS 0.140 0.050  40.600 2.840 0.020
Carotenoid (wood)
C-D 0.001 0.001  37.900 0.924 0.629
C-R 0.000 0.001  37.900 0.604 0.819
D-R 0.000 0.001  42.000 -0.278 0.958
Chlorophyll b (wood)
Li-LS 0.000 0.000  42.000 0.698 0.539
Li-SS -0.001 0.000  42.000 -1.119 0.539
LS -SS -0.001 0.000 _ 42.000 -1.828 0.224
Chlorophyll a (wood)
Li-LS 0.000 0.001  16.400 -0.082 0.996
Li-SS -0.002 0.001  14.300 -1.935 0.165
LS-SS -0.002 0.001  21.500 -1.853 0.177
Total non-structural carbohydrates (bark)
C-D 2.080 5.840  40.000 0.355 0.933
C-R 16.330 5.720  40.000 2.858 0.018
D-R 14.260 6.120  40.000 2.331 0.063
Starch (bark)
C-D 29.570 11.350 6.610 2.606 0.083
C-R 35.690 9.450 16.570 3.776 0.004
D-R 6.120 14.540  8.520 0.421 0.908
Total non-structural carbohydrates (wood)
C-D 4.940 3.350  43.000 1.475 0313
C-R 14.710 3.360  43.000 4378 0.000
D-R 9.770 3.570  43.000 2.734 0.024
Mannitol (wood)
C-D -4.470 0.730  43.900 -6.110 <.0001
C-R -2.580 0.700  45.600 -3.689 0.001
D-R 1.890 0.838  36.300 2.260 0.030
Starch (bark)
(micro-CT samples) C-D 15.900 5950 16.950 2.665 0.041
C-R 33.300 14.810  5.720 2.245 0.145
D-R 17.400 15.470  6.220 1.125 0.534

Appendix 1 Summary of ANOVA model. The response variable is shown in the column “Variable”, and
control (C), drought (D), recovery (R) relative to drought stress and light-exposed stem (L1i), long-shaded stems

(LS) and short-shaded stems (SS) were the explanatory variables. P values are reported.
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Abstract

Stem photosynthesis has been suggested to play relevant roles to cope with different biotic and abiotic
stress factors, including drought. In the present study, we performed measurements of stem hydraulic
conductance and non-structural carbohydrate content in the evergreen Laurus nobilis L. and the
deciduous Populus alba L., subjected to inhibition of stem photosynthesis and successive exposure
to a drought-recovery cycle in order to check if stem photosynthesis may be involved in allowing
hydraulic recovery after drought stress relief. Stem shading affected the growth of L. nobilis but not
of P. alba saplings. By contrast, inhibition of stem photosynthesis was coupled to inhibition of
hydraulic recovery following embolism build-up under drought in P. alba but not in L. nobilis. The
two study species showed a different content and behavior of non-structural carbohydrates (NSCs).
The differences in NSCs’ trend and embolism reversal ability led to a significant relationship between
starch content and the corresponding hydraulic conductance values in L. nobilis but not in P. alba.
Our findings suggest that stem photosynthesis plays a key role in the maintenance of hydraulic
functioning during drought especially in the deciduous species. This, in turn, may increase their

vulnerability under current global climate change scenarios.

Keywords: deciduous; drought; evergreen; hydraulic recovery; laurel; poplar; non-structural

carbohydrates; starch; sugars; xylem embolism
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Introduction

Most terrestrial plants perform photosynthesis at the leaf level, but some of them can only use stems
to this purpose, as leaves have been eliminated or transformed into thorns or other organs serving
different functions in peculiar habitats. However, even several leaf-bearing plants, including both
herbaceous and woody species, do assimilate CO; at stem level, as suggested by the presence of
chloroplasts in the bark and even in wood parenchyma and pith (Wiebe 1975; van Cleve et al. 1993;
Berveiller et al. 2007; Rentzou et al. 2008). Photosynthetic activity of stems has been reported in
many species and families, encompassing their biogeographic and phylogenetic features (Nilsen
1995; Teskey et al. 2008; Avila-Lovera et al. 2014).

In trees and other woody plants, carbon assimilation is typically higher in current-year stems
compared to older ones (Aschan and Pfanz 2003). The actual contribution of stem photosynthesis to
plant carbon balance, compared to carbon uptake at leaf level, remains debated (Avila-Lovera et al.
2014; Ehleringer et al. 1993; Nilsen and Sharifi 1997, Avila-Lovera and Tezara 2018; Avila-Lovera
et al. 2019; Santiago et al. 2004). Different studies have suggested that carbon assimilation by tree
stems can provide different functional advantages for plants. The increased carbon gain would offer
additional carbohydrate availability for the production of new leaves, flowers and fruits under both
optimal and stressful environmental conditions (Berveiller et al. 2007; Osmond et al. 1987; Nilsen et
al. 1989; Nilsen et al. 1990; Tinoco-Ojanguren 2008; Damesin 2003; De Roo et al. 2020. In
accordance, different studies have shown that stem photosynthesis contributes to stem growth and
bud development, especially in young woody plants and in deciduous species (Saveyn et al. 2010;
Bloemen et al. 2013; Cernusak and Hutley 2011; Simbo et al. 2013; Liu et al. 2018). Photosynthetic
activity of stems also plays a relevant role to cope with defoliation caused by biotic or abiotic agents
(Bossard and Rejmanek 1992; Pfanz and Aschan 2001; Eyles et al. 2009). Finally, it contributes to
face thermal stress (Aschan and Pfanz 2003;Cernusak and Marshall 2002; Pfanz and Aschan 2002;
Wittmann and Pfanz 2014; Wittmann and Pfanz 2018) and drought, as reported in different desert
and semi-desert non-succulent species, as well as in Mediterranean plants (i.e., (Rentzou and Psaras
2008; Nilsen 1995; Aschan and Pfanz 2003; Nilsen 1997; Avila-Lovera and Tezara 2018; Avila-
Lovera et al. 2019; Comstock and Ehleringer 1988; Dima et al. 2006).

Research on stem photosynthesis has recently received renewed interest because of its potential role
in resistance and resilience of plants to severe global change-type droughts (Vandegehuchte et al.
2015). Hydraulic failure caused by massive xylem embolism is a major and recurrent cause of
drought-induced tree mortality (Hartmann et al. 2013; Adams et al. 2017; Hammond et al. 2019),

with an additional role suggested for carbon starvation. Interestingly, carbohydrate content decline,
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even when non-lethal, has been reported to impact plant hydraulic efficiency (McDowell 2011;
Hartmann et al. 206; Nardini et al. 2018; Tomasella et al. 2020; Sapes and Sala 2021). Non-structural
carbohydrates (NSCs) are apparently involved in the maintenance of plant hydraulic function via
different processes, which are only partially understood. NSCs are involved in xylogenesis, thus
providing plants with the possibility to grow new xylem to increase or maintain their hydraulic
capacity, despite possible occurrence of xylem embolism or mechanical damage impairing older
conduits (Deslauriers et al. 2014; Falchi et al. 2020). Moreover, NSCs are also involved in
osmoregulation processes that, at the level of wood parenchyma, might protect cells from damage
caused by drought- or freeze-induced protoplast dehydration (Sala et al. 2012; Plavcova and Jansen
2015; Traversari et al. 2020).

Besides the relatively well-known role of NSCs in xylem growth and symplast osmoregulation, NSCs
stored in wood parenchyma have also been reported to be involved in lowering the osmotic potential
of xylem sap during and after stressful events. Xylem sap osmoregulation by soluble NSCs might
lead to lowering its freezing point, thus limiting formation of ice in xylem conduits during freeze
stress (Neuner 2014; Tixier et al. 2019). Accumulation of soluble NSCs in the xylem sap during
and/or after freeze or drought stress might also provide the necessary driving force to refill embolized
conduits with water once stress is relieved and the xylem pressure rises to near-atmospheric values
(Nardini et al. 2018; Tomasella et al. 2020; Améglio et al. 2004; Mayer et al. 2014; Mayr and Améglio
2016; Secchi and Zwieniecki 2016; Pagliarani et al. 2019). An additional intriguing role of NSCs
might be the direct or indirect contribution to the production of surfactants that, by modifying xylem
sap surface tension or stabilizing gas nanobubbles, would modify the xylem vulnerability to embolism
formation on diurnal or seasonal time scales (Pagliarani et al. 2019; Oroian et al. 2015; Losso et al.
2017; Schenk et al. 2017).

Based on the above, stem-level photosynthesis might play a primary role not only in the production
of NSCs contributing to the whole plant carbon gain but also in the modulation and regulation of
xylem hydraulic function. Indeed, some recent studies have reported experimental evidence for a role
of stem photosynthesis in reducing xylem vulnerability to embolism and improving the capacity for
xylem embolism reversal (Bloemen et al. 2016; De Baerdemaeker et al. 2017; Tomasella et al. 2021;
Schmitz et al. 2012; Liu et al. 2019).

In the present study, we report measurements of stem hydraulic conductance in response to drought
stress and re-irrigation in plants subjected to inhibition of stem photosynthesis via localized shading.
We aimed at testing the hypotheses that the carbon gain obtained by stem photosynthesis is involved
in allowing hydraulic recovery after drought stress relief. We focused on two woody species, namely

the evergreen Laurus nobilis L. and the deciduous Populus alba L, because, for both of them, there
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is available experimental evidence suggesting their capacity to reverse xylem embolism following

drought stress, with an involvement of NSC stores (Pagliarani et al. 2019; Trifilo et al. 2015).

