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Leaves are the most important photosynthetic organs in most woody plants, but chloroplasts are also found in organs
optimized for other functions. However, the actual photosynthetic efficiency of these chloroplasts is still unclear. We
analyzed bark and wood chloroplasts of Fraxinus ornus L. saplings. Optical and spectroscopic methods were applied to
stem samples and compared with 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, such as larger grana stacks,
lower chlorophyll a/b and photosystem I/II ratios compared with 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.
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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 favorable surface-to-volume ratio of stems
allows sufficient CO2 fixation while minimizing water loss to the
atmosphere, compared with 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 1994, Pfanz et al. 2002, Ávila
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, Ávila
et al. 2014).

Stem photosynthesis comprises both net photosynthesis sup-
plied by atmospheric CO2 and recycling photosynthesis, which
is involved in the re-fixation of internal CO2 released by respi-
ration from the surrounding heterotrophic stem tissues (Ávila
et al. 2014), leading to some carbon recovery with minimal
associated water losses. Because the bark limits gas exchange
between wood and atmosphere, respiratory CO2 accumulates
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inside the stem reaching concentrations up to 1–26%, thus pro-
viding sufficient substrate for photosynthetic activity while also
limiting photorespiration (e.g., Cernusak and Marshall 2000,
Cernusak et al. 2001, Teskey et al. 2008). Stem photosynthesis
may have the additional advantage of maintaining sufficiently
high O2 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 pro-
cesses 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. 2013a,
2013c, 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, Trifilò 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).

Stem photosynthetic efficiency depends on chlorophyll con-
tent, nitrogen content, structural bark composition and spa-
tial distribution of chloroplasts (e.g., Wittmann et al. 2005,
Wittmann and Pfanz 2007, Ávila 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., color 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 CO2 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 effi-
ciency. To date, due to the huge species-specific heterogene-
ity and the relatively low research efforts on this topic, the
information 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 effi-
ciency of stem chloroplasts is comparable to that of leaf ones.

Based on the above, refixation of CO2 by wood photosyn-
thesis might have an important metabolic role (e.g., crucial
role in the local production of carbohydrates), while corticular
photosynthesis may also fix CO2 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, Ávila et al. 2014,
Vandegehuchte et al. 2015). Thus, according to present knowl-
edge, 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, 2016).

To gain advanced knowledge on the structure and function of
stem chloroplasts, we investigated the ultrastructural, biophys-
ical, biochemical and physiological features of bark and wood
chloroplasts in current-year and 1-year-old stems of Fraxinus
ornus L., a thermophilous, sun-adapted and drought-tolerant
deciduous tree (Nardini et al. 2003, 2021, Gortan et al. 2009).
We specifically aimed at (i) characterizing light transmission
through stems, (ii) identifying radial gradients of chloroplasts
distribution and (iii) describing in detail the ultrastructure,
functionality and efficiency of stem chloroplasts, compared with
chloroplasts found in leaves. We hypothesized that chloroplasts
display different characteristics and functionality, depending on
the stem region where they are located.

Materials 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 experimental measurement, 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 3-year-old saplings of Fraxinus
ornus L. 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 (45.66028◦ N, 13.79550◦ E). 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 defi-
ciency. 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
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samples. Specifically, 1–2 cm long stem segments were cut, and
bark and wood were carefully separated both for the current year
(Bcy and Wcy, respectively) and for 1-year-old stems (B1y and
W1y, 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 chloro-
plasts as compared with 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, favoring stem girdling. 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 trans-
mission in plant samples is illustrated in Figure S1 available as
Supplementary data at Tree Physiology Online. A light source (KL
2500, Schott, Wolverhampton, UK) providing a photosynthetic
photon flux density of 495 μmol m−2 s−1 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 fiber-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 fiber. 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 (Figure S2
available as Supplementary data at Tree Physiology Online), 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 extrac-
tion, 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.
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 10,000 r.p.m. Absorption spectra were recorded
(Cary 300 UV–Vis, Agilent, USA) 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.

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-μm-thick transverse sections were obtained
from fresh material with a sliding microtome. Three to five
sections per sample were made and analyzed, 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 mm3 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 dehy-
drated 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 analyzed with a transmission electron microscope
(Tecnai G2; FEI, Hillsboro, OR, USA) operating at 100 kV. We
analyzed images (n = 8–15 images per each tissue) with
ImageJ to obtain data on grana number, starch number and
stromal area, following Mazur et al. (2021). Due to the hardness
of the material, the image quality of wood samples 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.

