2 New
N Phytologist

Researck

Cell-level anatomical characteristics explain high mesophyll
conductance and photosynthetic capacity in sclerophyllous

Mediterranean oaks

José Javier Peguero-Pinal’z*, Sergio Sisé'*, Jaume Flexas®, Jeroni Galmés®, Ana Garcia-Nogales4, Ulo Niinemets’,
Domingo Sancho-Knapik"?, Miguel Angel Saz® and Eustaquio Gil-Pelegrin'?

'Unidad de Recursos Forestales, Centro de Investigacion y Tecnologia Agroalimentaria de Aragén, Gobierno de Aragén, Avda. Montanana 930, 50059 Zaragoza, Spain; 2Instituto

Agroalimentario de Aragén -IA2- (CITA-Universidad de Zaragoza), 50013 Zaragoza, Spain; 3Research Group on Plant Biology under Mediterranean Conditions, Departament de Biologia,

Universitat de les Illes Balears, Carretera de Valldemossa km 7.5, 07122 Palma de Mallorca, Spain; 4Departmem of Physical, Chemical and Natural Systems, University Pablo Olavide, Carretera

de Utrera km 1, 41013 Sevilla, Spain; *Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, Kreutzwaldi 1, Tartu 51014, Estonia; 6Departamento de

Geografia y Ordenacién del Territorio, Universidad de Zaragoza, 50009 Zaragoza, Spain

Summary

Author for correspondence:
Eustaquio Gil-Pelegrin

Tel: +34 976 716394
Email: egilp@aragon.es

Received: 20 September 2016
Accepted: 22 November 2016

New Phytologist (2017) 214: 585-596
doi: 10.1111/nph.14406

Key words: anatomical adaptations, leaf
mass per area (LMA), Mediterranean-type
climate, mesophyll conductance (gq),
photosynthesis, Quercus, sclerophylly.

o Leaf mass per area (LMA) has been suggested to negatively affect the mesophyll conduc-
tance to CO, (gy), which is the most limiting factor for area-based photosynthesis (Ay) in
many Mediterranean sclerophyll species. However, despite their high LMA, these species have
similar Ay to plants from other biomes. Variations in other leaf anatomical traits, such as mes-
ophyll and chloroplast surface area exposed to intercellular air space (S,/S and S./S), may off-
set the restrictions imposed by high LMA in g,,, and Ay in these species.

e Seven sclerophyllous Mediterranean oaks from Europe/North Africa and North America
with contrasting LMA were compared in terms of morphological, anatomical and photosyn-
thetic traits.

o Mediterranean oaks showed specific differences in Ay that go beyond the common mor-
phological leaf traits reported for these species (reduced leaf area and thick leaves). These
variations resulted mainly from the differences in g, the most limiting factor for carbon
assimilation in these species.

e Species with higher Ay showed increased S /S, which implies increased g, without changes
in stomatal conductance. The occurrence of this anatomical adaptation at the cell level
allowed evergreen oaks to reach Ay values comparable to congeneric deciduous species
despite their higher LMA.

Introduction

Mediterranean-type ecosystems are characterized by the presence
of woody evergreen sclerophyllous species that exhibit high leaf
dry mass per unit area (LMA) (Kummerow, 1973; Galmés ez al.,
2005, 2012), with small and thickened leaves (Traiser eral,
2005). This vegetation type includes several species of the genus
Quercus (Fagaceae), the so-called Mediterranean oaks, that can be
found in Mediterranean-type evergreen woodlands of Europe
and North America (Manos etal, 1999; Kremer etal, 2012).
These species belong to different infrageneric groups (Denk &
Grimm, 2009), but share common convergent leaf morphologi-
cal and functional traits including high LMA (Corcuera etal.,
2002).

LMA is considered a key structural trait that has the potential
to negatively affect the mass-based photosynthetic performance
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of the plant (Wright ez al., 2004, 2005), which has been associ-
ated with a higher investment in nonphotosynthetic tissue and/or
a lower efficiency of the photosynthetically active mesophyll
(Niinemets et al, 2009; Hassiotou et al, 2010). When consid-
ered globally, the relationship between LMA and area-based net
CO, assimilation (Ay) is less clear. However, an essential compo-
nent of Ay, the mesophyll conductance to CO, (g,,), has been
shown to be negatively related to LMA (Flexas etal, 2008).
Hence, as g, is the most limiting factor for Ay in many Mediter-
ranean sclerophyll species (Roupsard ezal, 1996; Piel, 2002;
Flexas etal, 2014; Galmés etal, 2014; Niinemets & Keenan,
2014; Peguero-Pina eral, 2016a), a negative relationship
between Ay and LMA is expected, at least within this group of
species. Accordingly, Hassiotou eral. (2009) found that Ay
tended to be lower as LMA increased for seven species of the Aus-
tralian sclerophyllous genus Banksia covering a wide range of

high LMA. These authors also found that high-LMA species
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showed a significantly lower CO, diffusion conductance from
substomatal cavities to the chloroplasts (i.e. g,).

The fact that g, is constrained by large LMA (which can be
explained by increases in leaf thickness and/or leaf density) has
been mostly related to: (1) an increase in the resistance of the
CO, gas-phase conductance associated with greater leaf thick-
ness and density (Niinemets et 4/, 2009; Hassiotou et al., 2010;
Tosens etal., 2012a; Tomas etal., 2013), and (2) the thicker
cell walls observed in species with high leaf density, significantly
limiting CO, diffusion in the leaf liquid phase (Peguero-Pina
etal, 2012; Tosens etal, 2012a; Tomas etal, 2013). There-
fore, Mediterranean plants with high LMA — including
Mediterranean oaks — would be expected to present lower pho-
tosynthetic capacities than species from other biomes with lower
LMA. However, contrary to expectations, Flexas eral (2014)
found that despite having higher average LMA, Mediterranean
species, on average, have similar photosynthetic capacity on an
area basis as plants from any other biomes. In fact, Peguero-
Pina eral. (2009) reported values of net CO, assimilation rate
for Mediterranean oaks Quercus coccifera, Quercus ilex and
Quercus suber that were very similar to those found in other
temperate oak species with lower LMA, such as Quercus robur,
Quercus petraea, Quercus cerris, Quercus rubra or Quercus prinus
(Epron etal., 1992, 1993; Valentini etal., 1995; Turnbull etal,
2002; Cano et al., 2013; Steinbrecher ez al., 2013; Peguero-Pina
etal., 2016b). A possible explanation for these contradictory
findings was provided by Flexas ez al. (2014), who hypothesized
that high LMA in Mediterranean species is also responsible for
the enhanced capacity of carboxylation per area (V.0 due to
increased Rubisco content per area in thicker leaves with more
cell layers.