Materials and Methods

Plant Material and Growth Condition

Measurements were performed during spring and summer 2019 on P. alba and L. nobilis saplings (50
samples per species). In April, one-year-old cuttings of P. alba and L. nobilis growing in 4-liter pots
were transferred to a greenhouse at University of Messina, Italy. Samples were randomly divided in
two experimental groups: control (C) and shaded (S) samples. In S samples, the main stem and any
lateral branch were wrapped with aluminum foil, similarly to the experimental procedure described
by Saveyn et al. (2010). This treatment was expected to significantly reduce the presence of
differentiated chloroplasts and, in any case, to inhibit stem photosynthesis, without blocking gas
exchange between stem tissues and atmosphere (Saveyn et al. 2010; Bloemen et al. 2016).

In the greenhouse, plants received only natural light, with maximum photosynthetic photon flux
density (PPFD) daily values averaging 1050 = 180 pmol s ' m 2. Air temperature ranged from 22 =+
2°Cto 31+ 3 °C (night/day) and the mean value of air humidity was 80 + 3%. All plants were regularly
irrigated to field capacity (FC), every second day from April until early June, when the drought
treatment was imposed (Fig. 1). The drought treatment started after stem and leaf production and
growth had ceased. Water stress was imposed by irrigating plants to 30% FC once per week, for 4
weeks (drought period). This irrigation regime induced a strong reduction of gas exchange and xylem
water potential (Wx), thus inducing substantial loss of stem hydraulic conductivity (see below). After
the drought period, C and S samples were further divided in two groups. A first set of plants was used
to immediately measure different physiological parameters (see below) at the end of drought. A
second group of samples was re-irrigated to field capacity and measured 7 days later. Moreover, five
additional plants per species were maintained fully irrigated during the whole experimental period
and grew under the same environmental conditions experienced by C and S samples. These plants
were used to collect samples for estimating NSC content (see below) in plants not experiencing

drought.
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Fig. 1 (A) Experimental design and (B) measurements performed on control and stem-shaded samples (C and
S, respectively) of L. nobilis and P. alba plants; (A) At the beginning of June, C and S samples were subjected
to a water stress treatment. One month later, a set of samples was measured for different physiological
parameters. Another set of plants was re-irrigated at field capacity and measured after 7 days to evaluate the
capacity for recovery; (B) Leaf gas exchange rates were measured from May to the end of the experiment;
xylem water potential (‘¥x) values were recorded from June to the end of experiments; hydraulic measurements
and NSC content were performed after the drought treatment and 7 days after re-irrigation. Moreover, PV-
curves were measured before and at the end of the drought-recovery treatments. Leaf area and leaf mass per
area were measured at the end of the experiments (for details, see the text). PV: pressure volume curves; Ny:
number of leaves of the current-year branches; N¢y: number of current-year branches; Lcy: length of the current-

year branches; Ar: leaf area; LMA: leaf mass area.

Morphological Measurements

To estimate the possible effect of stem shading on plant growth, the number (N¢y) and the length (Lcy,
as recorded by a ruler) of current-year stems as well as the total number of leaves on current-year
branches (NL) were measured weekly during the whole experimental period (i.e., from April to July)
in 3 C and 3 S samples per species.

Leaf area (Ar) and leaf mass per unit area (LMA) were estimated on 40 leaves randomly collected at

the end of hydraulic measurements (see below). Ar was recorded by a scanner (HP Scanjet G4050,
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Palo Alto, CA, USA) and image analysis based on the software ImagelJ (http://imagej.nih.gov/ij/,
accessed on 8 October 2021). Leaves were oven-dried for 3 days at 70 °C to obtain their dry weight
(DW) and the leaf mass per unit area (LMA) was calculated as DW/AL.

Leaf Water Potential Isotherms

At the beginning of June (i.e., before starting the drought treatment) and in July (i.e., after one month
of water stress), leaf water potential isotherms (PV-curves) were performed on 5 C and 5 S leaves per
species and per treatment, sampled from different plants. PVcurves were elaborated to obtain the leaf
water potential at the turgor loss point (Wyp), the osmotic potential at full turgor (7o), and the bulk
modulus of elasticity (emax). In particular, Wy, was estimated as the flex point of the relationship
between 1/¥WL and water loss, mo was calculated by the y-intercept of the linear region of this
relationship, and emax Was calculated by the ratio between the change of turgor pressure and the

relative change of the leaf water content (Tyree and Hammel 1972).

Gas Exchange and Water Potential Measurements

In order to check gas exchange rates and water status in C versus S samples under drought and
recovery, leaf conductance to water vapor (gr) and photosynthetic rate (A,) were measured from the
beginning of May (i.e., when fully expanded leaves of poplar samples were observed) to the end of
the experiment (Fig. 1). gL and A, were measured once per week until the beginning of the drought
treatment and, afterwards, twice per week. Measurements were performed at midday on at least 4
leaves per group and per treatment, selected from different plants, using a porTab. LCi Analyzer
System (ADC Bioscientific Ltd., Herts, UK). To avoid excessive defoliation, minimum diurnal xylem
water potential (Yx) was measured at midday only the week before starting the drought treatment,
and then on the same days of gas exchange measurements. This experimental procedure allowed us
to check that the applied water stress led plants to experience Wx values of about —1.5 MPa (i.e., P«
inducing significant loss of hydraulic conductivity for both species (Huckin et al. 2005; Nardini et al.
2017). Wx was also measured at midday and in the morning (at about 6:00 a.m.) on the same samples
used for hydraulic measurements. Measurements of Wx were performed on 3 leaves from different
plants per species and per treatment, using a porTab. pressure chamber (3005 Plant Water Status
Console, Soilmoisture Equipment Corp., Goleta, CA, USA). Leaves were wrapped in cling film and

aluminum foil 2-3 h before sampling.
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Hydraulic Conductivity Measurements

Xylem-specific hydraulic conductivity (Kx) was measured in C and S samples after the drought period
and upon recovery. Measurements were performed at midday (i.e., 12.00) and on the following
morning (i.e., 6:00 a.m.) on about 10 cm-long current-year samples using a hydraulic apparatus
(Sperry et al 1988; Lo Gullo and Salleo 1991). Perfusion solution was a commercial mineral water in
which were added 15 mM KCI (Nardini et al. 2007). Samples were perfused at a pressure (P) of 8
kPa. When flow rate (F) became sTab., samples were flushed at P = 0.2 MPa for 15 min to remove
embolism and F was re-measured at 8 kPa. Kx was computed as (F/P) x (L/Ax), where L is sample
length and A is the xylem cross-sectional area. The initial branch hydraulic conductivity value (K)
and the K value measured after embolism removal (Kmax) were used to estimate the PLC as
PLC =1 — (K/Kmax) *x 100.

To avoid possible cutting artifacts (Wheeler et al. 2013), 1 h before their collection, branches were
girdled for their entire length at about 3 cm intervals, by removing about 3 mm wide bark rings. The
exposed wood was immediately covered with a thin layer of silicone grease to avoid desiccation.
After girdling, at least six samples per treatment per species were cut under water and maintained
with their cut end immersed into the water for 1 h in order to relax xylem tension (Trifilo et al. 2014).
Then, the current-year segment was collected and measured. All hydraulic measurements were

performed at a temperature of 20 “C.

NSC Content

At least 5 samples from those used for hydraulic measurements were collected to estimate NSC
content (sugars and starch). Moreover, at the end of drought treatment, five additional samples were
collected from samples maintained fully irrigated during the whole experimental period and growing
under the same environmental conditions experienced by C and S samples. After hydraulic
measurements, stem samples were immediately microwaved at 700 W for 3 min to stop enzymatic
activities, oven-dried at 70 “C for 24 h, and finally grounded to fine powder (particle size <0.15 mm).
NSC extraction followed the standardized method proposed by Quentin et al. [73] and Landhausser
et al. (2018), with minor modifications to account for small amount of material. An aliquot of 15 £ 1
mg of dry sample was suspended in 0.5 mL of ethanol 80% (v/v), incubated at 80 °C for 30 min and
centrifuged (with Mikro 120, Hettuch zentrifugen, Tuttlingen, Germany) at 14.000 RPM for three
minutes. This step was repeated, suspending the pellet with 0.3 mL of ethanol 80%. Once mixed in
the same Eppendorf tube, the extracts were dried till complete evaporation. The resulting crystalized
carbohydrates were re-suspended with 0.5 mL of 50 mM Tris-HCI pH 7.5 and centrifuged at 14.000

RPM for three minutes. Sugars contained in supernatants were measured with Anthrone assay (Yemm
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1954), using spectrophotometer at wavelength of 620 nm. The absorbance values were converted to
mg glucose g ' DW using a calibration curve prepared with known amounts of glucose. Pellets were
resuspended in 1 mL of 0.2 M Sodium Acetate Trihydrate pH 4.6 and incubated at 100 °C for 1 h to
allow starch gelatinization. The enzymatic hydrolysis—using 100 U of a-amylase and 25 U of
amyloglucosidase per sample—was performed at 55 °C. To stop enzymatic activity, samples were
boiled for 5 min. Glucose obtained from starch digestion was evaluated as NADPH (absorbance at
340 nm) by action of 0.3 U per sample of hexokinase and 0.5 U per sample of glucose-6-phosphate-
deihydrogenase in 0.1 mL of buffer solution (50 mM Tris-HCI, 2 M MgCl,, 50 mM NADP" and 0.4
M ATP) at 32 °C for 20 min. Starch content (mg g ! DW) was calculated comparing NADPH obtained
with known amounts of commercial amylose from potato (Sigma-Aldrich, Milan, Italy) that followed
the same hydrolysis protocol of samples. Spectrophotometer analysis was performed in a VICTOR3
Multilabel Counter Plate Reader (Perkin Elmer, Boston, MA, USA), for both sugars and starch, using
300 pL per sample.