Fluorescence spectroscopy

To quantify the relative fluorescence intensities emitted
from PSI (F735 nm) and PSII (F685 and F695 nm), we
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characterized the low-temperature (77 K) chlorophyll fluores-
cence emission spectra of leaves, bark and wood. The 685-
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, Krause and Weis 1991, Govindjee 1995, Morosinotto
et al. 2003, Dobrev et al. 2016, Dymova et al. 2018, Lamb
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 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 com-
position of the photosynthetic apparatus of bark and wood
compared with 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 μl SB3× for wood. The protein
concentration of extracts was quantified using the BCA protein
assay, and samples were loaded accordingly to the quantification
(1× samples corresponding to 10 mg μl−1) in an acrylamide gel
at a final concentration of 12%. Western blot analysis was per-
formed 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. 2020); custom-made anti-RuBisCo, anti-LHCII and
anti-CP47 were also used. After hybridization, signals were
detected with an alkaline phosphatase-conjugated antibody

(Sigma Aldrich, Italy). Measurements were repeated for three
different saplings.

In vivo imaging fluorescence measurements

Photosynthetic efficiency of leaves, bark and wood was esti-
mated 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 h before mea-
surements. Leaf and stem segments ∼1-cm long were sampled
from four 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).

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 h 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.

An alternative and more precise method to assess photosyn-
thetic activity is to monitor 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, 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 pho-
tosynthetic complexes and electron transport rates (ETRs) was
done by measuring the 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 photosyn-
thetic complexes (Bailleul et al. 2010), and photosystem charge
separation can be evaluated by DIRK (dark-induced relaxation
kinetic, Sacksteder and Kramer 2000). The 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)
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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 three to eight 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. Pig-
ments data were log-transformed to respect the assumption of
normality, before performing GLS model. Differences 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
B1y) and wood (Wcy and W1y) of different ages and through
leaves revealed a progressive modification of light quantity and
quality (Figure 1 and Figure S3 available as Supplementary data
at Tree Physiology Online). The transmission spectra of Bcy

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. Wcy 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 scat-
tering. The analysis of non-normalized spectra (Figure S3 avail-
able as Supplementary data at Tree Physiology Online) 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 with the 1-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 toward
the innermost portions of the stem. This indicated that the inner

Figure 1. Light transmission spectra of leaf, bark and wood of current
(Bcy and Wcy) and 1-year-old stems (B1y and W1y) 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.

stem compartments are reached by limited light intensity, also
with an altered spectrum.

Bark and wood chloroplasts of F. 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 with leaves.
However, the Chl content of bark was higher than that of wood
(Table 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 with chlorophyll b (Chlb) (Table 1). Therefore,
the Chla/b ratio of the leaf was similar to that of Bcy, while
it decreased progressively in B1y, Wcy and W1y (Figure 2A).
Chla/b of Wcy and W1y was significantly lower compared with
leaf, Bcy and B1y (P < 0.0005 and P < 0.05, respectively,
Figure 2A).

Carotenoid (Car)/Chl ratios were similar in leaves, Bcy and
B1y, with a slight relative increase in W1y and Wcy (Figure 2B).

The Chl distribution and ultrastructural features of chloro-
plasts were further investigated for leaves, Bcy, Wcy, B1y and
W1y, by epifluorescence and TEM. A detailed anatomical trans-
verse section is presented in Figure S4 available as Supple-
mentary data at Tree Physiology Online, showing the different
tissues composing the bark, i.e., periderm, 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 (Figure 3). At higher
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Table 1. Chlorophyll a (Chla), chlorophyll b (Chlb), total Chl (Chla + Chlb) and carotenoid (Car) concentration for leaf, bark and wood of current
(Bcy and Wcy) and 1-year-old stems (B1y and W1y) of Fraxinus ornus L. Mean values are reported ± SD (n = 4). Different letters indicate significant
differences between samples (P < 0.05).