Variation in LMA in Mediterranean oaks is primarily driven
by variations in leaf thickness and to a lesser degree in the other
component of LMA, leaf density (Niinemets, 2015; Gonzdlez-
Zurdo etal, 2016). Besides LMA and leaf thickness, there are
other leaf structural and anatomical traits, including packing of
mesophyll cells relative to each other, thickness of mesophyll cell
walls, leaf airspace volume (the aforementioned traits are the pri-
mary determinants of leaf density), packing of mesophyll cells
relative to the distance and position of stomata, mesophyll and
chloroplast surface area exposed to intercellular air space per unit
of leaf area (S,,/S and S/, respectively) and chloroplast size, that
quantitatively determine the variability in g,, and photosynthetic
capacity among species (Tomas ezal., 2013; Peguero-Pina ezal.,
2016b) or even within the same species growing under contrast-
ing environmental conditions (Terashima eral, 2011; Tosens
eral., 2012b; Peguero-Pina eral, 2016a,c). Variations in such
cellular or whole leaf traits could positively influence g, and, con-
sequently, net CO, assimilation in evergreen sclerophyllous
species with large LMA values. Several studies have indicated that
leaves with thicker mesophyll have larger S./S and/or S/S,
implying a greater g, in thicker leaves (Hanba ez al., 1999, 2002;
Terashima ez al., 2006; Peguero-Pina eral., 2016b). This could
be interpreted as a way for improving photosynthesis in species
with high LMA. However, other studies call into question the
generality of such a mechanism, because they did not find a
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correlation between leaf thickness and S,,/S (Slaton & Smith,
2002) or S./S (Tosens et al., 2012a).

The Mediterranean oaks constitute an excellent framework to
elucidate the existence of anatomical and/or biochemical adapta-
tions that may offset the restrictions imposed by high LMA in g,
and Ay. Furthermore, regardless of the convergence in overall
leaf appearance, Corcuera ¢t al. (2002) pointed out that Mediter-
ranean oaks showed a high dispersion in their LMA values despite
their ‘sclerophyllous condition’, contrary to the patterns in decid-
uous temperate and warm temperate Mediterranean oak species.
Therefore, we hypothesize that: (1) these differences in LMA
among the Mediterranean oaks would also be expressed in terms
of specific differences in photosynthetic activity on an area basis
(An); and (2) the presence of anatomical adaptations (e.g.
increased S,/S or S/8) would allow these evergreen oaks to reach
An values comparable to congeneric deciduous species despite
their higher LMA (Corcuera ez al., 2002) and lower stomatal con-
ductance (Peguero-Pina ez al., 2009), two factors that could limit
the photosynthetic activity in the Mediterranean oaks. To test
these hypotheses, in this study we compared the morphological,
anatomical and photosynthetic traits and the share of different
photosynthetic limitations of seven Mediterranean oaks from
Europe/North Africa and North America in a common garden.

Materials and Methods

Plant material and experimental conditions

Seven representative evergreen sclerophyllous Mediterranean oak
species from Europe/North Africa and North America belonging
to different infrageneric groups (Denk & Grimm, 2009) were
studied: Zlex group (Q. coccifera L., Q. ilex subsp. rotundifolia
Lam. and Q.ilex subsp. ilex L.), Cerris group (Q.suber L.),
Lobatae group (Quercus agrifolia Née. and Quercus wislizeni A.
DC.) and Protobalanus group (Quercus chrysolepis Liebm.)
(Table 1). The seeds of the seven species were collected from one
population per species (see Table 1 for details), sown in 2009 and
cultivated in 0.51 containers inside a glasshouse under the same
conditions with a mixture of 80% compost (Neuhaus Humin
Substrat N6; Klasman-Deilmann GmbH, Geeste, Germany) and
20% perlite. After the first growth cycle, the seedlings were trans-
planted to 251 containers filled with the same mixture of com-
post and perlite and cultivated outdoors at CITA de Aragén
(41°39'N, 0°52'W, Zaragoza, Spain) under Mediterranean con-
ditions (mean annual temperature 15.4°C, total annual precipita-
tion 298 mm). Nutrients were supplied as slow-release fertilizer
(Osmocote Plus, Sierra Chemical, Milpitas, CA, USA). The fer-
tilizer (3gl™" growth substrate) was applied to the top 10 cm
layer of substrate. All plants were grown under the same environ-
mental conditions and drip-irrigated every 2 d. Each potted plant
was located in the centre of a plastic pallet of 1 m?, which ensured
a minimum distance among plants. We used 10 4-yr-old plants
per species of similar size (¢. 65 cm height and 20 mm in basal
diameter), so the area of the experimental field was 70 m?. The
position of each plant was randomized within the experimental
field. The measurements were carried out in summer 2012 using
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Table 1 Geographical origin, infrageneric classification, exact location and mean climatic characteristics where seeds were collected for the seven studied
Quercus species