Statistical Analysis

All statistical analyses were performed with SigmaStat v. 12.0 (SPSS, Inc., Chicago, IL, USA). To
test for differences between C and S samples in terms of Ny, Ley, AL and LMA for each species, a
Student’s #-test (o = 0.05) was performed after checking for normality assumption. Effects of stem
shading and drought on Ni, gas exchange, water status, PVcurve data, PLC and NSC were assessed
by two-way ANOVA. For statistically significant tests (p <0.05), a Tukey’s post hoc test using Holm-

Sidak p-values correction was carried out to perform pairwise comparisons.

Results

Stem Shading Effects on Plant Growth

Plant growth ceased by the end of May, and no further production of branches and leaves was
observed until the end of the experiment (July) in both L. nobilis and P. alba. Tab. 1 reports data of
Ney, Ley, AL and LMA as recorded at the end of the experimental period. Stem shading did not affect
the growth of P. alba. In fact, the number and length of current-year branches were similar in C and
S samples (Tab. 1). Similarly, no differences were recorded in terms of mean Ar (~ 17 cm?) and LMA
(~42 mg cm?) in this species. By contrast, S samples of L. nobilis showed significantly lower values
of AL compared to C plants (10.6 £ 3 versus 12.2 £ 3.2 cm?, respectively), but similar values of Ny,
L¢y and LMA. The drought treatment affected the number of leaves per plant in P. alba but not in L.

nobilis, and Nr decreased more in C than in S poplar (Tab. 2). This decrease was due to leaf shedding
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in response to water stress. No leaf fall was observed over the same time interval in well-watered

poplar samples used for NSC estimation (see above).

p L. nobilis P. alba
arameter C S C S
N 27+ 03 27 +03 7.7+£1311 93+19
el (p-value = 1.0) (p-value = 0.292)
Ly () 133+ 09 134+ 23 176 £3.1 13.7: 1.7
Y (p-value = 1.0) (p-value = 0.201)
A » 122405 10.6 + 0.6 174 + 09 17111
L (cm®) (p-value = 0.022) (p-value = 0.414)
LMA (g m-2) 104.0+ 2.6 1115+ 29 411415 416 + 1.3

(p-value = 0.06)

(p-value = 0.797)

Tab. 1 Mean + SEM of the total number (N¢y) and length (L) of current-year branches, mean leaf surface

area (Ar) and leaf mass per area (LMA) as recorded in control (C) and shaded (S) samples of L. nobilis and P.

alba. Differences between C and S samples were checked by a Student’s #-test. p-Values are reported between

brackets; n = 3 plants for Ny and Ley; n = 40 leaf samples for A and LMA.

Species Time C S p-Value
June 323+ 35 33.7+55 T:0.819
L. nobilis L:1
July 323+ 35 337+ 55 TxL:1
June 177.3 £ 15.5a 168.7 £ 9.6a T: <0.001
P. alba L:0.1
July 38.7 + 10.11b 95.7 + 3.6¢ T x L: <0.05

Tab. 2 Mean + SEM (n = 3 plants) of total number of leaves (Ni) as recorded in June (before starting drought

treatment) and in July (at the end of the experimental period, for details, see the text). Different letters indicate

statistically significant differences based on two-way ANOVA. F values are reported as resulted by statistical

analysis of Np measurements by time, T (i.e., June, before drought, and July, at the end of experimental

treatment) and light treatment, L (i.e., control and shaded samples).
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Plant Water Relations

Stem shading did not affect plant water relations of the two study species. In accordance, no
differences in Wyp, mo and emax values were recorded in C versus S samples (Tab.s 3 and 4). L. nobilis
plants lowered their Wy, value by decreasing mo in response to drought. By contrast, no changes in
these parameters were recorded in P. alba.

Midday values of g, Anand ¥ during the experimental period were statistically similar in C versus
S samples (Fig. 2). In response to drought, reductions of stomatal aperture and photosynthetic rates
were recorded. Stomatal closure did not fully prevent the drop of xylem water potential to about —1.3
MPa, that, in turn, induced a significant loss of stem hydraulic conductivity (see below). In response
to re-irrigation, gr and A, partially recovered but remained below pre-drought values. However, it can
be noted that we recorded values only until 7 days after re-irrigation. Therefore, it cannot be excluded

that a full recovery of gas exchange may have occurred after a longer time interval.

. L. nobilis P. alba
Parameter Time
C S C S

— ¥, (MPa) June 1.99 £ 0.05a 1.97 + 0.06a 227 +£0.03 2.21 +£0.10
tip July 2.64 &+ 0.11b 2.62 + 0.10b 2.19 + 0.01 2.19 4 0.09
—n, (MPa) June 1.71 &£ 0.04a 1.72 &£ 0.04a 1.73 £ 0.03 1.72 £ 0.05
9 . July 2.07 +£0.0.3b 2.08 + 0.09b 1.53 £ 0.11 1.72 + 0.09
(MPa) June 274436 3124+ 44 182+ 45 257 =35
Emax (VA4 July 35.7 £ 2.5 37.9 + 3.1 30.1 +3.9 27.6 £ 4.1

Tab. 3 Mean + SEM (n = 5) of leaf water potential at turgor loss point (—yp), osmotic potential at full turgor
(—m,) and bulk modulus of elasticity (emax) as recorded in June (before starting drought treatment), and in July
(at the end of the experimental period) in control (C) and shaded (S) samples of L. nobilis and P. alba plants.
Different letters indicate statistically significant differences based on two-way ANOVA.

L. nobilis P. alba
Parameter
T L TxL T L TxL
Yup (MPa) 43,58 *** 0.025 0.0006 0.18 0.08 0.04
7, (MPa) 33.91 *** 0.05 0.01 1.23 0.91 1.11
€max (MPa) 3.76 0.58 0.05 2.36 1.30 1.24

Tab. 4 Results of the two-way ANOVA analysis of parameters determined from PV-curves’ analysis by time
of measurement, T (i.e., Before drought and at the end of experiment) and light treatment, L (i.e., control and

shaded samples). Numbers represent F values; *** = p <(0.001.
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Fig. 2 Mean values £ SEM of (a,b) stomatal conductance to water vapor, gi; (¢,d) photosynthetic rate (A,)
and (e,f) xylem water potential (Wx) as recorded in May (M), June (J) and July (J1) in control (C, light green
circle) and shaded samples (S, dark green circle) of L. nobilis and P. alba plants. Arrows indicate the day
starting drought treatment (D) and re-irrigation (I). F values, as obtained by the two-way ANOVA analysis,
are reported. Time of measurement, T, and light treatment, L (i.e., control and shaded samples) are the

explanatory variables ** = p < 0.01; *** =p <0.001.

Hydraulic Recovery and NSCs Content

Stem shading did not affect the ability to recover xylem hydraulic function upon re-irrigation in the
evergreen species, but influenced this process in the deciduous one (Fig. 3). In fact, in poplar, a
significant interaction between time and treatment (i.e., C versus S) was recorded. By contrast,
changes in PLC were affected only by time in laurel samples. In accordance, C and S samples of L.
nobilis had PLC of about 40% at midday and about 20% on the next morning (i.e., 6:00 a.m.) while
under drought stress, and of about 10% in response to re-irrigation. By contrast, despite a similar
value of PLC recorded at midday in C and S samples in P. alba, only controls showed hydraulic

recovery after re-irrigation.
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Fig. 3 Mean values + SEM of percentage loss of hydraulic conductivity (PLC) as recorded in control (C) and

shaded stem (S) samples of L. nobilis (a) and P. alba (b) as measured at midday, on the following morning

(Morning) as well as in samples re-irrigated at field capacity and measured 7 days after re-irrigation

(Recovery). Light green and dark green columns refer to C and S samples, respectively. F values, as obtained

by the two-way ANOVA analysis, are reported. Time of measurement, T, and light treatment, L (i.e., control

and shaded samples) are the explanatory variables. * = p < 0.05; ** = p < 0.01; *** = p <0.001.

Laurel and poplar samples not experiencing drought (i.e., samples collected, at the end of drought

treatment, by plants maintained fully irrigated during all experimental period) showed a soluble sugar

content of about 14 mg g ' DW !, and no differences in midday versus morning values were recorded

(Tab.s 5 and 6). Starch content was about 20 mg g~ ' DW !in L. nobilis, but only up to 10 mg g

DW !in P. alba (Tab.s 5 and 6).

Soluble Sugars Starch
Species (mgg 1DW-1) (mgg 1 DW-1)
Midday Morning Midday Morning
L. nobilis 148 +7.3 132 +9.7 19.2 + 1.8b 17.9 + 2.5b
P. alba 13.1+ 1.3 132+ 1.2 6.9 + 2.3a 10.5 + 2.8ab

Tab. 5 Mean values = SEM of soluble NSCs and starch content as recorded in well-watered samples of L.

nobilis and P. alba at midday and on the following morning on the same days of hydraulic measurements in

water-stressed samples. Different letters indicate statistically significant differences based on two-way

ANOVA.
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Parameters Sp T SpxT

soluble NSCs 0.53 0.41 0.62
starch 16.71 *** 0.215 1.01

Tab. 6 Results of the two-way ANOVA analysis of parameters by species, Sp (i.e., laurel versus poplar) and

time, T (i.e., Midday versus Morning). Numbers represent F values; *** = p < 0.001.