Sample Chla Chlb Total Chl Car
(mg g−1 FW) (mg g−1 FW) (mg g−1 FW) (mg g−1 FW)

Leaf 2.589 ± 0.801 a 0.949 ± 0.336 a 3.538 ± 1.136 a 0.514 ± 0.139 a
Bcy 0.409 ± 0.136 b 0.165 ± 0.061 b 0.574 ± 0.196 b 0.076 ± 0.024 b
B1y 0.293 ± 0.076 b 0.126 ± 0.040 b 0.419 ± 0.117 b 0.060 ± 0.015 b
Wcy 0.018 ± 0.009 c 0.008 ± 0.004 c 0.026 ± 0.012 c 0.004 ± 0.001 c
W1y 0.018 ± 0.005 c 0.009 ± 0.002 c 0.027 ± 0.007 c 0.005 ± 0.001 c

Figure 2. Mean chlorophyll a/b (Chla/b) (A), carotenoids/total chloro-
phyll (Car/Chl) (B) comparison between leaf, bark and wood of cur-
rent (Bcy and Wcy) and 1-year-old stems (B1y and W1y) 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).

magnification, plastids are visible as chlorophyll autofluores-
cence in red, whereas the green color is given by lignified or
suberified components. Electron microscopy analysis defined
the ultrastructure of stem chloroplasts that showed intact and
well-defined organization (Figure 4 and Figure S5 available as

Supplementary data at Tree Physiology Online). Figure S5 avail-
able as Supplementary data at Tree Physiology Online, reports
images acquired at lower magnification, useful to visualize
the general features of the different tissues. Figure 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 (Figure 4B and D, Table S1 available as Supplemen-
tary data at Tree Physiology Online). Chloroplasts found in
the phloem presented a significantly lower number of grana
(Table S1 available as Supplementary data at Tree Physiology
Online), with more stacks (Figure S5 available as Supplemen-
tary data at Tree Physiology Online). A significant reduction
of the stromal area was observed from bark to wood, specif-
ically between chloroplasts found in the phelloderm/cortex and
those in the wood of both growth years (Table S1 available
as Supplementary data at Tree Physiology Online). A simi-
lar starch amount was found in the chloroplasts of different
samples.

Finally, chloroplasts found in the wood of each growth year
apparently have very few stromal thylakoids (Figures S4 and
S5E and F available as Supplementary data at Tree Physiology
Online).

Changes of composition of photosynthetic apparatus in
different tissues

Upon excitation at 440 nm, the low-temperature (LT, 77 K)
fluorescence emission spectra of leaves, bark and wood of
current and 1-year-old stems showed three major emission
bands (685, 695 and 735 nm) (Figure 5A).

As shown in Figure 5A, there is a significant decrease in
the relative intensity of fluorescence from the PSI and LHCI
complexes (at 735 nm) in Bcy and B1y. This trend is further
amplified in Wcy and W1y. In accordance, the F735/F685 ratio
(Figure 5B) gradually decreased from bark to wood. Such a
lower value of the ratio for bark and wood compared with
leaf suggests a reduced content of PSI complexes relative
to PSII.
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Figure 3. Representative transverse-section images of current year and 1-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 color is given by lignified or suberified components. Periderm
of current (A, E) and 1-year-old stems (B, F). Xylem rays and pith of current (C, G, I) and 1-year-old stems (D, H, J). Abbreviations: b, phellem; cp,
cortical parenchyma; xy, xylem; and ph, pith.
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Figure 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 1-year-old stems; (E) phloem of 1-year-old stems; (F)
xylem rays of 1-year-old stems. Abbreviations: G, grana thylakoids; S, starch.

The F685/F695 ratio (Figure 5C) of Bcy and B1y was
similar to that of both leaf and wood. Compared with the
leaves, the values were significantly higher for both Wcy

and W1y. 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 (Figure 6). As expected, samples that accumu-
lated less Chl also showed a lower abundance of photosynthetic
proteins. Nevertheless, western blot analysis allowed the detec-
tion 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. Photosystem I reaction center subunit II, chloroplastic
(PSAD) was detected in leaf and Bcy, whereas only a faint band
was detected in B1y. No PSAD signal was detected for the wood.
The band of D2 proteins was detected only in the leaf and
weakly in Bcy.

The stem contains photosynthetically active cells

Chlorophyll fluorescence imaging (Figure 7A) across longi-
tudinal sections of current- and 1-year-old stems detected

significant signals, consistent with all the above results.
Analysis of maximal PSII photochemical efficiency (Fv/Fm)
showed that leaf, Bcy, Wcy, B1y and W1y have no statistically
significant different activities (Figure 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
(Figure S6 available as Supplementary data at Tree Physiol-
ogy Online). 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.

The ETR was quantified by comparing the ECS when the
light was switched off (SD) and when the light was on (SL)
(Figure 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 Materials and methods for details), data
indicate that Bcy ETR was comparable to that of the leaf,
while a lower electron transport capacity was observed with
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Figure 5. (A) 77-K fluorescence emission spectra of leaf, bark and
wood of current (Bcy and Wcy) and 1-year-old stems (B1y and W1y)
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 (Bcy
and Wcy) and 1-year-old stems (B1y and W1y). Mean values are reported
± SD (n = 2). Different letters indicate significant differences between
samples (P < 0.05).

increasing stem age in B1y (Figure 8B). ETR in the wood
(both Wcy and W1y) was even lower compared with leaf and
Bcy.