Gaussen
Species Origin Group Latitude Longitude T (°C) Ts (°C) P (mm) Ps (mm) MAI index
Q. chrysolepis North America Protobalanus ~ 39°27'N  123°05'W 12,5 19.4 1114 14 49 5
Q. agrifolia North America Lobatae 39°18N  123°45'W 143 19.1 954 15 39 5
Q. wislizeni North America Lobatae 34°16'N 118°04W 154 23.4 851 13 34 5
Q. coccifera Europe/North Africa  llex 41°47'N 00°30'W 12.4 20.8 440 79 20 3
Q. ilex subsp. ilex  Europe llex 41°13'N 13°03'E 15.5 224 940 83 34 3
Q. ilex subsp. Europe/North Africa  llex 41°46'N  02°29'W 10.9 19.2 514 104 25 2
rotundifolia
Q. suber Europe/North Africa  Cerris 40°10'N  06°14'W 15.0 23.8 469 37 19 4

T and T, mean annual and summer temperature; P and P, total annual and summer precipitation; MAI, Martonne’s aridity index.

current-year fully developed leaves and just before irrigation (at
field capacity), when predawn water potential was below
—0.1 MPa (data not shown).

Although the distribution ranges of the studied species (Sup-
porting Information Fig. S1) are typically Mediterranean with
summer drought, there are slight differences among species in the
climate at origins (Table 1; Figs S2, S3). Climatic information
was obtained for the studied species from the WorldClim
database (http://www.worldclim.org/) using geographical points
throughout the distribution range of each species (Fig. S1). To
quantify aridity, we calculated Martonne’s aridity index
(MAI=P/(T+10)) and Gaussen index (the number of months
in which P <27, where P is monthly precipitation in mm and 7°
is monthly mean temperature in °C). Moreover, the maximum
daily vapour pressure deficit (VPD,,,,, kPa) (Fig. S3) was calcu-
lated using data obtained from the WeatherSpark database
(http://weatherspark.com/).

Leaf gas exchange and chlorophyll fluorescence
measurements

Leaf gas exchange and chlorophyll fluorescence parameters were
measured simultaneously using an open gas exchange system
(CIRAS-2; PP-Systems, Amesbury, MA, USA) fitted with an
automatic universal leaf cuvette (PLC6-U; PP-Systems) and an
FMS 1I portable pulse amplitude modulated fluorometer
(Hansatech Instruments Ltd, King’s Lynn, UK). Six CO,
response curves were measured per species using light-adapted
mature leaves. The photosynthesis measurements started at a
CO; concentration surrounding the leaf (C,) of 400 umol mol ™},
and a saturating photosynthetic photon flux density (PPFD) of
1500 pmol m™?s™ ', Leaf temperature and VPD were main-
tained at 25°C and 1.25 kPa, respectively, during all measure-
ments. Once the steady state gas exchange rate was reached under
these conditions (usually in 30 min after clamping the leaf), net
assimilation rate (Ay), stomatal conductance (g;) and the effective
quantum yield of photosystem II (PSII; ®pg;;) were estimated.
Thereafter, C, was decreased stepwise down to 50 pmol mol ™.
Upon completion of the measurements at low C,, C, was
increased again to 400 pmol mol ™" to restore the original value
of An. C, was further increased stepwise to 1800 umol mol ™
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and all the steady-state photosynthetic characteristics were
recorded at each C,. Leakage of CO, in and out of the cuvette
was determined for the same range of CO, concentrations with a
photosynthetically inactive leaf enclosed (obtained by heating the
leaf until no variable chlorophyll fluorescence was observed), and
used to correct for measured leaf fluxes (Flexas ez al., 2007a).

For ®pgyy, the steady-state fluorescence (Fs) and the maximum
fluorescence  during a  light-saturating
8000 ptmol m %s ™! (F’y;) were estimated, and ®pgy; was calcu-
lated as (F'yy— Fs)/F'\ (Genty eral, 1989). Photosynthetic
electron transport rate (/i) was then calculated according to Krall
& Edwards (1992), multiplying ®pgy; by PPFD and by o (a term
which includes the product of leaf absorptance and the partition-
ing of absorbed quanta between PSI and II). The term o was pre-
viously determined as the slope of the relationship between ®pgyy
and o, (i-e. the quantum efficiency of CO, fixation) obtained
by varying light intensity under nonphotorespiratory conditions
in an atmosphere containing <1% O, (Valentini ezal, 1995).
Five photosynthesis vs PPFD response curves were measured per

pulse of ¢

species to determine o.

Estimation of mesophyll conductance, g.,, by gas exchange
and chlorophyll fluorescence

Mesophyll conductance (g,) was estimated according to the
method of Harley ez a/. (1992), as follows:

— AN
& = G+ 8(An + R)
Jr—4(An+R)

Eqn 1

where Ay and the substomatal CO, concentration (C) were
taken from the gas exchange measurements at saturating light,
whereas I'* (the chloroplastic CO, compensation point in the
absence of mitochondrial respiration) and Ry, (the respiration rate
in the light) were estimated for each species following the method
described by Flexas ez al. (2007b). The values of g, obtained were
used to convert Ay—C; responses into An—C, responses (where C.
is the chloroplastic CO, concentration) using the equa-
tion C.= G — An/gn. The maximum ribulose-1,5-bisphosphate
carboxylation (V.0 and photosynthetic electron transport
(Jmax) capacities were calculated from the An—C. curves, using
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the Rubisco kinetic constants and their temperature dependencies
described by Bernacchi eral. (2002). The model of Farquhar
etal. (1980) was fitted to the data by applying iterative curve-
fitting (minimum least-square difference) using the Solver tool of
Microsoft Excel.