C and S samples of both species showed similar trends of soluble NSCs’ content (Fig. 4a,b). Higher
values of soluble NSCs were recorded at midday compared to morning and no significant differences
were recorded in response to re-irrigation compared to values measured in the early morning (i.e.,
6:00 am). However, in laurel, a significant interaction between time and treatment (i.e., C versus S)
was recorded, due to a higher decrease of soluble NSCs in control in respect to shaded samples. A
statistically significant increase of starch content was recorded in C and S stems of laurel in response
to re-irrigation respect values recorded at midday. A similar trend was recorded in S samples of P.
alba. By contrast, in C poplar stems, a significant decrease in starch content was recorded in response

to re-irrigation in respect to value recorded at midday.
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Fig. 4 Mean values + SEM of (a,b) soluble NSCs and (c,d) starch content as recorded in control (C) and shaded
stem (S) samples of L. nobilis and P. alba at midday, on the following morning (Morning) and at morning
after re-irrigation at field capacity (Recovery). Light and dark green columns refer to C and S samples,
respectively. F values, as obtained by the two-way ANOVA analysis, are reported. Time of measurement, T,
and light treatment, L (i.e., control and shaded samples) are the explanatory variables. * = p < 0.05; ** =p <

0.01; *** = p <0.001.

The differences in NSC and PLC trends led to a significant relationship between starch content and
the corresponding PLC values in L. nobilis but not in P. alba (Fig. 5c, d). Moreover, a linear
correlation near to be significant (p = 0.06) was also recorded between soluble NSCs and PLC values

in laurel samples but not in poplar plants.
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Fig. 5 Relationships between percentage loss of hydraulic conductivity (PLC) and (a, ¢) soluble NSCs and (b,
d) starch content as recorded in control (light green) and woody tissue-shaded (dark green) stem of L. nobilis
and P. alba stem samples. Regression equation (dotted and solid lines for correlation with p > 0.05 and p <

0.05, respectively), coefficient values, correlation coefficients (r?) and p-values are also reported.
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Discussion

Drought-induced hydraulic failure (i.e., whole blockage of the long-distance water transport system)
poses a major threat to plant survival (Choat et al. 2018; Hartmann et al. 2018), but even carbon
starvation can represent a significant challenge to plants facing water limitations (Sapes and Sala
2021; Kanneberg 2020). The maintenance of basal metabolism under drought, when leaf gas
exchange is strongly reduced by stomatal closure, relies on the consumption of stored NSCs
(McDowell et al. 2011). However, NSCs might play even more important indirect roles under
drought, e.g., being involved in the maintenance of hydraulic conductance (Tomasella et al. 2020).
Hence, the eventual extra carbon gain assured by stem photosynthesis under drought may be involved
in the modulation of plant hydraulic functions (Avila-Lovera et al. 2014; Vandegehuchte et al. 2015;
Schmitz et al. 2012; Liu et al. 2019). Our results support the hypothesis that stem-level carbon gain
plays a species-dependent role in the post-drought hydraulic recovery (Bloemen et al. 2013;
Vandegehuchte et al. 2015; Cernusak and Cheeseman 2015). However, only in the deciduous poplar
stem shading did affect the hydraulic recovery ability, while this was not the case for the evergreen
laurel.

Inhibition of stem photosynthesis did not produce effects on the growth of poplar saplings. By
contrast, smaller leaves were produced by S samples of L. nobilis compared to controls. Moreover, 5
weeks after the end of foliar expansion, lower starch content was recorded in well-watered samples
of poplar compared to laurel (i.e., about 10 versus 20 mg g ' DW ') but soluble sugars’ content were
similar (i.e., about 14 mg g ' DW ™).

Overall, these results strongly suggest that in P. alba, the decrease in stored NSCs, required to
maintain similar annual growth in control and stem-shaded samples, affected the residual availability
of NSCs to be used for the maintenance of hydraulic function under water stress. Sprouting is mainly
supported by stored NSCs produced over the previous growing seasons, especially in deciduous
species (Karlsson 1985; Hansen 1994; Piispanen and Saranpaa 2001; Schadel et al. 2009; Klein et al.
2016). Woody tissue carbon storage plays a key role in annual growth, as reported in a large number
of species (Martinez-Vilalta et al. 2016; Furze et al. 2018). However, the impact of the remobilization
of stored NSCs on the magnitude of growth is still unclear (Carbone et al. 2013; Trumbore et al. 2015;
Piper and Paula 2020). Recently, Klein et al. (2016) reported that more than 95% of branch starch
content was consumed for production of new leaves in saplings of three deciduous species (including
species showing stem photosynthesis), and the recovery of carbon reserves occurred only 2—6 weeks
after complete leaf expansion. On this basis, it is reasonable to suppose that, in deciduous species,

even when performing stem photosynthesis, annual growth is mainly sustained by already available
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wood NSCs’ stores. This, in turn, is expected to lead to relevant depletion of NSC reserves that may
be recovered over weeks by mature leaf and, at least in some species, by stem photosynthesis. In
accordance, in well- watered samples, where no stem photosynthesis inhibition occurred, lower
NSCs’ content was recorded in the deciduous compared to evergreen species. Therefore, the inability
to recover hydraulic function following embolism build-up under drought as recorded in S poplar
samples was likely the consequence of inhibition of stem photosynthesis coupled to lower NSC
reserves for the maintenance of hydraulic function during water stress, compared to laurel plants
subjected to the same treatment. In accordance, xylem recovery occurred in control P. alba samples
that, with equal NSC reserves of S samples, can rely on stem photosynthesis as well as in C and stem-
shaded plants of L. nobilis.

In response to experimental drought, we observed a significant reduction in leaf gas exchange in the
study species, leading to a severe reduction of leaf-level carbon assimilation. Under such conditions,
plant metabolism of C plants was probably maintained by stored carbon compounds as well as by
stem photosynthesis products. By contrast, in S samples, only stored carbon could be used. Soluble
NSCs derived from photosynthesis or by starch hydrolysis are also necessary for osmoregulation
processes and/or ROS scavenging (Sala et al. 2012; Plavcova and Jansen 2015; Traversari et al. 2020;
Khaleghi et al. 2019). Sugars lead to generation of local positive pressures to drive water inflow into
embolized conduits when water potential rises upon re-irrigation, leading to hydraulic recovery, i.e.,
(Tomasella et al. 2021; Salleo et al. 2004; Secchi and Zwieniecki 2014; Trifilo et al. 2017). In
accordance, L. nobilis plants under drought showed a significant increase in soluble NSC content,
and a parallel decrease in starch concentration in both C and S samples, compared to well-watered
plants. Moreover, in this species, changes in NSC content were clearly related to changes in PLC. A
different trend was recorded in P. alba. In fact, despite (i) the significant increase in soluble NSCs’
content as recorded in C and S poplar samples in respect to well-watered plants and (ii) soluble sugars’
content showing similar trend of changes in C and S poplar and laurel plants in response to drought-
recovery cycle, no correlation between NSCs and PLC values was recorded in P. alba. These results
clearly suggest that, in poplar stems, modulation of soluble NSCs and starch content was not involved
in restoring hydraulic function, at least in S samples, where no refilling occurred even after re-
irrigation.

Our data invite to depict the following scenario, that might orient future studies on the role of stem
photosynthesis in modulation of plant hydraulic functioning. In evergreens, the maintenance of leaf
photosynthesis over the whole year may assure sufficient carbon uptake, so that carbon stores would
be normally available and usable under stress conditions. Hence, for these species, stem

photosynthesis could represent an extra carbon gain to be used only when leaf photosynthesis is
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severely inhibited. By contrast, in deciduous species, the extra carbon gain derived by stem
photosynthesis might play a key role in whole plant metabolism, especially under drought. In these
species, stem photosynthesis would not provide an “extra” carbon gain but would contribute to whole

plant carbon assimilation.

Conclusions

In conclusion, our experiment has tried to disentangle the impact of leaf and stem photosynthesis on
post-drought hydraulic recovery, showing that carbon assimilation at stem level differentially affects
the maintenance of hydraulic functions in an evergreen versus a deciduous species. Our results, if
confirmed in a wider number of deciduous versus evergreen species, will provide key information to
predict the vulnerability of tree species under current global climate changes. Nevertheless, further
studies investigating the impact of long- and short-term stem shading on species-specific drought

resilience are needed.
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Abstract

(1) Recent studies suggested that stem photosynthesis could favor bark water uptake and embolism
recovery when stem segments are soaked in water under light conditions, but evidence for this
phenomenon in drought-resistant Mediterranean species with photosynthetic stems is missing. (2)
Embolism recovery upon immersion in water for 2 h—4 h under light was assessed (i) via a classical
hydraulic method in leafless Fraxinus ornus and Olea europaea branch segments stressed to xylem
water potentials (Wxy1) inducing ca. 50% loss of hydraulic conductivity (PLC) and (ii) via X-ray
micro-CT imaging of the stem segments of drought-stressed potted F. ornus saplings. Hydraulic
recovery was also assessed in vivo in intact drought-stressed F. ornus saplings upon soil re-irrigation.
(3) Intact F. ornus plants recovered hydraulic function through root water uptake. Conversely, the
soaked stem segments of both species did not refill embolized conduits, although Wy recovered to
pre-stress levels (between —0.5 MPa and —0.2 MPa). (4) We hypothesize that xylem embolism
recovery through bark water uptake, even in light conditions, may not be a common phenomenon in
woody plants and/or that wounds caused by cutting short stem segments might inhibit the refilling

process upon soaking.