Figure 6. Immunoblot analysis of leaf, bark and wood of current year
(Bcy and Wcy) and 1-year-old stems (B1y and W1y) 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, Bcy, B1y, Wcy and W1y were loaded with 1×,
which corresponds to 10 mg μl−1 of total proteins. The second and
third columns of leaf have 0.2× and 0.5× (RuBisCo, LHCII), 0.25×
and 0.13× (CP47), and 0.33× and 0.16× (D2, PSAD), respectively.

A further confirmation that photosynthesis is fully functional
in these tissues can be obtained by looking at the oxidized
P700 (P700+) signal (Figure 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 Figure 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.

Figure 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 are 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 Bcy (τ :
66.45 ± 1.06 ms), Wcy (τ : 57.15 ± 18.19 ms), B1y (τ :
50.18 ± 22.37 ms) and W1y (τ : 37.13 ± 22.92 ms) compared
with leaves (τ : 17.69 ± 9.87 ms), indicating a lower electron
transport activity in these samples.

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.
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Figure 7. (A) Example of optical analysis of leaf, bark and wood of
current year stem (Bcy and Wcy) of Fraxinus ornus L. to analyze 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 (Bcy and Wcy) and 1-year-old
stems (B1y and W1y) of Fraxinus ornus L. Mean values are reported ±
S.D. (n = 4); n.s.: not statistically significant.

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 1-year-old stems. This can be explained by the gradual
increment of the protective cork tissues (Pilarski 1989, Aschan
et al. 2001, Pfanz and Aschan 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
traveling 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 (Table 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. In particular, within the
stem radial profile, from the outer to the inner tissues, there
is a clear pattern with progressively larger grana, smaller stroma
lamellae and lower stromal area in the wood (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. 2021, Liu et al. 2021), broader
grana stacks are fundamental to harvest the limited 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
(Figure 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
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Figure 8. (A) Examples of changes in the 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 (SL) to dark (SD) is reported for leaf, bark and wood of current
year (Bcy and Wcy) of Fraxinus ornus L. White box: the actinic light was on; black box: the actinic light was switched off. (B) ETR of leaf, bark and
wood of current year (Bcy and Wcy) and 1-year-old stems (B1y and W1y) of Fraxinus ornus L. Data are normalized on functional total photosystems
(PSs). The error bars represent mean values ± SD (n ≥ 5). Different letters indicate significant differences between samples (P < 0.05).

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, 2012,
Eberhard et al. 2008, La Rocca et al. 2015, Albanese et al.
2016, Storti et al. 2020). Indeed, PSI is preferably excited
by far-red light (λ > 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. 2021). In line with this,
the low temperature (77 K) 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, 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).

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 (Björkman 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
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Figure 9. (A) Examples of oxidation of P700 (P700+) kinetics of leaf, bark and wood of current year (Bcy and Wcy) and 1-year-old stems (B1y
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 (Bcy and Wcy) and 1-year-old stems (B1y and W1y) of Fraxinus ornus L. curves shown are average of three to eight
independent measurements.

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 with
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 (Figure 6).
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,
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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 with sun leaves, shade leaves show more
grana stacks, lower Chla/b ratio and higher numbers of light-
harvesting complexes per reaction center (e.g., Lichtenthaler
et al. 1981, 2013, Anderson 1986, Ballottari et al. 2007,
Flannery et al. 2021).

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 pres-
ence of RuBisCo was detected in leaves and bark and weakly in
the wood, indicating a capacity to fix CO2 also in the stem com-
partments. 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 recy-
cle the CO2 dissolved in the xylem sap (Alessio et al. 2005,
Wittmann et al. 2006, Berveiller and Damesin 2008, Bloemen
et al. 2013a, 2013c, 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 func-
tioning under drought stress (Zwieniecki and Holbrook 2009,
Nardini et al. 2011, 2018, Secchi and Zwieniecki 2012, Cer-
nusak and Cheesman 2015, Ávila-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 1-year-old stem, there
is a decrease in ETRs, compatible with decreased light transmit-
tance. 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 occurring in habitats where seasonal
drought can strongly limit leaf photosynthesis, which is, in fact,
the case for F. ornus.
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