Morphological and anatomical measurements

After the gas exchange measurements, sections of 1 X 1 mm were
cut between the main veins for anatomical measurements from
the same leaves used for gas exchange (one leaf per plant from six
plants per species). Leaf material was quickly fixed under vacuum
with 2% p-formaldehyde (2%) and glutaraldehyde (4%) in
0.1 M phosphate buffer solution (pH 7.2) and post-fixed for 1 h
in 1% osmium tetroxide. Samples were dehydrated in: (1) a
graded ethanol series and (2) propylene oxide and subsequently
embedded in Embed-812 embedding medium (EMS, Hatfield,
PA, USA). Semi-thin (0.8 um) and ultrathin (90 nm) cross-
sections were cut with an ultramicrotome (Reichert & Jung
model Ultracut E). Semi-thin cross-sections were stained with
1% toluidine blue and viewed under a light microscope (Optika
B-600TiFL, Optika Microscopes, Ponteranica, Italy). Ultrathin
cross-sections were contrasted with uranyl acetate and lead citrate
and viewed under a transmission electron microscope (H600,
Hitachi, Tokyo, Japan). IMAGE] software (http://rsb.info.nih.gov/
nih-image/) was further used to measure leaf anatomical charac-
teristics from the micrographs. Light microscopy images were
used to determine leaf thickness, mesophyll thickness between
the two epidermal layers, number of palisade layers and the frac-
tion of the mesophyll tissue occupied by the intercellular air
spaces (fio,) (Syvertsen eral, 1995; Tomds etral, 2013). S./S
and S./§ were calculated from light and electron micrographs
following the method of Syvertsen eral. (1995). Thus, S./S is
given as:

Lmes
Smes S=
/S=~7

Eqn 2

where Wis the width of the section measured, and L, is the
total length of mesophyll cells facing the intercellular airspace.
The curvature correction factor (y), which depends on the shape
of the cells (Evans et al., 1994), was measured and calculated for
each species according to Thain (1983) for palisade and spongy
cells by measuring their width and height and calculating an aver-
age width/height ratio. Analogously, S/S was calculated as:

L
S/S =+ Snes/S
/S = Sns/

‘mes

Eqn 3

where L_ is the total length of chloroplast surface area facing the
intercellular airspace in the section. Electron micrographs were
used to determine cell wall thickness (7¢,,), cytoplasm thickness
(1), chloroplast length (i.e. the major axis length of the chloro-
plast parallel to the cell wall, Z,) and chloroplast thickness (i.e.
the minor axis length of the chloroplast perpendicular to the cell
wall, 7.,) (Tomas et al., 2013). Three different sections and four
to six different fields of view per leaf were used for measurements
of each anatomical characteristic.
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LMA was measured in 30 mature leaves sampled from 10 indi-
viduals per species (i.e. three leaves were randomly taken and the
average LMA was calculated from each individual). Leaf area was
measured after scanning the leaves with the IMAGE] software.
Leaves were then oven dried at 70°C for 3 d to determine their
dry mass. LMA was calculated as the ratio of foliage dry mass to
foliage area.

Mesophyll conductance modelled on the basis of
anatomical characteristics

Leaf anatomical characteristics were used to estimate mesophyll
conductance (g,,) as a composite conductance for within-leaf gas
and liquid diffusion pathways, according to the one-dimensional
gas diffusion model of Niinemets & Reichstein (2003) as applied
by Tosens ez al. (2012b):

1
gm - 1 R-Ti
s Hgiq

Eqn 4

where g, is the gas phase conductance inside the leaf from sub-
stomatal cavities to the outer surface of cell walls, Ziq 1 the con-
ductance in the leaf liquid and lipid phases from the outer surface
of cell walls to chloroplasts, R is the gas constant
(Pam® K 'mol™), 7; is absolute temperature (K) and A is
Henry’s law constant for CO, (Pa m® mol ). Zm is defined as a
gas-phase conductance, and thus H/(R7)), the dimensionless
form of Henry’s law constant, is needed to convert gjq to corre-
sponding gas-phase equivalent conductance (Niinemets & Reich-
stein, 2003).

The intercellular gas-phase conductance (and the reciprocal
term, 7,) was obtained according to Niinemets & Reichstein

(2003) as:

1 _DA'ﬁas
rias_ALias'T

Sias = Eqn 5
where AL, (m) is the average gas-phase thickness, 7 is the diffu-
sion path tortuosity (1.57mm™ ", Syvertsen etal., 1995), Dy is
the diffusivity of CO, in air (1.51 x 10> m?s ™" at 25°C) and
fias 1s the fraction of intercellular air spaces. AL;,, was taken as half
the mesophyll thickness. Total liquid phase conductance (g;)
from the outer surface of cell walls to the carboxylation sites in
the chloroplasts is the sum of serial resistances of the cell wall
(7ew)> the plasmalemma (1) and inside the cell (7l o) (Tomas
etal., 2013):
Sm
Tew T 7pl + rcel,tot) )

Qiq = ( Eqn 6

The conductance of the cell wall was calculated as previously
described by Peguero-Pina ez al. (2012). For conductance of the
plasma membrane we used an estimate of 0.0035 ms™ " as previ-
ously suggested (Tosens eral., 2012b). The conductance inside
the cell was calculated following the methodology described by
Tomas eral. (2013), considering two different pathways of CO,
inside the cell: one for cell wall parts lined with chloroplasts and
the other for interchloroplastial areas (Tholen ez al., 2012).
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Analysis of quantitative limitations of Ay

To separate the relative controls on Ay resulting from limited
stomatal conductance (4), mesophyll diffusion (4,,) and biochem-
ical capacity (4,), we used the quantitative limitation analysis of
Grassi & Magnani (2005) as applied by Tomds ez 4/, (2013). Dif-
ferent fractional limitations, £, Z, and 4 (L+/,+ L =1), were
calculated as:

_ gtot/gs : aAN/aCc

s E
o 1 0An/OC, an 7
gtot/gm . a14N/a Cc
— Sor/&m " OAN/ O Eqn 8
lm Gt T aAN/aC; an
Ziot
—_ etr E
b= T 0AnjOC 9

where g is the stomatal conductance to CO,, g, is the mesophyll
conductance according to Harley ezal. (1992; Eqn 1) and g, is
the total conductance to CO; from ambient air to chloroplasts
(sum of the inverse CO, serial conductances g and g,,). 0An/OC,
was calculated as the slope of Ay—C, response curves over a C
range of 50-100 pmol mol ™", Quantitative limitations of photo-
synthesis were estimated for at least five different leaves for each
species, and average estimates of the component photosynthetic
limitations were calculated.