Keywords: stem photosynthesis; hydraulic recovery; soaking; X-ray micro-CT; bark water uptake;

embolism
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Introduction

Most terrestrial plants rely on root-level water absorption to maintain their hydration status. However,
water can also be absorbed from the surface of aboveground plant organs under particular biophysical
conditions, i.e., when liquid water is wetting plant surfaces or the water potential of the surrounding
atmospheric boundary layer is higher than that of cells (Berry et al. 2019). This occurs when water
vapor pressure in the air is at (or close to) saturation and, most importantly, when liquid water forms
or falls on a plant surface due to fog, rain or snow melting, allowing local rehydration and partial
xylem tension relief, especially when plants are experiencing a soil water deficit (Breshears et al.
2008).

Water uptake through leaves has been widely observed in many plant lineages (Dawson et al. 2020;
Carmichael et al. 2020). Leaf trichomes, depending on their density, composition and structure, are
the major media for water absorption in a Mediterranean (Quercus ilex) and a temperate (Fagus
sylvatica) species (Fernandez et al. 2014; Schreel et al. 2020). In addition, in two species without leaf
trichomes or hydathodes, open stomata have been observed to play a major role in water uptake over
cuticles when exposed to fog (Guzman-Delgado et al. 2021). Leaf water absorption can also be
involved in the recovery of leaf (Fuenzalida et al. 2019) and stem (Mayr et al. 2019; Laur and Hacke
2014) hydraulic functions after drought- or frost-induced xylem embolism.

The stems of woody plants, even when covered with suberized tissue, are also able to absorb water
when the bark becomes wet, allowing partial xylem tension relief (Katz et al. 1989). There is some
evidence that leafless dehydrated branches soaked in water for at least some hours partially recover
their xylem hydraulic function in a conifer (Sequoia sempervirens, (Mason Earles et al. 2016)) and in
an angiosperm (Salix matsudana, (Liu et al. 2019)). Xylem hydraulic recovery would require radial
water movement from the phloem to the xylem through parenchyma rays, as proven in a dying
experiment on wetted stems (Katz et al. 1989). Liu et al. (2019) soaked short S. matsudana stem
segments in water and observed faster embolism repair (within 2 h) when under light conditions
compared to dark conditions, where partial refilling nevertheless occurred. The enhanced refilling
effect under light was ascribed to the sugars produced by stem photosynthesis, which provide the
driving (osmotic) force for the process. In fact, embolism repair can occur as the result of a water
potential gradient between the xylem apoplast, where sugars are accumulated, and parenchyma cells
surrounding the conduits (Salleo et al. 2004; Zwieniecki and Holbrook 2009; Secchi et al. 2017).
Independently of the mechanisms involved in the process, such soaking experiments on short leafless

stem segments on other woody species performing stem photosynthesis are underrepresented, and
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they might constitute an interesting experimental model to investigate the biology of post-drought
hydraulic recovery.

In the past decade, some methodological issues have arisen regarding stem hydraulic vulnerability
assessment and the study of embolism recovery via classic hydraulic methods due to the possible
overestimation of embolism rates, which may be generated when cutting xylem under tension
(Wheeler et al. 2013). At the same time, prolonged xylem relaxation prior to hydraulic measurements,
which is suggested to avoid artefactual embolism appearance, can favor refilling, leading to the
underestimation of embolism levels (Trifilo et al. 2014). In well-established sample preparation
procedures for hydraulic measurements, stems are often kept under water prior to hydraulic
measurements, even for long time intervals, based on the principle that the very low pressure head
upon immersion would avoid embolism dissolution (Sperry et al. 1988). However, the above-
mentioned soaking experiments in short leafless branch segments (Mason Earles et al. 2016; Liu et
al. 2019) indicated that the active accumulation of solutes at the wood parenchyma—conduit interface
drives water into the apoplast and might refill the conduits under soaking. If this happens, soaking
stems for a prolonged period would induce overestimation of xylem hydraulic conductivity.

These controversies can be overcome using X-ray micro-computed tomography (micro-CT), an
important tool to visualize embolized xylem conduits at a proper resolution and to quantify in vivo
xylem vulnerability, as well as possible hydraulic recovery in intact plants (Broadersen et al. 2010;
Secchi et al. 2020). Therefore, this method has been exploited to validate destructive hydraulic
methods (e.g., (Savi et al. 2017; Venturas et al. 2019)) and related sample preparation procedures
(Torres-Ruiz et al. 2015).

In this study, we hypothesized that bark water uptake in the presence of light would induce the
recovery of hydraulic function in two embolism-resistant Mediterranean angiosperm species
performing stem photosynthesis, namely, Fraxinus ornus and Olea europaea. We tested this
hypothesis both with a classical hydraulic method in dehydrated leafless cut branches of adult plants
of both species, and in vivo through X-ray micro-CT imaging of segments of drought-stressed potted
young saplings of F. ornus. There is evidence suggesting that O. europaea is capable of partial
hydraulic recovery following drought-induced xylem embolism (Trifilo et al. 2014), making this
species a good candidate to investigate the eventual process of conduit refilling under soaking
conditions. Similarly, intact F. ornus plants have already been reported to recover hydraulic function
when the soil is re-watered after substantial drought-induced loss of xylem hydraulic conductivity
(Tomasella et al. 2019), but in vivo evidence is missing. For this reason, we additionally tested the
hydraulic recovery capability of this species through root water uptake via micro-CT imaging of intact

potted plants.
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Materials and Methods

Plant Material

The experiment was carried out on two Mediterranean tree species, namely, manna ash (Fraxinus
ornus L.) and olive (Olea europaea L.), between mid-June and the end of July 2021. In order to test
the hydraulic recovery capability upon soaking under light conditions, embolism was measured both
with a classical hydraulic conductivity apparatus and in vivo via micro-CT, but on different plant
material. Hydraulic measurements were performed on sun-exposed branches taken from several F.
ornus trees and one O. europaea tree growing in the Botanical Garden of the University of Trieste
(Italy, 45°39'40.9" N, 13°47'40.1" E). For micro-CT experiments, 2-year-old and 1-year-old F. ornus
saplings provided by a local public nursery (Vivai Pascul, Regional Forestry Service, Tarcento, Italy)
were transplanted in 3.4 L and 1 L pots in March 2020 and 2021, respectively. Pots were filled with
a lightweight substrate for green roof installations (for the 2-year-old plants) or with red soil (for the
2-year-old plants) sampled from a vineyard in the Italian Karst (Duino-Aurisina, Italy). Plants were
grown in a greenhouse of the University of Trieste, supplied with tap water twice a day to soil field
capacity through a clock irrigation system.

To check the capability of the study species to perform bark and wood photosynthesis, some stem
segments were analyzed with an imaging PAM chlorophyll fluorometer (Photon Systems
Instruments, Brno, Czech Republic) to obtain the maximum quantum yield of PSII (Fv/Fm). Stem
segments of approx. 2 cm length were dark adapted for 1 h, longitudinally sectioned and positioned
on a plate with a layer of paper towels, keeping them hydrated through partial immersion in a film of
water. Outer bark, outer xylem and xylem longitudinal section (sapwood + pith) were measured (see

Fig. 1a).

Hydraulic Measurements

F. ornus and O. europaea branches were collected in the late afternoon and rehydrated overnight
while covered with a black plastic bag after cutting the basal 5 cm underwater. In the early morning,
full hydration was checked to ensure that xylem water potential (Wxy1) was above —0.3 MPa. A group
of hydrated branches was used for hydraulic measurements to check possible residual embolism
(hydrated group, H, n = 5). The remaining branches were dehydrated on the bench, covering several
leaves with cling film and aluminum foil to stop transpiration and favor equilibration between leaf
and stem xylem in order to measure Wy with a pressure chamber (mod. 1505D, PMS Instrument co.,
Albany, OR, USA). For olive, before bench dehydration, about 15 cm of the 2-year-old stem portions

selected for hydraulic measurements and soaking treatment were deprived of leaf blades by cutting
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them at the insertion point at the petiole and sealing the cut section with impermeable glue (Super
Attack, Loctite). Branches were dehydrated until reaching the target Wyy1, fixed to -(3.5-3.9) MPa for
F. ornus and to -(4.2-4.7) MPa for O. Europaea, based on preliminary assessments. At that point, a
group of branches was immediately processed for hydraulic conductivity measurements (dehydration
group, D, n = 5-6), while a third group was subjected to the soaking treatment as follows. Stem
segments, obtained as described below, were sealed at the cut ends with wax tape (Parafilm® M), kept
under water and then immersed in a white rectangular bowl containing distilled water, lying
horizontally 1 cm below the water level. Stems were rotated by 180° every hour to allow whole stem
light exposure. A LED panel (red/blue 96/24) was mounted above the bowl to produce a
photosynthetic photon flux density (PPFD) at the water level of about 400 umol m2 s !. According
to Liu et al. (2019), most of the embolized vessels of S. matsudana refilled already 2 h after branch
segment immersion in light conditions. Therefore, duration of soaking was fixed to 2 h for both
species (San group, n = 6). For F. ornus, a second set of branches was immersed for 4 h to check if
longer rehydration times were needed for hydraulic recovery (S4n group, n =7). After soaking, branch
segments were prepared for hydraulic measurements as described below, while a 3 cm adjacent stem
segment was taken for Wxy1 measurements, performed with a dew point hygrometer (WP4-C, Meter
Group, Inc., Pullman, WA, USA). To this aim, the segment was quickly wiped with paper towel, cut
longitudinally in half, placed in a sample holder and measured upon Wxy1 stabilization (reached in 30
min—40 min).

Measurements were performed on 3 cm—4 cm long segments of H, D, Son and Sa4n stems. For all
samples, the base of the branch was trimmed under clean tap water at a distance higher than the
maximum vessel length. Maximum vessel length, determined with the “air method” described by
Wang et al. (2014), averaged 29 cm and 45 cm in F. ornus and O. europaea branches, respectively.
Then, a selected ~15 cm long segment was cut and kept under water. Son and Sa, segments were sealed
at both ends with Parafilm and soaked as described above. For hydraulic conductivity measurements,
a shorter segment was obtained; the bark was removed from both cut ends, and several thin sharp
slides were made with a razorblade at both ends to obtain a 3 cm—4 cm long segment; and the basal
end was inserted in a hydraulic apparatus (see (Tomasella et al. 2019)).

Xylem hydraulic conductance was measured gravimetrically under a water head of 3.5 kPa, perfusing
stems with filtered (0.45 um) and degassed mineral water added with 10 mM KCI (Nardini, et al.
2007). Hydraulic conductance was measured before (initial hydraulic conductance, ki) and after
(maximum hydraulic conductance, kmax), flushing the sample at high pressure (0.15 MPa) for 3 min
to remove xylem embolism. Xylem hydraulic conductivity (K) was calculated as

K=kxL/A (1)
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where L is the length of the segment, and A is the sapwood area, calculated as the average sapwood
areas measured at the cut ends of the sample.
Percentage loss of hydraulic conductivity (PLC) was then calculated as

PLC =100 x [1 = (ki kmax )] (2)

Micro-CT Scans and Image Processing

Micro-CT scans were performed at the SYRMEP beamline of the Elettra Synchrotron light source
(Trieste, Italy).

To check the capability of F. ornus to recover xylem embolism after soil rewetting, four 3-year-old
saplings were dehydrated in pots to reach the target Wxy1 (—3.5 MPa) on 17-21 July 2020. The 2-year-
old stem portion of two plants was scanned right after reaching the target Wxyi (Dpot plants), while the
other two were scanned 24 h after re-irrigation to soil field capacity (recovery, Rpot plants). Two
additional well-watered plants were measured as controls (Cpor). In all plants, Wxy1 was measured prior
to scanning.

The soaking experiment was performed on potted F. ornus saplings on 1 August 2021. All plants
were dehydrated by withholding irrigation for about 5 days. Three of them were scanned to detect the
embolism level at the target Wxy1 (D plants). These plants were also used to tests the sample
preparation effect on embolism formation, scanning the stem at the same point in three different steps:
(1) the intact plant, (ii) the plant cut underwater right above the root collar after immersing the pot
(sealed in a plastic bag) in water and (iii) the final stem segment obtained by cutting the stem 14 cm—
21 cm above the previous cut, keeping the sample underwater. The length of the segment depended
on the length of the 2-year-old stem segment portion, while the scan was always 8 cm—9 cm above
the basal cut. After every cut, the cut surface was tightly sealed underwater with Parafilm. An
additional scan was performed after cutting the stem segment a few mm above the scanned region in
order to observe the fully embolized xylem.

The remaining three plants were prepared in the same way as the D plants, but they were only scanned
after soaking the stem segment (obtained at step ii1) in water for 2 h (Szn samples) as described above
for branches measured with the hydraulic apparatus. This was carried out to avoid the possibility of
multiple scans inhibiting cellular activity and possible related processes involved in water uptake and
hydraulic recovery (Petruzzellis et al. 2018).

Before micro-CT scanning, all samples were quickly wrapped in cling film and Parafilm to avoid

water loss and fixed to the sample holder. The CT studies were performed in propagation-based phase
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contrast modality using an Orca Flash 4.0 SCMOS, coupled with a 17 um GGG scintillator, as a
detector. The sample was placed 15 cm from the detector, and the pixel size was set at 2.1 um. The
experiment was performed in white beam mode, and 1.0 mm of silica was applied, resulting in a mean
X-ray energy of about 22 keV. For each scan, 1800 projections were acquired during the sample
rotation over 180°.

The slice reconstructions were performed using SYRMEP Tomo Project (STP) software [39]. A
phase retrieval pre-processing algorithm (Paganin et al. 2002) was applied prior to the conventional
filtered back-projection algorithm to increase the image contrast.

Reconstructed images were processed using ImageJ (https://imagej.nih.gov/ij/, accessed on 30
November 2021). Due to the larger diameter of the stems compared to the field of view (ca. 4 mm X
4 mm), analyses were conducted on about one-quarter of the stem section, excluding the immature
xylem next to the vascular cambium (see Fig. 3, 4, S1 and S2). The embolized sapwood area (Aembol)
was calculated by dividing the embolized pixel area by the analyzed sapwood area, expressed as
percentage. The embolized vessel area (EVA) was calculated by dividing Aembol by the Aempor after
the final cut above the scanned region (representing the percentage of sapwood area occupied by

conduits), expressed as percentage.

Statistics

Statistical analyses were carried out with R (R Core Team 2019). Boxplot panels were obtained with
the “ggplot2” package in R. Bar charts were prepared with SigmaPlot (v. 12.0, Systat Software Inc.,
Berkshire, UK). For PLC and Wyy1, the one-way ANOVA test (response variable ~f(treatment))
through the aov function was applied, followed by Tukey’s HSD post hoc test (only for significant
ANOVA, p < 0.05) through the TukeyHSD function in the “stats” package after checking for
normality of residuals and homogeneity of variances. When homogeneity of variance assumption was
violated, generalized least squares (GLS) models were calculated with the g/s function, including a
“varldent” variance structure, in the “nlme” R package [41], followed by Tukey’s HSD post hoc
analysis (for significant tests), with p-values adjusted using the Bonferroni-Holm method. The effect
of progressive cuttings on Aembol and EVA in the micro-CT test experiment was tested using linear
mixed models (LMMSs) through the /me function. Specifically, one LMM was fitted by separately
setting Aembol Or EVA as the response variable and by setting the cutting stage as the explanatory one,
with the plant replicate as the random effect. Pairwise comparisons were performed through Ismeans

function in R package “emmeans” (Lenth 2020).
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Results

The stem segments used for the soaking experiments, i.e., 2-year-old F. ornus and 1-year-old O.
europaea branch portions, as well as the 1-year-old stem portions of F. ornus saplings, showed a
relatively high capability of performing photosynthesis (Fig. 1). In particular, the maximum quantum
yield of PSII (Fv/Fm) in the outer bark was about 0.8 in all three different samples. Similar values
were also measured in the outer wood and in the longitudinal section of the wood (sapwood + pith)
of the 1-year-old branch and stem segments of both species. Lower (but still relatively high) Fv/Fm
values were measured in the outer wood (0.65) and in the longitudinal section of the wood (0.49) of

F. ornus 2-year-old branch portions.

a)w

Wood (external) Wood + pith

W4/Ay

Fig. 1 Maximum quantum yield of PSII (Fv/Fm) measured in branch/stems used for the experiment. Wood
(exposing the side next to the vascular cambium), wood + pith (exposing the cut side) and bark were analyzed
separately (a). Measurements were performed on 2-year old F. ornus branch segments (b), in 1-year old O.
europaea branch segments (¢) and in 1-year old stems of F. ornus saplings (d). Values in b—c are the average

value of the sample.
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Hydraulic Measurements

Some native embolism was detected in the hydrated branches of F. ornus and O. europaea (H
samples), with PLC averaging 17% and 5%, respectively (Fig. 2). After dehydration on the bench,
PLC at the target Wxy1 (—3.7 MPa and —4.4 MPa in F. ornus and O. europaea, respectively)
significantly increased to 56 + 4% in F. ornus and to 54 + 10% in O. europaea. After the soaking
treatment in distilled water for 2 h (S2n samples), Wxyi increased to pre-stress levels, averaging —0.46
MPa in F. ornus and —0.33 MPa in O. europaea, but stem PLC did not recover in either species.
Moreover, prolonged immersion in water (four hours, S4n stems) did not induce xylem hydraulic
recovery in F. ornus, albeit xylem tension further and significantly decreased with respect to the Sap

samples (Wxy1 = —0.19 = 0.06 MPa, p <0.05).
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Fig. 2 Percentage loss of xylem hydraulic conductivity (PLC, a,b) and xylem water potential (Wyy, ¢,d)
measured in F. ornus (a,c) and O. europaea (b,d) in hydrated (H, n = 5), drought-stressed (D, n = 5-6) and
soaked (for 2 and 4 h, San and San, respectively, n = 6-7) stems. Note the different scales for Wy, between the
two species. The 4 h soaking treatment was performed only for F. ornus. Different letters denote statistically

significant differences among groups (p < 0.05).
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Micro-CT Analyses

The micro-CT experiment on the potted plants of F. ornus proved the capability of xylem hydraulic
recovery in intact plants through root water uptake 24 h after soil rehydration to field capacity. In
fact, the embolized vessel area (EVA) was around 40-50% in drought-stressed (Dpot) plants, which
reached Wxy10f —3.50 MPa, and it was restored to pre-stress control (Cpot) values in the two re-irrigated
(Rpot) plants (6% and 21% in the two scanned plants, Fig. 3), which relieved Wy to —0.25 MPa and
—0.70 MPa.