Quantitative analysis of partial limitations of g,

The determinants of g,, were divided between the component
parts of the diffusion pathway (Eqns4—6) as in Tomas ezal.
(2013). The proportion of g, determined by limited gas-phase
conductance (£,,) was calculated as:

lias 7g_m

= Eqn 10
Gias

The share of g, by different components of the cellular phase
conductances (4) was determined as:

L= &m Eqn 11

where / is the component limitation in the cell walls, the plas-
malemma and inside the cells, and g refers to the component dif-
fusion conductances of the corresponding diffusion pathways.

Statistical analyses

Data are expressed as means £ standard error. One-way
ANOVAs were performed to identify the species effect on photo-
synthetic, morphological and anatomical traits (see ANOVA out-
puts in Table S1). Traits among species were compared by post-
hoc Tukey’s Honest Significant Difference test. Regarding LMA
and leaf area, ANOVAs were performed using the mean values
per plant as individual values. Regarding the remaining

© 2017 The Authors
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morphological and anatomical traits, ANOVAs was performed
using the mean values per leaf as individual values. The effect of
Se/ Sm on the linear relationship between Ay (the dependent vari-
able) and §,,/S (the independent variable) was analysed by analy-
sis of the variance—covariance using the GLM procedure (Dunn
& Clark, 1987). The terms included in the model were: S./S,,
(allowing for different intercepts for each group of species), S,./S
(included as a covariate) and their interaction (allowing for
different slopes for each group of species), which were considered
as fixed effects. If the interaction between S./S,., and S,,/S is not
significant, a common slope can be assumed. All statistical
analyses were carried out using SAS version 8.0 (SAS, Cary, NC,
USA).

Results

Variation in photosynthetic capacities and mesophyll
conductance among Mediterranean evergreen oaks

The correlation between LMA and Ay for the seven studied
Quercus species was not statistically significant at P<0.05
(#=0.43, P=0.10; Fig. 1). The values of Ay and g, showed sta-
tistically significant differences (P<0.05) between the studied
species, ranging from 7.6 £ 0.2 pmol CO, m 2s ' and 0.029 +
0.002mol CO,m ?s™' for Q. agrifolia to 15.640.5
tmol CO, m 2 s~ and 0.093 £ 0.006 mol CO, m s~ ' for
Q. suber (Table 2). By contrast, no differences at 2<0.05 were
detected in g and intrinsic water use efficiency (IWUE = An/g)
among the studied species (Table 2). Parameters of the Farquhar
etal. (1980) model of photosynthesis, V_ . and /. were not
statistically different among species (2> 0.05), except for Q. ilex
subsp. rotundifolia (Table 2). Thus, species differences in Ay were
primarily driven by g, and the correlation between g,, and Ay
(#*=0.87, F=258.8, P<0.0001; Fig. 2b) was stronger than that
found between g and Ay (#=0.32, F=18.6, P=0.0001;
Fig. 2a). Furthermore, the correlations between V_ ... and Ay
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’ i
|E @
S 10 ¢
©
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Fig. 1 Relationship between leaf mass area (LMA) and net photosynthesis
(An) for the seven studied Quercus species. Data are mean =+ SE.
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Table 2 Photosynthetic characteristics for the seven studied Quercus species
AN iWUE Vc,max,Cc -Imax,Cc
Species (umol CO, m™2s77) g (mol CO, m™2s7") (umol mol™") gm (Mol CO, m™25s7") (umolm=2s7") (umolm~2s7")
Q. chrysolepis 13.7 £0.8% 0.180 =+ 0.020% 56.1+4.3% 0.074 +0.005 ¢ 191+ 9% 240 4 18%
Q. agrifolia 7.64+0.2% 0.135+0.017° 38.6+6.0° 0.029 4+ 0.002° 169 + 16% 202 +12°
Q. wislizeni 10.6 £ 1.1°° 0.162 +0.035% 43.1+105% 0.048 = 0.009%° 168 + 92 206 + 17°
Q. coccifera 11.2 +0.5% 0.157 +0.0122 47.1+6.6 0.057 + 0.006° 188 + 142 253 +25%
Q. ilex subsp. ilex ~ 7.12+0.2% 0.095 + 0.0072 47.8+29% 0.033 £ 0.001%° 195+ 21?2 207 + 132
Q. ilex subsp. 15.540.8° 0.167 4+ 0.023? 61.1+55° 0.080 = 0.008% 311+£12° 301+ 7°
rotundifolia
Q. suber 15.6 £0.5° 0.170 £+ 0.009% 58.0+3.4% 0.093 4 0.006° 167 £ 92 224+ 6%

An, net photosynthesis; g;, stomatal conductance; iIWUE, intrinsic water use efficiency; g, mesophyll conductance to CO5; Ve max and Jmax, maximum
velocity of carboxylation and maximum capacity for electron transport, respectively. Data are mean + SE. Different letters indicate significant differences

among species (Tukey's test, P <0.05).
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S 104 Fig. 2 Relationships between (a) stomatal
§ conductance (g;) and net photosynthesis
Z wir o ° ° (An) and between (b) mesophyll
< 5 v A =317 %5 conductance (gm) and net photosynthesis
; ° 2 (An) for the seven studied Quercus species.
p ;006331 p <'000'gg1 Species abbreviations: AGR, Q. agrifolia;
0 ’ ’ CHR, Q. chrysolepis; COC, Q. coccifera; ILI,
0.0 0.1 0.2 03 000 002 004 006 008 010 0.12 Q. ilex subsp. ilex; ILR, Q. ilex subsp.

g, (mol CO, m?s™)

and between /.. and Ay were not statistically significant (data
not shown). Analysis of the partitioning of photosynthetic limita-
tions revealed that Ay was mainly limited by diffusional processes

for all the studied species (Table 3).