W = 0.30 MPa; A, = 0.12%; EVA= 7%

Replicates

& Y, = -0.35MPa; A,y = 0.20%; EVA=22% [ W,y = -3.45 MPa; Ay, = 0.80%; EVA = 47% Wy = -0.70 MPa; Ay, = 0.75%; EVA = 20%

Fig. 3 Transverse reconstructed images of the 1-year-old stem portion obtained with X-ray micro-CT in well-
hydrated (Cpoi, a,d), drought-stressed (Do, b,e) and re-irrigated (Rpor, €,f) intact F. ornus plants. Wiy = xylem
water potential, Acmpol = percentage of embolized sapwood area, EVA = percentage of embolized vessel area;
all calculated excluding the immature sapwood close to the cambium (see arrow delimiting mature/immature

sapwood in a).

The consecutive micro-CT scans performed on the 2-year-old F. ornus drought-stressed (D) plants
after each progressive sample preparation step are shown in Fig. S1. The first cut at the base of the
stem did not significantly increase the embolized sapwood area (Aemvol) or EVA. However, the second
cut made to obtain the final D segment significantly increased EVA from 44 + 7% (measured in the
shoots cut at the base) to 63 + 11%, with an overall increase of 27% compared to the intact plant (Fig.

S2).
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The stem segments did not refill their embolized conduits after the 2 h soaking treatment under light,
as the values of Aembol and EVA (1.07 £ 0.06% and 58 + 1%, respectively) were similar to those
calculated for D stem segments (p > 0.05; Fig. 4 and S3).

1.6

n.s. a)

1.4 4
1.2 4 T
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80

EVA (%)

20
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Fig. 4 Percentage of embolized sapwood area (Aembol, @) and percentage of embolized vessel area (EVA, b)
measured in micro-CT transverse reconstructed images of F. ornus stem segments. D = segments of drought-
stressed plants (n = 3). Soaking = segments of additional D plants scanned upon soaking in water for 2 h (n =

3). Values are means + SE. n.s. = difference not significant among groups.
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Discussion

No Evidence for Hydraulic Recovery in Stem Segments upon Soaking

The in vivo micro-CT analyses showed that F. ornus plants can recover xylem hydraulic function
through root water uptake after experiencing substantial embolism levels under drought, confirming
the previous classical hydraulic measurements of cut stems (Tomasella et al. 2019). In addition,
embolism recovery occurred even though plants were still experiencing overall negative xylem
pressure, supporting previous observations. However, the leafless stem segments of F. ornus and O.
europaea that reached about 50% PLC (i.e., the same target PLC used in the pot re-irrigation
experiment) did not recover xylem hydraulics after immersion in water under light conditions (Fig.
2). This outcome was additionally validated by the micro-CT scans of the F. ornus cut stems, obtained
from the drought-stressed potted saplings (Fig. 4 and S2).

The hydraulic measurements of F. ornus branches (Fig. 2) were in agreement with the micro-CT
measurements of intact plants (Fig. 3), confirming the lack of cutting artifacts. Likewise, the PLC
values obtained in our study for O. europaea at the target Wxy1 were consistent with the vulnerability
curves obtained for the same species both via hydraulic measurements and X-ray micro-CT scans
(Torres-Ruiz et al. 2014, 2017), making us confident that sample preparation artefacts were avoided.
However, with the methodological test performed at the micro-CT beamline on the dehydrated
saplings of F. ornus, we aimed to examine if the sample preparation procedure used to obtain the
final stem segments for soaking would induce additional non-native embolism. The progressive cuts
made on the stem of the potted saplings increased the embolized vessel area (Fig. S1 and S2). In this
test, we first made a cut underwater at the base of the shoot, and then a second cut was made at a
distal position (ca. 20 cm from the previous one) to obtain a stem segment in the basal part of the
stem. Given that the maximum vessel length of the saplings (40 cm on average) was higher than the
obtained stem segment, it is likely that air entry upon cutting under substantial xylem tension induced
embolism in the stem portion where the micro-CT scans were made (at 8 cm—9 cm from the first cut).
Given that we aimed to perform the soaking experiment on the lower 1-year-old stem portion and that
the plants were relatively small, we were forced to obtain the stem segment in that proximal stem
region. With this simple test, we underline that experiments with in vivo imaging techniques should
be further exploited to better identify the possible artefacts of sample preparation. However, the
results of our cutting test do not influence the outcome of the soaking experiment because the samples
scanned prior (D) or after (Soaking) immersion in water (Fig. 4) were prepared with the same

procedure.
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The results of the soaking experiments contradict those obtained for S. matsudana stem segments
soaked in water under light conditions, where bark water uptake contributed to refill about 75% of
the previously embolized vessels after 2 h of immersion (Liu et al. 2019). Here, we also showed that
F. ornus and O. europaea stems can perform photosynthesis both at wood and bark levels (Fig. 1),
which should provide additional sugars to enhance the process of water uptake by generating an
osmotic gradient.

There is evidence that local xylem tension relief is important to refill xylem conduits (Zwieniecki and
Holbrook 2000; Secchi and Zwieniecki 2016). In S. sempervirens, partial hydraulic recovery was
observed upon soaking when branch water potential slightly increased with respect to dehydrated
conditions, but it was still quite negative (ca. -4 MPa, (Mason Earles et al. 2016). Similarly, recovery
under substantial tension occurred in Picea glauca leafy twigs exposed to fog (Laur et al. 2014),
suggesting possible localized hydraulic isolation in the xylem. Xylem tension in our two study species
was even relaxed to Wxy1 above —0.5 MPa (Fig. 2). These values are comparable to those measured in
the intact potted plants of F. ornus, which recovered xylem hydraulics when re-irrigated in pots (Fig.
3). Therefore, we note that the residual xylem tension of the cut stems was comparable to that of
intact plants, and it was expected to promote the refilling of conduits through bark water uptake.
Earles et al. 2016 suggested that tall trees, such as redwoods, which, due to their height, must develop
low Wxy1 even under well-hydrated conditions, may profit from bark water uptake during prolonged
fog periods to partially restore xylem functionality. It is suggested that trees adapted to climates with
prolonged periods of rain and/or fog (Burgess and Dawson 2004) and trees at the timberline with
crowns covered with snow that melts in spring (Mayr et al. 2014; Losso et al. 2021) may have evolved
bark characteristics that favor water uptake and subsequent hydraulic recovery. Indeed, radial water
uptake may depend on outer (rhytidome) and/or inner (phloem) bark characteristics. For example,
bark porosity and density influence hygroscopicity (Ilek et al. 2021), while the hydrophobicity of
cork cells in the outer bark limits water absorption (Schonherr and Ziegler 1980; Groh et al. 2002). It
is possible that species adapted to Mediterranean climates, commonly not exposed to prolonged
fogs/rainy periods, may not have evolved such bark characteristics that would favor radial water
uptake. However, we might rule out this hypothesis because, although we did not directly measure
bark water uptake, the marked Wxyi relief upon soaking indicated substantial stem rehydration (Fig.
2b). Alternatively, sample preparation/experimental conditions could have been responsible for the
lack of hydraulic recovery. Previous experiments have highlighted the role of phloem in xylem
hydraulic recovery (Nardini et al. 2011). In particular, stem girdling in O. europaea prevented
embolism refilling upon branch rehydration, while hydraulic recovery was observed in samples with

intact phloem (Trifilo et al. 204). Hence, it is possible that the wounds caused by the preparation of
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stem segments for soaking had similar inhibitory effects on the refilling process. Tests on different
species could help improve our understanding as to whether refilling through bark water uptake might
be species specific, as well as the possible limits of the soaking method when applied to cut stem

segments.

Conclusions

In this work, we tested the hypothesis that the immersion of photosynthesizing stem segments in
distilled water for some hours in the presence of light would induce hydraulic recovery through bark
water uptake in the embolized branches of two drought-resistant Mediterranean tree species (F. ornus
and O. europaea). Hydraulic recovery was previously reported for the soaked stem segments of S.
matsudana, and it was related to the generation of an osmotic gradient (Liu et al. 2019). However,
for the two species analyzed in this study, which are known to be capable of hydraulic repair under
moderate tension (additionally demonstrated here by an in vivo micro-CT analysis of the potted
saplings of F. ornus), refilling by bark water uptake did not occur. Our data suggest that refilling does
not commonly occur in cut stems soaked under water, thus suggesting that this common procedure in
hydraulic measurements is not likely to produce artefactual results. Clearly, further soaking studies
under light conditions should be performed on photosynthesizing stems of other species to better
understand both the potential and the limits of this process, as well as the possible consequences in

terms of the accuracy of hydraulic measurements of xylem embolism.
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Supplementary material
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Fig. S1 X-ray Micro-CT transverse images of drought stressed 2-year-old F. ornus saplings (n=3). Scans were

performed in drought-stressed intact plants (a,e,i), after subsequent cut underwater at the base of the stem