Species differences in anatomical traits

The studied species displayed contrasting values of key leaf and
cellular anatomical traits (Tables4, 5). Using these traits to

Table 3 Relative stomatal (/s), mesophyll (/.,) and biochemical (/y) photo-
synthesis limitations for the seven studied Quercus species

g,, (mol CO, m?s™)

rotundifolia, SUB, Q. suber; WIS,
Q. wislizeni.

estimate mesophyll conductance (see the Materials and Methods
section for details), a tight positive linear relationship was found
between modelled and measured g, values (#=0.90, F=43.2,
P<0.01; Fig. 3), and it was clear that changes in g, were primar-
ily associated with specific changes in g, (Fig. 3). Measured g,
showed a tight positive linear relationship with S/§ (#=0.93,
F=84.1, P<0.01; Fig.4a), but no correlation was detected
between 7, and 7 and measured g, (Fig. 4b and c, respec-
tively). The values of T¢,, found here are high compared to most
species, and of a magnitude where their effect on g,/(5/S) is
small (Fig. 5), pointing out that the small cell wall conductance
exerts an important control on mesophyll conductance without
differential effects among the studied species. The detailed analy-
sis of individual limitations of g, confirmed that the cell wall was

Species 15 (%) Im (%) Iy (%)

the main limiting factor in all species, except Q. Zlex subsp.

: b e . .
Q. chrysolepis 266+4.8" 580+£4.9% 1544+ 1-3Cb rotundifolia (see Table S2). The strong influence of S./S in deter-
Q. agrifolia 17.2 £2.6% 74942.7¢ 7.8+£0.2% .. h ific diff . Iso h di infl
Q. wislizeni 201420° 653+29% 126411 mining the specific differences in g, also has a direct influence on
Q. coccifera 2284290 €124+34% 159408 net photosynthesis, as reflected in the linear relationship between
Q. ilex subsp. ilex 244+10° 69.4+09"  62+03° S8 and Ay (#=0.89, F=41.9, P<0.01; Fig. 6). On the other
Q. ilex subsp. rotundifolia ~ 29.8+3.4* 60.1+3.6® 10.1+0.7° hand, although the relationship between §.,/S and Ay for the
d . . . ..

Q. suber 267+£16° 486+2.0" 247407 seven studied Quercus species was statistically significant (F =

Data are mean =+ SE. Different letters indicate significant differences
among species (Tukey's test, P <0.05).
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0.51, P<0.05; data not shown), separation of the species among
two groups as a function of S§/§,, ratio (Table5) yielded two
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Table 4 Leaf area, leaf mass area (LMA), leaf thickness, total mesophyll thickness, spongy and palisade mesophyll thickness and number of palisade layers

for the seven studied Quercus species

Leaf area Leaf Mesophyll Spongy Palisade No. of palisade
Species (cm?) LMA (g m~2?) thickness (um)  thickness (um)  thickness (um)  thickness (um)  layers
Q. chrysolepis 3504+0.17°  187.6+6.8°  281+6° 242 +9° 124 + 8 118 + 4°° 2
Q. agrifolia 1.67+021% 141.0+£4.7%° 197 +5% 171 £ 5° 97 £ 42 74 £ 42 2
Q. wislizeni 513+0.29° 1622+32% 2394+9° 201 + 8% 112 +32 90 + 62 2
Q. coccifera 158+0.13* 189.3+6.4° 315418 278 +7¢ 143 £ 5° 135 4 3¢ 3
Q. ilex subsp. ilex 10.24+058%  172.0+4.0° 278+7° 240+ 6° 122 + 8% 118 + 7 2
Q. ilex subsp. rotundifolia ~ 3.78+0.33° 28494+58%  348+10¢ 291 +16 156 + 10° 136+ 6 3
Q. suber 3.69+0.34% 1799+4.6 228+7% 200 + 82° 104 + 107 96 + 6% 2

Data are mean + SE. Different letters indicate significant differences among species (Tukey's test, P <0.05).

Table 5 Fraction of the mesophyll tissue occupied by the intercellular air spaces (fi.s), mesophyll surface area exposed to intercellular air spaces (5,/S),
chloroplast surface area exposed to intercellular airspace (S./S), the ratio Sc/Sm, cell wall thickness (T..,), cytoplasm thickness (T,+), chloroplast length (Lcn)

and chloroplast thickness (T.y,) for the seven studied Quercus species

Species fias Sm/S(M?m™2)  S/S(Mm*m™2)  S/Sm Tew (um) Teyt (um) Lept (um) Tent (nM)

Q. chrysolepis 019+0.01® 142406 125+09° 087+0.03° 0411+0.016% 0.098+0.038" 628+024° 3.53+0.16°
Q. agrifolia 0.27+0.02° 63+0.3% 49404 0.78+0.03° 0266+0.013* 0.259+0.032° 3.88+0.23* 1.69+0.10%®
Q. wislizeni 0.07+0.01* 8.941.8% 784+1.6° 0.88+£0.02° 0.344+0.015° 0.045+0.013% 4.48+0.19® 1.74+0.08°
Q. coccifera 0.08 £0.01* 17.3+1.8 9.9+1.6® 057+0.02*° 0.454+0.026% 0.063+0.027*° 5.13+0.23° 2.43+0.13°
Q. ilex subsp. ilex 0.11+0.01* 12.0+0.9% 65407 054+£0.03* 0.484+0.014° 0.143+0.023%° 5.07+£0.16° 1.80+0.14%°
Q. ilex subsp. 0.07+0.01* 21.1+0.6 115+09°  056+0.03* 0.362+0.08"° 0.085+0.023* 4.104+0.21** 1.17+0.10%
rotundifolia

Q. suber 0.10+0.01* 16.6+£04°“  13.1+1.0° 0.79+0.07° 0.298+£0.012% 0.101 +£0.034* 4.594+0.21%® 1.80+0.08°

Data are mean =+ SE. Different letters indicate significant differences among species (Tukey's test, P <0.05).
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Fig. 3 Relationship between mesophyll conductance (g,) modelled with
anatomical traits and g, measured with the Harley et al. (1992) method
for the seven studied Quercus species. The inset shows the relationship
between the conductance in liquid and lipid phases (gjiq) and g, measured
with the Harley et al. method (=0.68, P=0.0228). Data are mean =+ SE.

tighter correlations (Fig. 7). The variance—covariance analysis
indicated that the interaction between S./S,, and S,,/S was not
significant, indicating that the slopes of both relationships were
not statistically different at 2<0.05.

© 2017 The Authors
New Phytologist © 2017 New Phytologist Trust

Discussion

This work confirms the existence of a convergence in several mor-
phological traits among Mediterranean oaks with a diverse phylo-
genetic background. Such morphological leaf traits have been
interpreted as adaptations to withstand summer drought (Mor-
row & Mooney, 1974; Poole & Miller, 1975; Baldocchi & Xu,
2007; Galmés eral., 2012), given that water is the main limiting
resource for plant growth in Mediterranean-type climates (Di
Castri, 1981; Rhizopoulou & Mitrakos, 1990; Mediavilla &
Escudero, 2003, 2004; Corcuera et al., 2004). Thus, all the stud-
ied species show a reduced leaf area and thick leaves (Table 4),
resulting in high LMA values when compared with other oak
species from temperate climates (Corcuera eral., 2002; Esteso-
Martinez et al., 2006). Furthermore, such convergence is com-
mon in the evergreen sclerophyllous vegetation typical for
Mediterranean-type climates. Moreover, we found high values of
cell wall thickness for all the studied species (Table 5; Fig. 5),
similar to other evergreen tree species but higher than some
deciduous trees (Tomas eral, 2013). Specifically, the studied
species showed 77, values on average between 266 £ 13 and
484 £ 14 nm (Table 5), which were in the range reported by
Hassiotou eral. (2010) for 18 Banksia species with high LMA
values and by Tosens ez al. (2012a) for 32 Australian sclerophyl-
lous species. Besides morphological traits, the studied species
shared low g and high iWUE values (Table 2; Fig. 2a). A reduced
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Fig. 4 Relationships between mesophyll conductance (g,,) measured with the Harley et al. (1992) method and (a) chloroplast surface area exposed to
intercellular airspace (5./S), (b) cell wall thickness (T,) and (c) chloroplast thickness (T for the seven studied Quercus species. Data are mean =+ SE. The
relationships between g, and T, and between g, and T, were not statistically significant at P < 0.05.
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Fig. 5 Relationship between cell wall thickness (T.,,) and mesophyll
conductance measured with the Harley et al. (1992) method per
chloroplast surface area exposed to intercellular airspace (gm/(S¢/S)) for
the seven studied Quercus species. Data are mean =+ SE. Dotted line shows
the relationship found between T, and (g/(5./S)) by Terashima et al.
(2011).

stomatal conductance, which is not necessarily a common feature
in Mediterranean woody plants (Vilagrosa ez al., 2003; Peguero-
Pina eral, 2016b), can be interpreted in the sclerophyllous
Mediterranean oaks studied here as a conservative strategy in
terms of water consumption (Mediavilla & Escudero, 2003; Val-
ladares ez al., 2005; Ozturk et al., 2010). Moreover, the increased
iWUE when compared with species from other biomes (Gulias
etal., 2003) has been described as an adaptive trait and a response
to water scarcity in Mediterranean-type climates (Medrano ez al.,
2009). However, despite these similarities, the present study
reports the existence of differences in the photosynthetic activity
among these Mediterranean evergreen oaks, which goes beyond
the typical suites of morphological leaf traits reported for
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Fig. 6 Relationship between chloroplast surface area exposed to
intercellular airspace (S./S) and net photosynthesis (Ay) for the seven
studied Quercus species. Data are mean =+ SE. Species abbreviations: AGR,
Q. agrifolia; CHR, Q. chrysolepis; COC, Q. coccifera; ILI, Q. ilex subsp.
ilex; ILR, Q. ilex subsp. rotundifolia; SUB, Q. suber; WIS, Q. wislizeni.

evergreen sclerophyllous species. Variations in the inherent pho-
tosynthetic capacity among the studied species were not related
to variations in LMA (Fig. 1) and resulted mainly from the differ-
ences in g, (Fig. 2b), which arise from the fact that mesophyll
conductance was the most limiting factor for carbon assimilation
in Mediterranean oaks (Table 3), regardless of the genetic back-
ground of the studied species.

In the present study, g, estimates modelled based on leaf
anatomical properties were very similar to those estimated using
the conventional method for the seven studied species (Fig. 3). In
previous studies, a good correspondence was generally found
between estimated g, using both methods when largely different
species are pooled in the comparison (Tosens ez al., 2012a, 2016;
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Fig. 7 Relationships between mesophyll surface area exposed to
intercellular airspace (S,,/S) and net photosynthesis (Ay) for species with
values for the ratio between chloroplast and mesophyll surface area
exposed to intercellular airspace (S./S,) between 0.78 and 0.88 (open
symbols) and between 0.54 and 0.57 (closed symbols) (see Table 5). Data
are mean =+ SE. Species abbreviations: AGR, Q. agrifolia; CHR,

Q. chrysolepis; COC, Q. coccifera; ILI, Q. ilex subsp. ilex; ILR, Q. ilex
subsp. rotundifolia; SUB, Q. suber; WIS, Q. wislizeni.