(b,f,j), after a second cut underwater to obtain a stem segment (c,g,k) and after cutting above the scanned

region to embolize all mature conduits (d,h,]). Aemvot = percentage of embolized sapwood area; EVA =

percentage of embolized vessel area, all calculated excluding the immature sapwood close to the cambium (see

arrow delimiting mature-immature sapwood in a).
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Fig. S2 Cutting effect on embolism formation in F. ornus potted saplings visualized with Micro-CT. a)
Percentage of embolized sapwood area (Acmbol) and b) percentage of embolized vessel area (EVA) measured
in Micro-CT transverse images of drought-stressed saplings. Plants (1-3, indicated by symbols, n=3) were
consecutively scanned when intact (Plant), after subsequent cut underwater at the base of the stem (Shoot) and
after a second cut underwater to obtain a stem segment (Segment). Values are means + SE. Different letters

denote statistically significant differences among Plant, Shoot and Segment (P < 0.05).
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Fig. S3 X-ray Micro-CT transverse images of 2-year-old F. ornus stem segments after the soaking treatment
(San, n=3). Scans were performed in drought-stressed segments soaked under light for 2 hours (a,c,e) and after
cutting above the scanned region to embolize all mature conduits (b,d,f). Acmbol = percentage of embolized

sapwood area; EVA = percentage of embolized vessel area.
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General conclusions

General research outcomes and scientific contributions

The main objective of my PhD research project was to improve our knowledge of the structural and
functional characteristics of stem chloroplasts. Furthermore, the broad goal was to explore the role of
stem photosynthesis in tree resistance/resilience to drought stress due to the current threats of climate
change to which all the plants are exposed. In this concluding chapter, the main findings of the study
are discussed. Finally, remaining unanswered questions and suggestions for promising future lines of

research on the role of stem photosynthesis in tree drought resistance are identified and discussed.

Advances on stem photosynthesis

A classical hypothesis in plant science is that any tissue that is visually green contains chloroplasts.
A corollary is that greenish stems they must have chloroplasts too, and therefore they should be able
to perform photosynthesis (e.g. Pfanz and Aschan 2001). However, an in-depth evaluation of the
actual properties and functioning of stem chloroplasts is still missing in the literature.

In this light, the first chapter of this Thesis aimed to deeply investigate the structural and functional
characteristics of stem chloroplasts, compared to those of the leaf. I also applied methods so far used
only for leaves and/or roots, to estimate the efficiency of electronic transport (Study 1) and the
production of oxygen (Study 2) in the stem of a drought-tolerant woody species, Fraxinus ornus (F.
ornus).

Specifically, in Study 1 I reported the first detailed characterization of stem chloroplasts of F. ornus.
In addition to classical experimental techniques (e.g. spectral reflectance, fluorescence microscopy,
chlorophyll fluorescence imaging), I also applied spectroscopy measurements in stem samples. I
provided evidence for a decreasing chlorophyll concentration gradient from the outer bark to the pith,
in compliance with the light gradient found along the stem radial direction (blue light was mainly
absorbed by the bark whereas the far-red light reached the xylem and the pith). I further investigated
the functional features of stem chloroplasts, by finally proving that bark chloroplasts resembled those
of the leaves, whereas wood chloroplasts are coherently optimized to photosynthesize in their
particular micro-environmental conditions.

In Study 2, I provided a new framework for oxygen measurements based on dedicated MicroSensors.

Due to their precision, these devices allow to measure oxygen production in situ at very low
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concentrations. Our results proved that bark chloroplasts can perform net photosynthesis, whereas

wood chloroplasts can only counterbalance respiration.

The diversity of stem photosynthesis in drought tolerant and drought sensitive species

While the ultrastructural, biochemical, fluorescence and functional properties of stem wood and bark
chloroplasts have been identified (Chapter 1), it remains largely unknown whether the presence of
chloroplasts in the stem of woody species is different between drought tolerant and drought sensitive
species. Our approach, presented in Chapter 2, constitutes quite a novelty in stem photosynthesis
research. For instance, chloroplasts’ presence in the wood seems to be associated with the amount of
volume occupied by parenchyma, since Gymnosperms, that generally have low amounts of
parenchyma in their wood (in the range of 5-10% of the total volume), in sharp contrast with
Angiosperms (25-50%), presented lower values of Fv/Fm. Probably, differences in wood
characteristics might also alter the light transmission efficiency with consequences on chloroplasts
abundance/distribution. Indeed, Fv/Fm values decreased with increasing stem age, and this perfectly
matches with higher deposition of cork layers and wood in older stems. Furthermore, results obtained
in Chapter 2, allowed to pinpoint the potential adaptive role of stem photosynthesis in drought tolerant
species, thriving under arid conditions likely leading to prolonged stomatal closure and halt of leaf-
level carbon gain, since Fv/Fm both at the bark and wood level was higher for drought tolerant
Angiosperms compared to drought sensitive ones. These findings support the already presented
hypothesis [summarized by Vandegehuchte et al. (2015)] that stem photosynthesis is less reduced
than leaf photosynthesis during drought. Furthermore, since it takes advantage also on the
endogenously respired COz, stem photosynthesis is more efficient in carbon fixation than leaves
during drought, increasing also the plant water use efficiency (Cernusak and Marshall 2000; Wittman
and Pfanz 2008). The specific key role of stem photosynthesis during drought, when leaf
photosynthesis is partially impaired, might be the production of photosynthates at sink level necessary
to sustain plant metabolism. In this light, stem photosynthesis might sustain turgor and phloem
functioning, hence maintaining the hydraulic functioning of the plant and increasing the drought

resistance of the species (Sevanto et al. 2014; Bloemen et al. 2013Db).

Key findings and implications of stem photosynthesis in tree resilience to drought stress

From Chapter 1 I found active chloroplasts in bark and wood of F. ornus and in Chapter 2 I found
that drought-tolerant species tend to have higher values of Fv/Fm in stems that might be fundamental
to sustain carbon metabolism during drought. Indeed, during drought stress, one of the earliest

responses of plants is to close stomata at leaf level, limiting water loss but also the uptake of

203



atmospheric CO; with consequent decrease of leaf photosynthesis activity (Chaves et al. 2002; Flexas
and Medrano 2002). Stem photosynthesis instead is also supplied with endogenously respired CO»,
with a consequent higher water use efficiency compared to leaves (Avila-Lovera and Tezara 2018).
The stem light exclusion treatment, that prevented stem photosynthesis to occur in the three
experiments reported in Chapter 3, resulted in reduced growth for the evergreen Laurus nobilis (L.
nobilis, Chapter 3 — study 5) but not for the deciduous Populus alba (P. alba, Chapter 3 — study 5)
and Fraxinus ornus (Chapter 3 — study 4). This demonstrated that stem photosynthesis has a species-
specific impact on the overall plant status, although it did not alter leaf gas exchange rates in any of
the species investigated.
The shading of the stem had different consequences on the three species investigated during water
stress and recovery, compared to control-light plants:

- had no effect in L. nobilis,

- inhibited the hydraulic recovery following embolism build-up under drought in P. alba,

- increased the percent loss of conductance (PLC) during drought but did not alter the hydraulic

recovery in F. ornus.

These three different results let me to conclude that stem photosynthesis plays a species-specific key
role in the maintenance of hydraulic functioning during drought, especially for the deciduous species.
Indeed, it seems that in the drought-sensitive deciduous species (P. alba) stem photosynthesis
provides an extra carbon gain useful for the whole plant metabolism, especially under drought. By
contrasts, in the two drought-tolerant species (F. ornus and L. nobilis), stem photosynthesis could
represent an extra carbon gain to be used mainly when leaf photosynthesis is impaired.
The main achieved conclusions rely on the fact that stem photosynthesis affects the hydraulic

resilience of some woody species, mainly contributing to the NSC reserves and mobilization.

Directions for future research

In this Thesis, I mainly focused on one model species (Fraxinus ornus) and I have conducted
experiments on saplings grown and treated under greenhouse conditions. The chance to measure other
stem photosynthesis traits (e.g. electron transport rate) on a large set of species would allow widening
the scale of the analyses provided in this Thesis, to further prove whether stem photosynthesis is
related to tree drought resistance/resilience as described here.

Since the role of stem chloroplasts in embolism repair remains unclear, further studies both on
saplings and branches of adult trees are needed. To further prove a relationship between stem

photosynthesis and hydraulic responses, it could be useful to design experiments that monitor
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hydraulic traits (e.g. with a stem psychrometer, a stand-alone instrument for stem water potential
measurement, which indicates plant water stress), simultaneously with photosynthetic traits (e.g. with
PAM instruments to measure photosynthesis).

Moreover, recent advances in isotopic techniques might contribute to clarify patterns and processes
in tree carbon cycling at a yet unprecedented resolution (e.g. Bloemen et al. 2013, 2014). Of particular
interest might be including measurements of starch carbon isotope composition ('*C, '?C), that could
provide useful information about the source of CO> used by bark and wood chloroplasts in the
photosynthetic process. Specifically, these measurements could finally elucidate if stem chloroplasts,
with particular attention to those located in the wood, rely on recycling internal CO> from recently
assimilated photosynthates or stored carbon reserves. Hence, the use of this approach would further
deepen the knowledge of the ability and significance of internal CO- recycling by stem chloroplasts,
that is particularly important if we consider that internal COz recycling is less susceptible to the drying
power of the atmosphere due to climate change and water loss via the stem is reduced compared to
those of the leaves, leading to an increased plant water use efficiency under the ongoing drought
extremes events.

In conclusion, I suggest that the inclusion of stem photosynthesis in the study of the ability of trees
to face drought stress might give a more comprehensive understanding on how different woody

species can acclimate to variation of environmental conditions.
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