Tomas et al., 2013; Carriqui et al., 2015). However, such a corre-
spondence was usually lost when comparing genotypes within a
single species, especially under drought conditions (Tomds ezal.,
2014). In this regard, Flexas ez al. (2012) stated that g, responds
to different environmental factors (i.e. soil water availability,
growth irradiance and temperature), which indicates that other
additional mechanisms besides leaf anatomical traits regulate
mesophyll conductance and photosynthetic activity under chang-
ing conditions. Here we have shown that the correlation between
in vivo g,, and anatomical traits still holds under an intermediate
situation when congeneric species were compared. The good cor-
respondence between measured and simulated g, estimates
largely supports a predominant role of structural characteristics
in determining photosynthetic differences among Mediterranean
oaks. However, the key issue is that the contribution of different
ultracellular and cellular components can vary strongly and, as
our study demonstrates, the species differentiation in g, is not
necessarily determined by the most limiting component (cell
walls in our study), but by components that exert a relatively
minor control over total g,. In particular, differences in g,
between the studied species can be partly attributed to the varia-
tion in leaf anatomical traits, mainly through the changes in S/S
(Table 5; Fig. 4a) which is a key trait dominating variations in
iig- In our study, species with higher photosynthetic ability have
increased S./S and, consequently, higher g, values with only
slight changes in g, (Fig. 2a).

From an anatomical perspective, S/§ is determined by the
combination of two independent factors, namely S./S,, and S,/ S.
However, despite the strong lineal relationship found between
S/ S and Ay (Fig. 6), the correlations between S/S,, and Ay and
between S,,,/S and Ay were not statistically significant at < 0.05
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Fig. 8 Relationships between (a) mesophyll thickness and mesophyll
surface area exposed to intercellular airspace (S,,/S), and between (b)
mesophyll thickness and leaf mass area (LMA) for the seven studied
Quercus species. Data are mean =+ SE.

for the seven studied Quercus species (data not shown). Regarding
Se/Sm> in this study we have found a clear segregation in two
groups among the studied species. Thus, species from the Zlex
group showed S./S;, values much lower than the remaining stud-
ied species (Table 5). With respect to the second factor, S,,,/S, we
have found two different lineal relationships between this para-
meter and Ay for each group of species classified according to the
two different S/S,, values (Fig. 7). Thus, species from the Zlex
group required higher S,,/S values to reach net CO, assimilation
rates similar to those showed by the other species, in order to
compensate for the lower §/S,, ratio (Figs 7, S4), which is an
anatomical factor that exerts a strong influence on g,,. This mech-
anism — the increase of S,,,/S — must be reached at the expense of
an increase in mesophyll thickness (Fig. 8).

Our results suggest that the increased S/S found in Mediter-
ranean oaks can improve g, and, consequently, net CO, assimi-
lation through anatomical adaptations at the cell level. These
results agree with those previously reported in several studies
(Hanba ez al., 1999, 2002; Terashima ez al., 2006; Peguero-Pina
etal., 2016b). By contrast, Tosens ezal. (2012a) did not find a
positive correlation between S./§ and mesophyll thickness in sev-
eral Australian sclerophyllous species. Previous studies have
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shown other changes in the liquid-phase component of the diffu-
sion conductance, including modifications in cell wall thickness
(Peguero-Pina eral., 2012) or chloroplast thickness (Peguero-
Pina eral., 2016c¢). Again such anatomical modifications reflect
the circumstance that, in most cases, gjq is the strongest limita-
tion for photosynthesis because the CO, diffusion coefficient in
the liquid phase is four orders of magnitude smaller than that in
air (Niinemets & Reichstein, 2003).

Our study was carried out in a common garden, so the speci-
fic differences in the photosynthetic performance of the
Mediterranean oaks could be related to the climatic characteris-
tics of the natural distribution ranges of each studied species.
Although a prolonged summer drought period is characteristic
for all these species, its severity varies somewhat across the
species ranges (Table 1; Figs S2, S3). Other climatic traits also
vary within and among species ranges, and such site-specific dif-
ferences in the climatic characteristics could be reflected in the
functional performance of the Mediterranean oaks. Indeed,
species living under more continental conditions, such as
Q. chrysolepis and Q. ilex subsp. rotundifolia, had Ay and LMA
values much higher than those occurring in mild coastal areas
(i.e. Q. agrifolia and Q. ilex subsp. ilex). In this regard, a nega-
tive linear relationship was found between the length of the veg-
etation period (estimated here roughly as the number of months
with mean monthly temperatures above 7.5°C; Montero de
Burgos & Gonzilez-Rebollar, 1974) and Ay for the studied
species (#=0.67, P<0.05; Fig. S5). Therefore, the increased
instantaneous photosynthetic potential found in these two
species may compensate for the shortening of their vegetation
period due to a combination of a negative carbon balance dur-
ing winter and the drought-induced limitations of photosynthe-
sis during summer, as previously reported by Corcuera ez al.
(2005) for Q. ilex subsp. rotundifolia. By contrast, other authors
have found that Mediterranean oak species occurring at sites
with milder conditions showed a positive carbon balance during
winter; for example, Garcfa-Plazaola etal (1999) found that
Q. ilex subsp. ilex maintained photosynthetic rates during winter
that were very similar to those reported in the present study in
summer.

Conclusions

To the best of our knowledge, this is the first interspecific com-
parison of photosynthetic characteristics and underlying leaf
anatomical traits among Mediterranean oaks from Europe/North
Africa and North America. Despite their morphological similar-
ity, we observed strong differences in the functional performance
of individual species. We conclude that g, is the main factor
determining carbon assimilation in Mediterranean evergreen oak
species. Differentiation in g, among these species is not necessar-
ily determined by the most limiting component (the cell wall),
but by components that exert a relatively minor control over total
Zn- Thus, species with higher Ay showed increased S./S values,
which imply increased g, values without significant changes in
stomatal conductance and, therefore, water losses. The occur-
rence of this anatomical adaptation at the cell level allowed
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evergreen oaks to reach Ay values comparable to congeneric
deciduous species despite their higher LMA.
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